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1. Introduction and Objectives 

This thesis explores the possibility of realizing a novel rapid immunoassay 
concept for mycotoxins that could overcome some of the limitations related to 
existing screening assays.  

 Immune complex assay technology provides a means for switching a tradi-
tional competitive indirect assay for small analytes to direct measurement with 
a positive read-out. Hypothetically, this approach would improve both sensitiv-
ity and specificity of the assay. HT-2 toxin, a mycotoxin produced by Fusarium 
species of filamentous fungi, was selected as an example target, for which no 
specific immunoassays were available. 

Figure 1 illustrates the specific objectives: 
1. To develop a specific antibody pair for HT-2 toxin (HT-2) detection. 
2. To apply the developed antibodies into a user-friendly one-step homoge-

neous noncompetitive fluorescence resonance energy transfer (FRET) as-
say.  

3. To improve and simplify a traditional enzyme-linked immunosorbent as-
say (ELISA) for noncompetitive HT-2 measurement.  

4. To investigate a direct ultrasensitive measurement of HT-2 by employing 
a novel optical surface plasmon resonance (SPR) biosensor based on gra-
phene-protected copper and phase measurement.  

Figure 1. Summary of the thesis objectives.  

1. 

2. 3. 

4. 
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2. Background 

2.1 Mycotoxins 

   Mycotoxins are chemical compounds secreted by various species of filamen-
tous fungi as secondary metabolites. These compounds are advantageous for the 
fungi in fighting for their living space against competing or invading microbes1,2, 
but are harmful to plants, animals and humans.3  Mycotoxins are among the 
most important contaminants causing food and feed spoilage, and controlling 
them is therefore a crucial part of food and feed safety.4  

Mycotoxin contamination may occur before the harvest or at different stages 
in the food chain after the harvest. Inadequate agricultural practices, insuffi-
cient drying, poor storage conditions and deficient packaging can increase the 
growth of mycotoxigenic fungi and thus mycotoxin production.5 Various food-
stuffs are susceptible to mycotoxins. In the most recent annual report (2018) 
from the Rapid Alert System for Food and Feed (RASFF), mycotoxins resumed 
their place as the most reported type of hazard in products coming from outside 
the European Union, with 569 notifications. The contaminated products in-
cluded nuts and seeds, fruits and vegetables, herbs and spices, cereals and bak-
ery products, cocoa, coffee and tea, confectionery and prepared dishes and 
snacks.6     

  Currently, there are over 500 mycotoxins identified.4 They are a chemically 
very diverse group of low-molecular weight (<1000 g/mol) compounds that are 
toxic to vertebrates.3 Humans are exposed to mycotoxins after ingestion, inha-
lation or skin contact5 and the effects can be mutagenic, carcinogenic, terato-
genic, immunotoxic, hepatotoxic, nephrotoxic, dermotoxic, neurotoxic, estro-
genic or haemorrhagic.7 In addition to adverse human health effects, mycotox-
ins cause vast economic losses by affecting animal welfare and productivity and 
by hampering both domestic and international trade.8 5-10 % of the global crop 
is lost every year because of mycotoxin contamination.9  

From a food safety point of view, the filamentous fungi of most concern are 
Fusarium spp., Aspergillus spp. and Penicillium spp., which are responsible for 
producing the most important mycotoxins: aflatoxins, trichothecenes, zeara-
lenone, fumonisins and ochratoxins.10 In addition, ergot alkaloids, patulin and 
citrinin require control in the light of current knowledge.8  

Weather and climate conditions such as temperature and humidity affect the 
growth of mycotoxigenic fungi and thus the prevalence of mycotoxins.11 Accord-
ing to a recent assessment by Eskola et al. (2019)8, the widely cited FAO estimate 
that 25 % of the world’s crops are affected by mycotoxins12 was confirmed. But 
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even more importantly, a metadata analysis of more than 500,000 samples, re-
ported in the same publication, revealed that up to 60-80 % of the samples 
tested for mycotoxin contamination exceeded the detectable levels.  

This is partly due to more sensitive analytical methods, but also to climate 
change8,10. Figure 2 illustrates the risks and occurrence of the major mycotoxins 
worldwide and illustrates the global nature of the problem. In the mycotoxin 
survey from January-June 2020 by Biomin Ltd, the most prevalent mycotoxins 
in the northern hemisphere were deoxynivalenol (DON) and fumonisin B1. A 
total of 42505 analyses were carried out from 9618 samples in 68 countries.  
68 % of the tested samples contained more than one mycotoxin.13  

Figure 2. Mycotoxin prevalence and risks worldwide. The colour scale from yellow to red indi-
cates a risk from moderate to extreme (Biomin World Mycotoxin Survey, January-June 2020, 
reprinted by kind permission of Biomin Ltd).  

People are exposed to multiple mycotoxins throughout their lives mainly via 
their diets.14 One recent study assessing this chronic exposure concluded that 
each individual of the studied 600 European citizens was exposed to 4 - 34 my-
cotoxins within two days.15 Due to this indication of possible daily exposure, my-
cotoxins can be considered to be a concern for everybody. Although mycotoxins 
do not induce acute symptoms in most cases, the health effects caused by long-
term exposure to multiple mycotoxins are a potential risk. 

With climate change favouring the growth of mycotoxigenic fungi, the prob-
lem with mycotoxins is estimated only to grow in the coming years and dec-
ades.8,10 Mycotoxin testing and control will be crucial across the whole food 
chain, the most critical subjects for continuous monitoring being crude agricul-
tural commodities that are used as is, or refined to different food and feed prod-
ucts.15 

New scientific findings on mycotoxin occurrence and toxicity direct the regu-
lations and recommendations set by governments. Many countries have already 
set their regulatory guidelines and limits for the most important mycotoxins. 
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For example in the European Union, maximum levels have been set for aflatox-
ins, fumonisins, ochratoxin A (OTA), deoxynivalenol (DON), zearalenone 
(ZEA), citrinin and patulin, and guidance levels for the sum of T-2 toxin (T-2) 
and HT-2 toxin (HT-2). In the USA, the Food and Drug Administration (FDA) 
has set maximum levels for aflatoxins and patulin and guidance levels for DON 
and fumonisins.16  

In addition to the regulations, globalization of the food and feed trade and in-
ternational trade mandates force the different players in the food and feed chain 
to control and measure mycotoxins. Furthermore, the consumers are becoming 
more and more conscious about food quality.17 Border rejections and product 
recalls are becoming more common and they represent concrete factors driving 
the growing mycotoxin testing markets.17 

Based on the market study for food safety testing by BCC Research (2019), the 
markets for mycotoxin analysis have been estimated to grow from $617 million 
in 2019 to ~$900 million by 2024, with a compound annual growth rate (CAGR) 
of 8 % (2019-2024). The increasing demand for mycotoxin testing also pro-
motes the development of new methods for mycotoxin determination.18  

Liquid chromatography tandem mass spectrometry (LC-MS/MS) has success-
fully met the need for accurate mycotoxin analysis. Especially, multi-stage LC-
MS/MS methods have evolved to be very powerful. Currently, their selectivity, 
sensitivity and accuracy cannot be matched with any other technology available. 
For that reason, LC-MS/MS methods have gained a ”golden standard” status in 
mycotoxin analysis, including characterization of novel modified forms.19 The 
most advanced LC-MS/MS methods allow detection of tens20 or even hun-
dreds21 of mycotoxins simultaneously. 

These mass spectrometry techniques require laboratory facilities, skilful per-
sonnel and expensive instruments.18  

In addition to laboratory techniques, the food and feed industry would benefit 
from rapid methods that are user-friendly, economical and capable of detecting 
the regulated mycotoxins reliably22. These screening methods could be used e.g. 
by importers, traders and manufacturers. Currently, available commercial my-
cotoxin assay kits are generally limited to lateral flow assays (LFA) or enzyme 
linked immunosorbent assays (ELISA).18  

In the developing countries it is beyond resources to acquire expensive instru-
ments such as mass spectrometers. In those circumstances where actual acute 
mycotoxin health risks are present, more affordable methods that would pref-
erably possess similar sensitivity and specificity compared to state-of-the-art 
methods would be invaluable.23-25 In the future, sensitive, specific and quantita-
tive immuno-based biosensors could be one solution to address that need.  

2.1.1 HT-2 and T-2 toxins 

Trichothecenes are a family of mycotoxins produced by various species of 
Fusarium, such as F. langsethiae, F. sporotrichioides, F. graminearum, F. cul-
morum, and F. poae.26  To date, over 200 different trichothecene structures 
have been identified27  and classified by their chemical structure into four types 
A, B, C and D28.  
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The most relevant trichothecenes to food safety, due to their high prevalence 
in crops, are HT-2 toxin (HT-2) and T-2 toxin (T-2) belonging to type-A,  and 
deoxynivalenol (DON) and nivalenol (NIV) belonging to type-B.28   

This thesis focuses on the most toxic trichothecenes T-2 and HT-229, of which 
T-2 is considered to be even more toxic30-32. The adverse health effects of HT-2 
and T-2 include inhibition of protein, DNA and RNA synthesis and inducing 
apoptosis, necrosis and lipid peroxidation. Furthermore, they are immune- 
haemato- and myelotoxic.33 One recent comparison study revealed that T-2 and 
HT-2  have equally strong anorectic potencies in short term exposure.34  

HT-2 and T-2 are structurally very close relatives. Their only difference is at 
the carbon number 4 (C4) according to IUPAC nomenclature, where HT-2 has 
a hydroxyl group and T-2 has an acetate (Figure 3). 

 

 

Figure 3. Chemical structures of HT-2 toxin and T-2 toxin. 

HT-2 and T-2 toxins are very stable in the environment and they can also with-
stand thermal processing, e.g. baking and cooking.35 They typically co-occur in 
cereal grains, especially oats and oat products36, but also in wheat, barley, rye, 
corn, rice and soybeans with varying ratios. In a recent survey studying myco-
toxin contamination in beer, HT-2 was found to be the most prevalent toxin to-
gether with deoxynivalenol (DON).37  

Prevalence of HT-2 and T-2 has traditionally been associated with cool cli-
mate33, but recent reporting from Italy indicates that the levels of these toxins 
in southern Europe can even exceed the levels in the north.38 

 In the European Union, recommendations for maximum levels for the sum of 
HT-2 and T-2 were published in 2013/165/EU. In unprocessed barley, oats and 
wheat the sum of HT-2 and T-2 should not rise above 200, 1000 and 100 μg/kg, 
respectively. The recommendation also states that for screening assays em-
ployed for detecting HT-2 and T-2, the limit of detection (LOD) should be 25 
µg/kg or better.39  

The rationale behind the EU recommendations to measure the sum of HT-2 
and T-2 is that the toxicities of the two toxins are in the same range and neither 
of them can be neglected29. When food contaminated with T-2 is ingested, T-2 
is rapidly metabolized to HT-2, meaning that the toxicity of T-2 in vivo is at-
tributed partly also to HT-2 toxin.40 One reason for measuring HT-2 and T-2 
together may also be that there are no specific screening methods available for 
measuring HT-2 and T-2 separately (see sections 2.2.3 and 2.2.4 and Tables 1 
and 2). 

For both HT-2 and T-2, several modified forms are also known. They can be 
produced by fungi, generated by infected plants as a defence mechanism or 
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formed during food processing41. Grains play an important role in producing 
different modified forms. When mycotoxins enter plants, they undergo different 
biotransformation processes and a variety of products described as masked my-
cotoxins are produced.42  

The modification of mycotoxins by plant detoxification metabolism can be  di-
vided into two phases.42 Phase I metabolites for T-2 are formed through hydro-
lytic cleavage of ester groups of T-2 or more rarely, hydroxylation at the side 
chain. In phase II metabolism, for example glucose, sulphate, feruloyl or acetyl 
groups are added.43 

The modified forms of HT-2 and T-2 are not considered harmful as is43, but 
there is evidence that when ingested, the parent forms of the toxins may be re-
leased through cleavage of the added groups of the plant phase II metabolites in 
the gastrointestinal tract, leading to adverse health effects.41 

In the human metabolism, T-2 is rapidly absorbed after ingestion and after 
hydrolyzation to HT-2 it is distributed to the liver, kidney and other organs. The 
metabolites of T-2 and HT-2 are assumed to enter the metabolism in a compa-
rable manner, although no corresponding data is not yet available.43   

As a recent example, Kasimir et al. (2020) studied the metabolic fate of T-2 
and HT-2 glucosides by employing ex vivo pig cecum model mimicking the hu-
man intestinal metabolism, and found that the parent toxins were released in 
10-20 min through hydrolytic cleavage of C3 glycosidic bond.44  

To evaluate individual exposure and the health risk related to T-2 and HT-2, 
monitoring of biomarkers in biological specimen have been proposed. Accord-
ing to human exposure studies, free T-2, HT-2 and HT-2-4-glucuronide found 
in urine could be considered biomarkers for T-2 exposure. In addition to urine, 
T-2 and its metabolites are known to be excreted also in the bile and feces.45   

Modified mycotoxins can cause problems with analysis since they often re-
main undetected during testing of the parent form. It is important to develop 
methods for both the parent and the modified forms.46 In immunochemical 
methods, cross-reactivity of the antibodies can also be an advantage that allows 
measuring a sum of structurally closely related molecules.41 

2.2 Detection of HT-2 and T-2 

   In order to provide an overview of current analytical approaches for HT-2 
and T-2 determination, the methods have been divided into three categories 
that are summarized in Figure 4. ”Analytical methods” that refer to spectrome-
try-based instrumental techniques, are introduced briefly in chapter 2.2.1. 
“Rapid methods” denote screening assays that have already reached commercial 
maturity and are described more in detail in chapter 2.2.2. “Emerging methods” 
include promising screening techniques for HT-2 and/or T-2 that are not yet 
commercialized. Examples of such methods are presented in chapter 2.2.3.  

What is common to all discussed approaches for mycotoxin determination is 
the required sample preparation. Mycotoxins can occur in liquid sample matri-
ces such as beer47 and milk48, but in most cases mycotoxins need to be extracted 
from solid sample matrix into liquid phase for analytical techniques conducted 
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in the laboratory environment, as well as for screening assays performed in-
situ.49,50  

Rapid and emerging methods are typically antibody-based, and thus in the 
scope of this thesis. Examples of both rapid and emerging methods are compiled 
in Tables 1 and 2, respectively. Direct comparison of different methods is, how-
ever, complicated due to different sample matrices, signal transduction, anti-
bodies, sample preparation but also possible differences in calculating the limit 
of detection.51 

Figure 4. HT-2 and T-2 analysis with different methods. HPLC=high performance liquid chroma-
tography; GC-MS=gas chromatography-mass spectrometry; LC-MS/MS=liquid chromatography-
tandem mass spectrometry; ELISA=enzyme-linked immunosorbent assay; LFA=lateral flow as-
say; FPIA=fluorescence polarization immunoassay; SPR=surface plasmon resonance; 
FRET=fluorescence resonance energy transfer; MIP=molecularly imprinted polymer 

2.2.1 Sample Preparation 

The sample preparation for mycotoxin analysis usually consists of several pro-
cesses.52 The majority of the sample matrices are solid, heterogeneous and con-
tain substances that potentially can complicate the mycotoxin analysis, such as 
lipids, proteins, salts, sugars and acids. For that reason the samples need to be 
homogenized, the mycotoxins extracted efficiently and the interfering matrix 
components removed, regardless of the following analysis method.49  

For sample-to-solvent ratio, a general guidance is to apply 4-5 mL of solvent 
per 1 gram of sample. Extraction time should be a minimum of 10 minutes, but 
up to one hour if a complete extraction is desired. The extraction can also be 
accelerated for example with a high-speed mixer.52 

Polar mycotoxins can be extracted with aqueous solutions while more hydro-
phobic mycotoxins require organic solvents. Extraction solutions that are the 
most widely applied are methanol and acetonitrile mixed with water in varying 
ratios, and with addition of acids or bases as modifiers.53 HT-2 and T-2 with 
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their derivatives have been successfully extracted with methanol:water or ace-
tonitrile:water, with addition of formic or acetic acid for LC-MS/MS  
analysis.54-56  

In grain samples it is beneficial to add NaCl into the extraction solution, as 
well as into the dilution solution to precipitate interfering organic compounds. 
The insolubles can be removed by centrifuging and/or by filtering before the 
analysis.57 For sample clean-up and pre-concentration, different pre-columns, 
such as solid phase extraction or immunoaffinity columns can be employed.52   

Rapid methods, such as immunoassays, are preferred to operate as simple as 
possible and preferably without any sample treatment. The antibodies in immu-
noassays may not tolerate the same extraction solutions that are optimized for  
accurate analytical methods and for that reason the screening assays may need 
a dedicated extraction method.49  

Immunoassays for HT-2/T-2 determination have employed most often meth-
anol:water solution in varying concentrations, of which 70:30 ratio has been 
proven to be suitable for extracting both HT-2 and T-2 with sufficient recover-
ies.58,59 Antibodies do not typically tolerate high methanol concentrations and 
the samples need to be diluted to aqueous buffer before conducting the immu-
noassay.  

HT-2 is more soluble to water than T-2, and could be extracted with aqueous 
buffers.60 Lippolis et al. (2019)57 compared methanol:water extraction to simple 
water extraction for analysis of the sum of T-2, HT-2 and their glucosides with 
a fluorescence polarization immunoassay (FPIA). The average recovery for the 
sum of the toxins with water extraction was only slightly lower (92 %) compared 
to methanol extraction (97 %).  

When selecting a sample preparation method for rapid immunoassays, time 
and effort, cost-efficiency, required accuracy and environmental aspects are 
taken into account.52 
 

2.2.2 Analytical Methods  

Analytical methods for quantification of trichothecenes, including HT-2 and 
T-2, employ high performance liquid chromatography (HPLC) or gas chroma-
tography (GC).61 HPLC methods for detection of HT-2 and T-2 with immu-
noaffinity clean-up have been reported, with limits of detection in the range of 
~1-5 µg/kg for both toxins in cereal matrices62,63. 

Liquid chromatography tandem mass spectrometry (LC-MS/MS) is employed 
more extensively compared to GC-MS because it does not require derivatisation 
of HT-2 and T-2 and it allows detection of multiple mycotoxins with different 
chemical properties. LC-MS/MS is used as a reference method providing con-
firmed results for determination of HT-2 and T-2 toxins. Examples for determi-
nation of trichothecenes including HT-2 and T-2 have been reported with LODs 
in the range of ~0.2-5 µg/kg.64,65  

The analytical methods offer sensitive determination of mycotoxins and wide 
multiplexing capabilities but they require expensive equipments66 and require 
typically tedious sample preparation that limits the throughput.18  
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2.2.3 Rapid Methods  

Currently, commercial methods for rapid detection of T-2 and HT-2 are im-
munoassays relying on antibody-antigen interactions. The available assay for-
mats are limited to competitive lateral flow assays (LFA), enzyme-linked im-
munosorbent assays (ELISA) and fluorescence polarization immunoassays 
(FPIA). There are several suppliers for LFA and ELISA test kits measuring T-2 
and the sum of T-2 and HT-218,66 , while an FPIA for the sum of T-2 and HT-2 is 
currently offered only by Aokin AG66.  

