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2. Introduction 

Exposure to mycotoxins through the food chain represents a major potential health 

hazard to both humans and livestock. They can cause a variety of severe acute as well as 

chronic diseases. Eliminating mycotoxins from various grain crops is a global health 

priority. According to the Food and Agriculture Organization of the United Nations 

(FAO), world food production needs to double by 2050. With such dramatic increase in 

food production, innovative solutions are required to sustain toxin free grain supplies 

worldwide.  

The beginning of modern clinical diagnostics goes back to the 1940’s with colorimetric 

measurements of enzymes and metabolites found in biological fluids. In the 1950’s, the 

radio-immunoassay (RIA) was developed by Yalow (Berson and Yalow, 1968; Yalow 

and Berson, 1960). It is an extremely sensitive immunoassay technology. In 1977, the 

Nobel Prize was awarded to them for developing RIA. By the late 1960 RIA was 

introduced to the diagnostic market (Jacobs et al., 1979). In the late 1970’s, enzyme 

linked immunoassays began to replace RIA. Optical density based technology; a lower 

cost alternative appeared to bring immunoassays to laboratories unable to secure isotope 

licences. Thanks to the enzyme-linked immunosorbent assay (ELISA), adherence to 

rigorous and costly laboratory regulation by the Nuclear Regulatory Commission 

(NRC) was eliminated. Over a short period, ELISA became the popular alternative to 

RIA. The enzyme based system offered fast reaction times, and considerably longer 

shelf lives. Although ELISA technology dates back to the late 1960’s, they were not 

applied outside of research laboratories until the advent of economical automated 

sample processing system. It includes a disposable 96 well plate, a compact plate-

reading systems and personal computers for data analysis. Within the next 20 years, 

ELISA has become increasingly popular first with the use of polyclonal antibodies. 

From the late 20
th

 century, scientists from countless disciplines beside clinical medicine 

are using ELISA (Barna-Vetro et al., 1994). Hybridoma technology was discovered in 

the mid 1970’s (Kohler and Milstein, 1975). From the early 1980’s on, there was a 

biotechnology industry yielding large repertoire of commercial monoclonal antibodies 

(MAbs)(Gefter, 1980). At the molecular level for practical application, there were 

continuous improvements in immunoassays. They included enhanced monoclonal 

antibody specificity and targeted protein chemistry during immunization. In the late 

1980’s, air-cooled lasers became an effective source of monochromatic light for 
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designing practical flow cytometers (Shapiro, 1988). By the 1990’s, there was a 

dramatic improvement in digital signal processing chip technology, mostly driven by 

the popularity of portable CD players. The end of the 20th century heralded the 

introduction of bench top flow cytometers (b-FC) as an analytical platform (Keating and 

Cambrosio, 2003). Such continuous and relentless technological advancements set the 

stage to develop the multiplexed assays platform concept. Before significant 

improvements could take place in the field of food safety, a chain of complex sequence 

of technical progress had to occur to permit the eventual development of a poly-

mycotoxins assay platform (Czeh et al., 2012). 

2.1. Historical background: Toxic fungi has been part of human evolution 

During ancient times, it was believed that humanity could not escape destiny; gods 

administered diseases as a form of punishment for sins committed by our ancestors and 

us. From pre-Christian times, Jews observed and interpreted the presence of moulds in 

our environment as risk to health. There is mention of rules of hygiene in the Old 

Testament indicating awareness how to avoid ingestion of some mould contaminated 

food. It took enormous time through history, before scientist learned about cause and 

effect association of disease manifestation and the role fungi have in culturing and 

releasing mycotoxins into food. 

2.1.1. Early recognition of harmful fungi 

For over 500 years, naturally occurring toxins such as ergot alkaloids were used in 

China as part of homeopathic medicine. From the end of the middle Ages until the 

beginning of the Renaissance, there were several well-recorded epidemics associated 

with toxin ingestion. In Europe, “St. Anthony’s fire” was one of the earliest recognized 

diseases caused by fungal toxins. Claviceps purpurea is an ergot alkaloids produced in 

fungus that contaminates rye. Eating contaminated rye bread caused severe poisoning. 

The symptoms of St. Anthony's fire or ergotism included gangrene and painful seizures 

as well as hallucinations resembling those produced by a mid-20
th

 century recreational 

drug called lysergic acid diethylamide (LSD). Ergotism associated mental episodes 

include mania and psychosis. During the 1940’s and 1950’s there were incidences of 

lethal outbreaks in Russia. They occurred during the Second World War, when civilians 

in Orenburg, within the Soviet Union, consumed wheat that was contaminated with the 

Fusarium fungi. A significant segment of the population came down with lethal food 
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poisoning. Soon after this unfortunate episode, the idea of using mycotoxins as a 

biological weapon was recognized. Scientists noted that upon inhalation of Stachybotrys 

mycotoxin, lethal illness followed similar to alimentary toxic aleukia (ATA). In 1940, 

Soviet scientist coined the term stachybotryotoxicosis to describe an acute syndrome. 

Twenty years later, trichothecene mycotoxin was discovered, and soon T-2 mycotoxin 

was identified (Holstege et al., 2007). Over the centuries, mycotoxins have caused 

major epidemics in men and animals; specific toxins’ direct involvement was usually 

unknown. In 1960, just before Christmas, a dramatic and expensive disaster took place. 

Suddenly, 100.000 turkeys perished in the UK (Blout, 1961; Forgacs, 1962). This 

catastrophe was eventually traced back to mycotoxin contaminated Brazilian peanut 

meal. The lethal and unknown mycotoxin was identified as aflatoxin. The discovery of 

aflatoxins in turkey feed in the UK precipitated a rigorous study of mycotoxins and 

initiated global awareness of the potential magnitude of the problem. The period 

between 1960 and 1975 has been termed the “gold rush” period of mycotoxicology. A 

significant number of scientists joined well-funded research efforts to provide better 

protection to the human food chain. In the past 30 years, numerous new toxins were 

discovered in grain. Fungal infestation is accelerated under certain extreme 

environmental conditions and can produce dangerously high levels of mycotoxins. 

Currently, over 300 toxins qualify as mycotoxins, of which, a dozen groups receive 

international attention as potentially serious threat to human and animal health. 

2.1.2. Mycotoxins: they remain a threat to the food chain globally 

Mycotoxins are toxic substances naturally produced by fungi that may attack 

agricultural commodities. Despite efforts to control fungal infestation, toxigenic fungi 

are constantly present and they can contaminate a wide range of agricultural products 

both before and after harvest whenever humidity and temperature are optimal for fungal 

growth (Rahmani et al., 2009). The six mycotoxins, which represent the most 

significant threat to the food chain are all have relatively small molecular weight; 

between 296 and 722 KD see Figure 1. 
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Mycotoxins Fungal species Deleterious effects 

Aflatoxins 

(B1,B2,G1,G2 

and M1) 

A. flavus;  

A. parasiticus,  

A. nomius 

 

Acute toxicity: LD50 values, 1.0-17.9 mg/kg 

BW (body weight of laboratory animals), 

0.5 mg/kg BW (ducklings); hepatic lesions; 

teratogenic. Reduced feed efficiency, 

immune function and reproductive 

performance in ruminants. Carcinogenic in 

humans. Hepatotoxic and carcinogenic in 

some domestic mammals. 

Ochratoxin A P. ochraceus;  

A. alliaceus;  

P. verrucosum;  

P. nordicum 

Teratogenic, carcinogenic, decreased foetal 

weight, immunosuppressive, strong 

inhibition of protein synthesis, 

nephrotoxicity, hepatotoxicity, strong acute 

toxicity. 

Fumonisins 

 

F. moniliforme; 

F. proliferatum; 

F. subglutinans 

 

Hepatic lesions in pigs, cattle, equine 

leukoencephalomalacia and porcine 

pulmonary oedema. Oesophageal cancer in 

humans, also hepato- and nephrotoxicity. 

Zearalenone  

(ZEA) 

 

F. culmorum;  

F. graminearum; 

F. sporotrichioides 

Infertility, reduced milk production and 

hyperoestrogenism in cows and young girls. 

Deoxynivalenol 

(DON) 

F. culmorum;  

F. graminearum; 

F. sporotrichioides, 

F. poae;  

F. acuminatum 

Feed refusal, decreased weight gain and 

vomiting, teratogenic. 

T-2 toxin 

 

F. sporotrichioides; 

F. poae 

 

Feed refusal, nervous system disturbances, 

diarrhoea, decreased milk production, acute 

toxicity, inhibition of protein synthesis, 

immunosuppressive. 

A (Aspergillus) ; F (Fusarium); P (Penicillium) 

Table 1:  Identifies major fungi species and six corresponding mycotoxins they produce.  Some 

of the major deleterious health effects are listed for both humans and animals (Barna-Vetro, 

2002;Varga et al., 1996). 

The six major mycotoxins of worldwide concern are: aflatoxins – aflatoxin B1, B2, G1, 

G2, and M1, ochratoxin A, fumonisins – fumonisin B1, B2 and B3, deoxynivalenol, 

zearalenone, T-2 and HT-2 toxins. Various species of fungi that frequently contaminate 

grain (Table 1) can release harmful mycotoxins. The toxins are low-molecular weight 

secondary metabolic fungal products (Table 2).  
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Mycotoxin Abbreviation 

EU 

Maximum 

Limits 

(µg/kg) 

USA 

Maximum 

Limits 

(µg/kg) 

Molecular 

Weight 

Aflatoxin B1 AFB1 2 20 312.27 

Ochratoxin A OTA 5 20 403.81 

Fumonisin B1 FB1 2000 5000 721.83 

T-2 toxin T-2 300 500 466.52 

Zearalenone ZEA 100 300 318.36 

Vomitoxin/ 

Deoxinivalenol 
DON 1750 2000 296.32 

Table 2: Six major mycotoxins of worldwide concern. 

Mycotoxins represent a major potential health hazard to both humans and livestock 

(Table 1). Pathological effects can range from immediate toxic response, endocrine 

abnormalities, impaired immunity, and carcinogenic/teratogenic effects (Liu and Wu, 

2010; Reddy and Bhoola, 2010). In the past decades, many countries established 

regulations to control mycotoxins in food and feed to safeguard health of humans, as 

well as the economic interests of producers and traders. For the first time, in the late 

1960’s maximum permissible limits for Aflatoxins were established. By the end of 

2003, approximately 100 countries had developed technologies to monitor maximum 

acceptable limits for mycotoxins in food and feedstuffs (FAO, 2004). During late 20
th

 

century, in concert with the European Community and Food and Drug Administration 

(FDA), FAO has introduced regulations to set maximum permissible concentration 

limits for six of the mycotoxins in food and feed.  

Factors, both related to health hazards risks and socio-economic nature, influence the 

establishment of regulations for mycotoxin limits (Table 2). They include: availability 

of toxicological data on concentration of mycotoxins in various commodities, the 

availability of analytical methods; and legislation in countries where trade contacts 

exist. There are also additional risks when imposing regulations as they may contribute 

to starvation in some population. The two factors mentioned; provide information for 

hazard and exposure risk assessment respectively (FAO, 2004). 
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Aflatoxins 

Aflatoxins were isolated and characterized after a major disaster in the UK. It was 

triggered by the death of more than 100,000 turkeys and was referred to as the “turkey 

X disease”. It was traced to the consumption of contaminated peanut meal (Blout, 1961; 

Goldblatt, 1969). The four major aflatoxins are: B1, B2, G1, and G2. They can be 

detected based on their fluorescence under ultraviolet (UV) light (blue or green) and 

with thin-layer chromatography. Aflatoxin B1 (Figure 1) is the most potent natural 

carcinogen known (Bhattacharya et al., 1999; Goldblatt, 1969) and is one of the major 

aflatoxin produced and it is also the best-studied aflatoxin. When cows consume 

aflatoxin-contaminated feed, they metabolically bio-transform aflatoxin B1 into a 

hydroxylated form called aflatoxin M1 (van Egmond and Dragacci, 2001). 

Unfortunately, contaminated milk retains all the aflatoxins after processing. 

Fumonisins (Fumonisin B1) 

Fumonisins were first described and characterized in 1988 (Bezuidenhout et al., 1988; 

Gelderblom et al., 1988). The most abundantly produced member of the family is 

fumonisin B1 (Figure 1). The toxin is synthesized by condensation of the amino acid 

alanine into an acetate-derived precursor (Sweeney and Dobson, 1999). 

The occurrence of fumonisin B1 is correlated with the occurrence of a higher incidence 

of esophageal cancer in regions of Transkei (South Africa), China, and northeast Italy 

(Peraica et al., 1999). High levels have been isolated from corn meal collected from 

supermarkets in Charleston, S.C. USA. Charleston has the highest incidence of 

esophageal cancer among African-Americans in the United States (Sydenham et al., 

1991).  

Ochratoxin 

In 1965, during a large screening exercise of fungal metabolites designed specifically to 

identify new mycotoxins (van der Merwe et al., 1965). Ochratoxin A (Figure 1) was 

discovered as a metabolite of Aspergillus ochraceus.  Shortly later, it was also isolated 

from a corn samples in the United States (Shotwell et al., 1969) and recognized as a 

potent nephrotoxin. Ochratoxin A has been found in barley, oats, rye, wheat, and coffee 

beans, with barley having particularly high likelihood of contamination. Ochratoxin has 

also been detected in blood and tissues of domestic animal and in milk, including in 

human milk (Marquardt and Frohlich, 1992). It is frequently found in pork intended for 
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human consumption (Fink-Gremmels, 1999). Ochratoxin is believed to be responsible 

for a porcine nephropathy that has been studied intensively in the Scandinavian 

countries. There has been speculation that ochratoxins are involved in a human disease 

called endemic Balkan nephropathy (Krogh, 1987;Plestina et al., 1990). 

Zearalenone 

Zearalenone (6-[10-hydroxy-6-oxo-trans-1-undecenyl]-B-resorcyclic acid lactone) 

(Figure 1), a secondary metabolite from Fusarium graminearum (teleomorph 

Gibberella zeae) was given the trivial name zearalenone as a combination of G. zeae, 

resorcylic acid lactone, -ene (for the presence of the C-1 to C-2 double bond), and -one, 

for the C-6 ketone (Urry et al., 1966). Another group isolated and crystallized the 

metabolic properties of the same compound and named it zearalenone (ZEA) 

(Christensen et al., 1965; Mirocha et al., 1967). The reduced form of zearalenone, has 

increased estrogenic activity. A synthetic commercial formulation called zeranol 

(Ralgro) has been marketed successfully for use as an anabolic agent for both sheep and 

cattle (Hodge et al., 1966). In 1989, zeranol was banned by the European Union, but it 

is still used in other parts of the world (Hagler et al., 2001). Zearalenone has also been 

used to treat postmenopausal symptoms in women (Utian, 1973), and both zearalanol 

and zearalenone have been patented as oral contraceptives (Hidy et al., 1977). More 

recently, endocrine (hormone) disrupters have received a lot of attention. There is 

evidence that they reduce male fertility in human and wildlife (Heffron, 1999) but it is 

not clear how much the zearalenones contribute to the total environmental load of 

xenoestrogens (Shier, 1998). Hormone disrupters are labeled environmental toxins; 

sometimes there is confusion regarding the distinction between a compounds which can 

cause death (toxin) and compounds which contain potential desirable pharmacological 

activities. 

Trichothecenes (Deoxynivalenol; T2 and HT-2 toxin) 

They are commonly found as food and feed contaminants. The consumption of 

Trichothecenes can result in alimentary haemorrhage and vomiting; direct contact 

causes dermatitis (Bechtel, 1989; Joffe, 1986; Marasas et al., 1984). The trichothecenes 

constitute a family of more than sixty sesquiterpenoid metabolites produced by a 

number of fungal genera, including Fusarium, Myrothecium, Phomopsis, Stachybotrys, 

Trichoderma, Trichothecium, and others (Cole and Cox, 1981; Nakagawa et al., 2013; 
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Scott, 1989). The term trichothecene is derived from trichothecin, which was one of the 

first members of the family identified. All trichothecenes contain a common 12,13-

epoxytrichothene skeleton and an olefinic bond with various side chain substitutions. 