  Table 1 summarizes and compares examples of reported lateral flow, ELISA 
and FPIA for T-2 and HT-2. Not all commercial products for HT-2/T-2 are listed 
in the Table 1, but a few assays that have been evaluated by an academic group 
have been included.58  

Before the EU recommendation for screening both T-2 and HT-2 as a sum39, 
the immunoassays focused mainly on T-2 detection, which has traditionally 
been considered more toxic and thus more important.30-32 After the EU recom-
mendation 2013/165/EU39 there has been a trend, at least in Europe, to focus 
on developing cross-reactive immunoassays that preferably have similar speci-
ficities against both T-2 and HT-2 and thus allow the measurement of their sum. 

Possible drawbacks of all the competitive immunoassay formats for HT-2 and 
T-2 include over-estimation of the results due to cross-reactivity of antibodies 
e.g. with the modified forms of the toxins, and false positives caused by signal 
inhibiting components in the sample matrix.67 

LFA 
Lateral flow immunoassays (LFA) for HT-2 and T-2 are competitive strip tests 

that exploit labelled antibodies for signal generation. The applied labels are tra-
ditionally gold nanoparticles59, but quantum dots, luminescent nanoparticles 
and amorphous carbon have also been employed.68  

The generic design of immunochromatographic tests consists of a sample pad, 
a conjugate pad with labelled anti-HT-2/T-2 antibodies, a nitrocellulose mem-
brane with printed capture antibodies, and an absorbent pad.69 Figure 5 illus-
trates the principle of a competitive LFA. The sample is applied to the sample 
pad, from where it proceeds to the conjugate pad. The labelled antibodies are 
mixed with the sample and together they migrate through the nitrocellulose 
membrane by capillary action. The membrane contains two functionalized 
lines: a test line and a control line. The test line contains immobilized HT-2 or 
T-2-protein conjugates and the control line is designed to capture the labelled 
anti-HT-2/T-2 antibody with or without the analyte. For example, when the 
anti-HT-2 antibody is an IgG of mouse origin, the control line is functionalized 
with goat anti-mouse IgG.  

The labelled antibodies can bind either the free HT-2/T-2 toxin in the sample 
or the immobilized HT-2/T-2-protein conjugates on the test line. In a negative 
sample, all the labelled antibodies can bind the test line, resulting in a strong 
signal. In a positive sample, the labelled antibodies bind the free toxins in the 
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sample and thus are not able to bind the immobilized toxin conjugates, resulting 
in a weaker, or absent signal on the test line depending on the HT-2/T-2 con-
centration in the sample. The anti-mouse IgG antibodies immobilized on the 
control line capture the labelled anti-HT-2 antibodies, regardless if the sample 
is positive or negative, indicating that the test strip is functional. 

The assay result can be read either visually or by a reader device facilitating 
the interpretation. LFAs are commonly designed to report a certain cut-off con-
centration of mycotoxins70. The absence of the test line indicates a concentra-
tion equal to or exceeding the regulatory requirements for the maximum al-
lowed contamination. The characteristics of LFAs include minimal sample prep-
aration, easy handling and short time to results, making the assay platform suit-
able for on-site testing. The assays are typically semi-quantitative. 

Examples of reported LFAs for the determination of T-2 or the sum of T-
2/HT-2 have been collected in Table 1 for comparison. One of the earliest, well 
characterized strip tests capable of detecting T-2 was described by De Saeger et 
al. (1996)71. Another widely cited example of a T-2 LFA was later published by 
Molinelli et al. (2008)59.  

Aamot et al. (2013) evaluated a commercial T-2/HT-2 LFA (ROSA®, Charm 
Sciences) and compared it with two commercial ELISAs (Ridascreen Fast T-2 
and Ridascreen T-2/H-2 by R-Biopharm). In the comparison with oat samples, 
the LFA out-performed both the ELISAs in terms of sensitivity and reliability.58 

Multiplexing has recently been a trend in the development of new strip tests. 
Simultaneous detection of multiple mycotoxins can be achieved with addition 
of several test lines onto a single test strip. Lattanzio et al. (2012)72 reported a 
strip test for the sum of T-2/HT-2, zearalenone, deoxynivalenol and fumonisins. 
This multiplexed LFA has later been validated in-house, resulting in a false pos-
itive rate lower than 6 % 70, and evaluated among first-time users with promis-
ing results73. Later, multiplexed strip assays have been reported e.g. for the sum 
of HT-2/ T-2, zearalenone and deoxynivalenol74, for T-2, deoxynivalenol and 
zearalenone68 and for T-2, aflatoxin B1 and zearalenone75.  
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Figure 5. Schematic picture of a competitive lateral flow assay (LFA) for HT-2 detection. a) LFA 
strip before the sample application. b) Negative sample: the labelled anti-HT-2 antibodies are 
captured on the test line functionalized with HT-2-protein conjugates and on the control line con-
taining goat anti-mouse IgG antibodies. Two visible red lines are formed. c) Positive sample: free 
HT-2 in the sample compete with the immobilized HT-2-protein conjugates for the binding of the 
labelled anti-HT-2 antibodies. No line is formed on the test line. 

ELISA 
Enzyme-linked immunosorbent assays (ELISA) for T-2 or T-2/HT-2 determi-

nation have different designs, but they typically rely on direct competitive im-
munoassay format illustrated in Figure 6. The anti-T-2/HT-2 antibody is immo-
bilized on the bottom of a 96-well microtiter plate and sample is applied to-
gether with a T-2 or HT-2-enzyme conjugate. The free toxins in the sample com-
pete with the conjugates for binding to the antibodies on the bottom of the mi-
crowells. After washing away the unbound material, an enzyme substrate is ap-
plied to report T-2/HT-2-enzyme captured by the antibodies. After colour de-
velopment, a substrate-specific absorbance is measured with a spectrophotom-
eter. The colour intensity is strongest in the samples without the analyte and it 
is gradually decreased with increasing HT-2/T-2 concentration.18 

ELISA allows high sample throughput, it is sensitive and allows more precise 
quantitation compared to LFA. Typically, due to the matrix effects, the applica-
tion of commercial ELISA kits is limited to specific sample matrices that have 
been validated for the assay.   

Examples of reported ELISAs for the determination of T-2 or the sum of T-
2/HT-2 have been collected in Table 1.  Li et al. (2012) compared three different 
formats of ELISA for T-2 and HT-2 detection in milk, employing the same anti-
bodies.76 Two commercial ELISA kits for determination of HT-2 and T-2, avail-
able in 2013, were evaluated  by Aamot et al. (2013).58 Recently, Oplatowska-
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Stachowiak et al. (2017) validated a commercial HT-2/T-2 ELISA by EuroProx-
ima, according to EU regulation NO 519/201477. Specific ELISAs for T-2 have 
been reported by Li et al. (2014)78 with 3 % cross-reactivity with HT-2, and re-
cently by Xu et al. (2018)79. 

Figure 6. Schematic picture of a direct competitive enzyme-linked immunosorbent assay (ELISA) 
for HT-2 toxin detection. 

FPIA 
The third technology in addition to ELISA and LFA that has developed into a 

commercial product is fluorescence polarization18,66. FPIA for small molecules 
is a competitive homogeneous method employing fluorescently labelled ana-
lytes, called tracers, as competitors for the free analytes in the sample.80  

The FPIA principle for HT-2 detection is presented in Figure 7. The unbound 
low-molecular weight tracers rotate faster than the tracers captured by antibod-
ies. The bound tracers rotate at the rate of the formed larger immune complex, 
and they yield a stronger fluorescence polarization signal that can be monitored 
directly. The generated signal is inversely proportional to the analyte concen-
tration in the sample.69  

The advantage of the homogeneous FPIA compared to the heterogeneous as-
says such as ELISA is that the whole assay, including the immunoreactions and 
detection, can be carried out in the immunoassay mixture without the need for 
separating the tracer. This means that no washing steps are needed and the as-
say time is reduced.69 
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 Lippolis et al. (2011) described a FPIA for HT-2/T-281, and later the same 
group optimized and validated the assay for cereals and cereal-based products 
82. Recently, they exploited the cross-reactivity profile of the anti-HT2/T-2 mon-
oclonal antibody aiming to include their glucoside forms in the assay.57   

FPIA technology typically allows detection of only one mycotoxin at a time,  
but it can be multiplexed by using multiple antibody-tracer pairs and wave-
lengths.80 An example of multiplexed FPIA for the detection of three mycotox-
ins, namely DON, T-2 and fumonisin B1,  simultaneously has been reported by 
Li et al. (2016).83 

Figure 7. Fluorescence polarization immunoassay (FPIA) for HT-2 detection. 
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Table 1. Examples of reported LFA, ELISA and FPIA methods for HT-2 and T-2. 

Assay platform Target CR % Sample  
matrix 

Sensitivity    
(LOD/Cut-off) 

Assay 
time: 

SP/assay 
Ref. 

Lateral flow-based immunoassays (LFA) 

LFA T-2 T-2=100  
HT-2=3.4 Wheat LOD= 

12 µg/kg 
~60 min/      
~35 min 

De Saeger et 
al. (1996)71 

LFA T-2 T-2=100  
HT-2=5.4 

Wheat, 
Oats 

Cut-off= 
100 µg/kg 

~5 min/     
4 min 

Molinelli et al. 
(2008)59 

Multiplex LFA T-2 + 
HT-2 

T-2=100 
HT-2=100 

Wheat, 
Oats, 
Maize 

Cut-off= 
400 µg/kg 

30 min  
total 

Lattanzio et 
al. (2012)72 

LFA  
(ROSA HT-2/T-2,  
Charm Sciences) 

T-2 + 
HT-2 

T-2=100* 
HT-

2=100* 
Oats LOD< 

10 µg/kg 
~3 min/ 

NR 
Aamot et al. 

(2013)58 

Multiplex LFA T-2 + 
HT-2 

T-2=100 
HT2=110 Barley Cut-off= 

80 µg/kg 
~10 min/ 
15 min 

Foubert et al. 
(2017)74 

Multiplex LFA T-2 T-2=100 
HT-2<0.1 Maize LOD= 

13 µg/kg 
~8 min/     
8 min 

Zhang et al. 
(2017)68 

Multiplex LFA T-2 T-2=100  
HT-2=NR 

Maize,    
cereal-

based ani-
mal feed 

LOD= 
30 ng/mL 

30 min/   
20 min 

Xu, L. et al. 
(2018)75 

GNPs-LFA1/ 
TRFMs-LFA2 T-2 

T-2=100  
HT-2=27-

36 
Maize 

LOD= 
0.32ng/mL1      
0.05 ng/mL2 

NR Liu et al. 
(2020)84 

Enzyme-linked immunosorbent assays (ELISA) 

ELISA T-2 + 
HT-2 

T-2=100      
HT-2=100 Wheat LOD= 

30 µg/kg 
<120 min 

total 
Yoshizawa et 
al. (2004)71 

ELISA  
(Veratox HT-2/T-2, Neogen) 

T-2 + 
HT-2 

T-2=100   
HT2=100 

Maize,      
Barley, 
Oats 

LOD< 
10µg/kg 

~ 4 min/      
~15 min 

Meneely et 
al. (2011)85 

ELISA 
(Conventional) 

T-2 + 
HT-2 

T-2=100     
HT-2=115 Milk LOD= 

~8 ng/mL NR 

Li et al. 
(2012)76 

ELISA  
(one-step) 

T-2 + 
HT-2 

T-2=100    
HT-2=108 Milk LOD= 

~7 ng/mL NR 

ELISA  
(reverse) 

T-2 + 
HT-2 

T-2=100     
HT-2=109 Milk LOD= 

~3 ng/mL NR 

ELISA  
(Ridascreen FAST T-2,  

R-Biopharm) 
T-2 T-2=100*  

HT-2=7* Oats LOD= 
50 µg/kg 

~5 min/ 
NR Aamot et al. 

(2013)58 ELISA  
(Ridascreen DRAFT,  

HT-2/T-2, R-Biopharm) 
T-2 + 
HT-2 

T-2=100* 
HT-2=45* Oats LOD= 

15 µg/kg 
~5 min/ 

NR 

ELISA T-2 T-2=100    
HT-2=~3 Rice LOD= 

5.8 µg/kg 
NR/       
NR 

Li et al. 
(2014)78 

ELISA  
(Euro Proxima) 

T-2 + 
HT-2 

T-2=100     
HT-2=125 

Cereals1, 
baby food2 

LOD= 
12.5 µg/kg1         
7.5 µg/kg2 

~15 min /        
90 min 

Oplatowska-
Stachowiak 

et al. (2017)86 

Noncompetitive 
ELISA HT-2 HT-2=100      

T-2=ND 

Wheat1, 
Barley2, 
Oats3 

LOD = 
13 µg/kg1                     
4 µg/kg2                        

16 µg/kg3 

80 min /         
75 min1,2      
120 min3 

Publication 2 

ELISA T-2 T-2=100    
HT-2<0.1 Milk LOD= 

0.8 ng/mL 
~75 min   

total 
Xu, H. et al. 

(2018)79 

Fluorescence polarization immunoassays (FPIA) 

Multiplexed FPIA T-2 T2=100    
HT-2<1 Maize LOD= 

18 µg/kg 
< 30 min 

total 
Li et al. 
(2016)83 

FPIA T-2 + 
HT-2 

T-2=100 
HT-2=100 

Multiple 
food stuffs 

LOD= 
20-70 µg/kg  

10-20 min 
total 

Porricelli et al 
(2016)82 

FPIA HT-2+ 
T-2 

HT-2=100    
T2=100 Wheat LOD= 

10 µg/kg 
15 min  
total 

Lippolis et al. 
(2019)57 

*A cross-reactivity reported by the manufacturer; SP=sample preparation; GNP=gold nanoparticle; TRFM= 
time-resolved fluorescence microspheres; CR%=cross-reactivity; LOD=limit of detection  
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2.2.4 Emerging Methods 

 
Assay platforms for HT-2/T-2 determination that have not yet been commer-

cialized are classified here as emerging methods and presented in Table 2. Typ-
ically, the reported methods are competitive antibody-based assays comparable 
with ELISA, LFA and FPIA, but employing different technologies for signal 
transduction.  

Meneely et al. (2010)61 reported a surface plasmon resonance (SPR) method 
for the sum of HT-2 and T-2. A separate section in chapter 2.2.4 introduces the 
SPR technology more in detail due to its relevance for this thesis work (Publica-
tions 1 and 3). 

Another relatively mature technique in addition to SPR that has been em-
ployed for HT-2/T-2 detection is microsphere-based immunoassay with imag-
ing planar array, employing a commercial MAGPIX (Luminex) instrument (Pe-
ters et al. 2014)87. The method has been used also for multiplexed mycotoxin 
determination from 1000 craft beer samples.47  

Schulz et al. (2019)88 reported an electrochemical biochip assay for rapid and 
automated on-site detection of T-2/HT-2, applying anti-idiotypic antibodies 
that recognize the paratope of the anti-T-2/HT-2 antibody and can be applied 
as a competing reagent instead of T-2/HT-2 protein conjugates. In addition, 
they developed corresponding assays for saxitoxin and aflatoxin M1, to be later 
multiplexed.88  

In addition to antibody-based methods for HT-2/ T-2 determination, several 
sensitive biosensing applications employing aptamers have recently been re-
ported for the detection of T-2 toxin.89-91 None of these publications report 
cross-reactivity with HT-2 toxin and they are not studied here in more detail. 

Molecularly imprinted polymers (MIPs) are an example of an emerging tech-
nology for rapid mycotoxin analysis without biomolecules as recognition ele-
ments. These specific recognition components are produced by polymer synthe-
sis through the interaction of the functional groups in the polymer reagents with 
the target analyte template. After removing the template, polymeric material re-
mains with specific binding sites. MIPs have raised attraction due to their ther-
mal and mechanical stability compared to antibodies or aptamers.92 Compared 
to antibodies the specificity of the MIPs need further improvements for myco-
toxin analysis. As an alternative to solid phase extraction material, MIPs have 
already proven to be promising.93 For trichothecene A mycotoxins, reported 
MIP-based sensors include SPR combined with electrochemistry94 and electro-
chemical sensor95 for T-2 detection.  
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 SPR 
In surface plasmon resonance (SPR) phenomenon, polarized light is directed 

to a metal film at the interface of media that have different refractive indices. 
Oscillations of free electrons on the surface of the metal film are called surface 
plasmons. Sensing techniques exploiting SPR excite and detect these collective 
oscillations using typically the Kretschmann configuration96 presented in  
Figure 8. In the Kretschmann configuration, the polarized light is focused onto 
the metal film through a glass prism and the reflection of the light is detected.  

At a certain angle, the surface plasmons resonate with light, resulting in ab-
sorption. This absorption of light is visible as a dark line in the reflected beam. 
By observing a dip in SPR reflection intensity, the resonance angle can be deter-
mined. When molecules are bound to the metal film surface, near the surface, 
or the conformation of the molecules on the metal film surface is changed, it will 
cause changes in SPR and a shift in the reflectivity curve. The metal film surface 
can be functionalized with specific receptor molecules for selective measure-
ments. The shift of the reflectivity curve and the position of the dark line can 
therefore be used for biosensing applications.97 

 

 

Figure 8. Principle of the SPR detection using Kretschmann configuration. Absorption of light at 
certain angle can be seen as a dark line in the reflected beam. The angular shift during analyte 
(red star) binding on the sensor can be used for label-free biosensing applications. a) Biosensor 
surface without bound analytes b) Biosensor surface with bound analytes causes a shift in the 
position of the dark line and the SPR dip position.  
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The state of the art commercial SPR sensors e.g. BiacoreTM (Cytiva, formerly 
GE Healthcare), typically exploit a dextran layer on the gold surface for biocom-
patibility and obtaining maximal receptor density for maximal signal develop-
ment.98,99 

Several metals can be employed for SPR sensing100. In biosensing applica-
tions, the choice of metal is typically gold over e.g. silver and copper since it can 
withstand the required aqueous solutions without corroding. However, the SPR 
properties of silver and copper would be more preferable than standard gold. 
With gold SPR chips the desired low reflection (0.01 %) at the SPR dip minimum 
cannot be obtained due to roughness of the Au films that are manufactured by 
evaporating and sputtering. With silver and copper, extremely dark plasmonic 
resonances can be obtained due to their better morphology. The extreme dark-
ness of SPR resonances allows ultra-sensitive phase measurements.101 
 

Table 2. Examples of reported emerging methods for HT-2 and T-2 detection.  

Assay  
platform Target CR% Sample        

matrix Sensitivity 
Assay 
time: 

SP/assay 
Ref. 

Surface plasmon resonance (SPR) 

SPR T-2+  
HT-2 

T-2=92-121 
HT-2=100  

Several  
foodstuffs 

LOD≤  
26 µg/kg 

5 min/            
15 min 

Meneely et al. 
(2010)102 

Multiplex SPR HT-2 HT2=100 
T-2=170 

Several  
foodstuffs 

LOD= 
31-47 
µg/mL  

~10 min /     
NR 

Meneely et al. 
(2012)103 

Multiplex 
SPR1/ iSPR2 T-2 T-2=100  

HT-2=76  Barley 
LOD= 

0.6 µg/kg1/        
26 µg/kg2 

~10 min/     
~15 min per 

cycle 
Joshi et al. (2016)51 

iSPR T-2 T-2=100   
HT-2<1 Wheat LOD= 

48 µg/kg 

80 min / 
~18 min per 

cycle 
Hossain et al. 

(2018)104 

Multiplex 
iSPR T-2 T-2=100  

HT-2<1 Wheat LOD= 
12 µg/kg 

80 min/ 
~18 min per 

cycle 
Hossain et al. 

(2018)105 

SLG-pro-
tected Cu 

SPR 
HT-2  HT2=100  

T-2= NR Buffer LOD= 
~0.5 fg/mL  

NA/15 min 
per cycle 

Publication III 

Magnetic bead-based immunoassays 
Magnetic 

bead array 
analyser 

T-2 T-2=100  
HT-2=3 

Rapeseed  
meal 

IC50= 
2.2 ng/mL 

3 h 20 min/      
45 min 

Peters et 
al.(2011)106 

Magnetic 
bead array 
analyser  

T-2+  
HT-2 

 T-2=100 
HT-2= 88 Barley  LOD= 

25 µg/kg 
48 samples 

in 2h  
Peters et al. 

(2014)87 

 Magnetic 
bead array 
analyser  

T-2+  
HT-2 

 T-2=100 
HT-2=88  Craft beers IC50=  

3-5 µg/L NR  Peters et al. 
(2017)47  

Electrochemical immunoassays 

Electro- 
chemical 

ELIME  
(8-array)    

T-2+ 
HT-2 

T-2=87 
HT-2=100 

Baby food1, 
breakfast  
cereal2  

LOD= 
12 µg/kg1    
120 µg/kg2  

9 min /        
several 
hours 

Meneely et al. 
(2011)85 

Electro- 
chemical  

immunosen-
sor 

T-2 T-2=100  
HT-2=NR 

Animal 
feed,  

Swine meat 

LOD= 
~0.1 ng/mL 

5-15min/ 
NR 

Wang et al. 
(2018)107 

Electro- 
chemical  
biochip,  

anti-idiotype 

T-2+ 
HT-2 

 T-2=100 
HT-2=49 Urine   LOD= 

0.4 ng/mL  
5 min/           

~17 min  
 Schulz et al. 

(2019)88 

Electro- 
chemical 

ELISA 
HT-2   HT2=100 

T-2= NR Buffer LOD= 
1.6 ng/mL 

NA/ 
65 min  

Kudr et al. 2020108 
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Column-based immunoassay 
Column-

based immu-
noassay 

 T-2 + 
HT-2 

T-2=100   
HT-2=30  Wheat  

LOD= 
0.55-1.7 

µg/kg  

~20 
min/NR  

Goftman et al 
(2012)109 

Noncompetitive FRET immunoassay 

 IC FRET  HT-2  HT-2=100   T-
2=ND  Wheat LOD= 

19 µg/kg  
50 min/         
10 min  

Publication I  

Nanoarray immunoassay 

Multiplex        
nanoarray 

T-2 + 
HT-2 

T-2=100  
HT-2=74  

Wheat1, 
maize2 

IC50= 
0.7 ppb1 ,         
0.5 ppb2  

40 sam-
ples in 70 

min 
McNamee et al. 

(2017)110 

Aptamer-based assays 

Aptamer  
silver 

nanoclusters 
-FRET 

T-2  T-2=100 
HT-2=NR  

Maize, 
Wheat  

LOD= 
~1 pg/mL  

NR/               
90 min  

Khan et al. (2018)90 

Aptamer 
beads,  

isothermal 
amplification  

T-2  T-2=100            
HT-2=NR Oat, corn LOD= 

30 fg/mL 
60 min/       

NR  
Zhang et al. 201989 

Direct  
measurement,  

responsive  
hydrogel  

T-2   T-2=100 
HT-2=NR 

Coffee, 
corn,  

soybean   

LOD= 
0.87 pg/mL  

20 min/         
15 min   

Sun et al. (2020)91 

Molecularly imprinted polymers (MIP) 

SPR + 
electro- 

chemistry 
T-2 T-2=100  

HT-2=NR 
Drinking 

water 
LOD= 

0.05 pg/mL 
NR/              
NR 

Gupta et al. 
(2011)94 

Electro- 
chemical  
sensor 

T-2 T-2=100   
HT-2=NR 

Cereals1, 
Human se-

rum2 

LOD= 
~0.15 ng/g 

>12h1, 
10min2/ 20 

min 
Gao et al. (2014)95 

SP=sample preparation; ND=no detectable cross-reactivity; NR=not reported, NA=not applicable, 
CR%=cross-reactivity; ELIME=enzyme-linked-immunomagnetic-electrochemical; SPR=surface plasmon res-
onance; iSPR=imaging surface plasmon resonance; SLG=single layer graphene; FRET=fluorescence reso-
nance energy transfer; MIP=molecularly imprinted polymer   

2.3 Antibodies 

   Antibodies, also referred to as immunoglobulins (Igs), are produced by the 
immune system of a vertebrate in activated B-cells. Their task is to recognize, 
bind and mark harmful agents such as bacteria, viruses and toxins for removal 
e.g. via phagocytosis or by neutralization. Antibodies are categorized into 5 clas-
ses IgM, IgG, IgA, IgD and IgE, on the basis of their heavy chain constant do-
mains. Class IgG is typically the most prevalent one, comprising 80 % of the 
antibodies in serum.111 

The antibody light chain repertoire is generated through recombination of 
variable light (VL) region genes with joining (J) gene segments. The heavy chains 
have more diversity, consisting of variable heavy (VH), J and diversity (D) gene 
segments. Both chains are completed by combination with constant (C) regions. 
Even more diversity is created by nucleotide insertions and deletions. 

Finally, random mutations are introduced in a somatic hypermutation pro-
cess, resulting in an astronomical number of different variations.111,112 The cur-
rent estimates for the potential diversity of antibodies in humans have been as 
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high as ~1015.113 The total number of B-cells limits the repertoire of different an-
tibody specificities. The specificities of antibodies vary between individuals de-
pending for example on the exposure to different antigens.114  

 

 

Figure 9. Molecular model of IgG antibody and corresponding Fab and scFv fragments with their 
schematic representations used throughout the work. a) Full IgG1 (1IGY, PDB), Blue=variable 
heavy domain (VH); Green=variable light domain (VL); Grey=constant regions (CH1-3; CL) b) Anti-
gen binding fragment (Fab) (1IGY, PDB) c) Single chain variable fragment (scFv) (6NOU, PDB). 
Complementary determining regions (CDRs) are marked with different colours: Yellow=CDR1; 
Orange=CDR2 and Red=CDR3. The flexible glycine-serine linker of scFv, connecting the variable 
domains of heavy and light chain, is illustrated with a dashed black line. The PDB files were 
obtained from Protein Data Bank (https://www.rcsb.org) and the images were produced using 
ChimeraX software. 

Antibody Structure 
Figure 9 illustrates a full IgG molecule and two commonly employed recom-

binant fragments derived from it: antigen binding fragment (Fab) and single 
chain variable fragment (scFv). IgG comprises two identical light chains (VLCL) 
and heavy chains (VHCH1CH2CH3), which are entwined to form a typical Y-shape. 
The single arm of IgG is called a Fab, without the CH2 and CH3 domains. ScFv 
consists of only the variable heavy (VH) and light domains (VL) that are joined 
via an engineered flexible polypeptide made up of e.g. repeating glycine and ser-
ine amino acids.115,116 

After encountering an antigen the binding properties are fine-tuned through 
a genetic recombination process of hypervariable loops, termed complementary 
determining regions (CDR). Both heavy and light variable domains contain 
three CDRs (1-3), which are collectively responsible for antigen recognition. 
(Figure 9 c). The specificity and the affinity of the antibodies against the target 
are gradually evolved further in a process called affinity maturation. Because of 
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the natural capability of antibodies to attach different sizes and types of mole-
cules, they are employed extensively in diagnostics, therapeutics and re-
search.117   

CDR3s have most diversity and typically the biggest role in antigen binding. 
Especially, longer heavy CDR3s are associated with larger antigens, whereas 
shorter CDRs favour smaller antigens.118 The region that is in direct contact with 
the antigen is called a paratope.119  Paratopes for large analytes, such as proteins 
that can have contacts with all of the six CDRs, are typically planar. Smaller pep-
tides tend to bind paratopes with groove topographies and a small molecules 
are buried into a cavity-like binding sites.118,120-122    

While matured antibodies can be very specific and capable of discriminating 
minute differences in molecules, often the specificity is not absolute and a single 
antibody may be able to bind multiple antigens with similar structure. This abil-
ity is called cross-reactivity.123  

In Vitro Applications 
Immunological assays, or immunoassays, are test platforms that exploit anti-

body features for detecting and measuring analytes of interest. The complex 
formed by the antibody and its target when they are bound together is called an 
immune complex (IC). By measuring the formed complexes, the amount of tar-
get molecule in the sample can be determined. To be able to quantify antibody-
antigen interactions, antibodies typically need to be modified e.g. by labelling 
with nanoparticles, such as colloidal gold, fluorescent labels or enzymes.  

In addition, antibodies are employed in solid-phase extraction (SPE) meth-
ods, called immunoaffinity chromatography (IAC), to extract, purify and con-
centrate analytes of interest, such as mycotoxins, from complex sample matrices 
prior to analysis.124-126 

Antibody Formats 
Antibodies can be exploited in polyclonal, hybridoma-based monoclonal or 

recombinant monoclonal format in immunoassays. The benefits and drawbacks 
of each format have been summarized in Table 3.  

Polyclonal antibodies (pAb), isolated from serum of an immunized animal, are 
heterogeneous antibody mixtures having varying affinities and specificities 
against multiple antigenic determinants, termed epitopes. Although targeting 
several epitopes of an antigen may in some cases increase sensitivity, it may also 
cause cross-reactivity issues and background binding.127  Further disadvantages 
include difficult definition of the exact composition of the antibody pool and 
variation between different batches. Since polyclonal antibody products rely on 
single animal hosts, their supply is limited to the lifespan of the animal.128 

Hybridoma-based monoclonals (mAbs) are developed by fusing isolated B-
cells of the immunized animal with myeloma cells, resulting in immortal anti-
body-producing cell-lines.129 Single clones are screened and after identification 
of the cell-lines producing antibodies with desired properties, they can be ex-
ploited for antibody production. The mAbs typically possess high affinity and 
specificity against their target and they have gained a solid foundation in rapid 
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tests and their commercial availability is wide-ranging.130 The disadvantages in-
clude genetic drift in the cell-lines leading to specificity loss.128 Hybridomas can 
also express additional functional variable regions, leading to a heterogeneous 
product.131  

2.3.1 Recombinant Antibodies 

  For the antibody binding function, only the variable immunoglobulin do-
mains are needed. Therefore smaller fragments, such as Fab and scFv that ex-
hibit comparable affinity and specificity with the parent immunoglobulin, can 
be employed for diagnostic and therapeutic purposes132, instead of the full IgGs 
(Figure 9). Table 3 summarizes the properties of the different antibody formats. 

Recombinant antibodies (rAb), generated by recombinant DNA technologies, 
offer several advantages over the traditionally employed polyclonal antibodies 
and hybridoma-based monoclonal antibodies that still dominate the diagnostic 
industry. 

While Fab and scFv are the most exploited recombinant antibody fragments, 
even smaller single domain antibodies (sdAb) can be derived.133 Nanobodies, 
that are variable regions of a camelid antibody heavy chain (VHH), have at-
tracted considerable interest due to their stability and refolding capacity.134  

Antibody fragments can be produced readily by microbes, of which Esche-
richia coli bacterial strains are the most common hosts. The expression of the 
recombinant antibody fragments can be directed to the periplasmic space be-
tween E.coli’s inner and outer membranes by incorporating a signal sequence 
into the expression plasmid.  This allows formation of disulphide bridges and 
correct folding of antibodies.135,136 Due to the leakage of the outer E.coli mem-
brane, the functional recombinant antibody fragments can be  purified from the 
culture supernatant without the need of cell lysis.137  

The recombinant form of an antibody offers a possibility to archive them as 
nucleotide sequences that can any time be re-synthesized. Sequence infor-
mation also allows engineering of the antibody properties such as affinity, spec-
ificity and stability.138 

By protein engineering, different affinity tags can also be incorporated site 
specifically into the antibody fragment for oriented immobilization. The small 
size of an antibody fragment, together with optimal orientation, can provide 
dense and homogeneous binding surfaces for biosensing applications by max-
imizing the number of binding sites per available area.139,140  

The established DNA synthesis technology, available as a commercial service, 
enables a cost-efficient and straightforward means to realize and test the new 
engineered recombinant antibody designs rapidly.  

The recombinant technology can also be applied for securing the valuable 
monoclonal antibody clones. By sequencing the antibody gene from the hybrid-
oma cell line, the availability of the antibody does not rely on the performance 
of the cell line.128  

Today, it is quite straightforward to combine the best properties of hybridoma 
monoclonals and recombinant antibody fragments. The high specificity and af-
finity of monoclonals can be harnessed in assay formats that benefit from 
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smaller size of the binder, such as electrochemical biosensors141 or immune 
complex FRET assay142. 

The monoclonal antibody can be transformed into smaller functional frag-
ments by cloning  the antibody variable regions from the hybridoma cell line143, 
or by de novo mass spectrometer-based the amino acid sequencing of the puri-
fied antibody144. The available sequence enables engineering of the hybridoma 
monoclonal antibody, and if desired, it can be converted back to full IgG for-
mat.145  

Table 3. Comparison of antibody formats.  

 Polyclonal Hybridoma-based            
Monoclonal 

Recombinant            
Monoclonal 
 Fragments 

Production 

• Immunization 
• Relatively easy pro-

duction 
• Modest facility and 

special equipment 
requirements 

• Fast (3-4 months) 

• Immunization 
• Simple and efficient 

production once the 
hybridoma clones 
have been estab-
lished 

• Time-consuming  
development  

• Various production 
hosts 

• In vitro selection from 
antibody libraries 

• Time-consuming  
development  

Targets 
• Limited to targets 

suitable for immun-
ization 

 
• Limited to targets 

suitable for immun-
ization 

 

Suitable for all targets 
including 
• Toxins 
• Self-antigens 
• Non-immunogenic 

 

Engineering No 
No/ 
Yes (via recombinant 
technology) 

Yes 
• Affinity, specificity, 

stability 
• Tags for immobiliza-

tion and purification 
• Fusion proteins 

Reproducibility 
Limited reproducibility 
• Varying batches 
• Finite supply 

Reproducible  
• Virtually identical 

production batches 
• Unstable cell lines 

limit the reproducibil-
ity 

Fully reproducible 
• Virtually identical 

production batches 
• Storage as microbes, 

plasmids or  
sequence files 

Binding properties • Multi epitope binding 

• Single epitope  
binding (bivalent) 

• High affinity, natural 
antibodies 

• Single epitope    
binding (monovalent) 

Availability • Commercially  
available 

• Commercially     
available 

• Limited commercial 
availability 

 

Antibody Libraries 
Recombinant DNA technology allows construction of different antibody gene 

libraries that can be employed for developing binders for different challenging 
targets, such as self-antigens and toxins. The antibody libraries can be divided 
into three types: immunized, naïve, and synthetic libraries.146 

The origin, diversity and size of the antibody library correlates directly with 
the affinities of antibodies that can be discovered. Synthetic and naïve libraries 
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are more dependent on the diversity, since their function is to be universal li-
braries. Immunized libraries require smaller size, since they are biased towards 
the specific antigens applied in the immunization process.147 

Naïve library combines the natural immunoglobulin gene repertoire from 
multiple donors that can be e.g. rabbits144 or humans142. These IgM-based librar-
ies are constructed by separately cloning the genes encoding the light chain and 
VH-CH1 domains of the heavy chain from B-cells142. The additional diversity is 
introduced due to random rearranging of VH and VL domains. Naïve human li-
braries are an important source of human antibodies to be applied for therapeu-
tics148, but they also can be exploited for selecting binders for diagnostics that 
are difficult to obtain through immunization, such as anti-immune complex an-
tibodies142, toxins and self-antigens.146 

Immune libraries are constructed through immunization with specific antigen 
or antigens. Species that have been used as donors include e.g. mouse, rabbit, 
camel, chicken149 and sheep150. In theory, the choice of the donor species is re-
stricted only by the availability of broad enough antibody sequence data for de-
signing specific primer sets for amplification of the antibody repertoire.151 In 
practice, the procedure is more restricted by ethical concerns.149 Usually, the 
immunized libraries are constructed from the IgG genes of spleen B-cells of 
mice. As in naïve antibody library, the original VH and VL pairing is lost during 
the combination of separately amplified chains.146 Compared to hybridoma 
technology preserving the affinity matured VH and VL pairs, this is a disad-
vantage.146 For recombinant antibodies, it is possible to pair a given variable do-
main with a library of complementary variable domains to find an optimal com-
bination of VH and VL, and thus obtain improved binders. This method is termed 
chain-shuffling.152 

Synthetic libraries are generated through design. They can be only partly en-
gineered, by employing a natural library as a starting point (semi-synthetic), or 
built from scratch.146 The synthetic libraries can be obtained by increasing the 
diversity of the CDRs of germline V-gene segments.153 In the design process, the 
potential targets can be taken into account. For example, the synthetic library 
can be targeted against proteins or small molecules by tailoring the lengths of 
the CDR loops.154,155 

2.3.2 Antibodies for HT-2 and T-2  

Small molecules, also called haptens, are defined as compounds with molecu-
lar weight less than 1000 g/mol and elicit an immune response when attached 
to a carrier protein. For that reason, mycotoxins need to be conjugated to im-
munogenic proteins, called carrier proteins, in order to develop antibodies 
through immunization. HT-2 and T-2 molecules do not offer suitable functional 
groups for direct attachment to primary amines on the surface of proteins; to 
enable that, different linkering chemistries have been developed. Hemisuccin-
ate linkering through the hydroxyl group in position C3 of either HT-2 or T-2 is 
the most widely applied method (see Figure 3.)   

Polyclonal anti-T-2 antibodies developed by immunizing rabbits156,157 or 
chicken158,159 are the earliest examples of antibodies for type-A trichothecenes. 
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The first example describing antibody development against HT-2 toxin was re-
ported by Fan et al. (1987)160. Their strategy to immunize rabbits with an HT-2-
protein conjugate yielded antibodies that are more specific to HT-2 but have a 
cross-reactivity of 25 % against T-2.  Later, the majority of the antibodies against 
HT-2 and T-2 described in the literature have been monoclonals developed 
through immunization of mice and hybridoma technology. Examples of re-
ported anti-T-2 and anti-HT-2 antibodies have been collected in Table 4 with 
applied immunogens and obtained cross-reactivities for HT-2 and T-2.  

Antibodies raised against HT-2 or T-2 are typically cross-reactive. The most 
specific HT-2 antibodies reported so far are still the rabbit polyclonals reported 
by Fan et al. already in 1987160.  