Trichothecenes are classified as macrocylic or nonmacrocyclic, depending on the 

presence of a macrocylic ester or anester-ether bridge between C-4 and C-15 (Chu, 

1998). The non-macrocylic trichothecenes in turn can be sub-classified into two groups: 

type A, which have a hydrogen or ester type side chain at the C-8 position, and include 

T-2 toxin, neosolaniol, and diacetoxyscirpenol, while the type B group contain a ketone 

and include fusarenon-x, nivalenol, and deoxynivalenol (Figure 1). Fusarium is the 

major genus implicated in producing the nonmacrocylic trichothecenes. Many members 

of this genus are significant plant pathogens (Marasas et al., 1984). Diacetoxyscirpenol, 

deoxynivalenol, and T-2 are the best studied of the trichothecenes produced by 

Fusarium species. Unfortunately, there is evidence to indicate that toxic effect does not 

degrade at high temperatures (Eriksen and Alexander, 1998). T-2 toxin and HT-2 are 

mycotoxins of the group trichothecenes type. Fusarium genus; i.e. Fusarium 

acuminatrum, Fusarium poae and Fusarium sporotrichioides, which are commonly 

found in various cereal crops (wheat, maize, barley, oats, and rye) and processed grains 

(malt, beer and bread). T-2-and HT-2 toxins often occur together in infected cereals. 

The fungi producing trichothecenes are soil fungi and are important plant pathogens 

which grow on the crop in the field (Eriksen and Alexander, 1998). T-2 toxin (Figure 1) 

is rapidly metabolised to HT-2 toxin, which is a major metabolite in vivo and therefore, 

a common risk assessment for T-2 toxin and HT-2 toxin appears reasonable (Eriksen 

and Alexander, 1998). T-2 toxin could inhibit synthesis of DNA and RNA both in vivo 

(0.75 mg/kg bw single or multiple doses) and in vitro (>0.1-1 ng/ml) (Rosenstein and 

Lafarge-Frayssinet, 1983). Deoxynivalenol is one of the most common mycotoxins 

found in grains. When ingested in high doses by farm animals, it causes nausea, 

vomiting, and diarrhoea; at lower doses, pigs and other farm animals exhibit weight loss 

and food refusal (Rotter et al., 1996). For this reason, deoxynivalenol is sometimes 

called vomitoxin or food refusal factor. Although less toxic than many other major 

trichothecenes, it is the most prevalent and is commonly found in barley, corn, rye, 

sunflower seeds, wheat, and mixed feeds (Miller et al., 2001). 
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Figure 1: Structures of the six mycotoxins 
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2.1.3. Mycotoxin infection in mammals  

The overall effect of environmental changes that elicits significant fungal attack on 

grain is manifested as increased levels of mycotoxin in regional food and feed. The 

impact of such increased contamination follows bio-transfer through the food chain that 

may include poultry and various species of mammals; invariably causing disease in 

humans (Fink-Gremmels, 1999; Peraica et al., 1999; Plestina et al., 1990; Wild and 

Gong, 2010). The impact of bio-transfer to humans can be direct from contaminated 

grain product or indirect by consuming food derived from animal sources already 

tainted with mycotoxins. Most available ELISA assays in the field for mycotoxin 

detection in mammals, including humans, are targeting single mycotoxin (Magan and 

Olsen, 2004). Currently, rapid detection of exposure to poly- mycotoxins in the field is a 

challenge. Both increasing evidence for frequent poly-mycotoxin infections and new 

methods of their detection will be discussed in subsequent sections. 

2.1.4. Masked mycotoxins in nature  

As part of their xenobiotic defence against fungal toxins, plants can alter the chemical 

structure of mycotoxins. Mycotoxin derivatives with their altered structures are 

undetectable by most conventional analytical techniques. It is only recently that with 

better analytical tools it is possible to identify structural differences, see Figure 2. 

Because of their concealed toxic radicals, they are referred to as masked mycotoxins 

(Gareis et al., 1990; Tran and Smith, 2011; Berthiller et al., 2013). The extractable 

conjugated or non-extractable bound mycotoxins forms remain present in plant tissue 

but are currently neither routinely screened for in food nor regulated by legislation. 

Fusarium mycotoxins (deoxynivalenol, zearalenone, fumonisins, nivalenol, fusarenon-

X, T-2 toxin, HT-2 toxin, fusaric acid) are prone to be partially metabolized by plants. 

In addition, transformation of other mycotoxins by plants (ochratoxin A, patulin, 

destruxins) has also been described. In 2010, the Joint FAO/WHO Expert Committee on 

Food Additives (JECFA) considered derivatives of DON such as D3G, 3ADON and 

15ADON as additional contributing factor for dietary exposure to DON (Codex 

Alimenatrius Commission, 2011; JECFA, 2011). The masking effect is a relative new 

discovery; therefore there is little available information about their structural stability, 

mode of transformation and their ability to release mycotoxins along the food 

manufacturing chain. Relevant derivatives of certain mycotoxins such as zearalenone 

(ZEA) in feeds should also be monitored. There is also the risk of underestimating 
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ZEA’s accumulative hyperestrogenic effects. For example -zearalenol (-ZEL), is a 

toxin, which is a potent estrogenic derivative of mycotoxin ZEA. Currently such 

masked mycotoxins are   neither monitored nor regulated. Bound mycotoxins are 

covalently or non-covalently attached to polymeric carbohydrate or protein matrices 

(Berthiller et al., 2009). In general, to achieve masking, mycotoxins can be conjugated 

to polar substances, such as glucose. Extractable conjugated mycotoxins can be 

detected, when their structures are known and analytical standards are available, by 

advanced analytical methods. However, prior to chemical analysis, bound mycotoxins 

are not directly accessible and have to be liberated from the matrix by chemical or 

enzymatic treatment. Unfortunately, they are usually undetectable by routine analytical 

methods available in the field. This is a growing concern, as masked variants can 

release toxic radicals after hydrolysis. For example this occurs with (deoxynivalenol-3-

-D-glucopyranoside; zearalenol-14--D-glucopyranoside; zearalenone-14-sulfate) 

(Berthiller et al., 2005). Current reference methods based on high performance liquid 

chromatography- mass spectrometry/ mass spectrometry (HPLC-MS/MS) can detect 

masked mycotoxins such as deoxynivalenol, i.e., deoxynivalenol-glucosides, in wheat. 

In general, ELISA should only be used as screening assay and positive findings should 

be confirmed by more specific analytical method, such as LC-MS/MS.  

 

 

deoxynivalenol-3--D-glucopyranoside zearalenol-14--D-glucopyranoside 

 

 

zearalenone-14-sulfate  

Figure 2: Structures of masked mycotoxins 
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2.1.5. Mycotoxicology 

There is a concerted on going global effort to eliminate significant danger posed by 

mycotoxins to human health. It is recognized that a multi-disciplinary approach is 

required. Controlling mycotoxins will include: (1) destruction of  mycotoxins with 

environmentally friendly bacterial enzymes, (2) irreversible blocking of functional 

terminals by developing bio-degradable masked complexes, (3) select and cultivate 

grains that are resistant to fungi, (4) improve harvesting/shipping/storage capacity for 

grain to deter fungal growth, and (5) develop pre-emptive strategies including the 

introduction of myco-epidemiology (MycoEpi) to predict regions/zones at risk, destroy 

mycotoxin containing grain before they enter the food chain. 

2.1.5.1. Legislations protecting food/feed 

To keep global food supply safe, universal and dependable testing methods are 

essential. Most developed nations already follow comprehensive regulations. 

Technology to monitor food safety is rapidly improving. For example it was discovered 

that milling fractions with smaller particles release higher levels of Fusarium toxins 

when compared to fractions containing larger particles (European Commission, 2007). 

This is an example how important it is to adhere to uniform grain testing specifications. 

Effective regulation for feed has been implemented only for Aflatoxins. For the other 

five mycotoxins, there are only recommended limits for maximum concentrations in 

existence. For human consumption, all six mycotoxins are regulated (Table 2). 

2.1.5.2. International reference materials and their application 

Global provision for external quality assurance for grain products is a challenging task. 

To support evidence based decision making worldwide, it is important to strengthen 

quality management networks. Most internal and external quality management 

programs use reference materials (RM) for evaluating mycotoxin assay performance of 

regional laboratories. RM and certified reference materials (CRM) are preparations with 

defined mycotoxin concentrations with known or certified content of analyte(s) along 

with known variables. RM’s and CRM’s plays an important role not only during 

method validation process but also to assure the quality of analytical data during routine 

analysis in terms of trueness, comparability and evidence of traceability. CRM’s can be 

classified as pure substances (standards). Standard solutions can be used as calibrators 

or as matrix materials (spiked or naturally contaminated specimens). Pure mycotoxin 
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standards, which are mostly commercially available, take into account the precise 

concentration needed for establishing calibration curves. They are sold as lyophilized 

film or powder, or pre-prepared in organic/aqueous solutions. Mycotoxin contents of 

CRM’s are specified together with uncertainty interval as determined in the course of 

the inter-laboratory studies. CRM’s are distributed as certified products. The Institute 

for Reference Materials and Measurements ([IRMM] ex-BCR Bureau Communautaire 

de Reference), funded by the European Union as a Joint Research Centre located in 

Geel (Belgium), specializes in the production, characterization and commercialization 

of such certified reference materials. Naturally contaminated or spiked materials 

measured with a reference method or compared with certified material analysed in the 

same conditions. Local proficiency testing can be achieved by using available batches 

of contaminated materials and have them distributed to participating laboratories. In 

such cases, the co-ordinator will assign a value to the material from the aggregate mean 

obtained from participating laboratories. Ideally a national reference laboratory will 

have CRM available to confirm the national reference method. For central facilities, 

with an external quality assessment scheme, it is preferable to conduct performance 

evaluation with CRM. In 2014, not all 6 CRM’s are available for mycotoxins. It is 

challenging to verify assay performance without CRM’s. For evaluating new methods, 

spiking and recovery protocols are the acceptable substitutes.    

2.1.5.3. Role of international quality control to protect food  

There is only limited data available on the global significance of recent discovered risks 

imposed by poly-mycotoxin infestation of food commodities (Streit et al., 2013). 

However, in the next few years, rapid accumulation of such reports is anticipated. 

Current reference methods must be upgraded to have the capacity for simultaneous 

analysis of poly-mycotoxins contaminations. 

2.1.5.4. Integrated global protection from mycotoxicosis 

Current levels of quality management of mycotoxins in food/feed on the global scale are 

inadequate. Unfortunately, as discussed before, here is lack of CRM’s for some of the 

six mycotoxins. This situation provides a significant challenge to external quality 

monitoring in field operations (Czeh et al., 2013). Until there are CRM’s available, 

quality management remains a complex international issue.  Globally, external quality 

control (EQC) is a relative new field (FAO, 2004). Even in well-regulated regions such 
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as Europe; standards established by regional regulatory agencies are not uniform. 

Maximum accepted mycotoxin limits of the European Union and those European 

counties outside the union are different. Recently, there are further complications in 

regulating mycotoxins. Reports indicate that there are frequent occurrences of co-

contamination by several mycotoxins in stored grain (Mylona et al., 2012). An effective 

response to the new poly-mycotoxin exposure reality has yet to be implemented. 

2.2. Fungal etiology in the 21st century 

Evidence is rapidly accumulating that suggests the co-existence of mycotoxins at 

various concentrations in plant-derived food/feed products. Mycotoxin combinations 

may occur as sequential episodes of fungal contamination resulting as simultaneous 

mycotoxin co-contamination (Streit et al., 2012). It is unclear if the reports of co-

contaminations are more frequent because of better detection/reporting technology or as 

the result of more frequent co-infections caused by global climate change. The volume 

of literature, which supports global climate change, is increasing (Popovski and Celar, 

2013; Schmidt-Heydt et al., 2011; Wu et al., 2011). It is likely that mankind is exposed 

more frequently to mixtures of toxins rather than just to individual mycotoxin. Risk 

assessments surveys in the 21st century should always consider the presence of poly-

mycotoxins. For example, Ochratoxin A (OTA) and citrinin are common mycotoxins 

observed jointly in a wide range of contaminated grain. In 2008, for the first time, the 

combined effect of OTA and citrinin was described by Bouslimi et al. (Bouslimi et al., 

2008). They also observed that dual toxic effect caused some chromosome aberrations 

in mice (Bouslimi et al., 2008). 

2.2.1. Evidence of multiple fungal growth in grain; risk of exposure to poly-

mycotoxosis throughout the food chain 

Mycotoxins can cause neurological, immunological, endocrinological and behavioural 

problems. Mycotoxins can act alone or as mixtures, they can be biologically active at 

low doses. The co-occurrence of several mycotoxins in food can be the result of one of 

three processes: (1) some fungi can simultaneously produce several mycotoxins, (2) 

stored grain is contaminated with multiple sources of fungi, (3) prepared foods are a 

mixture of several grain products that were independently contaminated by different 

fungus (Streit et al., 2012). Some of the fungi groups identified to cause sever 

mycotoxicoses are Aspergillus, Fusarium, Penicillium Alternaria, Acremonium and 

Phomopsis species. ZEA is found worldwide in cereal crops such as maize, barley, oats, 
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rice and sorghum. Unfortunately, mycotoxins are heat stable; hence they remain toxic 

during processing including bread making (Aziz et al., 1997; Kuiper-Goodman et al., 

1987). ZEA depicted in Figure 1, which is an estrogen-like endocrine disrupting 

chemical (EDC) agent produced by various Fusarium species, has many reported 

adverse consequences on endocrine systems.  Toxicity can occur either through direct 

consumption or through bio-transfer. There are many commercial assay kits on the 

market, but they usually measure single mycotoxin. Acute toxic effects of ZEA include 

precocious puberty in young girls (Massart and Saggese, 2010) and atrophy of the 

seminal vesicles and breast development in young boys (Farnworth and Trenholm, 

1981). Girls close to reaching pre-puberty stage of development are the most sensitive 

to ZEA toxicity (Massart and Saggese, 2010). In domestic animals, exposure to ZEA 

can reduce fertility and litter size (Becci et al., 1982). From the global health and 

economics perspective, protection of alimentation from poly-mycotoxins is urgent.  

2.3. Development of mycotoxin assays  

The latest edition of Official Methods of Analysis of The Association of Official 

Analytical Chemists (AOAC) (Horwitz, 2000) contains approximately 40 validated 

methods for mycotoxin determination. Reviews have also been published about 

validation methods for mycotoxins (Gilbert and Anklam, 2002; FAO, 2004). Several 

sensitive and accurate analytical methods based on chromatographic or 

immunochemical techniques are available for all major mycotoxins. In addition, several 

novel techniques have been proposed: including fluorescence polarization 

immunoassays, molecular imprinted polymers, infrared spectroscopy, capillary 

electrophoresis, surface plasmon resonance biosensors, thin layer chromatography 

(TLC), mouse bioassay, HPLC, gas chromatography (GC), and protein phosphatase 

inhibition. Since the mid 1990’s, most industrialized counties have selected the 

competitive ELISA’s for mycotoxins detection in regional labs (Barna-Vetro et al., 

1994). However, based on reports of spontaneous co-infections, the need for 

multiplexed assay capacity is evident (Sulyok et al., 2007). The poly-mycotoxic 

environmental reality represents a more complex health risk challenge. More extensive 

surveillance of poly-mycotoxin contamination is needed. To address the emerging 

phenomenon of poly-mycotoxin infections, competitive version of solid/liquid phase 

multiplexed microfluorosphere immunoassay was considered. In 2010, Anderson 

reported (Anderson et al., 2010) the first competitive multiplexed mycotoxin assay with 
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two-mycotoxins. In 2011, Peters and colleagues have reported an indirect inhibition 

immunoassay with a six-multiplexed configuration utilizing the x-MAP MultiAnalyte 

profiling system available from Luminex 100 (Austin, TX, USA) (Peters et al., 2011). 

The inhibition-based assay includes carboxylated paramagnetic microspheres with a 

washing step. In 2011, as a direct response to the existence of multi-mycotoxins as a 

global health challenge, the first commercial poly-mycotoxin multiplexed assay 

platform capable of detecting simultaneously six mycotoxins was introduced (Czeh et 

al., 2012). In 2013, there were reports of two additional poly-mycotoxin immunoassays 

(Deng et al., 2013; Peters et al., 2013). Both, Deng’s and Peters’ team reported a triple 

mycotoxin multiplexed assays, the first included aflatoxin B1, fumonisin B1, and 

citrinin (CIT) as a competitive assay, the second contained OTA, ZEA fumonisin B1 as 

an inhibition assay, respectively. Deng’s experimental model was based on three types 

of silica photonic crystals microspheres (SPCM) as solid phase. Detection was 

performed with a fluorescent scanner (Deng et al., 2013), while the Peters’ design was 

based on super-paramagnetic colour-encoded microspheres, which were analyzed with a 

Luminex 100 FC (Peters et al., 2013). 