In general, antibodies raised against T-2 appear to be more specific to T-2. 
Recently, Xu et al. (2018)79 were successful in developing an anti-T-2 antibody 
with enhanced specificity by selecting a suitable linker and carrier protein. They 
used a hemiadipate linker in C3 position of T-2 for conjugation to virus-like par-
ticles (VLP), yielding an antibody with IC50 -values of ~0.1 ng/mL and ~300 
ng/mL for T-2 and HT-2, respectively.   

There are several successful examples of raising antibodies with 100 % cross-
reactivity to both toxins using either HT-2 or T-2-protein conjugate as an im-
munogen. In some cases, using HT-2 conjugate for immunization has yielded 
clones that cross-react much more strongly with T-2109. 

Other than in this thesis work, no recombinant anti-HT-2/T-2 antibodies have 
been reported to date.  For mycotoxins in general, there are reports of recombi-
nant antibodies that are often derived from full hybridoma IgG monoclonal an-
tibodies obtained through immunization.  The examples include single chain 
variable fragments (scFv) derived from anti-zearalenone IgG161 and scFv162 and 
antigen binding fragments (Fab)163 from two different anti-deoxynivalenol IgGs. 
Anti-aflatoxin B1 recombinant antibodies developed through recombinant anti-
body library construction, selection and screening in scFv164 and Fab165 formats 
have also been reported. In addition to the most commonly employed scFv and 
Fab fragments, smaller variable regions of a camelid antibody heavy chain 
(VHH) have also been applied for mycotoxin detection. These nanobodies have 
been developed for ochratoxin A166 and fumonisin167,168 detection. 
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Table 4. Examples of reported antibodies for HT-2 and T-2. 

Reference Antibody Immunogen* CR %  
HT-2 

CR % 
 T-2 

Chu et al. 1979156 Rabbit anti-T-2 pAb T-2-HS-BSA 18  100  
Fan et al. 1984157 Rabbit anti-T-2 pAb T-2-HS-BSA ~10  100  

Gendloff et al. 1987169 Mouse anti-T-2 toxin mAb T-2-HS-BSA 2.3  100  
Fan et al. 1987160 Rabbit anti-HT-2 toxin pAb CMO-HT-2-BSA 100  25  

Chiba et al. 1988170 Mouse anti-T-2 mAb (T-2.1) T-2 HS-BSA 0.06  100  
Hack et al. 1989171,109 Mouse anti-HT-2 mAb (3E2) HT-2-HS-HSA 2.7  100  
Kierek-Jaszczuk et al. 

1995158 Chicken anti-T-2 pAb T-2 HS-BSA 1.3  100  

De Saeger et al. 
199671 Mouse anti-T-2 mAb T-2 3.4  100  

Yoshizawa et al. 
2004172 Mouse anti-T-2 mAb (KTM-249) T-2-HS-KLH 100  100  

Piermarini et al. 
2007173 

Mouse anti-T-2 mAb (T-2B1) T-2 37  100  
Mouse anti-T-2 mAb (T-2B2) T-2 62  100  
Mouse anti-T-2 mAb (T-2C6) T-2 33  100  

Molinelli et al. 200859 Mouse anti-T-2 mAb (T2-B1) T-2 5.4 100  
Baumgartner et al. 

2010174 
Mouse anti-T-2 mAb 

 (T2-B11A9) T-2 ~20  100  

Meneely et al. 201061 Mouse anti-HT-2 mAb HT-2 100  92-
121  

Lippolis et al. 201181 

Mouse anti-HT-2 mAb 
(H10A10) HT-2 100  100  

Mouse anti-HT-2 mAb   
(Aokin AG, AK-HT2) HT-2 100  100  

Mouse anti-T-2 mAb    
(Softflow Biotechnology, 8H2) T-2 2.8  100  

Lattanzio et al. 201272 Mouse anti-T-2 mAb T-2-HS-KLH 100  100  

Li et al. 201276,74 Mouse anti-T-2 mAb (3A11) T-2 108-
115  100  

Aamot et al. 201358 

Ridascreen FAST T-2 
(R-Biopharm) NR 7  100  

Ridascreen 
T-2/HT-2 DRAFT 

(R-Biopharm) 
NR 45  100  

Rosa T-2/HT-2 
(Charm Sciences) NR 100  100  

Edupuganti et al. 
2013159 Chicken anti-T-2 pAb T-2-CDI-KLH 5 100  

Maragos et al. 2013175 

Mouse anti-T-2-Glc mAb (1-2) T-2-Glc-CDI-KLH <1.0  101  
Mouse anti-T-2-Glc mAb (1-3) T-2-Glc-CDI-KLH 19.9  135  
Mouse anti-T-2-Glc mAb (1-4) T-2-Glc-CDI-KLH 5.5  99  
Mouse anti-T-2-Glc mAb (2-5) T-2-Glc-CDI-KLH 39.8  96.3  
Mouse anti-T-2-Glc mAb (2-11) T-2-Glc-CDI-KLH 3.1  86.9  
Mouse anti-T-2-Glc mAb (2-13) T-2-Glc-CDI-KLH 1.3  91.6  
Mouse anti-T-2-Glc mAb (2-16) T-2-Glc-CDI-KLH 4.3  78.6  
Mouse anti-T-2-Glc mAb (2-17) T-2-Glc-CDI-KLH 9.5  67.5 
Mouse anti-T-2-Glc mAb (2-21) T-2-Glc-CDI-KLH 11.1  122  
Mouse anti-T-2-Glc mAb (2-44) T-2-Glc-CDI-KLH 27.7  91.3  

Peters et al. 201487 Mouse anti-T-2 mAb (Aokin 
AG) T-2 88  100  

Li et al. 201478 Mouse anti-T-2 mAb T-2-HS-BSA 3.08  100  

Publication 1 Mouse anti-HT-2 (HT2-10) rAb 
HT-2- 

diphosgene- 
Blue CarrierTM 

100  100  

Li et al. 2016176 Mouse anti-T-2 mAb (3A11) T-2 122  100  
Oplatowska- 

Stachowiak et al. 
201786 

Mouse anti-T-2 mAb T-2 125  100  

McNamee et al.  
2017110 Mouse mAb (ABT-1, Tecna) NR 74  100  

Xu et al. 201879 Mouse anti-T-2 mAb (4P19-I) T-2-hemiadipate -
VLP <0.1  100  

*The conjugation method and the carrier protein are mentioned if reported in the publication. NR=not reported; 
pAb=polyclonal antibody; mAb=monoclonal antibody; rAb=recombinant antibody; Glc=glucoside;  
CDI=1,1'-carbonyldiimidazole; HS=hemisuccinate; BSA=bovine serum albumin; HSA=human serum albumin; 
KLH=keyhole limpet hemocyanin; CMO=carboxymethyl oxime; VLP=virus-like particle 
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2.3.3 Anti-immune Complex Antibodies 

Small molecules have only one epitope for antibody recognition, making it im-
possible to develop a sandwich assay in which two antibodies bind simultane-
ously to the different parts of the molecule. 

 The limits of sandwich immunoassay for low molecular weight compounds 
were studied by Quinton et al. (2010).177 The study was conducted by exploiting 
anti-His-tag antibody and anti-homovanillic acid (HVA) antibody and observ-
ing their binding to artificial HVA-linker-His antigens with differing linker 
lenghts. The investigation concluded that for an antibody pair, at least 11.5 Å 
distance between two epitopes, corresponding to e.g. 6 carbon atoms, is needed 
for simultaneous binding. In realized applications, Angiotensin II (1048 g/mol) 
represents one of the smallest targets that has been measured with a true sand-
wich assay.178 

Voss et al. (1988)179 were the first to describe the development of polyclonal 
antibodies that were capable of recognizing specifically the immune complex 
formed by monoclonal anti-fluorescein antibody with fluorescein. Later, mono-
clonal anti-immune complex antibodies have been developed by immunization 
by Ullman and co-workers (1993)180, Self et al. (1994)181, Towbin et al. (1995)182 

and Nagata et al. (1999)76.  
In the literature, binding molecules recognizing immune complexes specifi-

cally are referred to as anti-metatype, anti-immune complex or anti-immuno-
complex antibodies/peptides. In this work the term anti-immune complex (IC) 
was chosen.  

Pulli et al. (2005)142 demonstrated the use of recombinant antibody library 
technology for antibody development against anti-morphine Fab-morphine 
complex. Anti-IC antibody selection from the same human naïve scFv antibody 
library was later applied by Niemi et al. (2010)183 for noncompetitive assay de-
velopment for tetrahydrocannabinol (THC). The same strategy was also em-
ployed in the current work for anti-IC antibody development for HT-2 toxin 
(Publication 1). Akter et al. (2016)184 and Leivo et al. (2019)185 exploited a similar 
approach selecting anti-IC antibodies from a synthetic library. A group specific 
anti-IC antibody for ten microcystins and nodularin, and a specific anti-IC an-
tibody for estrogen were developed, respectively. 

Table 5 summarizes the reported anti-immune complex binding reagents and 
also provides references to different assay formats in which sandwich-type as-
says for small molecules have been employed. Generally, it can be summarized 
that noncompetitive anti-immune complex technology seems to improve the 
specificity of the small molecule analysis. Furthermore, in cases in which the 
noncompetitive format was compared with corresponding competitive assay, 
the sensitivity has been improved. The only example in which the competitive 
assay was more sensitive was in the case of an anti-immune complex peptide 
developed against anti-benzothiostrobin-benzothiostrobin complex.186,187 

González-Techera et al. (2007)188 demonstrated a technology for selecting 
small cyclic 8-amino acid peptides, with comparable performance to anti-IC an-
tibodies, from a random peptide library.  Peptide reagents that were applied as 
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filamentous bacteriophage surface protein fusions, were obtained against poly-
clonal anti-hapten antibody -phenoxybenzoic acid complex and monoclonal an-
tibody complexes with molinate, atrazine, cyclosporin A, digoxin and cloma-
zone. The technology was later further improved by replacing the bacterio-
phages in the final assay with nanopeptamers comprising biotinylated anti-IC 
peptides and HRP-labelled streptavidin.189 

Quite recently, a new technology for anti-immune complex antibody develop-
ment was reported by Omi et al. (2015)190. The autonomously diversifying li-
brary (ADLib) technique191 employs a chicken B-cell line DT40 displaying IgM 
libraries, allowing in vitro screening and isolation of antibodies. Anti-immune 
complex antibodies were selected for estradiol and 25-hydroxyvitamin D 
[25(OH)D], with improved sensitivity and selectivity compared to correspond-
ing competitive assays. Later, the noncompetitive immune complex assay for 
25(OH)D has been commercialized as Fujirebio Lumipulse® 25-OH vitamin D 
chemiluminescent enzyme immunoassay192. 

The potential binding mechanisms of the anti-immune complex antibodies 
are not unambiguously resolved. Voss and co-workers suggested in 1988 that 
the mechanism for the antibodies that can recognize the liganded active site 
could be due to the conformational change. At the time, the comparison of the 
two states of the anti-fluorescein antibody had not yet been achieved by X-ray 
crystallographic analysis, but the authors came to their conclusion on the basis 
of immunochemical anti-idiotype studies. Figure 10 illustrates crystal struc-
tures, obtained with X-ray crystallography, of an anti-testosterone Fab a) with 
and b) without the small molecule testosterone. The figures show a clear con-
formation change induced by the binding. The other possible mechanism for the 
anti-immune complex antibody recognition, is based on a new epitope that 
arises on the surface of the binding pocket of an anti-hapten antibody when the 
hapten molecule is bound.180,183,190 
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Figure 10. An example of a Fab conformational change due to small molecule binding193. The 
structure and shape of the bound form differs from the unbound form. a) Anti-Testosterone Fab 
with testosterone (red) (PDB 1I9I) b) Fab without testosterone (PDB 1I9J). The PDB files were 
acquired from Protein Data Bank (https://www.rcsb.org) and processed with ChimeraX software. 
Molecule display: colour surface by hydrophobicity.  
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Table 5.  Reported anti-immune complex binding reagents and related noncompetitive assays. 

NR=not reported; THC=tetrahydrocannabinoid; PBA=phenoxybenzoic acid MC=microcystin; NOD=nodularin; 
MG=malachite green; LMG=leukomalachite green; 25-(OH)D=25-hydroxyvitamin D; ADLib=autonomously di-
versifying library; TRF=time-resolved fluorescence assay; CLEIA=chemiluminescent enzyme immunoassay; 
LFA=lateral flow assay; TR-FRET=time-resolved fluorescence resonance energy transfer; AlphaLISA=ampli-
fied luminescent proximity homogeneous assay; FITC=fluorescein isothiocyanate; pAb = polyclonal antibody; 
mAb= monoclonal antibody; EC=electrochemical; nanopeptamer=biotinylated anti-immune complex synthetic 
peptide complexed with a commercial streptavidin-peroxidase conjugate 

Technology/ 
source 

Binder format:         
anti-hapten/  

anti-IC  
Assay format Analyte LOD 

Improved       
sensitivity/ 
specificity 

Ref. 

Immunization  

mAb/ 
pAb(Fab) 

Mechanism 
study Fluorescein NR NR/           

NR 
Voss et. al 
(1988)179 

mAb/              
mAb ELISA THC NR NR/         

YES 
Ullman et 

al. 
(1993)180 

mAb/              
mAb ELISA Digoxin 30 ng/L NR/         

YES 
Self et al. 
(1994)181 

mAb/              
mAb 

Chemi- 
luminescence Angiotensin II 1 pg/mL NR/         

YES 
Towbin et 

al. 
(1995)182 

mAb /             
mAb ELISA MCs 2 pg/mL YES/         

NR 
Nagata et 
al. 1999194 

Phage  
displayed  

Naïve scFv  
library 

Fab/Fab TR-FRET Morphine 5 ng/mL NR/         
YES 

Pulli et al. 
(2005)142 

Fab/Fab LFA Morphine 1 ng/mL NR/           
NR 

Teerinen 
et al. 

(2014)195 

Fab/Fab TR-FRET THC 20 ng/mL NR/         
YES 

Niemi et 
al. 

(2010)183 

scFv/Fab TR-FRET HT-2 0.4 ng/mL YES/ 
YES 

Publication 
I 

Fab/              
scFv-AP ELISA HT-2 0.1-0.3 

ng/mL 
YES/ 
YES 

Publication 
II 

Fab/              
scFv-AP EC ELISA HT-2 1.6 ng/mL NR/           

NR 
Kudr et. al 
(2020)108 

Phage  
displayed         

cyclic  
8-aminoacid 

peptide  
library 

pAb/phage 
 displayed  

peptide 
Phage-ELISA PBA 0.05 ng/mL YES/       

YES 

González-
Techera et 

al. 
(2007)196 

mAb/ 
phage displayed 

peptide 
Phage-ELISA 

Molinate1 
Atrazine2 

Cyclosporin A3 
Digoxin4 

0.73 ng/mL1 
0.02 ng/mL2 
0.62 ng/mL3 
0.07 ng/mL4 

YES/       
YES 

González-
Techera et 

al. 
(2007)188 

pAb or mAb  /   
phage displayed 

peptide 

Phage-ELISA 
+ PCR 

PBA1 
Molinate2 

20 pg/mL1   
0.2 ng/mL2 

YES/         
NR 

Kim et al. 
(2011)197 

mAb-             
phage displayed 

peptide 

EC 
immunosensor Atrazine 0.2 pg/mL YES/         

NR 

González-
Techera et 

al. 
(2015)198 

mAb/              
phage displayed 

peptide 
Phage-ELISA MG/LMG 0.55 ng/mL YES/         

NO 
Dong et al. 
(2014)199 

mAb/ 
phage displayed 

peptide 
ELISA Benzothiostrobin 2.27 ng/mL NO/         

YES 
Hua et al. 
(2015)186 

mAb/            
phage displayed 

peptide 
Phage-ELISA Clomazone 0.4 ng/mL YES/       

YES 
Rossotti et 

al. 
(2010)200 

mAb/                
nanopeptamer 

LFA/                   
ELISA 

Molinate1  
Clomazone2 

2.5 ng/mL/  
2 ng/mL1        
2.5 ng/mL/ 
1.2 ng/mL2 

YES/       
YES 

Vanrell et 
al.(2013)189 

mAb/ 
nanopeptamer 

Homogeneous  
AlphaLisa Atrazine 0.3 ng/mL NR/           

NR 
Lassabe et 

al. 
(2018)201 

mAb/              
peptide-FITC 

Magnetic                 
nanoparticle-
based assay 

Benzothiostrobin 5.9 ng/mL NO/          
NO 

Chen et al. 
(2019)187 

ADLib sys-
tem 

Seo et al. (2006)191 

mAb/              
mAb ELISA/CLEIA Estradiol1 

25-(OH)D2 
3.13 pg/mL1  
2.1 ng/mL2 

YES/         
YES 

Omi et al. 
(2015)190 

mAb/              
mAb 

Fujirebio Lumi-
pulse® 25-OH 

vitamin D  
assay** 

25-(OH)D 4.6 ng/mL NR/           
NR 

Cavalier et 
al. 

(2015)192 

Phage  
displayed    
synthetic 

scFv library 

mAb/scFv-AP TRF 10 MCs and 
NOD 0.1 µg/L NR/           

NR 
Akter et al. 
(2016)184 

mAb/scFv-AP TRF NOD 30 ng/L YES/       
YES 

Akter et al. 
(2017)202 

mAb/scFv-AP ELISA 10 MCs and 
NOD 0.2 µg/L NR/           

NR 
Akter et al. 
(2017)203 

mAb/scFv-AP LFA 10 MCs and 
NOD 4 µg/L NR/           

NR 
Akter et al. 
(2019)204 

Fab/scFv-AP TRF Estradiol 3.0 pg/mL NR/         
YES 

Leivo et al. 
(2019)185 
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2.4 Noncompetitive Immunoassays 

Immunoassays can be divided into competitive and noncompetitive formats. 
The noncompetitive format, called a sandwich assay, has theoretically a supe-
rior sensitivity, specificity and linearity compared to the competitive assay.205 

The advantages of the noncompetitive format originate from a fact that the 
sandwich assay is a reagent excess format, meaning that antibodies can be ap-
plied in excess related to the analyte. When the concentration of the analyte is 
low, unoccupied capture antibody binding sites are always available. The signal 
in the sandwich assay is generated only when the binding site is occupied and it 
is directly proportional to the analyte concentration in the sample. 

In comparison, the competitive immunoassay is a reagent limited format, with 
limited capture antibody binding sites. In the competitive assay format the an-
alyte in the sample competes with a labelled tracer analyte for available antibody 
binding sites and the generated signal is inversely proportional to the analyte 
concentration.  

 The sandwich format is often applied in assays targeting proteins that offer 
multiple epitopes on their surface for specific antibody recognition while small 
molecules, possessing only one epitope, do not allow binding of two antibodies 
simultaneously, as discussed in 2.3.2. For that reason the competitive assay is 
typically the only choice for haptens. Figure 11 illustrates differences in re-
sponses between competitive and noncompetitive assay. 

 

Figure 11. Schematic graph of the competitive and noncompetitive assay responses [adapted from a review 
by Li et al. (2018)206]. a) Competitive assay produces a maximum signal without the analyte, and the increas-
ing concentration of the analyte decreases the signal. b) Noncompetitive assay produces an increasing signal 
with increasing analyte concentration. Noncompetitive assay may also allow significant improvements in sen-
sitivity. Immune complex assay is used as an example of noncompetitive detection.  
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Noncompetitive assays for small molecules have been reviewed by Fan & He 
(2012)207, Li & Deng (2016)208,  Li et al. (2018)206 and Liu et al. (2018)209 and the 
following five main types of noncompetitive assay formats have been identified: 
(1) open sandwich assay, (2) immune complex assay, (3) idiometric assay, (4) 
Giraudi’s method and (5) direct noncompetitive measurement. Table 6 summa-
rizes and compares the different methods allowing positive read-out in immu-
noassays for small molecules. 

Open Sandwich Immunoassay 
Anti-hapten antibodies bind small molecules typically with interactions from 

both heavy and light variable domains. In the open sandwich technology, this 
property is exploited by separating the two.  

Figure 12 illustrates the principle of the open sandwich assay. The limitation 
of the open sandwich assay is that the affinity and specificity are limited to the 
properties of a single antibody. 

Figure 12. Schematic illustration of an open sandwich assay. In the presence of the small molecule, the heavy 
and light domains come together and bind the hapten. By labelling the VH domain e.g. with an enzyme and 
immobilizing the VL, a sandwich-type of assay can be realized. 

Immune Complex Assay (Publications 1 and 2) 
The immune complex assay employs anti-immune complex antibodies recog-

nizing the complex formed by anti-hapten antibody and the hapten, without 
cross-reactivity with the anti-hapten antibody alone. The assay is a true sand-
wich assay for small molecules and typically both the sensitivity and the speci-
ficity of the assay is improved compared to the corresponding competitive for-
mat employing only the anti-hapten antibody.  

Idiometric Assay 
A noncompetitive idiometric assay requires three types of binding molecules. 

Ab2β antibody recognizes the antigen binding site, termed a paratope, of the 
anti-hapten antibody, while Ab2α antibody is specific to an epitope that is lo-
cated near the binding site. Figure 13 illustrates the assay principle.  

What is crucial, is that Ab2α does bind the anti-hapten antibody also in the 
absence of the analyte. This complicates the assay, requiring careful optimiza-
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tion of the binder concentrations in relation to the analytes present in the sam-
ple, as well as the binding kinetics of each reagent. Due to the first competition 
step between the analyte and the Ab2β, this assay format may be considered not 
purely noncompetitive. Moreover, the selectivity of the anti-hapten antibody 
does not improve due to the Ab2α and Ab2β and thus the assay specificity is 
depending on the specificity of the anti-hapten antibody. 

Figure 13. Schematic illustration of an idiometric assay. 1. Ab2β antibody competes with the analyte to bind 
the anti-hapten antibody. 2. Ab2α is added. It is not able to attach its specific epitope near the anti-hapten 
antibody’s binding site due to steric hindrance, if Ab2β is present. If no Ab2β is bound, it means that suppos-
edly the hapten is occupying the site. By labelling the Ab2α, a positive response that is proportional to the 
hapten concentration in the sample can be obtained.168  

Giraudi’s Method 
Giraudi’s method210, illustrated in Figure 14, also requires three different rea-

gents. The assay relies on a large blocker molecule that is able to bind the anti-
hapten antibody paratope more strongly than the analyte and a replacement of 
the free haptens with a labelled hapten. Due to the fact that the analyte competes 
with a blocker and then with the labelled hapten, this assay format cannot be 
considered a true noncompetitive assay, although it allows a positive readout. 
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Figure 14. Schematic illustration of Giraudi’s method. 1. The hapten is bound to the immobilized anti-hapten 
antibody. 2. A blocker molecule is added and the free binding sites are covered. 3. A labelled hapten is ap-
plied, which displaces the free hapten while the blocker stays in place. The measurement of the labelled 
hapten indirectly reports the amount of free hapten originally in the sample. 

Direct Noncompetitive Measurement (Publication 3) 
The measurable signal in direct noncompetetive techniques is generated over 

the binding of an analyte to a receptor antibody without the need of labelling. 
The specificity and sensitivity of the detection depends on the properties of the 
single antibody. Direct noncompetitive measurement of small molecules can be 
realised e.g. with optical biosensors, such as SPR211,212 (Publication 3). Another 
example of a direct measurement for haptens have been described by Li et al. 
who exploited quenching of the intrinsic fluorescence of antibodies due to the 
hapten binding for detection of ochratoxin A, aflatoxin B1 and zearalenone213, 
214.   
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Table 6. Summary of noncompetitive methods for small molecule analysis.  

Technology Description Advantages Disadvantages Ref. 

1.  
Open sandwich 
immunoassay 

VH-VL are paired in 
the presence of the 
antigen. 

True sandwich assay, 
only one antibody is 
needed, no chemical 
conjugation of haptens. 

Specificity and sensi-
tivity are limited to the 
binding properties of 
one antibody. 

Ueda et al. 
1996215 

2.  
Immune complex 

(IC) assay 

Anti-IC antibody rec-
ognizes specifically 
anti-hapten - hapten 
complex. 

True sandwich assay, 
no chemical conjugation 
of the analyte, improved 
binding kinetics, speci-
ficity and sensitivity. 
Applicable to various as-
say platforms. 

Development of anti-
IC antibodies depends 
on the library quality 
and the features of the 
anti-hapten antibody. 

Pulli et al. 
2005142 

3.  
Idiometric assay 

Two types of  
anti-idiotype binders 
are required in addi-
tion to the anti- 
hapten antibody. 
Ab2β recognizes a 
paratope and Ab2α 
an epitope near the 
paratope. Ab2α is 
not able to bind its 
epitope if the para-
tope is occupied by 
Ab2β. 
Although the assay 
generates a positive 
response in relation 
to the hapten con-
centration, it in-
volves a competition 
step. 

Improved sensitivity 
compared to competition 
assay. Good perfor-
mance with optimal 
binding reagents. 

Complicated design 
and kinetics due to 
multiple binding  
partners.  
The Ab2α binds the 
anti-hapten antibody 
with or without the an-
alyte.  
Specificity is limited to 
the specificity of the 
primary antibody. 

Barnard & 
Kohen 

(1990)216 

4.  
Giraudi’s method 

1. An analyte is 
bound to the immo-
bilized antibody.  
2. Blocker is added 
that occupies the ex-
cess sites. 
3. The analyte is re-
placed by a labelled 
analyte that is de-
tected. 

Only one antibody 
needed. 

Preparation of a  
blocking reagent that 
binds the antibody 
binding site more 
strongly than the  
analyte. Requires la-
belled hapten. 

Giraudi et 
al.  

(1999)210 

5.  
Direct  

noncompetitive 
measurement 

The binding of the 
hapten is measured 
directly by optical 
(SPR), electrochemi-
cal or other means, 
e.g. by intrinsic  
fluorescence. 

Simplest assay format, 
no labelling needed. 

Expensive instruments 
and skilled operators 
are needed (SPR). 

Yakes et 
al.  

(2014)211 
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3. Materials and Methods 

Detailed information about the materials and methods used in this work is 
presented in the original publications (1-3). This section introduces the most 
essential techniques for the development of an immune complex antibody pair 
for HT-2 toxin, their modification, characterization and assay development.  

3.1 Antibodies for HT-2 toxin Detection 

Antibody reagents developed during the thesis work and applied for assay de-
velopment are summarized in Table 7. The procedures for development of these 
immunoreagents are described in sections 3.1.1 - 3.1.3.  

Table 7. Immunoreagents developed for realizing different HT-2 assay formats. 

Reagent Application Publication 

Unlabelled anti-HT-2 (10) Fab SPR/ 
SLG-protected copper SPR 1 / 3 

Unlabelled anti-IC HT2-10 (H5) Fab 
[Anti-IC HT-2 (10) Fab] SPR 1 

Europium labelled anti-HT-2 (10) Fab FRET 1 
Alexa 647 labelled anti-IC HT2-10 (H5) Fab 

[Anti-IC HT-2 (10) Fab] FRET 1 

Anti-IC HT2-10 (H5) scFv-AP fusion protein 
[Anti-IC HT-2 (10) scFv-AP] ELISA 2 

Biotinylated anti-HT-2 (10) Fab ELISA 2 

 

3.1.1 Anti-HT-2 toxin Antibody Development 

HT-2 protein conjugates  
The HT-2 toxin was conjugated to mollusc hemocyanin (Blue CarrierTM), al-

kaline phosphatase (AP) and human serum albumin (HSA) to be used for im-
munization, antibody library selection and ELISA screening, respectively. Con-
jugation chemistry was designed and conducted by Harri Kiljunen (Verifin, Fin-
land). Briefly, the diphosgene linker (Fluka) was targeted in a hydroxyl group in 
C3 position (carbon number 3 according to IUPAC nomenclature). Figure 15 
presents an overview of the reaction. HT-2 toxin dissolved in dry dioxane was 
allowed to react with diphosgene in the presence of dry pyridine as a catalyst. 
The resulting toxin linker product was further conjugated on the surface of the 
carrier proteins through their primary amines. HT-2 toxin-protein conjugates 
were purified with Econopac columns (Bio-Rad) or Amico Ultra 10K MWCO 
centrifugal filters (Merck, Millipore).  The safety of the final product was en-
sured by confirming the absence of free toxin by LC-MS. 
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Figure 15. Conjugation of HT-2 toxin to a carrier protein with a diphosgene linker targeted to the 
hydroxyl group in C3. 

 
All the HT-2 -protein conjugates were verified against commercial monoclo-

nal anti-HT-2 toxin antibodies (Hytest, Finland) in ELISA. AP and HSA were 
further analysed by matrix-assisted laser desorption ionization time-of-flight 
mass spectrometry (MALDI-TOF MS) by Harry Boer (VTT).  

Library construction 
Mice were immunized with HT-2 toxin−Blue carrier conjugate in Freund’s ad-

juvant and the mouse with the best immune response was selected for antibody 
gene library construction. The total RNA was extracted from the mouse spleen 
and further applied for synthesis of complementary DNA (cDNA).  

The antigen binding fragment (Fab) library was constructed into a phagemid 
vector (Figure 16) according to Pulli et al. (2005)142. Specific primers from Kreb-
ber et al. (1997)217 were employed for amplification of the whole light chain and 
variable and the first constant domain of the heavy chain, using cDNA as a tem-
plate. A schematic picture of the two-step cloning procedure is presented in Fig-
ure 17.  
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Figure 16. Phagemid vector construct. NheI, AscI, SfiI/NcoI and NotI are restriction sites for cor-
responding restriction enzymes. PelB=a signal peptide that guides the translated antibody chains 
to the periplasmic space; RBS=ribosome binding site; pIII=M13 phage surface protein pIII; plac= 
lac promoter; f1+ori=origin of replication from an f1 phage enabling single stranded replication 
and packaging into full phages.  

 

 

Figure 17. Two-step cloning of light and heavy chains and insertion into Phagemid 9.2 plasmid.  
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The final antibody library in phagemid plasmid was verified by sequencing 20 
Fab clones (GATC Biotech, Germany) for possible enrichment of sequences, 
non-functional Fabs (e.g. point mutations and frameshifts) or vector back-
ground. 

Immunized Library Selection and Screening 
A semi-automated magnetic bead processor (King FisherTM, Thermo Scien-

tific) was exploited in the selection procedure. HT-2 toxin-AP conjugate was im-
mobilized on the surface of magnetic beads (Invitrogen, M-270 epoxy Dyna-
beads) according to the manufacturer’s instructions. 

The Fab library was displayed on the surface of monovalent filamentous bac-
teriophages and selected against the HT-2-AP conjugate. Soluble AP was in-
cluded to deplete possible AP-binding Fab fragments. After incubation over-
night, the beads were washed 5-6 times for 20 s and eluted with high pH (tri-
methylamine, pH 11.75) or low pH (0.1 M glycine-HCl, pH 2.2). Before infection 
of E.coli XL-1 blue cells (Agilent Technologies Inc., TX) for the next selection 
round, the eluted phages were neutralized with 1M HCl or 1M Tris pH 9.6, re-
spectively. A similar protocol was employed in the subsequent rounds of selec-
tion, with the exception of increasing selection pressure by decreasing the 
amount of beads and increasing the washing time in each round. The output 
DNA pools were cloned into an expression plasmid pKKtac218 and produced in 
E.coli in small scale for screening against HT-2-HSA conjugate to identify the 
most promising selection rounds with enriched HT-2 specific antibodies. 96 
clones from each positive selection round were picked from LB-amp plates us-
ing a Genetix QPix robotic colony picker. The clones were expressed in small 
scale and screened from E.coli supernatant against HT-2-BlueProteinTM in an 
automated ELISA, enabled by a robotic station (Beckmann Coulter).  

The primary positives were ranked by competitive ELISA. Four dilutions of 
the supernatants (1:1, 1:4, 1:5 and 1:20) were pre-incubated with free HT-2 toxin 
(100 pM - 1 µM) before application on the ELISA plates coated with HT-2-Blue 
CarrierTM. The clone with the strongest inhibition with HT-2 toxin (HT2-10) was 
characterized in more detail by SPR.  

3.1.2 Anti-immune Complex Antibody Development 

Naïve Library Selection and Screening 
The anti-immune complex antibodies were selected from a phage displayed 

IgM-based VTT human naïve library, constructed from pooled lymphocytes of 
50 healthy individuals with a functional size estimation of 1 x 108 clones in scFv 
format142. The semi-automated selection utilised an automated magnetic bead 
processor (King Fisher Duo, Thermo Scientific) and magnetic iminodiacetic 
acid (IDA) beads (Bioclon Inc., CA). 

The magnetic beads were prepared and charged with Cobalt (Co2+) according 
to the manufacturer’s instructions. HT2-10 Fab fragments were immobilized 
onto the cobalt beads in an oriented manner through the six-histidine tag in 
their C-terminus. Finally, the Co2+ was oxidized to Co3+ with H2O2 in order to 
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stabilize the coordination bond between cobalt and polyhistidine according to 
the method described by Hale et al. (1995)219.  

The selection procedure included incubation of the anti-HT2 Fab beads with 
an excess of free HT-2 toxin for one hour in 1 % DMSO-PBST to form the desired 
immune complex on the surface of the magnetic beads. The beads were washed 
quickly (2s) and then allowed to react with the human naïve scFv library dis-
played on multivalent phages for one hour. After three 30 second washes with 
PBST, the bound phages were collected with low pH elution for 30 min (Glycine-
HCl, pH 1.5). The phages were amplified for the next selection round by infect-
ing XL1-blue cells after neutralizing the pH of the eluate. The number of input 
phages for selection rounds 2-4 was limited to 1010 by titering the precipitated 
output phage pools after each round and preparing suitable dilutions. 

The selection conditions were altered slightly on each of the four selection 
rounds. On the second round, a soluble mouse anti-hapten Fab was applied to 
deplete binders recognizing the constant region of the Fab fragment. In rounds 
3 and 4, the selection pressure towards the immune complex binders was in-
creased by implementing a depletion step with anti-HT2 Fab beads without free 
HT-2 toxin.  

Washing steps were extended after the first round to 2 min and on the last 
round monovalent VCSM13 (Stratagene) helper phages were employed for am-
plification instead of the multivalent hyperphages, in order to suppress the avid-
ity effect and to favour higher affinity binders.  

Phage ELISA was applied to screen individual anti-IC antibody clones (see 
section 3.2.1). The primary positive anti-IC antibody clones were sequenced and 
the best scFv clone anti-IC-HT2-10 (H5) [anti-IC HT-2 (10) scFv] was synthe-
sized as a Fab fragment (ATUM, CA) for FRET assay (section 3.2.2) and fused 
with AP for noncompetitive ELISA assay (section 3.2.1). 

3.1.3 Production and Purification of Antibody Fragments 

Anti-HT-2 (10) Fab, anti-IC HT-2 (10) Fab and anti-IC HT-2 (10) scFv-AP 
were cloned into the expression plasmids pKKtac or pJExpress401 (ATUM) and 
produced in Escherichia coli bacteria (strains XL1-Blue and RV308). The anti-
bodies were purified from the E.coli supernatant using metal affinity chroma-
tography (Cytiva) in a scale ranging from 300 mL (bottle) to 5 L (bioreactor) 
according to the manufacturer’s instructions.  

 

3.2 Immunoassays  

3.2.1 ELISA  

Enzyme-linked immunosorbent assay (ELISA) was exploited in different for-
mats during the antibody development (Publication 1) and in noncompetitive 
IC assay development (Publication 2). The primary screening of the anti-HT-2 
antibodies was conducted by indirect ELISA against HT-2-Blue CarrierTM con-
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jugate and further affinity ranking with a similar assay in competitive setup, in-
volving a preincubation step with free HT-2 (Figure 18a). Briefly, 96-well ELISA 
plates (Nunc MaxiSorp) were coated with 100 ng of HT-2 - Blue CarrierTM con-
jugates per well in 0.1 M sodium bicarbonate buffer (pH 9.6). Non-specific bind-
ing was prevented with SuperBlockTM blocking buffer (Thermo Scientific) sup-
plemented with 0.05 % Tween20 for 30 min. The culture supernatant samples 
were added and incubated on the ELISA plates for 1 hour. After washing the 
plates three times with PBS buffer, goat anti-mouse kappa IgG−AP antibody 
(Southern Biotech) was applied and incubated for 30 min.  A chromogenic sub-
strate compatible with AP (pNPP, Merck) in diethanolamine MgCl2 buffer (Re-
agena) was used to determine indirectly the presence of antibodies bound to the 
HT-2-Blue CarrierTM conjugates on the bottom of the plate. The intensity of the 
yellow colour was measured after 30 min as absorbance at 405 nm. 

In the competitive assay the supernatants were pre-incubated with a concen-
tration series of free HT-2 toxin before application onto the ELISA plate. The 
free toxin competes for the binding of the antibodies with the immobilized HT-
2- Blue CarrierTM conjugate and can be observed as inhibited ELISA signal.  

The best anti-HT-2 (10) Fab was further characterized by determining the IC50 
values for both HT-2 and T-2 by competitive ELISA against HT-2-HSA. The IC50 
values were calculated using OriginPro 2016 software (logistic fit). 

The screening of the anti-immune complex antibodies was carried out with 
phage ELISA (Figure 18b). Anti-HT-2 (10) Fab was biotinylated for efficient im-
mobilization on streptavidin-coated ELISA plates (Kaisa96, Kaivogen). The bi-
otinylation was confirmed by comparing the immobilization efficiency of the bi-
otinylated Fab to the native Fab on a streptavidin plate. 