2.3.1. Evolution of mycotoxin detection from mid 20th century   

Over the years detection technologies for mycotoxins have steadily improved (Maragos, 

2004). Surveillance of foods products for mycotoxins contamination has become more 

common since analytical methods for mycotoxins have become widespread. To enable 

simultaneous determination of poly-mycotoxins, the ideal analysis must be simple, 

rapid, robust, accurate, and multiplexed. For the determination of mycotoxins, analytical 

protocols have numerous steps: sampling, homogenization, extraction, clean-up and 

sample concentration. The final separation and detection of compounds of interest is 

usually achieved by chromatographic techniques followed by mass spectrograph. Such 

method combinations can separate a huge number of analytes (Rahmani et al., 2009). In 

the past decade due to the rapid development of LC-MS/MS to identify poly-

mycotoxins, a lot of progress occurred leading to better protocols for sampling and 

sample preparation (Berthiller et al., 2014). There is a new acronym devised for this 

merging sample preparation technology that compliments LC-MS/MS, it is: 

QuEChERS. A short form for quick, easy, cheap, effective, rugged and safe sample 

preparation (Berthiller et al., 2014). 
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2.3.1.1. Earlier assays to detect mycotoxins 

Historically, fungus has been detected either by visual examination (i.e., mouldy grain) 

or through indirect observation based on the effects they have on crop yield. Before 

direct detection was possible, only mycotoxin-producing fungi could be identified. 

Removing the bulk of fungal contaminated grain can reduce the mycotoxin content of 

the remaining crop. Studies in the 1980’s used bright greenish-yellow fluorescence 

(BGYF), a kojic acid derivative, as a physical marker for aflatoxin contamination in 

corn kernels (Farsaie et al., 1981).  More recently, image analysis and infrared 

spectroscopy have been used to detect changes caused by fungal infections (Dowell et 

al., 1999; Dowell et al., 2002; Hirano et al., 1998; Kos et al., 2002; Pearson, 1996; 

Pearson et al., 2001; Ruan et al., 1998). These are methods available to identify crops 

contaminated with mycotoxins. 

2.3.1.2. Dominance of ELISA at the end of the 20th century 

Factors such as the speed of assay, accuracy, skill levels required to perform it, and the 

total cost all have impact upon method selection. Chemical methods for quantifying 

mycotoxins in cereals, e.g., thin layer chromatography (TLC), liquid chromatography or 

gas chromatography, are all time consuming. They require extensive sample clean-up 

protocols and are expensive and inappropriate for field applications. TLC method goes 

back to the time when mycotoxins were first identified as chemical agents. 

Chromatographic methods for mycotoxins have continuously improved. Current, 

methods include HPLC with fluorescence detection for aflatoxins, zearalenone, 

ochratoxins, and (derivatized) fumonisins, and HPLC with ultraviolet (UV) detection 

for deoxynivalenol. Many of the trichothecene mycotoxins are commonly analyzed with 

GC using various detectors. In many centralized laboratory locations, TLC, once a 

mainstay of mycotoxin analysis, has been supplanted by HPLC. Immunochemical 

methods based on antigen-antibody reactions are fast, specific, sensitive and relatively 

inexpensive (Pestka, 1988; Ramakrishna et al., 1990). Immunoassays have been used to 

detect mycotoxins since the late 1970’s (Pestka et al., 1995). Given the significant 

advantage of low operational cost and the potential to test large quantity of samples, 

optical density measurement based ELISA became the preferred option in low to 

medium output laboratories (Karuna and Sashidhar, 1999; Stroka and Anklam, 2000). 

TLC remains a viable screening technique for many mycotoxins. The advantages of 

specificity and selectivity, chromatographic separation combined with mass 
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spectrometric (MS) detection continues to expand. Because, of frequent ploy-mycotoxin 

contamination, it became the only practical option (Cappiello et al., 1995; Hartl and 

Humpf, 1999; Musser et al., 2002; Plattner and Maragos, 2003; Sulyok et al., 2006; 

Zollner et al., 1999). More commonly used methods fall into two categories: those that 

can be conducted with minimal training in the field (screening assays), and those that 

must be performed by trained personnel in central analytical laboratories. In order to 

ensure that test results are accurate, obtaining adequate representative test sample 

mixture from a large lot is essential. Sampling, sub-sampling, grinding, and extraction 

from specimens require considerable attention. Specimen preparation steps often require 

more time than some of the rapid assays; therefore it is preferable to combine a fast 

extraction technique with rapid assays in order to minimize the overall assay time. Chu 

discussed in depth available application of immunoassay for mycotoxins (Chu et al., 

1979). In the 1980’s, the availability of monoclonal antibodies for most major 

mycotoxins led to the wide use of ELISA. Many ELISA kits have been validated 

through organizations such as the AOAC International. Refinements to ELISA 

technology continue, they include the development of more sensitive amplification 

methods (Bhattacharya et al., 1999; Gao et al., 2012; Maragos et al., 2013; Yu et al., 

2013). Numerous microtiter plate or membrane-based ELISAs are available 

commercially. They are manufactured for qualitative, semi-quantitative and quantitative 

analysis of the major known mycotoxins from a number of food matrices. The majority 

of mycotoxins are low molecular weight (less than 1000 Daltons). Such size limitation 

has impact on the choice of immunoassay formats. Most of mycotoxin tests are 

competitive immunoassays. They are ‘‘direct’’ assays where the mycotoxin-specific 

antibody to be measured must compete for receptor location with mycotoxin-specific 

antibody provided with kit which is already dye labelled. In general, ELISA’s do not 

require clean-up procedures therefore the extract containing the mycotoxin is analyzed 

directly. They often lack accuracy at low concentrations, which is a competitive assay 

characteristic. Immunoassays provide fast, and inexpensive screening. However, matrix 

interference or the presence of structurally related mycotoxins can interfere with 

binding of the conjugate and antibody, leading to mistakes in quantitative measurements 

of mycotoxins. ELISA kits work well routinely only for the analysis of matrices that 

have been extensively tested. Confirmatory analyses by more robust methods, e.g., 

HPLC with an immune affinity column clean-up or HPLC-MS, are required for 

contamination levels that approach the legal acceptable limits for mycotoxins (Pascale 
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and Visconti, 2008). For the first time, the dominance of ELISA technology for field 

application is challenged. In the future, poly-mycotoxins assay capacity will be essential 

to keep food supplies safe (Berthiller et al., 2014; Krska et al., 2008; Streit et al., 2013). 

2.4. Flow Cytometry (FC) is an alternative mycotoxin detection method 

for the 21st Century 

FC is a powerful analytical tool that allows individual measurements of both intrinsic 

and extrinsic attributes of cells and/or microspheres. By the end of the 20
th

 century, this 

unique analytical capacity of flow cytometry has been extended to include multiplexed 

microfluorospheres assays. The original experiments with cell based analysis go back to 

a laboratory in Stockholm. In the 1950’s Caspersson described proof of concept studies 

including measurement of nucleic acid and protein metabolism during cell growth 

(Shapiro, 1988). They were conducted with micro-spectrophotometric measurements of 

absorption from unstained cells with UV and visible light source. The equipment used 

in Stockholm, was extremely primitive but in Caspersson’s hands, the results were 

remarkably accurate. 

In the early 1990’s Luminex Corp. (Austin, Texas USA) introduced the first 

commercial multiplexed fluorescent microsphere (MFM) flow cytometer.  MFM was 

promoted as an all-purpose immunoassay bundle for simultaneous testing large arrays 

of analytes (Vignali, 2000). The Luminex 100 system is built around a compact, robust 

dual-laser flow cytometer with a 96-well plate processing front end. In 2000, a hand-

held microsphere sensor was developed for aflatoxins (Carlson et al., 2000). The sensor 

used a peristaltic pump to move fluids over a miniaturized affinity column containing 

aflatoxin antibodies. In the future, flow cytometry based assays such as described here, 

may have a significant role safeguarding global food supplies. Back in 2003, two 

historians of contemporary medicine, Keating and Cambrosio declared FC a 

“biomedical platform” (Keating and Cambrosio, 2003). They acknowledged the impact 

FC had in the field of hematopathology in the late 20
th

 century. The FC platform is 

penetrating a variety of disciplines; currently, it includes applications as diverse as 

monitoring life in the oceans (Thyssen et al., 2008) and supporting space missions 

(Riviere et al., 2012). Food safety is another area where there are breakthroughs in FC 

application. Established by the AOAC, the reference method for mycotoxin analysis is 

HPLC in combination either with MS or with photochemical reactor using UV or 

fluorescence detection (Krska et al., 2008). After extraction of toxins from prepared 
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grain specimen, most reference methods require some additional clean-up step (Krska et 

al., 2008). The current, reference methods are complex analytical protocols, both 

strategically and economically impractical for regional grain monitoring applications 

(Krska et al., 2008). For worldwide, regional laboratory use; ELISA’s are the most 

frequent analytical method for mycotoxin measurements. Competitive ELISA with 

relatively high throughput has proven to be a practical solution for decentralized grain 

collection zones. For most ELISA kits, a simple extraction step is required (Krska and 

Molinelli, 2007). The actual extraction protocol will vary according to the specific 

mycotoxin being analyzed. The dual-method strategy with HPLC as reference and 

ELISA at the regional laboratory level test respectively had served well the agricultural 

regulatory community. However, with reports of frequent multiple mycotoxin 

contaminations of grain (Krska et al., 2008; Wild and Gong, 2010), such shift represents 

additional risk to food and feed safety that requires more comprehensive intervention. In 

the past 20 years, to enhance food safety, the European Community, FDA, FAO of the 

United Nations and other regulatory agencies have set maximum tolerable limits (ML’s) 

for mycotoxins in food and feed. Beside mycotoxin monitoring legislation in place, 

there are also reference methods introduced for the detection of these dangerous toxins 

(Krska et al., 2008). 

Essential components of flow cytometry 

Beginning with the 1950’s, while basic understanding of molecular biology was 

expanding rapidly, however, progress in optics, and electronics was relatively slow. By 

1956, W. Coulter developed a counting device targeting blood cells for haematology 

(Coulter, 1956). There were four missing elements inhibiting significant progress to 

build a practical flow cytometer before the early 1980’s: (a) reagents such as specific 

MAbs against subsets of leukocytes to be used as extrinsic surface markers, (b) robust 

and compact lasers to provide reliable monochromatic light source, (c) compact and 

powerful computing capacity to process both intrinsic and extrinsic scatter signals, (d) 

specific demand for clinical application. Hybridoma technology was discovered in 1975 

(Kohler and Milstein, 1975); about the same time water cooled 5-watt lasers became 

available. By the early 1980’s personal computers entered the market. In the early 

1980’s, a global demand for immunophenotyping suddenly surfaced. There was an 

instant and desperate need to identify individuals suffering with a syndrome called 

AIDS (Gottlieb et al., 1981). This syndrome causes dramatic reduction in CD4 T-cell 
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numbers. Immunophenotyping performed with a flow cytometry offered a reliable and 

relatively fast method to enumerate lymphocyte subsets, to detect and monitor 

immunodeficiency required for AIDS. 

Digital signal processing on FC’s made multiplexing assay format a reality 

For many years, the traditional analogue signal processing on single laser flow 

cytometers collecting up to 8 parameters worked well. Considering the state of cellular 

immunology of the time, this was an adequate signal processing system. As the 

understanding of cell biology expanded, came the introduction of polychromatic flow 

cytometry, the demand for higher processing speeds was now essential. By the end of 

the 20
th

 century, some instruments were operating with three or more lasers tagging 

over 15 biomarkers (Petrausch et al., 2006). For such applications, color compensation 

became a complex and challenging procedure. Initially, digital signal processing (DSP) 

chips were developed for the portable electronics industry mostly for consumer’s stereo 

audio players. They were quickly integrated into the signal processing units for a new 

generation of flow cytometers. With high-speed signal processing capacity, multiplexed 

analysis was possible including on compact b-FC. DPS is a significant advantage when 

large numbers of analytes are processed parallel. To manage fluorescent signal 

processing diversity during this study, it was necessary to synchronize or cross calibrate 

the reporter molecule’s quantitative fluorescence, R-phycoerythrin (PE) signal, for all 

flow cytometers participating in the seven instrument evaluation. The introduction of 

dual solid-state, robust, compact lasers and DSP microchips were essential features on 

b-FC’s to enable multiplexed assay capacity with microfluorospheres. 

2.4.1. Microfluorospheres based-multiplexed immunoassays 

In 1981, fluorescein isothiocyanate-labeled (FITC) latex particles were introduced for 

multi analytical application for measuring of phagocytosis by neutrophils and 

macrophages (Dunn and Tyrer, 1981). A year later, Stewart and Steinkamp (1982) 

reported the use of microfluorospheres as a standard for absolute cell counting in whole 

blood (Steinkamp et al., 1982). With the advent of monoclonal antibodies, 

microfluorospheres based flow cytometric assays were touted as a viable alternative to 

the already popular microtitre plate-based ELISA. Despite of a number of successful 

applications, the multiplexed approach did not challenge the dominance of ELISA until 

much later. The first microfluorosphere based assay (MA) was developed in 1982 to 
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quantify human IgG (Lisi et al., 1982). The implementation of MA such as the 

competitive microfluorosphere based immunoassay (CFIA) introduces an additional 

advantage over ELISA.  

2.4.2. Laser(s) selection to accommodate both low and high quantum yield 

dyes 

Multiplexed technology deploys a dual fluorescence detection system. The 

microfluorosphere detection system requires the capacity to resolve the intensity of 

various factory imbedded internal dye combinations for each microfluorosphere 

category. There is a characteristic address color code for each category of 

microfluorospheres. For such address identification, a low powered red laser is 

sufficient.  For the second task, the detection of the reporter molecules from each 

category of microfluorosphere requires considerably more sensitive fluorescence 

detection capacity. For the quantitation of tagged reporter molecules representing bound 

MAbs, fluorescence detection with higher laser power is required. Critical fluorescent 

dye matching is critical for high quantum yield scattered emission performance. 

Together a well matched dye/laser combination with custom designed post-acquisition 

software module leads to an efficient poly-biomarker detection platform. 
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3. Objectives: three hypothesis driven experiments to support 

harm reduction strategy to protect the global food supply 

In the future, food production capacity must meet the rapidly expanding global demand. 

Population growth requires increased production and distribution of food free of poly-

mycotoxin. In 2012, world population was in excess of 7 billion (Worldometers, 2012). 

Currently, worldwide large-scale grain production is centralized in less than 10 regions 

requiring massive international shipping and distribution networks. According to a 2009 

report by FAO, humanity will need to produce 70% more food by 2050 to feed a 

projected 9.3 billion people (FAO - Economic and Social Development Department., 

2008). The aim of this thesis is to contribute to the elimination of large-scale 

catastrophes related to contaminated alimentation. Hazard reduction includes avoiding 

destruction of large existing food supplies in order to eliminate lethal consequences of 

delivering contaminated food. Distribution challenges are further aggravated with 

increasing manifestation of poly-mycotoxins in stored grains and other related food and 

feed by-products. 

This thesis is structured around three hypothesis driven scientific challenges. Effective 

solutions for the three elements will generate synergy to strengthen global food supply 

management. The combined elements will help to identify health threats in advance and 

will help to eliminate tainted grain supplies from entering the global food chain.  

The hypothesis driven contributions are:  

(a)  Application of superior binding kinetics of microfluorospheres to develop rapid and 

cost effective multiplexed solid/liquid phase platform for the simultaneous detection of 

poly-mycotoxins.  

(b) To assay poly-mycotoxins, develop standardized competitive quantitative 

immunoassay protocol as a universal multiplexed platform for flow cytometry 

(c) Introduce a new monitoring/detecting paradigm called: myco-epidemiology 

(MycoEpi). It is an integrated and comprehensive risk management system for the 

protection of global food supplies. MycoEpi applies traditional empirical principles of 

epidemiology integrated with 21st century biotechnology and telemetry to enhance 

public health decision-making to be more efficiency and with greater capacity.  

These three elements, together with considerable yet to be acquired know-how, will 

contribute to better hazard/risk management. It will all be based on multi-disciplinary 

acquisition of evidence. The proposed hazard management strategy offers complex food 
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safety risk analysis, i.e. quantifying risk probability pertaining to individuals or 

populations from the synergistic and/or additive effects of the poly-mycotoxin 

contamination (Merrill, 1997; European Commission, 2002). In its complexity, it will 

require dose response analysis and exposure quantification (not covered in this thesis).  

The first objective is to improve analytical capacities to provide affordable global 

access to poly-mycotoxin detection; the foremost objective is rapid harm reduction 

management response. The second objective is to provide practical and universal 

protocol to cross calibrate various b-FC’s. In this manner they can all report comparable 

quality mycotoxin concentrations. The third objective is related to food safety via 

comprehensive harm reduction management practices. The inspiration for the required 

strategy to implement this last objective goes back to the 19th century; it is an extension 

of the original principles of empirical epidemiology. During the 1840’s, Ignac 

Semmelweis introduced evidence based scientific decision-making (Gortvay and 

Zoltan, 1968). It was to avoid exposure to fatal infections among healthy mothers while 

giving birth. Semmelweis meticulously collected all available empirical evidence 

associated with episodes of puerperal fever in a prestigious Viennese hospital. Such 

tedious practice of tracking down how infectious diseases spread in the 19
th

 century, 

became the undisputed hallmark of empirical epidemiology. To effectively address the 

threat of poly-mycotoxins, it is critical to combine all available tools of epidemiology to 

establish a new integrated risk assessment/reduction strategy (IRAS). In the past, 

understanding the etiology of mould growths and their survival in grain was based on 

assumptions that turned out to be false. It was believed that an invading fungus 

produces only one kind of mycotoxin. The Red Queen hypothesis proposed that 

organisms must constantly adapt, evolve, and proliferate not merely to gain 

reproductive advantage (Van Valen, 1973) but also simply to survive while pitted 

against ever-evolving opposing competitive organisms in a changing environment.  This 

hypothesis intends to explain the constant extinction rates as observed in the 

paleontological records caused by co-evolution between competing species (Van Valen, 

1973).  Based on such hypothesis pertaining to genetic and phenotypic variation in both 

fungus hosts and parasites over their geometric shaped co-evolutionary dynamics 

permitted survival beyond the 20th century (Gerardo and Caldera, 2007). Throughout 

the 20th century, such interpretation of natural cereal fungal contamination remained 

consistent. It was wrongly assumed that a specific mycotoxin released by a host fungus 

served as territorial demarcation to prevent further invasion by other fungal species. In 
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the past decade, with the introduction of HPLC-MS/MS technology (Sulyok et al., 

2006) mycotoxicologists have frequently detected existence of poly-mycotoxins. Such 

powerful analytical platforms have challenged the long-standing erroneous hypothesis. 

In the 21
st
 century, overwhelming evidence has appeared worldwide demonstrating 

frequent existence of poly-mycotoxin contamination of food and feed (Speijers and 

Speijers, 2004; Streit et al., 2013; Sulyok et al., 2006). By 2012, during random testing, 

surveillance reports appeared that describe simultaneous detection from 7 to 69 

naturally occurring mycotoxin species and their corresponding metabolites in feed 

specimen (Streit et al., 2013). There is also evidence that feed with multiple mycotoxins 

will trigger synergistic escalation of poly-mycotoxicosis. Such poly-mycotoxin attacks 

occur through direct ingestion or by subsequent primary or secondary bio-transfer to 

animals or humans (Pedrosa and Borutova, 2011). Between 2010 and 2012, thanks to 

further improvements to simultaneous quantitative and qualitative analytical methods, 

there is evidence of secondary mycotoxin metabolites in contaminated feed (Streit et al., 

2013). The quick rejection of the old “one mould” theory in this field is hampered by 

the widely accepted use of ELISA kits, which were designed for single mycotoxin 

detection. To identify poly-mycotoxins or to detect multiple masked mycotoxin cluster 

contamination, the use of ELISA kits is counter-productive. New analytical strategies 

are required to support the existence of poly-mycotoxins in grain. In addition there is 

evidence of co-occurrence of contamination with conjugated mycotoxins or secondary 

metabolites (Streit et al., 2013). The most frequently used name for conjugated 

mycotoxin is: masked mycotoxins (Berthiller et al., 2013). Unfortunately many current 

ELISA kits will under estimate the concentration of mycotoxins because they will not 

detect the masked variance (Beloglazova et al., 2013; Berthiller et al., 2009). Evidence 

suggesting that some masked mycotoxins are able to revert back to the parent 

mycotoxin configuration once digested (Berthiller et al., 2011). In such instances 

underestimation of mycotoxin levels can occur and subsequently bio-transferred masked 

contaminated grain ingested can lead to disastrous outcomes. 

3.1. Biophysical principles applied to develop rapid and cost effective 

multiplexed platform to detect poly-mycotoxins 

This sensitive assay system can be achieved through optimizing binding kinetics.  

CFIA, is a unique ligand assay, where solid (microfluorosphere)/liquid phase 

compete in a liquid environment. Random soluble antibody accessibility to solid 
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phase antigenic sites is higher, where the solid phase is composed of hundreds of 

microfluorospheres in solution. The binding kinetics of competitive ELISA is limited 

reactions exclusively to wall and bottom of the microtiter plate well.  If the biophysical 

arrangements are designed correctly, a mathematical equation will characterize the 

difference in binding rates between the two assays. The CFIA multiplexed assay 

platform includes enhanced solid/liquid phase ligand kinetics reaction. In addition to 

enhanced sensitivity, the multiplexed CFIA platform also provides simultaneous 

analysis of up to six mycotoxins. 

3.1.1. Universal extraction protocol 

Prior to developing the poly-mycotoxin assay, a critical step was the consolidation of 

poly-toxin extraction technology. As long as the extraction step is not integrated into a 

single protocol, the multiplexed assay must commence with a series of mycotoxin 

specific extraction protocols, thus defeating the advantage the synchronous nature of 

multiplexed platform analysis. Careful selection of solvent mixtures for a universal 

extraction cocktail assures that the multiplexed strategy is a truly innovative addition to 

the arsenal to monitor food products for poly-mycotoxin.  

3.1.2. Enhanced immunoassay binding kinetics 

The objective was to select a multiplexed assay platform that takes advantage of the 

solid/liquid phase antigen/antibody binding reaction rate associated with the 

microfluorosphere based multiplexed format. During CFIA technology development 

special attention was required to deal with the potential complications caused by 

immuno-complex related matrix effect, which can manifest when multiple 

immunoassays incubate in a single reaction chamber. CFIA is a competitive 

immunoassay where the unlabeled mycotoxins from specimen compete with the labeled 

mycotoxins that are included in the kit. With the CFIA platform, hundreds of suspended 

microfluorospheres provide the solid interphase zone for antibody/antigen binding. 

Compact lasers powered detection/interrogation system facilitates simultaneous rapid 

multiplexed reporting capacity inherent to flow cytometry platform. 

3.2. Universal protocol to synchronize poly-mycotoxin quantitation 

across various b-FC’s 

For over a decade, multiplexed assays are available on some flow cytometers for the 

detection of a wide variety of biomarkers. Luminex Corporation introduced commercial 
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multiplexing platform using a dedicated compact b-FC. The first instrument was the 

Luminex
®
 100

™
 System FC. Subsequently, the multiplexed strategy became available 

on conventional b-FC’s such as BD FACSArray
™

 Bioanalyzer and Guava
®
 Personal 

Cell Analysis (PCA) System (Merck, Millipore). Critical compatibility questions related 

to switching a competitive immunoassay from ELISA to multiplexed FC format using 

same reagents were addressed in previous publication (Czeh et al., 2012). The first 

commercial poly-mycotoxin CFIA kit, the Fungi-Plex
™

, was developed and validated 

on the BD FACSArray™ Bioanalyzer. Sensitivity, specificity and robustness of assays 

all improved with the conversion from ELISA to CFIA (Czeh et al., 2012). The next 

challenge was to establish a reporter molecule fluorescence calibration protocol that 

permits the evaluation of CFIA performance for not only on one but also across most 

available bench-top FC models. This is achievable in principle by using one 

microfluorosphere product with PE tag for cross calibration of all instruments in the 

evaluation. The challenge was to demonstrate, that when using seven different flow 

cytometers with diverse optical, signal processing and fluidic configurations the results 

remained comparable. All instruments had minimum fluorescent emission sensitivity to 

detect 480 R-Phycoerythrine (R-PE) molecules per microfluorosphere. The objective 

was to determine if instrument independent cross calibration facilitates acceptable 

agreement across instruments when measuring poly-mycotoxins. Some of the 

experimental details were described previously (Czeh et al., 2012). 

3.2.1. Instrument independent cross calibration of fluorescence detection 

Flow cytometry became a significant research tool when it was discovered the 

fluorescent-tagged antibodies could be rapidly detected and enumerated, in whole 

blood, on the surface of leukocytes (Herzenberg et al., 2002). To achieve reproducible 

immunophenotyping, each instrument manufacturer developed calibration methods with 

optimal sensitivity synchronized specifically to reagents they promote. In the situation 

when a generic multiplexed assay kit is used on a flow cytometer that is calibrated for 

specific proprietary reagents, the fluorescent detection system settings may be 

inappropriate. A generic calibration method had to be developed to utilize seven 

different flow cytometer models with reagent not specifically optimized for only one of 

them. An instrument independent cross calibration was the obvious solution. This 

strategy opens the possibility of comparable fluorescence detection capacity without 

compromising assay results from any of the seven different instruments.  



36 
 

3.2.2. Auto adjusting software to address FC’s signal processing diversity 

With imbedded customized post-acquisition software, there are almost limitless options 

available to quality manage the multiplexed platform. Such situation permits integration 

of both internal and external quality assessment schemes. The daily confirmation of 

assay performance does require both internal and external quality control. Access to 

telemetry assures connectivity to external quality control. Beyond such requirement, 

there are some additional limitations such as the requirement of CRM’s. Unfortunately, 

they are unavailable for all six mycotoxins. On board electronic signal processing will 

be covered in more detail in a subsequent section. DSP chip’s capacity increased 

dramatically over the past 15 years. Different instrument manufacturers had different 

solutions but similar end result. It became critical to bridge this significant diversity in 

the manner of manipulation of fluorescence associated scatter signals. This was solved 

with the addition of post-acquisition software that can analyze the method and scale at 

which the signal was collected. It was also important not to complicate data acquisition 

procedure. The solution included the development of post-acquisition auto adjust 

software that resolves the challenge of signal diversity.  

3.3. Myco-epidemiology: an integrated risk management paradigm to 

protect cereal food/feed products 

The new consolidated management paradigm, to eliminate mycotoxin from food 

requires elements from several disciples: (a) seasonal meteorological data from satellite 

tracking during the growing, harvesting, transporting and storing of crop, (b) detailed 

crop rotation maps of areas of interest, (c) robust biomedical platform with enhanced 

biophysical attributes to monitor poly-mycotoxins both in plants and animals, (d) 

aggressive application of descriptive epidemiology to predict and eliminate outbreaks of 

poly-mycotoxicosis introduced through food-chain bio-transfer, (e) apply customized 

software to manage the digitally integrated risk assessment. This study addresses in 

some detail the implementation of biophysical principles to develop cost effective 

biomedical platform for poly-mycotoxin detection. In general, Integrated Risk 

Assessment Strategy (IRAS) kicks into action when satellite weather reports identify 

temperature and humidity profiles predictive of possible fungal contamination over 

agricultural zones of interest. The alarm triggering information is relayed to the 

appropriate MycoEpi center to launch field investigation/testing. All affected zones will 

undergo field- evaluation for relevant species of mycotoxins. If the MycoEpi evidence 
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suggests that some region may already advanced to the bio-transfer stage of 

contamination, required poly-mycotoxin assay kits will be deployed. IRAS will be the 

overall coordinator and hazard assessment agency for any potential outbreak. 

Monitoring satellite weather reports over corresponding vulnerable agricultural zones, 

facilitates timely MycoEpi response implementations. In this study IRAS will not be 

explored in any detail nor will all aspects of MycoEpi. The intension is to introduce 

some of the critical technical components that are essential to establish an innovative 

approach to public health protection. The research and developments described in this 

thesis are related to the sciece based ’risk assesment’ component of the complex food 

safety risk analysis, which is defined by the Codex Alimentarius Commission as "A 

process consisting of three components: risk management, risk assessment, and risk 

communication." (FAO/WHO, 2011) 

3.4. Implementation strategy 

To accomplish goals associated with the three hypothesis driven tasks outlined, a five-

step strategy is required. 

1. The CFIA technology required the development of a microfluorosphere based 

solid phase surface with high affinity monoclonal antibodies in order to exceed 

ELISA’s analytical performance. 

2. The multiplexed assay platform requires a unified single-step extraction protocol. 

It must handle all six mycotoxins simultaneously. 

3. Establish platform validation with spiking experiments, application of parallel 

strength of agreement statistics (BA), and elimination of matrix effects related to 

multiplex immunoassay. 

4. To assure that CFIA platform is compatible with a variety of b-FC’s, an 

instrument independent cross calibration (IICC) protocol is required. A generic 

quality control system had to be developed to provide superior quantitative 

fluorescence detection with most flow cytometers. 

5. FCAP Array software, a powerful tool for processing flow cytometry data for 

multiplexed measurements required some customization for CFIA platform. It is a 

critical component integrated with the platform to provide data management 

supporting MycoEpi and bio-transfers. 
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4. Materials 

All the materials listed here were utilized during the development CFIA platform for 

mycotoxin detection from a variety of specimens. They include grains, processed food; 

human and animal body fluids, and related organ tissues. The platform is designed to 

address mycotoxin source diversity of three levels: (1) from grain, (2) from primary bio-

transfer in biological fluids such as blood, urine and saliva, (3) from body fluids and 

from tissues of various organs including primary or secondary bio-transfer sources. 

4.1. Reagents for analysis from grain 

The reagents listed here are all related to assay development that focused mostly on 

grains endogenous to European Union countries. All mycotoxins were obtained from 

Sigma-Aldrich (Budapest, Hungary). They were all dissolved in 84% acetonitrile 

(ACN). PE was obtained from Europa Bioproducts Ltd. (Cambridge, England). All 

other chemicals were analytical grade and were supplied by Merck (Merck Ltd., 

Hungary). For multiplexed assay the standard mycotoxin calibration curves included a 

six-analyte containing stock solution. They were freshly prepared by mixing all six 

reference materials together. Eight levels of concentrations were prepared for all six 

mycotoxins. Please note that each tube contains one-concentration for all six 

mycotoxins. MultiScreen HTS-BV 1.2 µm clear non-sterile filter plates, Heidolph 

Titramax 101 platform shaker and MultiScreen HTS Vacuum Manifold, were from 

Merck (Merck Ltd., Hungary). Single mycotoxin ELISA’s were Toxi-Watch, DON 

ELISA Kit, from Soft Flow Hungary Ltd. (Pécs, Hungary). 

4.2. Reagents for mammalian specimen analysis 

ZearaStar
™

 immunoaffinity column (Romer Labs, Tulln, Austria) was used to clean-up 

the accumulated extracted ZEA. Fungi-Plex
™ 

(Soft Flow Hungary Ltd., Pécs, Hungary) 

kit was used for ZEA measurements. Throughout the evaluation a BD FACSArray™ 

Bioanalyzer with on-board acquisition software (both from BD Biosciences, Belgium) 

was used. Chemicals were all purchased from Sigma-Aldrich (St. Louis, MO, USA) 

unless otherwise indicated. Immature female Wistar rats, 18 days old, from the colony 

bred at the Institute of Experimental Medicine (Budapest, Hungary) were used. 

Phytoestrogen-free rat fodder and tap water were provided ad libitum. Animals were 

kept under controlled conditions (3/cage, temperature: 21 ± 1 ºC, humidity: 65%, lights 

on 07:00-19:00). 1 µg of 17-β estradiol (E2) (Sigma-Aldrich, Budapest, Hungary) was 
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dissolved in 50 µl 70% ethanol and then mixed with 5 ml olive oil. Both positive and 

negative feed controls were included. 

4.3. Microfluorospheres for six-plexed FC 

For multiplexed CFIA, Blue Carboxyl Particle Array Kits (CPAKs) were used from 

Spherotech, Inc. (Lake Forest, IL, USA). They were chosen as most current single-laser 

flow cytometers can easily resolve 3.5, 4.0, 5.1, and 7.7 µm size microspheres in 

FSC/SSC channels. They are carboxyl-modified polystyrene particles.  

4.4. Post-acquisition software 

The software package used is a combination of onboard commercial product called 

FCAP Array v3.0, software (Soft Flow Hungary Ltd., Pécs, Hungary), and some 

customized additional features added. Together, they assured efficient operation of 

single or multi-plexed mycotoxin measurements. The modified software permits 

instrument operators to have seamless management of the complex standard cure 

generation and interpretation/evaluation for the entire mycotoxin immunoassay systems. 

The customized post-acquisition software was developed by the Informatics Department 

at Soft Flow Hungary Ltd. (Pécs, Hungary), specifically for the CFIA platform. It is 

designed for generic flow cytometry file analysis, and to identify results from any one 

of six mycotoxins. The software selects a display window with the appropriate dynamic 

range for a specific mycotoxin being analyzed. For statistical evaluation, all data was 

analyzed with one-way analysis of variance using SPSS for Windows, (Chicago, IL, 

USA). 