 Phages displaying the single scFv fragments were incubated for 1 h with a high 
concentration of free HT-2 toxin (25 µM). The plates were washed three times 
with PBST and then incubated for 1 hour with anti-M13- HRP detection anti-
bodies. ABTS substrate (KPL) was applied in order to reveal clones specific for 
the immune complex formed by the anti-HT-2 (10) Fab and HT-2 toxin. The 
absorbance at 405 nm with and without HT-2 toxin was compared in order to 
find the best anti-immune complex antibodies. 
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Figure 18. a) Indirect ELISA for anti-HT2 antibody screening. In the competitive assay format, 
preincubation with free HT-2 was included. b) Phage ELISA for anti-immune complex antibody 
screening.  

The immune complex antibody pair was harnessed for developing a simple 
noncompetitive ELISA assay for specific HT-2 detection in wheat, barley and 
oats (Publication 2). Figure 19 illustrates the principle of the IC ELISA. The anti-
immune complex single-chain variable fragment (scFv) was cloned into a plas-
mid containing an alkaline phosphatase fusion protein. Alkaline phosphatase 
(AP) from Escherichia coli was selected as a fusion partner for compatibility for 
production in E.coli bacteria. The sequence of E.coli AP was retrieved from Uni-
Prot (PBB_ECOLI) and the plasmid design, including suitable restriction sites 
for the scFv-AP-His6, was codon optimized and synthesized by ATUM in an ex-
pression vector pJExpress401. The scFv-AP construct was produced in E.coli 
and purified with metal affinity chromatography. 

In the final assay design, biotinylated anti-HT-2 (10) Fab was immobilized on 
a streptavidin-coated ELISA plate (30 min at room temperature). The sample 
was mixed 1:1 with anti-IC HT-2 (10) scFv-AP, applied on the ELISA plate and 
incubated for one hour. After incubation and washing, the colorimetric positive 
readout, directly proportional to the HT-2 toxin concentration was be measured 
as an absorbance at 620 nm with BluePhos® (KPL Inc.) substrate.   
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Figure 19. Noncompetitive immune complex enzyme linked immunosorbent assay (ELISA) illus-
trating the bivalent nature of the anti-immune complex scFv alkaline phosphatase fusions.   

3.2.2 TR-FRET 

Time-Resolved (TR) Fluorescence/Förster Resonance Energy Transfer 
(FRET) enables a homogenous assay format requiring no immobilization or 
washing steps.220 In the FRET technology, the donor fluorophore is excited with 
a matching wavelength to a higher energy state. The energy is transferred in a 
non-radiative manner to the acceptor fluorophore via intermolecular dipole-di-
pole coupling if the distance between the two fluorophores is small enough (1-
10 nm) and the fluorescent spectra are compatible (Figure 20 a). Typically, a 
lanthanide chelate such as europium or terbium with a long fluorescence life-
time (milliseconds) is used as a donor and a fluorophore with a short lifetime 
(nanoseconds) as an acceptor. Figure 20 b illustrates the principle of TR-FRET 
measurement. The long decay of the fluorescence signal allows time-resolved 
measurement and differentiation of the background emission. 
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Figure 20. a) Schematic presentation of absorption and emission spectra of matching donor and 
acceptor fluorophores for a FRET application. Overlap of donor emission and acceptor absorption 
spectra is needed (dark orange area). b) TR-FRET measurement principle. Donor fluorophore 
has a long fluorescence lifetime of milliseconds, whereas the acceptor emits only for nanosec-
onds when excited directly. When the donor is excited and the FRET occurs, the acceptor emis-
sion also coincides in the same time-frame, allowing detection after fluorescence of the acceptor 
without FRET and after fluorescence coming from the sample matrix has died out. Typically, a 
defined measurement window is measured. 

a) 

b) 
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The ~7 nm length of a Fab antibody fragment221 is suitable for the FRET assay. 

In IC-based assays for small molecules, the FRET phenomenon has previously 
been employed e.g. for morphine142 and tetrahydrocannabinol (THC)183.  

TR-FRET Assay for HT-2 Detection 
A noncompetitive homogeneous time-resolved FRET (TR-FRET) immune 

complex assay for HT-2 was realized by labelling anti-HT-2 (10) Fab with euro-
pium chelate (Loisto615, Kaivogen) and the anti-IC HT-2 (10) Fab with Alexa 
Fluor 647 (ThermoFisher Scientific) (Figure 20 b). Both labelled antibodies are 
dispensed on the bottom of a black 96-well plate (Nunc F96 MicroWell, Thermo 
Scientific) and sample is added. After 10 min the plate can be measured using a 
Victor V Fluorimeter (Perkin Elmer) with excitation at 340 nm and detection at 
665 nm. The fluorescence counts were measured with 50 µs delay and a meas-
urement window of 100 µs. The preliminary experiment with pre-dried reagents 
was conducted by dispensing the both labelled antibodies on the bottom of the 
microtiter well and let dry over-night in a fume hood in the dark. 

3.2.3 SPR 

Commercial SPR instruments were employed in several parts of the work. 
Biacore Q (Cytiva) was applied for determining the cross-reactivities of anti- 
HT-2 antibodies in competitive format. 200 ng/mL of T-2-triol, T-2-tetraol, di-
acetoxyscirpenol, 15-acetyldeoxynivalenol, 3-acetyldeoxynivalenol, deoxyniva-
lenol, deoxynivalenol-3-glucoside, nivalenol, or neosolaniol was applied in or-
der to test the possible inhibition.  Biacore Q was also employed to compare the 
competitive assay (IC50) and noncompetitive anti-immune complex assay (EC50) 
without the need of antibody labelling. The sensitivity of the immune complex 
assay to free HT-2 was examined by immobilizing either anti-HT2 (10) Fab or 
anti-IC HT-2 (10) Fab. In Publication 3, the developed direct HT-2 measure-
ment with graphene-protected copper SPR was compared to a state-of-the-art 
commercial Biacore T200 instrument (Cytiva).   

3.2.4 SLG-protected Copper SPR Biosensor 

Graphene is a two-dimensional allotrope of carbon that consists of a single 
molecule layer of carbon atoms arranged in a honeycomb lattice. It has proven 
to possess extraordinary mechanical, thermal, electrical and optical properties 
and therefore gained considerable interest in various applications.222,223  

In biosensing, graphene has been studied in different assay platforms includ-
ing bio-field-effect transistors (FET), electrochemical biosensors, impedance bi-
osensors, electrochemiluminescence and fluorescence224,225. In addition to de-
vices based on graphene as a transducing material, hybrid technologies exploit-
ing layered materials have been proposed for enhancing existing conventional 
label-free technologies.226,227 Combination of graphene with metal films in SPR 
technology is one of the promising examples of such hybrid materials100,228. Ex-
cellent SPR properties of copper and high phase sensitivity for biosensing can 
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be unlocked by protecting the easily corroding ~50 nm thick copper film with 
single layer graphene (SLG)101. The chemical vapour deposited (CVD) SLG can 
be transferred onto the target Cu chip using wet transfer. 

Functionalization of Single Layer Graphene 
The anti-HT-2 (10) Fab fragments were immobilized on the CVD graphene 

surface using a well-established chemistry exploiting a linker containing a py-
rene group.229,230 Pyrene is able to self-assemble on the graphene surface 
through π- π stacking.231 The anti-HT-2 (10) Fab fragments were immobilized 
randomly through the primary lysines (-NH2 groups) reacting with the pre-ac-
tivated carboxyl group in the pyrene linker (1-pyrenebutyric acid succinimide 
ester). The unreacted linkers were blocked with ethanolamine. The steps of an-
tibody immobilization are illustrated in Figure 21.  

Figure 21. Functionalization of CVD graphene-protected copper for ultrasensitive direct detection 
of HT-2 toxin.  a) CVD graphene is wet transferred onto 43.5 nm Cu film. b) 1-Pyrenebutyric acid 
succinimide ester is added and it self-assembles onto graphene by π-π stacking. c) Anti-HT-2 
(10) Fab is applied and its primary amines react with succinimide ester to form covalent bonds 
and random immobilization. d) The unreacted succinimide esters are blocked with ethanolamine 
(red compound) 

Direct Measurement of HT-2 with (SLG) Protected Copper SPR Biosensor 
The SPR measurement setup for direct HT-2 detection was based on the 

Kretschmann configuration (Figure 8) using a focused beam M-2000F spectro-
scopic ellipsometer (J.A. Woollam, Inc.). The beam size was ~30 x 60 µm for an 
angle of incidence of 59°. A CCD camera was employed for checking the absence 
of air bubbles in the channel. PBS buffer containing 0.1 pg/mL - 1000 ng/mL of 
HT-2 was pumped into the flow cell and both ellipsometric amplitude and phase 
were measured on SLG-protected copper SPR chips functionalized with anti-
HT-2 (10) Fab fragments.  
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A commercial Biacore T200 instrument (Cytiva) with CM5 sensor chip 
(Cytiva), representing the current state-of-the-art in direct biosensing of small 
molecules, was applied for reference measurements. Fab fragments were immo-
bilized with EDC/NHS chemistry. A concentration series of HT-2 (0, 0.1, 1, 10, 
100 and 1000 ng/mL) was measured in PBS-P buffer on Anti-HT-2 (10) Fab 
surface using anti-mycophenolic acid (MPA) Fab surface as a negative refer-
ence. Direct detection of HT-2 with SLG-protected copper vs reference method 
Biacore T200 is illustrated in Figure 22. 

Figure 22. a) Detection of HT-2 toxin with graphene-protected Cu chip. b) Reference method with 
Biacore T200 CM5 chip (gold surface with dextran layer enabling 3D immobilization of antibodies 
through primary amines after EDC/NHS activation of carboxyl groups in dextran. 

3.2.5 Sample Preparation for HT-2 toxin Analysis 

The sample preparation method for the grain samples was adapted from re-
ported protocols for T-2 and HT-2 analysis with immunoassays 58,59.  5 g of grain 
sample was weighed and extracted by adding 25 mL of MeOH-water (70:30) 
and mixing for 30 min. The solid material was removed by centrifuging at 6000 
g for 10 min. After filtering with Whatman GF/C filter the extract was diluted 
1:10 with PBS and centrifuged once more at 13 000 g for 5 min to remove the 
insolubles. 

3.2.6 Method Optimization  

Noncompetitive FRET and ELISA assays were developed for detection of HT-
2 in grain samples. For both assays the effect of methanol was examined by con-
ducting the assay in different MeOH concentrations and PBS buffer or water as 
a control. Correspondingly, the grain sample matrix effect was determined by 
comparing the spiked HT-2 standard curve in grain extract and in buffer includ-
ing the same final concentration of MeOH (7%).  

To evaluate the assay performances with real grain samples and to determine 
the assay recoveries, naturally contaminated wheat and barley reference matrix 
materials were purchased from Aokin (Berlin, Germany). Naturally contami-
nated oat with known concentration of HT-2 and T-2 toxins as well as blank 
wheat, barley and oat were obtained from the Finnish Food Authority.  
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Different concentrations of natural grain samples were prepared by weighing 
and mixing contaminated sample and blank sample in different ratios. The cal-
ibration curves were prepared by spiking the blank grain sample extract with 
HT-2 or T-2 standard solutions.    

The cross-reactivity with T-2 was examined in more detail since the anti-HT-
2 (10) Fab antibody was known to cross-react ~100% with T-2. The full concen-
tration series (1-100 ng/mL) of HT-2 and T-2 were analysed separately to de-
termine the specificity of the assay. 

The concentrations and ratios of the antibody pair were optimized in both as-
say formats for maximum sensitivity and linearity. The assay reaction times 
were investigated in relation to assay sensitivity. In the ELISA assay, two alka-
line phosphatase substrates, pNPP and BluePhos®, were compared. 

 
 
 



55 
 

4. Results 

4.1 Development of Anti-HT-2 toxin Antibody 

HT-2 - Protein Conjugates 
Three different carrier proteins were applied in different phases of anti-HT-2 

antibody development in order to minimize the effect of the carrier protein and 
maximize the antibody binding of HT-2 alone. HT-2 Blue CarrierTM, HT-2 alka-
line phosphatase (AP) and HT2- human serum albumin (HSA) were employed 
for immunization, selection and screening, respectively. 

The numbers of HT-2 molecules conjugated on the three different carrier pro-
teins were determined by MALDI-TOF analysis by comparing the molecular 
masses of the unconjugated and conjugated proteins. HT-2-AP and HT2-Blue 
CarrierTM yielded no ionization in MALDI-TOF, and thus the conjugation degree 
remained unsolved. From HT-2-HSA, the analysis was successful and indicated 
that an average of ~5 HT-2 molecules were attached to each HSA protein. The 
functionality of all the three conjugates was confirmed by ELISA test with com-
mercial anti-HT-2 monoclonal antibody. They all produced a clear response 
with the conjugates and low background binding to unconjugated proteins. 

Antibody Library Construction 
Four mice were immunized with HT-2 toxin- Blue Carrier. The success of the 

immunization was confirmed by ELISA, measuring serum responses of each 
mouse against HT-2-HSA. The mouse with the best immune response was se-
lected for antibody gene library construction.  

Both light and heavy chains of the mouse IgG repertoire were successfully am-
plified and cloned into a phage display plasmid (phagemid). The final antibody 
library was validated by sequencing 20 Fab clones and no identical sequences, 
original phagemid antibody insert or frameshifts were observed. The functional 
size of the library was 6 x 107 unique clones.  

Selection of Anti-HT-2 toxin Antibody 
The phage displayed immunized antibody library was biopanned against HT-

2-AP conjugate. On the selection round 3 the output titers decreased. Regard-
less of the low output on round 3 the selection was continued to rounds 4 and 5, 
which indicated enrichment of clones. After completing the round 5, all selec-
tion output pools were analysed by ELISA. The strong ELISA responses on se-
lection rounds 2, 4 and 5 on both low and high pH elution indicated enrichment 
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of HT-2 specific antibodies. For the round 3 output pools there was no ELISA 
response and round 3 was not analysed further. 

96 clones from each positive selection output pool, altogether 576 single 
clones, were screened. In total, 60 primary positive clones were ranked by com-
petitive ELISA. The best clone HT2-10, obtained from selection round 4 with 
high pH elution (pH 11.75), showed strongest inhibition with both HT-2 and  
T-2 and was selected for anti-immune complex antibody development.  

4.2 Development of Anti-HT-2 Immune Complex Antibody 

HT2-10 Fab was successfully immobilized in an oriented and stable manner 
on the magnetic beads for phage display antibody selection with and without 
the HT-2 toxin. The output clones from rounds 3 and 4 and from the low pH 
elution line were analysed with phage ELISA. The screening yielded 16 primary 
positive anti-HT-2 immune complex clones, from which three unique sequences 
were identified. The clone H5 possessed the highest A405 signal-to-background 
ratio between HT-2 immune complex and the anti-HT-2 (10) Fab alone, and 
was selected for development of immune complex assays for HT-2 toxin. 

4.3 Characterization of the HT-2 Antibody Pair 

The cross-reactivity of the primary anti-HT-2 (10) Fab was determined using 
an antigen panel of closely related molecules and a competitive assay on a 
Biacore Q SPR instrument. Although T-2 toxin showed comparable cross-reac-
tivity with HT-2, there was no detectable inhibition with T-2-triol, T-2-tetraol, 
diacetoxyscirpenol, 15-acetyldeoxynivalenol, 3-acetyldeoxynivalenol, deoxyni-
valenol, deoxynivalenol-3-glucoside, nivalenol, or neosolaniol.  

For the HT-2 toxin and the T-2 toxin, showing strong inhibition at the tested 
concentration of 200 ng/mL, full inhibition curves were applied to determine 
their IC50 values. In the competitive Biacore Q assay the determined IC50 values 
were 134 ng/mL for both HT-2 and T-2, denoting a cross-reactivity of 100 %.  

The primary characterization of the anti-IC HT-2 (10) Fab together with anti-
HT-2 (10) Fab was conducted with Biacore Q. The immune complex assay was 
studied first by immobilizing the anti-HT-2 (10) Fab on the sensor surface and 
applying the anti-IC HT-2 (10) Fab together with the sample. No binding of the 
anti-IC HT-2 (10) Fab to anti-HT-2 (10) Fab in the absence of HT-2 was ob-
served. Furthermore, no cross-reactivity with T-2 was detected, even at a con-
centration of 1000 ng/mL. The IC assay performance was also evaluated by im-
mobilizing the anti-IC HT-2 (10) Fab and applying the anti-HT-2 (10) Fab with 
the sample. The assay proved to be more sensitive when the anti-HT-2 (10) Fab 
was immobilized. 
 

To further validate the performance of the immune complex antibody pair, the 
half-maximal effective concentration (EC50) was determined by analysing an ex-
tensive HT-2 concentration series of 1-1000 ng/mL. The obtained EC50 was 
compared to the corresponding IC50 value of the competitive assay (see Figure 
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23).  The immune complex assay is highly specific only to HT-2, without any 
cross-reactivity with T-2, and it is 13 times more sensitive compared to the com-
petitive assay.  

 

Figure 23. Comparison of IC50 value (dashed blue line) of the anti-HT-2 (10) Fab and EC50 value 
(dashed yellow line) of the immune complex assay on a label-free Biacore Q biosensor instru-
ment. The plots are an average of two replicates. a) Competitive assay without an analyte [HT-2 
(red star) or T-2 (black star)] = maximal signal, b) Competitive assay: signal inhibition by HT-2 in 
the sample, c) Competitive assay: signal inhibition by T-2 in the sample, d) Non-competitive as-
say: minimal signal when no analyte is present, e) Non-competitive assay: signal generated by 
the increasing amount of HT-2, f) Non-competitive assay: no signal even with 1000 ng/mL of T-2. 
OriginPro 2015 software was used to calculate the IC50 and EC50 (logistic fit).    

4.4 Immune Complex Assays for HT-2 toxin 

The performance of the immune complex antibody pair was investigated by 
applying them to two different immunoassay platforms. The one-step homoge-
neous FRET assay (Publication 1) demonstrates the simplest assay, requiring 
only sample application and measurement, while the noncompetitive ELISA 
(Publication 2) shows an example of how a well-established analysis method can 
be further improved.  

To enable the FRET assay, the anti-HT-2 (10) Fab was labelled successfully 
with a europium chelate. The anti-IC HT-2 (10) Fab counterpart was labelled 
with Alexa647. The average labelling degree for both antibodies was approxi-
mately 3.  

The simple ELISA was realized by fusing alkaline phosphatase genetically with 
Anti-IC HT-2 (10) scFv-AP. The fusion protein was successfully produced in 
E.coli and purified with metal affinity chromatography. The analysis with so-
dium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and 
Western blotting showed no degradation products. Biotinylated anti-HT-2 (10) 
Fab was immobilized on streptavidin plate. The ELISA signal against HT-2-AP 
conjugate was ~16-times better for the biotinylated Fab compared to the native 
Fab, indicating successful biotinylation. 
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The genetic fusion of the detection enzyme alkaline phosphatase minimized 
the hands-on time for the simple noncompetitive IC ELISA. With microtiter 
plates pre-coated with anti-HT-2 (10) Fab, the manual steps were reduced to 
adding the sample with the anti-IC HT-2 (10) scFv-AP, incubating, washing, 
adding the chromogenic substrate and measuring.  BluePhos® was more sensi-
tive substrate compared to pNPP, and was selected to be employed in IC ELISA. 