4.5. Selection of instruments: bench-top flow cytometers 

A seven-instrument evaluation of commercial poly-mycotoxin kit was reported in 2013 

(Czeh et al., 2013). The seven instruments included: BD FACSCalibur™, BD 

FACSArray™ Bioanalyzer, Accuri™ C6, Partec CyFlow
®
 Space, Beckman-Coulter FC 

500, Guava
®
 EasyCyte Mini, and Luminex

®
 100

™
.  
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5. Methods 

This section covers all methodology under one heading. It covers most aspects of 

specimen processing such as mycotoxin extraction, customized reagent development, 

multiplexed immunoassay development, synchronous instrument evaluation, and 

seamless adaptation of post-acquisition software. 

5.1. Poly-mycotoxins detection with CFIA 

Data acquisition was performed with each b-FC’s own software. The multiplexed CFIA 

protocol was previously published (Czeh et al., 2012). Post-acquisition software was 

customized as previously described to permit the operator to manage the assay with 

considerable transparency and ease. The results are generated in a uniform format 

regardless of the make of instrument that was used (Czeh et al., 2012).  

5.1.1. Microfluorospheres for multiplexed Flow Cytometry 

Plastic microfluorospheres offer a highly convenient and flexible solid phase assay 

matrix for multiplexed biomarkers. With IICC, it is possible to integrate efficient 

standardization across instruments. Available microfluorosphere properties need careful 

consideration. With a large variety of microfluorospheres, it is possible to optimize for 

specific applications. Attributes to consider are: size distribution, plastic’s chemical 

composition, surface-chemistry, density, buoyancy and hydrophilic/hydrophobic surface 

properties. There are some limitations to manufacturing microfluorospheres regarding 

reproducibly of address fluorescence intensities for multiplexed assays. Such 

restrictions do not apply to multiplexed assays with relatively low plexing combinations 

such as a six-plexed panel. They must be compatible with the various emission and 

excitation characteristics featured on available FC’s (Czeh et al., 2013). The CPAKs are 

designed to simplify multiplexed assay development. The CPAK consists of 

microfluorospheres with clustering fluorescence detectable in channels of PE-Cy5, 

allophycocyanin (APC), and APC-Cy7, with minimal fluorescence overlap into FITC 

and Phycoerythrine (PE) channels. The reporter fluorescence dye can be either FITC or 

PE.  Using 5.1 µm diameter microspheres, with carboxyl polystyrene functionalities, 

there is covalent attachment of ligands. Based on dual fluorescent scatter plotting, 6 

distinct microfluorosphere populations are easily discriminated. One of the inherent 

advantages of the multiplexed system is that microfluorosphere address is defined by a 

unique fluorochrome intensity combination of two dyes, which are imbedded into each 
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batch of microspheres during the manufacturing process. The fluorescence signal 

compatibility must exist in parallel, but at different wave wavelength ranges. The 

system must dedicate one light source to the microfluorosphere qualitative address 

signature emission, and one to the universal reporter molecule’s quantitative signal 

detection. 

5.1.2. Microfluorospheres for multiple instrument calibration 

This quality management protocol is critical for an assays platform dedicated to 

qualitative measurement of molecules based on fluorescence signal measurement using 

FC’s with diverse laser and optical configurations. The instrument independent cross 

calibration methodology was previously published (Czeh et al., 2013). 

5.1.3. Preparation of PE conjugates 

In any competitive assay, the unlabeled mycotoxins (antigens) from a specimen must 

compete with labelled ones that are included in the kit (Czeh et al., 2012). Some 

mycotoxins require additional modification before the labelling step by adding 

chemically reactive groups transformed into either an-oxime or –hemisuccinate linkage. 

For example, Aflatoxin B1 was converted to AB1-oxime using a published modification 

(Chu et al., 1977). Some additional modifications are listed in the result section. 

5.1.4. Enhancing MAb immunogenicity 

Monoclonal antibodies are derived from clones of immunoglobulin-secreting 

hybridoma cells, which are created by fusing spleen cells from a mouse with a special 

type of tumour cell (Howanitz, 1988). Myelomas can be experimentally induced in 

certain strains of mice. In this manner, a single antibody with well-defined specificity 

can be continuously produced in vitro with unlimited amounts of homogeneous 

antibodies. To further improve assay performance, a monoclonal antibody immune 

response enhancing step was included. These monoclonal antibodies have single affinity 

and predictable specificity, but they are more difficult and costly to prepare (Gazzaz et 

al., 1992; Howanitz, 1988). As all mycotoxins are small molecules, they tend to be 

weak immunogens. The antigenicity enhancement step was introduced before 

immunization of the mice. To increase immunogenicity, a modified immunization 

protocol was implemented. It included conjugating the antigen to a large protein 

molecule such as bovine serum albumin (Barna-Vetro et al., 2000; Gazzaz et al., 1992; 

Howanitz, 1988). The labeling step for mycotoxins requires an added linker: either an -
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oxime or -hemisuccinate. To increase the autogenic property of all mycotoxins, similar 

chemical binding to PE was performed (Barna-Vetro et al., 2000; Gazzaz et al., 1992; 

Howanitz, 1988). 

5.1.5. Optimized conjugation of mycotoxin reporting antibodies 

The MAbs against the six mycotoxins were separately coupled to six different sets of 

the 5.1 μm diameter, carboxyl-modified polystyrene microspheres according to a 

modified protocol originally communicated by Kellar (Kellar et al., 2006). They were 

conjugated to class specific/color-coded microspheres from Spherotech, Inc. Lake 

Forest, IL, USA. Additional modifications are described as part of the results section. 

5.1.6. Receptor antigen binding optimization to capture reporter molecules 

Some retro engineering was required to take into account mycotoxin concentration 

ranges of each specific toxin to comply with regulatory authorities.  Both the efficiency 

of mycotoxin extraction protocol from grain specimens and the dynamic concentration 

ranges are critical for optimal detection capacity around the maximum acceptable 

concentration for each mycotoxin. The most critical adjustment to the multiplexed assay 

was the management of the appropriate antigen density on the surface of microspheres 

for each type of mycotoxin. The antigen density for each of the six mycotoxins was 

adjusted to provide optimized response. 

5.1.7. Binding kinetics optimization for multiplexed system  

A conventional competitive immunoassay that was developed for two mycotoxins 

(Anderson et al., 2010) was modified and improved. To recognize poly-mycotoxins, 

MAb affinity (Barna-Vetro et al., 1994) was enhanced and adjusted for the 

FACSArray™ BD Bioanalyzer. The multiplexed capacity of the platform was expanded 

to include all six globally monitored mycotoxins. The newly developed CFIA platform 

incorporates three innovative features: (1) a consolidated single extraction method, (2) a 

competitive immune assays platform, which is specifically tuned to be synchronous for 

6 mycotoxins and (3) implementation of a dedicated post-acquisition software with 

auto-adjust capacity to match six diverse dynamic concentration scales. CFIA's 

increased sensitivity is a significant advantage over ELISA (Table 14). There are some 

shared aspects of the immunoassay conditions between ELISA and CFIA. Solid/liquid 

phase based immunoassay occurs in both instances in microtiter plate wells. However, 

the similarities stop there. The actual molecular level confrontation between antigens 
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and antibodies are significantly different in the two assays. With ELISA, antigens are all 

fixed to the surface of the microliter plate well’s wall and bottom. In the case of CFIA, 

antigens are suspended throughout the well in fluid phase on the surface of hundreds of 

microfluorospheres. In the CFIA, the solid/liquid phase binding kinetics occur in a 3-

dimensional (3-D) environment. It provides an enhanced binding opportunity with 

increased attachment probability through more rapid reaction kinetics. The hypothesis 

assumes that the MAb binding kinetics in the case of CFIA is significantly faster. 

Different forces drive the binding kinetics when the solid phase binding sites are 

suspended throughout the entire well. Initially, it was just an empirical observation 

about higher assay sensitivity with CFIA. Specific composition of the microsphere will 

determine some of its surface characteristics, such as hydrophobic or hydrophilic 

capacities (positive or negative charged surface). These characteristics will influence 

surface loading capacity, i.e., how efficiently the biomolecule will come into proximity 

of the chemical group. They will also affect nonspecific binding characteristics. 

Nonspecific binding can be reduced with surface blockers, buffers, and other conditions 

such as altering dilution ratios. Covalent coupling protocols have historically focused on 

the binding of a monolayers of protein. The amount of protein that will comprise a 

monolayer will depend upon factors such as the molecular weight (MW) of protein and 

its relative affinity for the microsphere. The CFIA multiplexed technology was 

developed while acutely aware of the potential compounded matrix effects problem that 

can manifest when combining multiple immunoassays in a single reaction chamber. For 

this reason, the method section is divided into six parts. To deal separately with 

fluorochrome labelling, unified extraction, matrix effect, quality management, and 

software integration for multiplexed assay platform management. Few proteins have 

detectable biological function in isolation. Therefore, the interactions of a protein with 

their specific binding partners, and the factors, which affect these interactions, are of 

importance. To understand the function of biological systems, a binary interaction 

between protein A and protein B may be expressed as follows: 

 

Where KD is the dissociation constant. The thermodynamic value is dependent solely on 

the free energy of binding.  For the forward and back reactions k1 and k-1 are the rate 
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constants respectively. The equations represent the kinetic parameters, signifying speed 

of association and dissociation of the binary complex. As molecular activity and binding 

kinetics are highly dependent upon orientation of the immobilized molecules, reactive 

groups that are available for coupling must be displayed to enhance binding frequency. 

Stenberg et al., presented calculations describing limited diffusion kinetics of a solid-

phase immunoassay where reactants are immobilized around the inner surface of a 

cylindrical well in ELISA. Their calculations refer to unstirred condition (Stenberg et 

al., 1988). In 2011, Park et al., used microspheres to enhance immunoassay binding 

kinetics. They reported a system where microspheres move freely within the reaction 

chamber during incubation. They claim enhanced binding efficiency due to the 

increased surface area and the efficient mass transfer during 3D mixing of 

microspheres. (Li, 1985; Park et al., 2011; Schwenk et al., 2007). The conditions 

achieved during incubation in the CFIA’s wells represent an environment where there is 

considerable movement exists for both microspheres with MAb and the corresponding 

antigens in liquid phase. The mass transfer associated with 3D mixing applies to the 

conditions achieved in this study (Park et al., 2011). 

5.2. Extraction protocols from plant and animal species 

The efficacy of a robust one-step extraction is critical to the success of a multi-

instrument poly-mycotoxin kit’s success. The protocol for sample preparation and 

details of unified mycotoxin extraction for grains have been reported (Czeh et al., 

2012). The unified extraction protocol must be sensitive enough to detect up to six 

mycotoxins accurately around the critical acceptable cut-off concentration. A single 

extraction step was selected for the side-by-side evaluation of seven instruments for 

analysis from grain. Passing of mycotoxins from grain to animal through the food chain 

is referred to as bio-transferred mycotoxicosis. All procedures described here for 

mycotoxin recovery from animals were conducted in accordance with the guidelines of 

the European Communities Council Directive (86/609 EEC)  (European Commission, 

1986)  and approved by the Institutional Animal Care and Use Committee of the 

Institute of Experimental Medicine.   

5.2.1. Unified poly-mycotoxin extraction protocol from grain 

To assure reproducible poly-mycotoxin detection, both optimization of the extraction 

solution and the duration of the extraction are critical. There is also impact on toxin 
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concentration related to how fine are the milled grain particles. For example, it is known 

that milling fractions with smaller particles release higher levels of Fusarium toxins 

when compared to fractions containing larger particles (European Commission, 2007; 

Krska and Molinelli, 2007). Both the optimization of the extraction solution and the 

duration of the extraction are critical steps. As there is considerable chemical diversity 

among analytes (Krska and Molinelli, 2007), all grain milling was in compliance with 

EC Commission Regulation No. 1126/2007.  Particles from specimens and reference 

material were processed through a sieve, only below 500 μm were included for 

extraction. To determine the best overall condition for unified extraction protocol there 

was an empirically selecting various ratios of distilled water (DW), organic solvents 

(ACN), methanol (MetOH), and extraction times. 

5.2.2. Extraction protocol for mammalian blood and tissue 

For the mammalian blood project: rats had daily oral exposure to ZEA (0.1, 1, 5, or 10 

mg/kg), 17-β estradiol (E2, 0.04 mg/kg). Treatment started at postnatal day 18 (PND 

18) and lasted for 3 consecutive days (PND 18-20). At PND 21 rats were weighed and 

sacrificed. Blood and some organs were collected. Thus far the unified extraction 

protocol has not been implemented for mammalian specimens. 

CFIA from mammalian blood 

For 3 days at postnatal, 18-21 days, olive oil and an estrogenic (specify E2) agent were 

used as negative and positive control respectively. Trunk blood was harvested in 

polystyrene tubes containing Na2-EDTA, and the tubes were centrifuged (at 4 °C, 

1000xg, 10 min), and the plasma was separated. Samples were kept frozen at -70 °C 

until analysis. Excised organs were weighed and subjected to histological/toxicological 

examinations. Plasma samples were digested with β-glucuronidase for 24 hours at 37 

˚C. Immunoaffinity columns were used to clean-up specimens for accumulated ZEA. 

For ZEA measurements CFIA was used. FC data were processed with FCAP Array v3.0 

software (Soft Flow Hungary Ltd., Pécs, Hungary) similar to results obtained from grain 

specimens. The experimental groups were compared to the controls using Fisher’s LSD 

post hoc test. Hydrolysis of plasma samples was performed by incubating 250 µl plasma 

with β-glucuronidase ([5000 U], Sigma Aldrich Ltd.) at 37 °C for 24 h (Dong et al., 

2010).  After the 24-hours incubation samples were frozen for 5 minutes at -20 °C.  The 

extract was diluted 20 fold in phosphate buffered saline (PBS) (pH 7.4) and loaded onto 
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a zearalenone specific immunoaffinity column (IAC). The IAC cleaning of previously 

developed and validated Zearalenone column was used (Soft Flow Hungary Ltd., Pécs, 

Hungary). The bounded ZEA elution from the column was carried out with 2 x 0.7 ml 

of methanol wash, and then washed in PBS (0.5 ml) the column. After the elution the 

1.9-ml sample, 3.36 v/v % acetonitrile (solved in PBS) 40x dilution were prepared.  

Flow cytometric analysis of ZEA was conducted with a Fungi VI kit (Soft Flow 

Hungary Ltd., Pécs, Hungary), with minor modification. To increase the accuracy of the 

measurement, the kit’s ZEA standard was changed to HPLC grade Zearalenone 

standard solution. Throughout the experiments, E2 was used as positive and the vehicle 

served as negative controls. 

5.3. Assay validation protocol with spiking experiments 

Ideally, a national reference laboratory should have CRM’s available to confirm if the 

in-house method meets required analytical precision and accuracy parameters. Also for 

a central facility, it is preferable to evaluate assay performance with CRM’s as part of 

an external quality assessment scheme. CRM's are prepared by the IRMM, and by the 

ex-BCR Bureau Communitarian de Reference, funded by the European Union as a Joint 

Research Centre located in Geel, Belgium. They are stable, homogeneous products with 

certified values for each mycotoxin. At the time of this study only two CRM’s were 

available out of the six mycotoxins evaluated. It is challenging to demonstrate reliability 

of a six-plexed multiplexed platform’s reproducibility without CRM's for all six 

mycotoxins. In such situation, spiking and recovery assays are conducted to support 

method evaluation. Experiments were designed to demonstrate that various matrix 

effects were eliminated see Table 4. It was critical to demonstrate that multiplexed 

CFIA does not produce false positive results due to matrix effects. To demonstrate 

assay performance competence, most quality assurance programs use RM’s. For all 

spiking preparation experiments the mycotoxins were RM's. They were pure mycotoxin 

standards either lyophilized or prepared in organic/aqueous format as working solutions 

ready for generating calibration curves. RM grade mycotoxin level were adjusted 

identical to the maximum concentration found on standard curve. Is was added to the 25 

times diluted grain extraction. To determine test limits as suggested by Elshal (Elshal 

and McCoy, 2006), both spiked and naturally contaminated samples were analyzed. 

Grain specimens were spiked with a known concentration of a specific mycotoxins  

(Lee et al., 2004). It is recognized that grain samples spiked prior to milling, extractions 
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may bind to some of the added known concentration of mycotoxins and may reduce the 

total recoverable mycotoxin concentration (Barna-Vetro et al., 2000). To avoid this 

possible complication the unprocessed grain selected for spiking is from a stock that has 

been previously tested with the reference method (HPLC) to assure contamination free 

status. The extraction procedure was performed as previously described for CFIA. Used 

100 μl of the diluted solution (Czeh et al., 2012). Both the spiked and un-spiked 

extractions were analysed. Performance validation included four parameters; (1) 

sensitivity, (2) limit of detection (LOD)/ limit of quantitation (LOQ), (3) linearity, and 

(4) precision including blank controls. In this study, terms ‘sensitivity’ and ‘limit of 

detection’ are defined to avoid possible definition contraversey. Assay sensitivity is the 

ability to discriminate between small differences of concentrations of an analyte 

(mycotoxin) in a specimen. Kit sensitivity depends on the concentration of the analyte, 

which means that sensitivity might be different at low and high concentration. It was 

determined from a standardized experimental protocol. Sensitivity is calculated from a 

defined number of measurements performed on a sample containing a known nominal 

concentration (cn) of mycotoxin. The average of the Median Fluorescent Intensity (MFI) 

signals and associated standard deviation (SD) were calculated. The sensitivity at the 

given concentration is the difference of analyte concentrations corresponding to the 

(MFI+SD) and (MFI-SD) signal intensities: 

S(cn) = c(MFI+SD) – c(MFI-SD) 

c(MFI+SD) and c(MFI-SD) are the readings from the standard calibration curve. 

Because of the matrix effect, sensitivity may be different for the various grain species. 

The limit of detection is defined as the sensitivity extrapolated to cn= 0 analyte 

concentration. LOD was also determined by using a standardized experimental protocol. 

It was calculated from a defined number of measurements performed on a blank sample 

(matrix without analyte). The average of measured Median Fluorescent Intensity (MFI) 

signals was referred to as the noise level. The LOD is the analyte concentration that is 

required to produce a signal of noise level (SNL) minus two times the standard 

deviation of noise level (SDNL).   

For validation of a mycotoxin assay method, the whole procedure is carried out at 

different concentration levels (each in triplicate). Using three levels with a relative 

concentration of each mycotoxin. These experiments included spiking of blank extracts 

(also performed in triplicate) on one concentration level after extraction to differentiate 
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between extraction efficiency and matrix induced signal suppression/enhancement 

(Sulyok et al., 2006). ISO standard 5725‐5:1998 is one of the recommended guidelines 

for method validation (Gilbert and Anklam, 2002; Sulyok et al., 2007; ISO, 1998). 

Besides trapping metabolic by-products, in some specimens, mycotoxins may be 

masked as glycosides. Such derivatives may escape the extraction step and interfere 

with the overall assay performance. This masking phenomenon can manifest as 

additional matrix effect (Sulyok et al., 2006; Sulyok et al., 2007). However, in the 

experiments reported here, such masking effect was not observed. “The fitness for 

purpose of analytical methods” is another available document to guide to optimal 

performance (Eurachem, 1998). For sensitivity, the theoretical limit of detection was 

determined by evaluating the estimate result of the average MFI of the negative control 

(0 pg/ml, n=26) - 2 standard deviations. For intra-assay precision:  eleven replicates of 

each of three different levels of AB1, OTA, FB1, T-2, DON and ZEA were tested. For 

inter-assay precision: seven replicates of each of three different levels of AB1, OTA, 

FB1, T-2, DON and ZEA were tested in three experiments conducted by different 

operators. 

CFIA for poly-mycotoxins detection vs ELISA 

The CFIA platform was developed to accommodate the advantage offered by unified 

extraction procedure. Detailed CFIA methodology has been published elsewhere (Czeh 

et al., 2012). Part of the objective of this study was to compare the performance of the 

most robust ELISA with CFIA. For the comparison, a commercial ELISA kit was 

selected. 

5.4. Evaluation of different b-FC’s:  synchronization of signal processing – 

Instrument Independent Cross Calibration 

To address the wide functional diversity challenge posed by the seven b-FC’s selected a 

comprehensive universal multiplexed platform protocol for FC was developed. The 

objective was to determine whether there was sufficient compatibility across 

instruments when measuring poly-mycotoxins. The four components of the universal 

protocol are: (a) unified analytical capacity; (b) instrument independent cross 

calibration (IICC); (c) post-acquisition software; to integrate seamlessly data generated 

by a variety of instrument sensitive software; (d) select generic statistical element to 

assess the strength of agreement between instruments for poly-mycotoxin quantitation.  
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5.4.1. Instrument independent cross calibration (IICC) 

There is considerable operational diversity exist among the seven b-FCs that were part 

of this investigation. Traditionally, FC’s have used analog signal processing, however 

most current generation instruments, have DSP, as they can process signals faster. DSP 

is an advantage with multiplexed protocols. In this study, the Luminex 100 is the only 

b-FC sold as dedicated platform for microfluorospheres. It is designed to resolve up to 

100 different microfluorosphere clusters in two-dimensional morpho-spectral space. 

The six other b-FC’s are all hybrid instruments, meaning that they are capable of 

analyzing both cells or microfluorospheres. However, they are frequently sold to 

perform only polychromatic cell-based immunophenotyping. For some hybrid 

instruments, to perform microfluorosphere based assays, additional software may be 

required. Numerous combinations of optical filters, signal processing systems and lasers 

create a precarious condition where matrix effects may have impact on multiplexed 

poly-mycotoxin analysis. Therefore, a universal poly-mycotoxin quantitative platform is 

designed to yield results with uniform accuracy and precision across instruments. 

Certified reference materials for all six mycotoxins are unavailable at this time. An 

alternative strategy had to be implemented to secure effective fluorescence emission 

comparability between instruments. Most instrument manufacturers market their own 

calibration beads; however in a situation with seven different instruments, 

synchronization of quantitative fluorescence calibration is critical. Significant DSP 

diversities among various instruments caused further complications with consistent 

fluorescent measurements. By cross calibrating the reporter molecule’s fluorescence, all 

b-FC’s measured PE under comparable conditions. IICC protocol for PE signal 

quantitation was implemented to accommodate management of signal diversity, laser 

excitation wavelength conditions, optical filter combinations, efficacy of fluorescent 

scatter detection and microfluorosphere propulsion method variations. The objective 

was to reduce instrument specific differences related to reporter molecule fluorescence 

emission quantitation. Two of the seven instruments used green and the rest were 

equipped with blue lasers for reporter molecule excitation. In most immunophenotyping 

applications, fluorescence intensity is reported as mean relative fluorescent (MRF) 

units. However, data generated for quantitative measurements such as in this case, 

mycotoxins quantities are reported in l g/kg units. Therefore, it was important to 

eliminate artefacts caused by fluorescent excitation variations that are due to differences 

between lasers at 488 nm wavelength and lasers at 532 nm as they exist on FC’s such as 
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BD FACSCalibur
™

 and BD FACSArray
™ 

Bioanalyzer respectively. QuantiBRITE 

Fluorescence Quantitation System (QB), a lyophilized four levels, fluorescence 

quantitation bead system from BD Biosciences Ltd. (Erembodegem, Belgium) was used  

(Schwartz et al., 1998). With IICC, it was possible to cross calibrate reporter antibodies 

bound per microfluorospheres (ABμS) for most of the instruments. The fluorescent 

intensity ranges expressed as PE molecules per microfluorospheres are listed for QB 

PE. All instruments were able to detect bellow 480 molecules of PE per 

microfluorosphere. Control preparations were measured at the same instrument settings, 

as were the labeled mycotoxins. Calculations are based on known ratios of PE to 

antibodies, and converting PE molecules per microfluorosphere to ABSs (antibodies 

bound to microspheres). Cross calibration of results across various instruments is 

achieved only when the reference and quantitative calibration standards have similar 

excitation and emission spectra as the QBs used in the evaluation. The standardized 

universal protocol was designed to adjust automatically for configurational variations 

and to obtain comparable signals across all instruments when analyzing the same 

sample. This procedure is called IICC (Schwartz et al., 1998). There are configurational 

variations among the seven b-FCs. Ranges for the seven standard curves had to be 

adjusted for each instrument’s signal processing environment. Because of significant 

variation between dynamic ranges of fluorescence, each standard curve required 

adjustment to synchronize detection ranges, without compromising mycotoxin detection 

sensitivity. The selected mycotoxin range always incorporates the limits of acceptable 

values as established by EU legislation (European Commission, 2006; European 

Commission, 2007) and/or other food safety jurisdictions. Operator selectable options 

were incorporated into the post-acquisition software to add flexibility to the evaluation. 

Throughout the study, all standard curves were generated from a commercially 

available Fungi-Plex kit’s stock standard (Soft Flow Hungary Ltd., Pécs, Hungary). All 

standard curves were based on six levels of mycotoxin concentrations. The modified 

six-plexed mycotoxin kit included: ochratoxin A (OTA), aflatoxin B1 (AFB1), 

fumonisin B1 (FB1), T2-toxin (T-2), deoxinivalenol (DON), and zearalenone (ZEA). 

All acquisition protocols were executed with original software furnished by vendors. 

Acceptable inter-assay variations were established as P intercept ≥0.05 and P slope at 

≥0.05.  
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5.4.2. Post-acquisition software for data harmonization for now and the 

future 

To tabulate multiplexed results from all seven instruments, FCAP Array v3.0 software, 

(Soft Flow Hungary Ltd., Hungary) was used. The software was customized to permits 

seamless handshake between any of the seven b-FCs list-mode data files. The software 

was designed to detect all mycotoxins included in a specific assay up to the maximum 

of six. If an assay is four-plexed, the software will automatically deal with it. There is 

also automatic selection of the appropriate dynamic range for standard curve generation. 

The post-acquisition software also performs a curve-fitting algorithm to report each 

standard curve using a format that adjusts for instrument dependent variance recognized 

in the list-mode files. The custom software also generated as many concentration points 

per standard curve as required by the kit manufacturer. Because IICC protocol was 

implemented, it is possible to synchronize poly-mycotoxin quantities across 

instruments.  

5.4.3. Strength of agreement between instruments 

The first commercial multiplexed poly-mycotoxins kit was developed for the BD 

FACSArray. Subsequent multi-instrument evaluation included a Luminex® 100™ 

System, which is the only dedicated microsphere-based multiplexed b-FC. In this 

assessment, it was decided to consider two predicate methods (one at a time). Paired 

Bland-Altman bias plots were calculated with the BD’s FACSArray™ and again with 

the Luminex® 100™ System, both served as reference b-FC’s for the remaining six 

instruments. The parallel evaluations are referred to as Part 1 and Part 2 respectively. 

AFB1 mycotoxin was selected to serve to demonstrate the evaluation protocol for all 

seven b-FC’s. For statistical analysis, one test instruments was paired at a time with a 

predicate b-FC. 

5.5. Post-acquisition software  

To assure that the poly-mycotoxin assays are evaluated with most available bench-top 

flow cytometers, the transparent and instant integration of post-acquisition software is 

critical. The software was designed to work with up to six mycotoxins. All features and 

options integrated into the post-acquisition software will be described in some details in 

the results section. 
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5.6. Myco-epidemiology 

The third and last hypothesis driven concepts in this thesis is related to the challenge to 

secure mycotoxins free food supply on every continent with IRAS.  Implementing a late 

20
th

 century biomedical platform with traditional epidemiological strategies makes it 

possible to consider the introduction of MycoEpi. It is a 21
st
 century response to 

eliminate tainted food related health hazards. Such hazard and risk management strategy 

is built on rapid multilateral evidence-based decision-making. To meet future food 

production capacity, quality management of food supplies must be dramatically 

improved.  The proposed strategy requires harnessing innovative and affordable 21st 

century analytical surveillance solutions integrated with traditional epidemiological 

techniques to manage effective hazard reduction. The epidemiological principles 

applied here were first used in the mid-19th century. The current proposal deploys 

descriptive epidemiological features to detect evidence for potential outbreaks of poly-

mycotoxicosis. It is based on computer monitored environmental surveillance reports 

and the implementation of mobilized analytical biomedical assessment capacity. The 

analytical component is a multiplexed immunoassay platform, which is capable of 

identifying the presence of poly-mycotoxins from plant and animal derived specimens. 

This multidisciplinary strategy, which is capable of accessing environmental data can 

protect food supplies and at the same time eliminate toxic threat to food commodities. 

In the past 20 years, large-scale grain production has been centralized to less than 10 

regions around the globe, requiring massive shipping and distribution networks (FAO, 

2009). The combined impact of such changing and relatively volatile environmental 

conditions supports possible massive regional toxic outbreaks and famines. IRAS can 

secure dependable, hazard free alimentation. The objective is simple, to obliterate 

hazardous grain from the food chain. 
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6. Results 

Reporting quantitative poly-mycotoxins results from FC based biotechnology platform 

is a new approach for the food protection industry. By the end of the 20
th

 century, for 

mycotoxin detection in the field, single-toxin ELISA (ST-ELISA) became the most 

widely accepted screening assay. There are still a few sceptics who consider routine 

poly-mycotoxin detection an unnecessary expenditure. Until the early days of the 21th 

century, it was generally accepted that fungal co-infections were unusual events; 

however this is no longer the situation (Berthiller et al., 2014; Speijers and Speijers, 

2004; Streit et al., 2013). It was important to demonstrate that switching from (ST-

ELISA) to poly-mycotoxin synchronous detection does not compromise assay 

sensitivity. The CFIA technology was compared to ELISA side by side in order to prove 

that multiplexing platform is not a compromise. For the results section; the CFIA 

developmental procedure can be divided into a five-step approach:  

(1) Optimizing CFIA’s advantage with microfluorosphere suspension. It provides 

binding mobility that exceeds ELISA’s analytical performance.  

(2) Introduction of unified single-step extraction protocol to handle specimens 

containing mixtures of six mycotoxins. It assures compatibility with the 

multiplexed assay platform. 

(3) Validation of assay protocols that includes spiking experiments and parallel 

statistical evaluation of agreement (BA). It is to demonstrate the elimination of 

matrix effects characteristics of multiplex immunoassays. 

(4) Provide evidence that CFIA platform is compatible with a variety of b-FC’s. 

Introduced instrument independent cross calibration (IICC) protocol. This 

essential quality control management approach secures superior quantitative 

fluorescence detection. 

(5)  Demonstrate that the customized FCAP Array software includes all integrated 

elements to enable data management to support MycoEpi. Eventually, use the 

CFIA platform for the detection of poly-mycotoxicosis caused by bio-transfer. 

6.1. Enhanced multiplexed immunoassay  

The underlying principle that provides kinetic advantage to the multiplexed system is 

the biophysical nature of diffusion kinetics between mycotoxins and antibodies in 

solid/liquid phase environment. In this study, the focus was on optimization of CFIA 

performance. Incubation time, antibody-binding site density, microsphere size, 
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geometry of the incubation chamber, liquid phase ionic strength, solvent composition, 

stirring and mixing conditions, are all important parameters of any competitive 

multiplexed immunoassay. Due to the physicochemical complexity of the platform, the 

theoretical analysis of the binding kinetics was challenging. Previously, the two-

compartmental model was successfully applied to both DNA and protein microarray 

systems (Kusnezow et al., 2006b; Kusnezow et al., 2006a). However, such biophysical 

principles cannot be applied to the microfluorosphere assays for mycotoxins. There are 

some similarities to the above-mentioned protein assays and the CFIA platform. 

However, in the case of CFIA there is domination of the mass transport constraints 

related to antibody/antigen binding kinetics. It is a physicochemical limitation specific 

to the “mycotoxins as antigens” competitive platform conditions. The mass fluxes of the 

antigen molecules and the microspheres in suspended in liquid represent a significant 

limitation regarding competitive antibody binding kinetics. CFIA represents a third 

order kinetic reaction. With the diffusional and adsorptive processes of the CFIA 

platform, rotational diffusion is another factor. It includes some unique 3-D suspension 

conditions that do not exist with solid/liquid phase ELISA’s. The significant difference 

of molecular size and mass of mycotoxins and toxin-PE conjugates must be considered 

in order to best optimize the key physicochemical limitations of CFIA. When examining 

the diffusion properties of the antigen molecules and their PE conjugates, competitors in 

the reaction chamber, it is useful to estimate the time required for diffusion over a given 

distance around microspheres receptors. Assuming the validity of the basic Einstein's 

approximation equation, the important determinants of diffusion time (t) are ’walking’ 

distance (x) and diffusion coefficient (D) of the ligand molecules: 

t = x
2
 /2D [Eq.1] 

 where; D is the diffusion coefficient of ligand molecule (mycotoxin or the toxin-

PE conjugate) in the solution (cm
2
/s). The value of D can be determined 

empirically. Its typical value for a 300-400 Dalton molecule is 5 x 10
-6

 cm
2
/s, for 

a 250 000 Dalton molecule is ~5 x 10
-7

 cm
2
/s. 

  x is the distance to be traveled by the diffusion, and  

 t is the time of diffusion to travel an average distance of x. 

Diffusion time increases with the square of diffusion distance. Diffusion time is 

inversely proportional to the diffusion coefficient (D). Diffusion coefficient depends on 

size and shape of the molecule, interaction with solvent and viscosity of solvent. 

For spherical molecules, diffusion coefficient, D  
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D =kT/f [Eq.2] 

f - frictional coefficient: f = 6  r  

k, T, - Boltzman constant, absolute temperature  

 - viscosity  

r - radius of sphere. 