The sample preparation method, applied for both assay platforms, was 
adapted from reported protocols for HT-2/T-2 analysis from the grain sam-
ples.58,59 The assay parameters of the FRET assay and noncompetitive ELISA 
are compared in Table 8.  

The limits of detection (LOD) were comparable, the ELISA assay being slightly 
more sensitive (0.1-0.3 ng/mL) than the FRET assay (0.4 ng/mL), with the as-
say parameters optimised so far. In addition to natural wheat samples, also bar-
ley and oats were included in the ELISA as additional relevant sample matrices 
containing HT-2/T-2. The most evident differences between the two assay plat-
forms were the significantly shorter assay time and the fewer manual steps 
needed to conduct the FRET assay.  

Table 8. Comparison of the anti-immune complex assays for HT-2. 

CV %=coefficient of variation; EC50= half maximal effective concentration;  
LOD=limit of detection (blank average + [3 x blank standard deviation])  
  

 FRET assay (Publication1) IC ELISA (Publication 2) 

Antibodies/ Labels 

1. Anti-HT-2 (10) Fab, labelled 
with Europium chelate through  

primary amines 

1. Biotinylated anti-HT-2 (10) Fab,  
immobilized on streptavidin surface 

2. Anti-IC HT-2 (10) Fab, labelled 
with Alexa647 through primary 

amines 

2. Anti-IC HT-2 (10) scFv -AP 
 genetic fusion 

Sample preparation 

5 g of grain + 25 mL 70% MeOH-
water - mix 30 min - centrifuge 
6000 g for 10 min - filter - dilute 
1:10 in PBS - centrifuge 5 min in 

13 000 g 

5 g of grain + 25 mL 70% MeOH-water - 
mix 60 min - centrifuge 6000 g for 10 

min - filter - dilute 1:5 in PBS - centrifuge 
5 min in 13 000 g 

Final MeOH 
concentration 7 % 7 % 

Assay steps after 
sample preparation 

Add sample and measure                        
(pre-applied antibodies) 

Mix sample with anti-IC HT-2 (10) scFv -
AP (1:1) - incubate - wash - add sub-

strate (BluePhos®) - measure  
(pre-coated and blocked plates) 

Assay time after 
sample preparation • 10 min (wheat) • 75 min (wheat and barley) 

• 120 min (oats) 
Dynamic range 25–400 µg/kg (wheat) 25–400 µg/kg (wheat, barley, oats) 

Recovery % • 105-128 % (wheat) 
• 122-131 % (wheat) 
• 78-112 % (barley) 
• 90-133 % (oats) 

CV % • 2-35 % (wheat) 
• 4-13 % (wheat) 
• 2-8 % (barley) 
• 3-18 % (oats) 

EC50 9.6 ng/mL (spiked wheat extract) 5 ng/mL (PBS) 

LOD • 0.4 ng/mL (19 µg/kg) 
• 0.3 ng/mL / 13 µg/kg (wheat) 
• 0.1 ng/mL / 4 µg/kg (barley) 
• 0.3 ng/mL / 16 µg/kg (oats) 
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4.5 Direct HT-2 toxin Detection by SLG-protected Copper SPR 

By protecting the copper surface with graphene, the superior plasmonic prop-
erties of copper compared to e.g. gold can be utilized for biosensing applications. 
The sensitivity was increased three orders of magnitude compared to state of 
the art Biacore T200 for direct HT-2 toxin measurement (LOD ~ 1 ng/mL). The 
achieved amplitude detection limit was ~1 pg/mL and phase sensitivity ~0.5 
fg/mL. The assay response followed the concentration series with a typical sig-
moidal shape of the calibration curve for immunoassays.  

Neosolaniol was applied as a negative control to indicate the specificity of the 
assay. The cross-reactivity of the receptor antibody HT2-10 for neosolaniol was 
earlier determined with a competitive SPR assay. With a concentration of 200 
ng/mL there was no observable inhibition, indicating a low cross-reactivity 
(Publication I, supplementary file). In the developed sensing system, the re-
sponse for neosolaniol was substantially lower of the response for HT-2, sug-
gesting that the measured amplitude and phase shifts result from specific bind-
ing of HT-2 to anti-HT-2 (10) Fab receptor (Figure 24).  

Figure 24. SLG-protected copper SPR response curves for HT-2 toxin and neosolaniol.  The shift 
of resonant wavelength (λδ) for amplitude.  
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5. Discussion 

Rapid, reliable and precise methods are required for screening of mycotoxin 
contamination18,22.  Currently, the methods applied for screening are typically 
either competitive lateral flow-based strip assays or ELISAs. Possible problems 
related to competitive assays are e.g. non-specific signal inhibition and thus 
false positive results232.  

The significance of this thesis work was to show how a highly specific noncom-
petitive immunoassay for a mycotoxin target can be accomplished by develop-
ing an antibody specific for an immune complex. As a result, the first specific 
immunoassay for HT-2 toxin without any measurable cross-reactivity with the 
closely related T-2 was realized. The thesis explores the applicability and per-
formance of antibodies for HT-2 toxin detection in different immunoassay plat-
forms. 

5.1 Theoretical Implications 

Recombinant Antibodies 
Antibodies have a crucial role in the development of reliable rapid immunoas-

says for mycotoxins. Recombinant antibodies produced and stored in microbial 
cells have several advantages such as reproducibility. Polyclonal antibodies suf-
fer from batch-to-batch variation and limited supply, and hybridoma monoclo-
nal antibodies may be produced with labile cell lines that hamper their produc-
tion128,233.  

Recombinant antibody genes can be stored as DNA within plasmids or as nu-
cleotide sequences in a text file. The known sequence allows synthesis of the 
antibody gene and its cloning into production plasmid for bacterial expression 
whenever needed, and thus the recombinant antibodies are fully renewable. 
128,234  

 Modern research tools, such as robust commercial cloning kits, enable effi-
cient antibody gene library construction and with the help of automation the 
selection and screening phases with multiple antibody targets in parallel can be 
speeded up.235,236 

Universal antibody gene libraries, such as naïve and synthetic libraries can be 
exploited for rapid development of new binders. In particular, these libraries 
have been exploited when developing for example anti-immune complex anti-
bodies that are difficult to obtain through immunization.  
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Anti-HT-2 Antibody Development  
Immunization, exploiting the immune system’s immense ability to create dif-

ferent recognition molecules and mature their binding properties, is still an ef-
ficient way to develop high-affinity antibodies for small molecules that are suit-
able for diagnostics.  

Both polyclonal and hybridoma monoclonal antibodies for HT-2 and T-2 re-
ported in the literature have all been obtained by immunizing either rabbits, 
chicken or mice with HT-2/T-2 protein conjugates.  

Recombinant antibody discovery from antibody gene libraries with techniques 
such as phage display offers a means to obtain binders in vitro for small mole-
cules such as mycotoxins. The best possibility of obtaining recombinant anti-
bodies with adequate affinity and specificity is to use as a starting point an an-
tibody library from an immunized source with confirmed immune response.134 
The adequate size and diversity of the antibody library are important when 
starting recombinant antibody development. The final library can be validated 
by sequencing individual clones, which reveals the diversity between the anti-
body clones and possible incomplete sequences that need be taken into account 
when determining the actual functional size of the library. 

  For mycotoxins, there are some examples of recombinant antibodies includ-
ing single chain variable fragments (scFv) for zearalenone (ZEN)161, scFv164 and 
Fab165 for aflatoxin B1, and scFv162 and Fab163 for deoxynivalenol. In addition, 
variable regions of a camelid antibody heavy chain (VHH), also called nanobod-
ies, have been reported for example for detection of ochratoxin A166 and 
fumonisins167,168. In Publication I, according to the literature, the development 
and performance of a recombinant anti-HT-2 toxin antibody (Fab) was reported 
for the first time. 

Anti-HT-2 (10) Fab was developed through immunization of mice using an 
HT-2 toxin-Blue CarrierTM conjugate. Conjugates with alkaline phosphatase 
(AP) and human serum albumin (HSA) were also produced for antibody selec-
tion and screening, respectively. Different carriers were employed to minimize 
the linker effect and binding to the carrier protein, and maximize the specificity 
against the hapten moiety. 

 The conjugation was targeted to the hydroxyl group at the C3 position in  
HT-2 toxin. HT-2 also possesses a hydroxyl group in position C4 (Figure 3), and 
thus the conjugation reaction may potentially result in a mixture of HT-2 con-
jugated from both positions. The end-product was not fully characterized e.g. by 
nuclear magnetic resonance (NMR), which could have enabled verification of 
the conjugation site.79 

 MALDI-TOF analysis confirmed the successful conjugation and allowed de-
termination of the average conjugation degree for HSA. A similar approach was 
not successful for AP and Blue CarrierTM conjugates due to poor ionization of 
these proteins. A commercial anti-HT-2 monoclonal antibody was therefore ex-
ploited to confirm the successful conjugation and the presence of HT-2 toxin on 
the surface of the carrier proteins. It is crucial to analyse the quality of the anti-
gen, in this case HT-2 toxin-carrier protein conjugates, before proceeding to the 
laborious selection and screening phases in the antibody discovery process. 
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Previously reported antibodies for HT-2 and T-2 have all been developed 
through immunization (Table 4). The immunogens have typically been pre-
pared through hemisuccinate or carbodiimide linking to bovine serum albumin 
(BSA) or keyhole limpet hemocyanin (KLH) carrier protein. These strategies, 
regardless of which of HT-2 or T-2 has been used as a target, have typically 
yielded antibodies that are more specific to T-2. Some of the antibody clones are 
also strongly cross-reactive with HT-2, and in few examples the affinity towards 
HT-2 has been slightly stronger compared to T-2.86,176.  

The acetyl in the position C4 in T-2 toxin is known to be important for immu-
nogenicity175. Indeed, some of the reported antibodies conjugated through the 
hydroxyl group in C3 of T-2 are highly specific to T-2158,170. One of the most spe-
cific antibodies for T-2 was published recently by Xu et al. (2018)79. They em-
ployed hemiadipate linker instead of hemisuccinate and virus-like particles 
(VLP) as carrier proteins. In addition, they validated the linkered toxin by 1H 
NMR and Ultra Performance Liquid Chromatography (UPLC-MS) before con-
jugation to carrier protein. The developed antibody had a cross-reactivity of less 
than 0.1 % for HT-2.79 

 In a study by Maragos et al. (2013)175, T-2-glucoside was exploited as an im-
munogen, yielding antibodies that had similar affinity to T-2-glucoside and T-
2, and a cross-reactivity to HT-2 from a low <1 % to a medium 40 %.175   

The anti-HT-2 (10) Fab developed in this work had a cross-reactivity of 100 % 
for both HT-2 and T-2.  A similar 100 % cross reactivity for HT-2 and T-2, ap-
plying HT-2 conjugated to a carrier through C3, has been reported previously 
by Meneely et al. (2010)61 and Lippolis et al. (2011)81. Equal cross-reactivity is 
desired when determining the sum of HT-2 and T-2 from a sample. 

Hitherto, the most specific anti-HT-2 antibodies have been reported by Fan et 
al. (1987)237. The rabbit polyclonal antibodies had cross-reactivities of 100% and 
25 % for HT-2 and T-2, respectively. Fan and co-workers applied a carbox-
ymethyloxime (CMO) linker to target carbonyl groups of HT-2. Since HT-2 has 
two carbonyls in positions C17 and in C15 (within the OAc group), the resulting 
product is a mixture of two isomers237. This strategy is substantially different 
from the other reported conjugation chemistries through hydroxyl groups. The 
carbonyls are located in the opposite end of the HT-2 molecule to the hydroxyl 
groups, and conjugating the toxin from different side results in antibodies that 
bind HT-2 from a different angle. 

As a conclusion, it appears that HT-2 specific antibodies, and hence specific 
immunoassays without considerable cross-reactivity with T-2, have been chal-
lenging to develop by the currently applied methods.  

Noncompetitive Immune Complex Assay for HT-2  
Noncompetitive immunoassay provides several advantages over the conven-

tional competitive immunoassays. Hypothetically, the noncompetitive sand-
wich-type assay can improve the sensitivity and selectivity of the assay205. From 
developed noncompetitive techniques for haptens, anti-immune complex anti-
body-based assays have been considered to be the most promising, since they 
allow a true noncompetitive sandwich-type assay.209 To investigate the capabil-
ities of an immune complex assay for mycotoxin analysis, an anti-IC antibody 
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specific to the complex formed by the anti-HT-2 (10) Fab and HT-2 was devel-
oped. 

The performance of the noncompetitive immune complex assay for HT-2 was 
evaluated in two assay platforms: (1) homogeneous FRET assay (Publication 1) 
and (2) IC ELISA (Publication 2). Naturally contaminated reference grain sam-
ples were selected for studies of the functionality of the antibodies in real appli-
cations.  

The sensitivities of both the immune complex assays with natural samples 
were in the same range (4 µg/kg -19 µg/kg) and comparable to other reported 
HT-2/T-2 immunoassays for grain samples (see Tables 1 and 2). For example, a 
competitive SPR assay for wheat by Meneely et al. (2010)61 had a limit of detec-
tion (LOD) less than 26 µg/kg and Peters et al. (2014) reported a multiplexed 
magnetic bead-based array capable of screening the sum of HT-2 and T-2 in 
barley at a concentration of 25 µg/kg87. Oplatowska-Stachowiak et al. (2017) 
validated a T-2/HT-2 ELISA with a detection limit of 12.5 µg/kg in cereals, and 
a FPIA for the sum of HT-2, HT-2-glucoside, T-2 and T-2 glucoside reported by 
Lippolis et al. (2019)57 had an LOD of 10 µg/kg in wheat.  

Both IC FRET assay and IC ELISA performed satisfactorily with tested natu-
rally contaminated grain samples in terms of recovery and sensitivity. Matrix-
matched calibration curves were required for each grain separately for quanti-
tation. The sample extraction method for HT-2 and T-2 was adapted from the 
literature58,59. The criteria for the method were simplicity and genericity. A ded-
icated optimized sample extraction and/or cleaning method could further im-
prove the applicability of the assays for different sample types without the need 
for matrix -specific calibration.  

The homogeneous noncompetitive FRET platform enabled a rapid quantita-
tive detection of HT-2 toxin. After application of a sample containing HT-2 
toxin, the results were readable in 10 minutes. The time required for analysis 
was comparable to FPIA57, representing another homogeneous quantitative de-
tection technology but in competitive format. Currently, lateral flow strip tests 
enable the most rapid immunoassays. The total assay time for LFAs, including 
the sample preparation, can be less than 10 minutes59. On the other hand, the 
measurement is typically based on predefined cut-off concentrations and is only 
semi-quantitative, even when optical readers are applied instead of visual read-
ing.  

Genetic antibody-enzyme fusions offer several advantages in ELISAs. (1) The 
detection enzyme can be attached to an antibody fragment in a 1:1 ratio opposite 
the binding site without disturbing its binding properties.238 In contrast, a 
chemical conjugation results in random location and number of enzyme la-
bels.239 (2) Antibody-enzyme fusions allow a single-step detection without the 
need of a separate detection antibody.240 (3) Alkaline phosphatase forms ho-
modimeric structures. The resulted bivalent scFv-AP fusions, resembling mon-
oclonal IGs with two binding sites, have higher apparent affinity (avidity) com-
pared to monovalent scFvs.241,242      

Although the genetic fusion of the detection enzyme alkaline phosphatase to 
the anti-IC HT-2 (10) scFv allowed reduced assay time by minimizing the assay 
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steps, completing the analysis with developed noncompetitive IC ELISA took 
from 75 min - 120 min depending on the sample type. By optimizing the assay 
parameters further, shorter incubation times and more rapid detection could be 
achieved. Furthermore, sample preparation could be applied to reduce the sig-
nal damping effect of the grain samples, especially in the case of oat samples.  

The most striking feature in the developed immune complex assays was the 
extreme specificity against HT-2 toxin. Whereas the anti-HT-2 (10) Fab had 
equivalent cross-reactivity of 100 % for both HT-2 and T-2, the second anti-IC 
HT-2 (10) Fab made the assay specific for HT-2 only, without any measurable 
cross-reactivity with T-2. In naturally contaminated samples, HT-2 typically co-
occurs with T-2243.The cross-reactivity of the anti-HT-2 raises questions about 
possible T-2 disturbance in real samples through occupation of anti-HT-2 bind-
ing sites, thus lowering the capacity of the assay. 

 The effect of T-2 was studied in buffer by mixing a constant concentration of 
HT-2 with varying concentrations of T-2 and observing the assay response. Even 
a T-2 concentration 10-times higher than HT-2 did not lower the assay re-
sponse. In the assay performance evaluation phase with real samples, the natu-
ral wheat and barley reference samples contained almost four-fold higher T-2 
concentration compared to HT-2. The acceptable recoveries indicated that both 
the developed assays were capable of specific HT-2 determination regardless of 
the presence of T-2 in the samples. 

The negligible effect of T-2 could be explained with anti-HT-2 binding kinet-
ics. When the interaction of anti-HT-2 (10) Fab against a surface functionalized 
with HT-2 was observed with an SPR instrument (Biacore Q), a relatively fast 
dissociation was observed (data not published). In the suggested process, T-2 is 
rapidly replaced by HT-2 and locked by the anti-IC HT-2 (10) antibody in sam-
ples containing both toxins.   

The noncompetitive HT-2 IC assay in both FRET and simple ELISA platform 
was approximately 10 times more sensitive compared to competitive SPR and 
ELISA assays employing only the anti-HT-2 (10) Fab. The previously reported 
anti-IC antibodies and assays from other application areas are in agreement 
with these findings (see Table 5). The sensitivities of the noncompetitive assays 
have be improved 10-3o times compared to the corresponding competitive for-
mat, together with improved specificity. 

Anti-immune Complex Antibody Binding Mechanism 
As proposed in the literature, there are two possible mechanisms for anti-im-

mune complex antibody binding. Either the anti-immune complex antibodies 
recognize a conformational change in the anti-hapten antibody due to hapten 
binding, or a new epitope that is formed in the paratope when the hapten is in 
the binding pocket. 

Ullman et al. (1993)180 came to the conclusion that their anti-immune complex 
antibody against tetrahydrocannabinoid (THC) immune complex recognized a 
new epitope, based on their studies with different derivatives of the hapten. 
Niemi et al. (2010) found in their work that binding of THC to the anti-THC did 
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not cause a significant conformational change and concluded that the mecha-
nism suggested by Ullman and co-workers would be more likely also in their 
case.183  

Omi et al. (2015) studied the binding mechanism of the anti-immune complex 
antibodies by biotinylating the analytes estradiol and 25-hydroxy vitamin D. 
Their conclusion was that the anti-IC antibody recognizes a part of the hapten 
at the binding pocket, based on the observation that the anti-IC antibody bound 
much more weakly if the hapten was biotinylated.190   

The binding mechanism of the anti-immune complex antibody developed in 
this thesis work can be speculated also on the basis of the cross-reactivity profile 
of the anti-HT-2 antibody and the specificity of the anti-IC HT-2 (10) antibody. 
Since anti-HT-2 has a similar affinity to both HT-2 and T-2, it can be assumed 
that it binds both of them from the same angle and without contacts with the 
acetyl group in T-2. This basically would mean that the acetyl group could point 
out from the binding pocket forming a new epitope. The anti-IC HT-2 (10) an-
tibody does not bind the immune complex with T-2 and thus this new epitope 
prevents the binding.   