Assuming that the radius of a spherical particle is proportional to the qubic-root of the 

molecular weight M (r=aM1/3), D ~ kT/6  aM1/3 (a is proportionality factor), 

t~ (x2 6  aM1/3)/kT  [Eq.3]. 

From [Eq.3], the time of diffusion of the small mycotoxin molecule (tmyco, Mmyco~ 400 

Dalton) and that of the PE conjugate (tPE, MPE~ 240000 Dalton) is tPE / tmyco ~ 

(MPE/Mmyco)
1/3

 = 600
1/3 

= 8,4, i.e the PE conjugates are approximately 8 times slower 

then their toxin counterparts. Similar ratio can be calculated from the empirical D 

values (see [Eq.1]). Because the antibody-antigen interaction assumes proper orientation 

of the interacting molecules, rotational diffusion of molecules is also considered to be 

an important factor of the adsorption processes on the microsphere surface. The process 

responsible for random re-orientation is characterized with the rotational diffusion 

constant Dr. The mathematical description of the rotational diffusion is formally similar 

to it counterpart, the translational diffusion: 

tr = ʘ2
 /2Dr [Eq.4] 

 where Dr is the rotational diffusion coefficient of the ligand molecule 

(mycotoxin or the toxin-PE conjugate) in the solution (1/s).  

 ʘ is the angular deviation around a single axis in time t. 

 t is the time of rotation of the average angular deviation of ʘ. 

Similarly, Dr = kT/fr, and fr ~ 6  r
3
 , therefore 

Dr ~ kT/(8  r
3
) [Eq.5] 

As the rotational frictional drag coefficient for a sphere of radius r is proportional to the 

third power (r
3
) of the size, the rotational mobility difference is significantly greater 

between the toxin antigens and the PE conjugates. 

tr~ (ʘ2 8  aM)/kT  [Eq.6] 

According to this model, rotational diffusion of PE conjugates is about 600 times slower 

compared to the rotational mobility of free toxins. These are significant factors but 
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unfortunately, they do not describe the quantitative realities of CFIA’s performance 

when compared to ELISA. However, these calculations do indicate the importance of 

selection of the right conjugate concentration, and the number of mirofluorospheres 

required in a unit reaction volume. In this study, binding kinetics were calculated from 

empirical data because of the additional constrains the density of the binding sites 

(antibodies) place on rotating mirofluorosphere’s surface. Development of CFIA was 

structured around the solution of the following scientific and technical challenges: (1) 

Elimination or reduction of the matrix effect related to multiplexed immunoassays. (2) 

Optimize binding kinetics for CFIA based on empirical data. (3) Validation of the 

multiplexed CFIA platform.  

6.1.1. Preparation of PE conjugates 

Because of the “know-how” features of this biotechnology study were developed over 

some time, to emphasize this significant method development, in this section there is 

some integration of methodology with results. Aflatoxin B1 was converted to AB1-

oxime using a published modification (Chu et al., 1977). Purification of AB1-oxime 

from reaction mixture was performed with HPLC, on a Phenomenex C18 column, 

having ACN/water/acetic-acid as mobile phase, with gradient. The AB1-oxime fraction 

was lyophilized. Quality control was performed with MS (Krska and Molinelli, 2007). 

Zearalenone was converted to ZEA-oxime with the method by Thouvenot and Morfin 

(Thouvenot and Morfin, 1983). Purification step was same as of AB1-oxime. T-2 toxin 

was transformed to T-2 hemisuccinate by addition of succinic anhydride, as previously 

described (Chu et al., 1979). The product was purified by HPLC column fractionation 

controlled by MS (Krska and Molinelli, 2007). Deoxynivalenol was also transformed in 

hemisuccinate using previously published method (Abouzied et al., 1991). DON-HS 

was purified on HPLC and controlled by MS (Krska and Molinelli, 2007). All modified 

mycotoxins were further processed with a two-step procedure. The conversion included 

first N-hydroxysuccinimide active ester form by reacting with 1:1 molar ratio of N-

Hydroxysuccinimide (NHS)/ N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydro-

chloride (EDAC) as previously described (Abouzied et al., 1991). The second step 

included mixing with R-PE solution. The amino- groups of R-PE reacted with NHS-

ester and formed stabile amid bonds between mycotoxin and fluorescent dye. 

Purification of conjugates was completed with dialysis in three changes of 0.1M 

phosphate buffered saline (PBS), over three days. To label Ochratoxin A with R-PE, 
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first OTA was activated at its carboxylic group with Benzotriazol-1-yloxytris 

(dimethylamino)-phosphonium hexa-fluorophosphate/ Hydroxy benzotriazole/N,N-

Diisopropylethylamine (BOP/HOBt/DIEA) in molar ratio 1:1:1:2 in 

Dimethylformamide (DMF). The active ester was drop by drop mixed with R-PE 

solution; incubated overnight (O/N) with continuous stirring and the conjugate obtained 

was purified by dialysis in 0.1M PBS. Fumonisin B1 contains an active amino group, 

which can be used for conjugation. In this case in R-PE molecules, they were 

introduced with carboxyl group by addition of succinic anhydride, based on previously 

published method (Pavliakova et al., 1999). The final mixture was transferred on to G25 

type gel-chromatography column. The fractions with R-PE-HS were collected and 

concentrated by centrifugation using Amicon type centrifugal tubes for 10 minutes at 

7000 revolutions per minute (rpm). R-PE-HS was activated with NHS/EDAC and 

reacted with FB1 solution. Reaction mixture was stirred O/N at 4°C and purified by 

dialysis in 0.1M PBS. For specific mycotoxin linkages see Table 3. 
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Toxin Converted to Modified 

ATB1 ATB1-oxime Amino-groups of R-PE react with AFB1-NHS-ester and 

forms stabile amid bonds between toxins and fluorescent 

dye. 

OTA OTA-active 

ester 

For labeling ochratoxin with R-PE first OTA was activated 

on his carboxilic group with BOP/HOBt/DIEA in molar 

ratio 1:1:1:2 in DMF. The active ester was drop by drop 

mixed with R-PE solution, incubated O/N with continuous 

stirring and the conjugate obtained was purified by dialysis 

in 0,1M PBS. 

ZEA ZEA-oxime The amino-groups of R-PE react with ZEA-NHS-ester and 

formed stabile amid bonds between toxin and fluorescent 

dye. 

T-2 T-2 

hemisuccinate 

R-PE reacts with succinic-anhydride. The amino-groups of 

R-PE react with T-2-NHS-ester and formed stabile amid 

bonds between toxin and fluorescent dye. 

FB1  R-PE-HS was activated with NHS/EDAC and reacts with 

FB1 solution. Reaction mixture was stirred O/N at 4°C and 

purified by dialysis in 0,1M PBS. 

DON DON- 

hemisuccinate 

The amino-groups of R-PE react with DON-NHS-ester and 

formed stabile amid bonds between toxin and fluorescent 

dye. 

Table 3: This Table lists the six mycotoxins and their corresponding radicals used to conjugate 

them to PE dye complexes. 

6.1.2. Optimized conjugation of mycotoxin reporting antibodies 

To suspend them, stock microspheres were vortexed for 1 min. From the suspension, 

100 l was pipetted into an Eppendorf tube. Using double distilled water, the 

lyophilized antibody solution was reconstituted in 500 μl. Eppendorf tube was 

centrifuged at 10,000×g for 4 min at RT. After centrifugation, the supernatant was 

removed without disturbing the beads. After centrifugation, microspheres were re-

suspended in 100 μl buffer and washed twice. Finally, microspheres were resuspended 

in 100 μl of 100 mM monobasic sodium phosphate buffer (pH 6.2). To the microsphere 

suspension, 10 μl of sulfo-NHS and 10 μl of EDC were added (both previously prepared 

at a concentration of 50 mg/ml with double distilled water). This suspension was 

vigorously vortexed and was incubated in the dark at RT for 20 min with a vortex pulse 
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at 5 min intervals. Following incubation, the tube was centrifuged to make sure that all 

microspheres were at the bottom of the tube. After centrifugation, the supernatant was 

removed. Microspheres were resuspended in 250 μl 50 mM Na-Ac buffer (pH 5.0) and 

vortexed. After the washing step, the previously prepared MAb solution (500 μl) was 

added to the microsphere pellet and vortexed. The activated microspheres and 

antibodies were then incubated in the dark at RT on a rotational shaker for 2 h. 

following the incubation, the tube was centrifuged, and the supernatant was removed. 

The microspheres were re-suspended in 1 ml of phosphate buffered saline-TBN (PBS, 

0.1 % bovine serum albumin (BSA), 0.02 % Tween 20 and 0.05 % sodium azide, pH 

7.4). The supernatant was removed. Finally, the covalently modified microspheres were 

suspended in 1 ml PBS-TBN and stored in the dark at 4 °C. The six-plexed assay's 

performance characteristics were assessed for concentration of mycotoxin target values 

with six available RM’s. For OTA, the assay used has been previously reported (Ngundi 

et al., 2005). As described by Ngundi et al., small molecular structure based analytes 

such as OTA can be detected using either displacement and/or competitive 

immunoassays (Ngundi et al., 2005). 

6.1.3. Standardized calibration curves  

As illustrated in Table 14, the sensitivity range for CFIA exceeded ELISA for all 

mycotoxins anywhere from 1.1 to 8.3 times. This increased sensitivity was achieved in 

part through selecting improved affinity monoclonal antibodies (Barna-Vetro et al., 

1994). The wide dynamic concentration range differences among the six mycotoxins 

demand better selection of graphical tools, see Figure 3. Often multiple infections are 

difficult to detect, because there are significant concentration range variations between 

the 6 toxins. For example, mycotoxin levels can be as low as 0.6 ng/ml or above 100 

ng/ml for OTA and DON respectively, see Figure 3. 
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Figure 3: Significant variation of dynamic range concentration for the four mycotoxins. 

Concentration scale range is from 0.6 to 100 ng/ml depending on which mycotoxin is 

measured. As listed in Table 7, it is possible to follow zero concentrations from each 

standard curve. They remain relatively constant as one mycotoxin at-a-time was 

removed from the six-plexed assay system. For each of the mycotoxin standard curves 

control values were at zero MFI concentration. Flexible, customized software is 

essential to effectively measure dynamic mycotoxin concentration differences. It is 

more challenging when maximum acceptable concentration limits exceeds the range of 

100 ng units. Software specifically designed for the task, provides automatic graphic 

display adjustments. With such customized software, it is possible to auto-locate 

characteristic dynamic ranges for each of the six mycotoxin standard curves. For a 

competitive immunoassay, a sigmoidal curve with an initial flat line is characteristic. 

This is illustrated with 8 concentration points in Figure 4. for T-2 toxin.  

 

Figure 4: Standard curve display for mycotoxin T-2 toxin. It illustrates the typical sigmoidal 

curve generated by competitive immunoassays. 



61 
 

To read the unknown specimen concentration range, the software generates a seven 

point standard curve. Representative standard curves for all six mycotoxins are 

displayed in Figure 5.  

 

 

Figure 5: Software selected multiplexed standard cures using six concentration points with 

Luminex100 b-FC. 

Software generated standard curves with instrument Luminex100 are displayed on Figure 

5.  The six graphs represents; OTA, AFB1, FB1, DON, T-2 and ZEA respectively. All 

standard curves were generated with 7 concentrations. The Y-axes denotes median 
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fluorescence intensity values. The x-axes denote the concentrations of the mycotoxin 

standards given in ng/mL. In each case, the software automatically selected the best 

fitting curve for a given mycotoxin assay. The equations were selected specifically to 

generate the most accurate and easy to interpret graphical representation. The post-

acquisition software can detect the mycotoxins included for testing from any of the six 

possible mycotoxins. 

6.1.4. Establishing Binding Kinetics for Competitive immunoassays 

Due to the earlier described physicochemical complexity of binding kinetics associated 

with CFIA, in this study, an empirical approach was implemented. The focus was on 

measuring the binding kinetics on microfluorospheres surface by recording sequentially 

the development of relative signal intensity over time. In order to evaluate and compare 

the binding kinetics performance of CFIA and ELISA side-by-side, the most robust 

ELISA was selected. The first challenge was to compare the performance of two types 

of commercial ELISA kits for detecting DON (mycotoxin). They included a solid/liquid 

and liquid/liquid phase ELISA kits. The resulting curves are illustrated on Figure 6.   

 

Figure 6: Binding kinetic curves for the 2 types of ELISA.  

In Figure 6 the R
2
 values were 0.987 and 0.948 for solid/liquid and liquid/liquid phase 

kits respectively. However, there was significant difference in the optical density (OD) 

signal generation between the two kits. Signal for solid/liquid phase ELISA was 30 
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times higher over the concentration range of interest. This confirms that sensitivity of 

this assay is better and the assay is probably more reproducible. The binding 

performance of the liquid/liquid phase ELISA is probably hindered by the 

biotin/streptavidin bridge labelling linkage. Based on results, the solid/liquid phase 

version of ELISA was used for subsequent comparison with CFIA.  

 

Figure 7: Binding kinetics comparison between CFIA and ELISA. The EORU’s represented on 

the Y axis are obtained by taking the 60 minute MFI and OD values as unit 1. All other time 

points were adjusted accordingly. 

The actual comparison of optical density (OD) units of ELISA and CFIA’s mean 

fluorescence intensity (MFI) required a singular unified scale see Figure 7. The two 

curves illustrate the difference in binding kinetics of the two competitive 

immunoassays. The reaction rates are different until the 45 minutes mark. This is a 

significant difference in terms of one assays has shorter incubation times. The Y-axis in 

Fig. 7 represents equivalent optical reading units (EORU). The assumption was that if 

antibody/antigen biding opportunities are more frequent for CFIA, it is possible to 

obtain results based on shorter incubation times. The binding kinetic equations were 

established for the two immunoassays. They are y = 1079.8ln(x) + 1632.6 and y = 

0.015x + 0.020 with R
2
 of 0.998 and 0.987 respectively for CFIA and ELISA.  The 

equations were based on triplicate measurements over sixty minutes using the aggregate 

mean for each time point; see Figure 6 and Figure 8. It is possible to calculate binding 
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kinetics based on 2 and 60 minute intervals. In Figure 10 the concentration curves for 

DON are based on calculated versus actual readings. 

 

Figure 8: The CFIA incubation time values are displayed on a log scale. This treatment 

rendered a straight line.  

The next step was to extrapolate the binding kinetics of CFIA based on shorter 

incubation times such as 2, 5, 10, 15 and 20 minutes with 4 and 5 time points over time. 

Figure 9 depicts the results. 

  

Figure 9: Binding kinetics for CFIA with 15, 20, and 60 minute incubation times 
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The final step was to generate actual incubation curves with one hour incubation time 

and extrapolate binding saturation based on 15 and 20 minutes of incubation. The 

equations reveal a predictable relationship between the actual and projected binding 

curves. See Figure 9.   

 

Figure 10: Comparison between actual and calculated kinetics with CFIA. 

6.2. Unified poly-mycotoxin extraction  

The simplicity of unified approach to extraction assures dependable and rapid collection 

of single analyte for poly-mycotoxins using simultaneous multiplexed immunoassay. 

The initial challenge was to develop a multiplexed assay platform that can detect poly-

mycotoxins from grain. 

6.2.1. Elimination of matrix effects specific to multiplexed immunoassays  

In the case of competitive poly-mycotoxin determination, there are three possible types 

of matrix effects:  

(1) Non-immune specific binding (NIS),  

(2) Grain specific extraction related effect (GSE) and  

(3) Multiplexed cross interference (MCI).  

These negative effects are summarized in Table 4. To minimize matrix effect, the most 

significant step available is the meticulous selection of high affinity antibodies. Once 

that is achieved, each remaining residual effect needs to be considered during the 
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sequential adding of one mycotoxins at-a-time approach. Each matrix effect has some 

deleterious impact on quantitation of some or all other mycotoxins (Table 4).  

MATRIX EFFECTS 

 Type 

 

CFIA 

Multiplexed 

All 

Multiplexed 

All 

Immunoassays 

Optical density interference      (ODI) NR NR NR 

None immune specific               (NIS) + + + 

Grain specific interference        (GSI) + +/- NR 

Multiplexed cross interference  (MCI) + + NR 
NR = not relevant 

Table 4: This Table divides mycotoxin assay related possible matrix effects into four types. 

In Figure 11, all possible binding configuration combinations to specific mycotoxins are 

depicted. Ideally, mycotoxin ”a” and ”b” should bind exclusively to ”A” and ”B” beads 

respectively as illustrated in Figures 11.1 and 11.3. However, there are exeptions: for 

example mycotoxin “a” may react with bead ”B” as indicated in Figure 11.2. This is an 

example of a matrix effect due to cross-reaction between mycotoxin receptors. In Figure 

11.4 is another type of non-specific binding where some immune complex blocks a 

receptor on “A”. Such matrix effect can occur in most types of solid phase immune 

assays. When unknown proteins cause none-specific blocking, it is called crossover-

linking effect.  