The development of immune complex antibodies is not completely straight-
forward. It has been acknowledged that not all anti-hapten antibodies yield anti-
immune complex binders. One hypothesis for the phenomenon is that not all 
antibodies undergo clear conformation changes due to the hapten binding that 
has been proposed to be a prerequisite for anti-immune complex binders to dis-
tinguish between the antibody with and without the analyte244. Theoretically, 
antibodies with a moderate affinity would have more flexibility compared to 
high-affinity antibodies and hence could be better candidates for anti-immune 
complex antibody development. The anti-HT-2 (10) Fab employed in the cur-
rent work, with an IC50 of 134 ng/mL, supports this assumption.  

Since the binding mechanism of the anti-immune complex antibodies is not 
yet fully understood, it is useful to include several anti-hapten antibodies, with 
slightly different properties, in the selection process in order to maximize the 
probability of obtaining anti-immune complex antibodies. 

  In addition to the properties of the anti-hapten antibody, the recombinant 
antibody library from which the anti-IC binders are selected plays an essential 
role. By employing a library with wider diversity, the likelihood of finding anti-
bodies with desired binding properties is increased. High-throughput methods, 
allowing inclusion of multiple anti-hapten antibodies and by application of sev-
eral selection conditions, are an efficient way to develop anti-IC binders.  
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Direct HT-2 toxin Detection by SLG-protected Copper SPR 
Direct detection of small molecules (<1000 Da) with conventional SPR bio-

sensors is not straightforward. The binding of a small molecule to immobilized 
antibody causes a very small change in the refractive index at the sensor inter-
face, and reliable detection can be difficult to obtain.211    

Advances in commercial SPR instrumentation has enabled more sensitive 
sensors and ultimately also direct detection of small molecules. A few recent ex-
amples employing a state-of-the-art SPR instrument, Biacore T200 (Cytiva), in-
clude detection of tetrodotoxin (319 g/mol) with a limit of detection of ~0.1 
ng/mL with conventional CM5 chip211 and detection of triazophos (313 g/mol) 
with equivalent sensitivity exploiting high-density CM7 chip212.  

Direct measurement of HT-2 using only the anti-HT-2 antibody as a receptor 
without any labelling is an attractive option due to its simplicity, and it was se-
lected as an alternative noncompetitive technique to be investigated within the 
thesis. The developed proof-of-concept for an ultrasensitive SPR sensing for 
HT-2 was based on single layer graphene (SLG)-protected copper, combined 
with phase measurement.100  

For the functionalization of the graphene surface, a well-established method 
exploiting self-assembling pyrenebutyric acid molecules was chosen.229,230 The 
advantage of employing pyrene-based linkers, attaching to the surface through 
non-covalent π- π bonds, is that the single-layer graphene can be left intact and 
its advantageous physical properties retained.231  

The SLG-protected copper SPR technique had previously proven to have the 
potential for extreme sensitivity100. Indeed, the technology provided HT-2 de-
tection in the range of femtograms per millilitre, the LOD being ~0.5 fg/mL. 

The performance of the SLG-protected copper SPR sensor was compared to a 
corresponding HT-2 measurement setup on Biacore T-200. The direct meas-
urement of HT-2 on a CM5 chip functionalized with the anti-HT-2 (10) Fab was 
successful from buffer with an LOD of ~1 ng/mL. Thus, the sensitivity of the 
SLG protected copper-SPR was several orders of magnitude better than the ref-
erence measurement or the previously reported SPR assays for small mole-
cules211,212.  

In order to ensure the specificity of the SLG-protected copper SPR measure-
ment for HT-2, another closely related trichothecene, neosolaniol, was applied 
as a negative control (see Figure 25). Neosolaniol (NEO) was measured with a 
corresponding concentration series and employing the same sensing setup. Pre-
viously, the cross-reactivity of the anti-HT-2 (10) Fab against NEO had been 
concluded to be less than 10 %, and thus it was considered a suitable negative 
control (see supporting info Table S-1 in Publication I). The moderate response 
for NEO in the SLG-protected copper measurement is acceptable and it can be 
interpreted as non-specific binding or slight cross-reactivity.  
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Figure 25. Structures of HT-2 toxin and neosolaniol. 

Further Validation of SLG-protected Copper SPR Sensor 
The sensitivity of the HT-2 toxin measurement by SLG-protected copper SPR 

was outstanding, but in order to be able to characterize the measurements fur-
ther, more control measurements would be required.  

Several factors affect the performance of a biosensor, such as the binding 
properties of the antibody, selected antibody immobilization method and block-
ing of the sensor surface to minimize the nonspecific binding.  

For real sensing applications, efficient regeneration of the sensor surface 
would be important for consecutive measurements. Typically, regeneration can 
be achieved by applying a regeneration buffer, with optimized low or high pH. 
The change of pH breaks the interactions between the analyte and antibody. The 
regeneration conditions are optimized to be harsh enough to release all the 
bound analyte but gentle enough to retain full functionality of the antibody on 
the sensor surface.  

Further sensor characterization would include kinetic measurements includ-
ing determination of association and dissociation constants, the dynamic range 
as well as detailed cross-reactivity determinations. It would also be interesting 
to investigate the possibility to amplify the SLG-protected copper SPR signal 
with the anti-IC HT-2 (10) Fab.  

The anti-HT-2 (10) Fabs were attached on the sensor surface through their 
primary amines, resulting in random orientation. The direct SPR measurement 
of HT-2 could be further enhanced with site-directed immobilization of anti-
bodies.  For example, self-assembling hydrophobin fusion proteins have been 
reported for controlled receptor attachment on graphene.141 In addition, gra-
phene binding peptides have been proposed for straightforward graphene func-
tionalization245,246.  

In the developed SLG-protected copper SPR sensor, no special blocking was 
applied to prevent non-specific binding of HT-2 from a buffer solution. With 
more complex samples, a dynamic and flexible polymer coating linked on the 
graphene surface could be beneficial. Potentially, such a coating would resist 
nonspecific protein binding, act as a spacer and provide a compatible basis for 
covalent immobilization of receptor antibodies.247,248  
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5.2 Practical Implications  

 
EU 519/2014 defines screening tests as methods that may not provide a fully 

quantitative or confirmed result. Their purpose is to increase the probability of 
identifying food and feed material with high mycotoxin occurrence and health 
risk.  Screening methods are designed to be able to point out samples with my-
cotoxin concentrations exceeding the defined target concentration, termed cut-
off, with a given certainty. Assays with a certainty of at least 95 % are considered 
“fit-for-purpose”. The result of a screening assay is interpreted only as negative 
or suspect. The samples with suspect-status are confirmed with a validated ref-
erence method such as LC-MS/MS.77 

The food industry employs rapid methods for mycotoxin determination in or-
der to screen different commodities to verify and validate their processes and to 
manage the points that are susceptible to be affected by mycotoxins, thus ensur-
ing food safety. Typically, raw materials and the end-products are analysed rou-
tinely.249 On-site mycotoxin testing can be carried out e.g. at farms, small and 
mid-sized processing facilities, grain elevators, customs or mills.18,22 Require-
ments for a screening method include reliable performance, cost-effectiveness 
and  high throughput. In addition, they should be simple enough to be used by 
non-professionals.18,22 

The cross-reactivity often related to competitive immunoassays may increase 
the number of false positives and thus lead to overestimation of occurrence of 
the mycotoxins. Generally, false positives are not considered a significant draw-
back for screening assays, since all suspected positives are confirmed with ana-
lytical methods.77 However, they increase costs and workload. Noncompetitive 
immune complex assay could provide a solution to enhance the confidence of 
screening methods by decreasing the number of false positives.  

 The current recommendations by European Commission (2013/165/EU) re-
quire measuring the sum of HT-2 and T-2 toxins39, and thus the developed HT-
2 specific assay will not be sufficient alone. Already, the HT-2 specific IC assay 
could be applied to complement other assays that are more specific to T-2 or 
assays measuring the sum of HT-2 and T-2.    

 To address the requirement for determining the sum of HT-2 and T-2, it 
would be important to develop a corresponding specific immune complex assay 
for T-2. Addition of T-2 measurement to the same assay with HT-2 would in-
crease the commercial attractiveness of the assay significantly. 

Measurement of both important type-A trichothecenes separately with an im-
mune complex assay, would provide information on their occurrence ratios in 
different commodities, in addition to the accurate determination of their sum in 
the sample without cross-reactivities e.g. with modified forms.  

Another approach, allowing measurement of the sum of HT-2 and T-2 toxins 
only with the developed HT-2 specific IC assay, would be enzymatic conversion 
of T-2 to HT-2 prior to analysis. Lattanzio et al. (2009)60 exploited naturally 
occurring carboxylesterases (CXE) in cereals to deacetylate T-2 to HT-2. Later, 
Schmeitzl et al. (2015)250 identified and characterized a carboxylesterase 
BdCXE29 from Brachypodium distachyon that deacetylated C4 residue of T-2, 
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forming only HT-2 without further hydrolysis to T-2-triol or T-2 tetraol. 100 % 
conversion was achieved in 2 hours for 10 mg/L of T-2. For the experiments, the 
enzyme was produced in E.coli and purified in one-step metal affinity chroma-
tography (IMAC).250 Purified recombinant carboxylesterase (CXE) enzymes 
could offer an elegant and efficient way for converting T-2 to HT-2 in a con-
trolled and reproducible manner. The specific and efficient conversion could al-
low measurement of the sum of T-2 and HT-2 with the HT-2 specific assay. 

In addition to HT-2 and T-2, their modified forms have also attracted atten-
tion. The European Food Safety Authority (EFSA) has already established a 
group tolerable daily intake (TDI) for T-2, HT-2 and all their modified forms.43 
The risk with modified forms is that they can be cleaved in the gastrointestinal 
tract to release the toxic parent forms.41,43 

Determination of the modified forms can become as important as that of the 
parent toxins. Lippolis et al. (2019)57 have addressed this issue by harnessing 
the cross-reactivity profile of anti-HT-2 monoclonal antibodies also to detect 
HT-2-glucoside and T-2 glucoside in a FPIA.  

A drawback of the group specific immunoassays is that although the same pri-
mary antibody could be applied for determining mycotoxins and their modifi-
cations, the cross reactivity may still not be wide enough for determining all the 
relevant forms. Furthermore, measuring the sum provides no information 
about the proportions of the different forms in the sample. The immune com-
plex technology could contribute to solving this problem by developing specific 
anti-immune complex antibodies and an assay for the most important metabo-
lites of HT-2 and T-2.  

Another strategy exploiting the IC technology for also determining the modi-
fied forms would be the development of group-specific assays. Akter et al. 
(2016) showed that it is also possible to obtain group specific anti-immune com-
plex antibodies. They selected an IC antibody capable of binding 10 different 
microcystins and one nodularin captured by a monoclonal antibody that recog-
nizes an Adda-group present in all 11 targets.184 The same group later demon-
strated the power of recombinant antibody library techniques by reporting a 
specific anti-IC antibody for nodularin, which was also one of the targets in the 
group specific assay.202 

In effect, the immune complex assay principle could be exploited to convert 
any existing small molecule assay from competitive format to noncompetitive 
by developing an antibody recognizing a specific immune complex of hapten 
and corresponding anti-hapten antibody. Hypothetically, this could signifi-
cantly improve the performance of the current assays on the market. Further-
more, the possible undesired cross-reactivity could be turned into an advantage 
by developing specific anti-immune complex antibodies for each cross-reacting 
small molecule.  

One factor which could hinder commissioning of the noncompetitive assay 
format within the mycotoxin analysis industry is the well-established competi-
tive assay platforms. FRET-based immunoassays for mycotoxins have not yet 
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been commercialized, and measurement of the FRET signal requires specific in-
strumentation. For that reason, the HT-2 immune complex assay with a tradi-
tional ELISA platform was also developed.  

The wide applicability of the developed HT-2 IC assay has been demonstrated 
by applying it on several platforms. In addition to the FRET and ELISA assays 
discussed in this thesis, an electrochemical ELISA was recently reported by 
Kudr et al. (2020)108. In addition, preliminary unpublished results of the per-
formance of the HT-2 immune complex assay have been obtained with lateral 
flow, electrochemical lateral flow, label enhanced SPR and microscale thermo-
phoresis (MST) technologies. 

Advantages of Direct HT-2 Measurement 
Direct methods employing anti-immune complex antibodies (presented in 

Publications I and II) improve the sensitivity and specificity of immunoassays 
for mycotoxins considerably, but they require two reagents for the detection. 

FRET assay (Publication I) requires ultimately only the addition of the sample, 
since the labelled antibodies can be pre-dried in the assay system and dissolved 
in the sample during the application. This type of system is simple-to-use and is 
also suitable for high-throughput analysis.  

Automated mycotoxin monitoring of some food processes could be advanta-
geous. Such a monitoring system has been reported for zearalenone.251 The au-
tomated flow-based ELISA allowed at least 50 regeneration cycles with a single 
column containing the specific antibodies, but was rather complex, involving 
different pumps and injection systems for different reagents needed for the as-
say.  

SPR would be a good platform for continuous monitoring, since it enables 
real-time information on target binding without any labels or reagents. Never-
theless, continuous monitoring SPR applications have not yet been realized. The 
general problems with SPR sensors have typically been low sensitivity of direct 
label-free assays for small molecules, limited multiplexing capabilities and in-
stability of the sensing surfaces.252 

The ultrasensitive SLG-protected copper SPR could offer a platform for direct 
continuous monitoring of mycotoxins. A sample flow over the sensor surface 
would allow simple on-line measurement of analytes without the need of addi-
tional reagents. By selecting antibodies with fast association and dissociation, 
the regeneration step could also be eliminated. 

 Copper is a relatively low-priced, yet high quality material for SPR applica-
tions. Copper is also suitable for CMOS processing and nanofabrication in con-
trast to gold, that readily diffuses into silicon and thus is not compatible with 
standard silicon manufacturing processes.  

Reasserting the novel biosensing concept, the SLG-protected copper SPR was 
also successfully applied for detection of malaria-specific DNA targets with im-
mobilized complementary DNA probes by Wu et al. (2020).253  
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5.3 Future Research 

Multiplexed Assays 
Current trends in mycotoxin analysis are multiplexing and development of 

portable systems for rapid on-site measurements.18 Development of the multi-
plexed immune complex assay would most obviously start by developing a spe-
cific anti-IC antibody and noncompetitive assay also for T-2 to complement the 
HT-2 assay. The next step would be targeting other Fusarium toxins, such as 
deoxynivalenol, zearalenone and fumonisins B1 and B2, which are known to co-
occur with HT-2 and T-2 and are recommended by the European Commission 
to be determined together with HT-2 and T-2 whenever possible39.  

Further, by applying the immune complex technology also to the detection of 
other essential mycotoxins such as aflatoxins and ochratoxin A, high-value mul-
tiplexed assays could be realized with high specificity, sensitivity and positive 
read-out. Later, the multiplexed platform could be extended to cover also spe-
cific determination of the most important modified forms of the parent myco-
toxins. 

The quantitative, noncompetitive and rapid FRET assay is an attractive plat-
form especially due to its simplicity for the end-user. The technology could be 
multiplexed in a single-well format by selecting suitable donor-acceptor label 
pairs for each immune complex antibody pair. For example, different quantum 
dot acceptors could be combined with lanthanide chelate donors, such as euro-
pium and terbium.254 Geißler et al. (2012)255 demonstrated that by combining 
terbium donor with five different organic dyes, a 5-plex cancer marker assay 
could be developed.  

For multiplexing ELISA assay, an array-in-well platform256 would be an ele-
gant solution. An array of primary antibodies could be printed as small spots on 
the microtiter well, allowing detection of multiple analytes within a single well 
when sample would be added together with fluorophore-labelled anti-IC anti-
bodies. The signal from each spot could then be read with a fluorescence scan-
ner. 

Portable Mycotoxin Analysers  
The noncompetitive homogeneous FRET assay could be a good candidate for 

incorporation in a portable multiplexed biosensor for quantitative mycotoxin 
detection on-site. If multiplexing in single-well would be applied, the technical 
challenge, after finding optimal labels, would be implementation of multi-wave-
length excitation and detection in the miniaturized hand-held device.  

In a possibly more feasible approach, the sample would be divided into differ-
ent channels by microfluidics, allowing exploitation of a single donor-acceptor 
pair. In the end of each channel, separate measurement chambers would con-
tain the pre-dried labelled antibody pair specific for each mycotoxin target.  

An immunosensor device capable of sensitive and specific measurement of 
currently the most important mycotoxins, such as HT-2, T-2, DON, NIV, zeara-
lenone, fumonisin B1, aflatoxin B1 and ochratoxin A, in a multiplex assay, would 
approach the performance of instrumental chromatographic laboratory-based 
methods. Comparable multiplexing capability with LC-MS/MS methods will be 
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impossible to achieve by immunoassays, but compared to cross-reacting and te-
dious competitive immunoassays, the improvement would be considerable.  
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6. Conclusions 

 
Mycotoxins are a global problem and efficient quantitative or semi-quantita-

tive methods for their analysis are crucial.10 The LC-MS/MS methods represent 
the state-of-the-art in multiplexed mycotoxin analysis but the downsides are the 
high price of the instruments and the expertise required for system operation in 
a laboratory environment. 

Reliable, cost-effective, easy-to-use and high-throughput screening methods 
are needed for in situ mycotoxin determination e.g. at farms, small and mid-
sized processing facilities, grain elevators, customs and at mills.18,22 

In many developing countries, it is infeasible to purchase expensive instru-
ments for mycotoxin surveillance, and thus other affordable devices, preferably 
with comparable performance with the state-of-the-art, would be indispensable. 
23-25   

The field for rapidmycotoxin testing is already quite crowded, with companies 
offering more or less similar products such as ELISA and LFA tests for regulated 
mycotoxins.18 Trends for the future will be hand-held devices with digital 
readout that are able to measure multiple analytes from a single sample.  

Noncompetitive immunoassays may overcome some of the limitations related 
to traditional assays based on inhibition and indirect measurement. Antibody 
engineering can provide further enhancements to immunoassays enabling e.g. 
affinity and specificity improvements. Direct ultrasensitive methods, such as 
graphene-protected copper SPR, can provide new solutions for mycotoxin anal-
ysis in the future.  

 Immune complex technology would allow simple and specific measurement 
of the regulated mycotoxins and corresponding assays could also be developed 
for their metabolites. Immune complex assays for separate mycotoxins could be 
implemented also to platforms that allow multiplexing. 

In addition to mycotoxins, anti-immune complex antibodies can be employed 
for detection of other small molecule analytes to improve for example the detec-
tion of environmental pollutants, drugs of abuse, endocrine disruptors, antibi-
otic residues or agents used for plant protection in agriculture, such as pesti-
cides, herbicides and insecticides. 
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