 

Figure 11: Illustration of multiplexed cross interference. 

6.2.2. Elimination or reduction of matrix effects with the multiplexed 

format 

From past experience it has been determined that dilution of the extracts frequently 

resolves the matrix effect. However, this works only if the assay has sufficient 

sensitivity. The limiting factor for diluting is built-in assay sensitivity that was pre-

engineered into the multiplexed system. 
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Table 5a 
MFI 

AfB1 ZEA OTA FB1 DON T2 

Std1:4 1980 813 421 1407 1640 539 

Std1:8 2035 991 449 1625 1778 749 

Std1:16 2090 1104 500 1963 1963 881 

Std(0) 2206 1382 685 2287 2267 1144 

  

Filtered Wheat 

Extract 

Undiluted 899 675 184 565 166 169 

25x diluted 2054 1258 495 1946 1770 965 

        
Table 5b 

B/B0 (%) - relative to Std(0) 

AfB1 ZEA OTA FB1 DON T2 

Std1:4 89.8 58.8 61.5 61.5 72.3 47.1 

Std1:8 92.2 71.7 65.5 71.1 78.4 65.5 

Std1:16 94.7 79.9 73.0 85.8 86.6 77.0 

Std(0) 100.0 100.0 100.0 100.0 100.0 100.0 

  

Filtered Wheat 

Extract 

Undiluted 40.8 48.8 26.9 24.7 7.3 14.8 

25x diluted 93.1 91.0 72.3 85.1 78.1 84.4 

        
Table 5c 

Mycotoxin concentrations g/kg 

AfB1 ZEA OTA FB1 DON T2 

Std1 48.0 1 200.0 18.0 6 000.0 6 000.0 2 400.0 

Std1:4 12.0 300.0 4.5 1 500.0 1 500.0 600.0 

Std1:8 6.0 150.0 2.3 750.0 750.0 300.0 

Std1:16 3.0 75.0 1.1 375.0 375.0 150.0 

Std(0) 0.0 0.0 0.0 0.0 0.0 0.0 

  

Filtered Wheat 

Extract 

Undiluted 0.0 0.0 0.0 0.0 0.0 0.0 

25x diluted 0.0 0.0 0.0 0.0 0.0 0.0 

Table 5: The effect of 25x dilution on the matrix effect of a wheat sample. Table 5b shows the 

B/B0(%) values calculated from the MFI readings listed in Table 5a. The mycotoxin 

concentrations of each sample are shown in Table 5c 

Table 5 illustrates that even at 25 times dilution the none of the six mycotoxin 

concentrations were compromised. The bar histograms in Figure 12 illustrates how ZEA 

proportional concentrations are unaffected by 25 times dilution. 
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Figure 12: This histogram shows MFI values measured at 75, 150, and 300 g/kg ZEA 

standards in blue.  The brown and grey bars represent undiluted and 25 times diluted wheat 

specimen respectively.  

In Figure 12 the maximum acceptable level for ZEA is 100 g/kg.  Due to matrix effect, 

the MFI reading of undiluted, ZEA free, wheat extract suggests >300 g/kg ZEA 

contamination. This is a false positive response. The matrix effect is resolved with 25 x 

dilution of the extract. It is clear that even with 25 time dilution the cut off 

concentration is exceeded by three times the legislated limit of 100 g/kg ZEA. Matrix 

effect can also be influenced by factors such as the composition of extraction solvent, 

extraction time and temperature. Table 6 is an illustration showing MFI and recovery 

percent values for DON and OTA mycotoxins from extracts with 84% acetonitrile, 

distilled water (DW), 30% methanol and chloroform solution. 

Extraction 

Solvent* 

DON - Concentration determined 

by HPLC: 3402 g/kg 

OTA - Trilogy reference sample  

21±1g/kg 

MFI 
Concentration 

g/kg** 

Recovery 

(%) 
MFI 

Concentration 

g/kg** 

Recovery 

(%) 

84% acetonitrile 8 779 2 768 81 6 572 22.6 107 

Distilled water 8 971 3 945 116 Not measured 

30% ethanol 9 590 2 982 88 16 050 2.0 9 

Chloroform Not measured 13 774 7.6 36 

* Extraction time: 10 min at room temperature 

** Measured with CFIA 

Table 6: Effects of the extraction solvent composition on the DON and OTA concentrations 

measured with CFIA. 
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6.2.3. Monitoring extraction related matrix effect  

Extensive testing was required to demonstrate the lack of matrix effect generation 

during sample preparation. Seven different grain specimens were prepared and assayed. 

As previously established with the reference method, all eight specimens had mycotoxin 

values bellow acceptable background limit (see Figure 13). All the modifications were 

confirmed step by step with parallel analysis with both IAC and HPLC. When 

considering the critical cut-off points determined by EU, all results fall within 

acceptable error range. Acceptable levels of mycotoxin contaminations are illustrated in 

Figure 13. 

 

Figure 13: Histograms for Aflatoxin B1 Levels with seven Different Toxin Free Grain Types 

1 = wheat; 2 = pea; 3 = mung bean; 4 = white lupine; 5 = spring barley; 6 = chickpea; 7 = rye 

& pea feed mixture. In this histogram the first column (0g/ml) illustrates the toxin free 

standard, the last one (2g/kg) represents the maximum permitted toxin level for EU. The MFI 

readings of all 7 varieties of toxin free grains are all well between the zero standard and the 

MFI of the maximum permitted AFB1 concentrations. 

The objective was to demonstrate that the matrix effect does not have impact on results 

obtained with the seven different specimens. Figure 13 indicates the outcome of an 

experiment where 7 different mycotoxin free grain preparations were assayed for AFB1. 

The MFI range between broken lines A and B represents acceptable levels of matrix 

effect. All seven combination of grain batches tested yielded matrix effects below the 

fluorescent signal generated by zero concentrations (Figure 13). To assure assay 

precision, spiked grain can provide additional benefits. From results of similar 

experiments depicted in Figure 13. It is clear that the MFI values of toxin-free samples 
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remain between limits A and B for all six mycotoxins. A and B in Figure 13 represent 

zero standard and maximum permitted AFB1 concentrations respectively. All values 

obtained fell between the limits and none of the MFI values were above the zero 

standard. MetOH and various extraction times were applied to find the best overall 

conditions of the extraction (not reported here). Table 7 illustrates the protocol used to 

demonstrate the elimination of most matrix effects. The design included removal of one 

set of mycotoxin (one of six microsphere sub-classes) at a time from the six-plexed 

preparation. The first row values illustrate the aggregate matrix effect with all six 

mycotoxins. With corresponding standards concentration increments the fluorescence 

intensity declines.  

Effects of removal of a single mycotoxin bead cluster from the 

six-plex mixture on the matrix effect. Sample: Wheat 

MFI AFB1 ZEA OTA FB1 DON T-2 

All Six 5100 7000 5800 3500 6200 5700 

AFB1 

 

7100 5800 3800 6200 5800 

ZEA 4800 

 

5500 3300 5800 5300 

OTA 5100 7100 

 

3700 6300 5700 

FB1 5100 7000 5800 

 

6300 5700 

DON 4900 6400 5600 3400 

 

5300 

T-2 5000 6700 5700 3500 6100 

 Averages 4 980 6 860 5 680 3 540 6 140 5 560 

  

     

  

% AFB1 ZEA OTA FB1 DON T-2 

All Six 100.0 100.0 100.0 100.0 100.0 100.0 

AFB1 

 

101.4 100.0 108.6 100.0 101.8 

ZEA 94.1 

 

94.8 94.3 93.5 93.0 

OTA 100.0 101.4 

 

105.7 101.6 100.0 

FB1 100.0 100.0 100.0 

 

101.6 100.0 

DON 96.1 91.4 96.6 97.1 

 

93.0 

T-2 98.0 95.7 98.3 100.0 98.4 

 Averages 97.6 98.0 97.9 101.1 99.0 97.5 

Table 7: Matrix interference values are measured and tabled with all six-mycotoxin assays. In 

each row represents one of the six mycotoxins as absent (blank column as indicated). All values 

are at zero concentration measured in MFI. All data was collected reading standard curve at 

zero mycotoxin concentration. 
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6.3. Assay validation protocol with spiking experiments and parallel 

statistics (BA), to eliminate matrix effects related to multiplex 

immunoassay 

Assay validation protocols require analysis of test samples of known mycotoxin 

composition. Validation of a six-plexed mycotoxin kit requires a series of samples 

containing combinations of mycotoxin concentrations that overlaps the range of 

quantification. The range is defined by the upper and lower limits of quantification 

(ULOQ and LLOQ, respectively), which are typically the highest and lowest points on 

standard curves. Unfortunately, a series of naturally contaminated reference materials 

(RMs) were unavailable at the time of this study. Therefore, this validation was 

performed with spiking; a known amount of mycotoxin was added to a sample. By 

adding a finite amount of standard, the concentration in the extracts was increased by a 

known amount. There is always an added risk of increasing interference within assay 

system that includes single extraction step for poly-mycotoxins. This risk is further 

accentuated when involving specimens in various stages of processing. Extraction was 

performed the same way as previously described (Czeh et al., 2012). Spiking was 

performed after extraction by adding to the 25 times diluted grain extraction an RM 

grade mycotoxin at a concentration identical to the maximum concentration on the 

standard curve. The RM’s are pure mycotoxin standards usually lyophilized or they are 

prepared in organic/aqueous solutions as working solutions ready to be used. Both the 

spiked and un-spiked analytes were analysed (Barna-Vetro et al., 2000; Lee et al., 

2004). To avoid this possible source of interference, the unprocessed grain selected for 

spiking is from a stock that has been previously tested using the reference method 

(RM). Additional experiments were included to prove that matrix effects were 

eliminated see Table 4. Figure 14 illustrates how spike recovery for wheat and pea were 

contained below the critical maximum acceptable limits “M”.  
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Figure 14: Wheat and pea spiking recovery experiments for all six mycotoxins. 

The histograms in Figure 14 illustrate the situation with six-plexed mycotoxins where 

two different types of grains are assayed (wheat and pea). For validation purposes, they 

were spiked and mycotoxin recoveries were performed. Two concentrations were 

selected around the critical maximum permitted concentration levels for spiking. “M” 

letters indicate maximum tolerated level of mycotoxin contaminations. The numbers left 

and right of “M” represent the selected concentration range for each spiking 

experiments.  The horizontal space between broken lines A and B represents the zone of 

acceptable concentration of mycotoxins according to EU regulations based on the most 

conservative limits. As Figure 14 indicates, recovery results were acceptable for all 

mycotoxins. Recoveries were between 80 to 110%. An additional experiment was 

devised to illustrate how well the recovery works with both, wheat and pea specimens, 

see Figure 14. When seven different types of grains were assayed, all of them retained 

values below the acceptable background limit see Figure 12. Also zero concentrations 

from each standard curve remained relatively constant as one mycotoxin at-a-time was 

removed from the six-plexed system see Table 7.  

Section 6.3 describes the validation strategy of the six-plexed mycotoxin assay 

platform. It is divided into four sections: (1) overview of the definitions and the 

principles of the validation process, (2) assay sensitivities and detection limits, (3) intra- 

and inter-assay variation, and (4) poly-mycotoxin detection. 
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6.3.1. Definitions associated with assay validation  

Known amount of mycotoxin standards were added to wheat extract samples. They 

served as matrix spikes (MS). The spiked samples were used for testing sensitivity, limit 

of detection and the intra- and inter-assay variation. 

 

Table 8: Assay ranges and acceptable levels of mycotoxin contaminants in foodstuff. *Official 

Journal of the European Union, COMISSION REGULATION (EC) No. 1881/2006 of December 

2006 Setting maximum levels for certain contaminants in foodstuff  

6.3.2. Assay sensitivities and detection limits 

It was important to arrange all the standard concentration dynamics to position them on 

the standard curve away from limit of detection. This relationship is disclosed in Table 

8.  It lists all six mycotoxins and their corresponding regulatory limits expressed in 

μg/kg. In Table 9, sensitivity values for three different concentrations from all six 

mycotoxins were determined. The theoretical limit of detection was calculated by 

evaluating the estimate result of the average MFI of the spiked sample. 

 

 

 

 

 

µg/kg ng/ml µg/kg ng/ml µg/kg ng/ml µg/kg ng/ml µg/kg ng/ml µg/kg ng/ml

Std 1:1 48,00 0,64 48,00 0,64 1200,00 16,00 6000,00 80,00 6000,00 100,00 2400,00 32,00

Std 1:2 24,00 0,32 24,00 0,32 600,00 8,00 3000,00 40,00 3000,00 50,00 1200,00 16,00

Std 1:4 12,00 0,16 12,00 0,16 300,00 4,00 1500,00 20,00 1500,00 25,00 600,00 8,00

Std 1:8 6,00 0,08 6,00 0,08 150,00 2,00 750,00 10,00 750,00 12,50 300,00 4,00

Std 1:16 3,00 0,04 3,00 0,04 75,00 1,00 375,00 5,00 375,00 6,25 150,00 2,00

Std 1:32 1,50 0,02 1,50 0,02 37,50 0,50 187,50 2,50 187,50 3,13 75,00 1,00

Std 1:64 0,75 0,01 0,75 0,01 18,75 0,25 93,75 1,25 93,75 1,56 37,50 0,50

Std 0 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00

*Regulatory 

limits
2 5 100

2000-

4000
1750 300

Aflatoxin B1 Ocratoxin A Zearalenone Fumonisin B1 Deoxynivalenol T2 toxin
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Mycotoxin 

Standard spike 

concentration 

pg/ml 

Maximum 

Limits 

(pg/ml) 

Sensitivity 

(pg/ml) 
% 

Aflatoxin B1 

320 

27 

73 23 

80 8 11 

20 8 41 

Zearalenone 

8000 

1333 

1 071 13 

2000 193 10 

500 230 46 

Ochratoxin A 

320 

67 

40 13 

80 6 7 

20 6 30 

Fumonisin B1 

40000 

26667 

7 871 2 

10000 3 173 32 

2500 823 33 

DON 

50000 

23333 

9 536 19 

12500 1 368 11 

3125 687 22 

T-2 toxin 

16000 

4000 

2 358 15 

4000 588 15 

1000 313 31 

Table 9: Typical sensitivity values for all six mycotoxins. Sensitivity: The theoretical limit of 

detection was determined by evaluating the estimate result of the average MFI of the spiked 

sample - 2 standard deviations. 

The limit of detection (LOD) concentration for all the 6 measurements was calculated as 

the concentration corresponding to the MFI = MFI of 0 standard point – 2 x SDNL 

where SDNL equals the standard deviation of the MFI from the blank sample. LOD was 

measured by analyzing the extract of a blank sample in triplicates and a standard curve 

with 5 points, repeated 6 times. The average of the 6 individually calculated 

concentrations gave LOD values shown in Table 10. 
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Mycotoxin 
Median 

Fluorescence 

Standard 

Deviation 
CV % 

LOD 

 (pg/ml) 

LOD 

 (g/kg) 

Aflatoxin B1 598 28.15 4.71 1.6 0.12 

Ochratoxin A 1124 55.93 4.97 21.73 1.63 

Fumonisin B1 1233 76.12 6.17 611.33 45.85 

T-2 toxin 976 51.67 5.30 433.33 32.50 

Zearalenone 948 37.99 4.01 25.20 1.89 

DON 773 19.55 2.53 1170.80 87.80 

Table 10: Typical LOD values for all six mycotoxins. LOD: The theoretical limit of detection 

was determined by evaluating the estimate result of the average MFI of the negative control (0 

pg/ml, n=26) - 3 standard deviations. 

6.3.3. CFIA’s intra- and inter-assay variation 

Standard deviation values of statistically relevant numbers of inter- and intra assay 

measurements have been performed 

Mycotoxin 

Standard spike 

concentration 

(pg/ml) 

Actual Mean 

Concentration 

(pg/ml) 

Standard 

Deviation 
% CV 

*CRITERIA, 

%CV 

Aflatoxin B1 

320 322.24 25.94 8.05 

- 80 86.14 6.34 7.36 

20 25.65 2.77 10.8 

Ochratoxin A 

320 312.58 16.59 5.31 

≤20 80 85.36 6.82 7.99 

20 25.58 1.96 7.67 

Fumonisin B1 

40000 37581.25 2689.99 7.16 

≤30 10000 10259.31 632.13 6.16 

2500 2938.16 257.29 8.76 

T-2 toxin 

16000 17334.39 1161.53 6.70 

≤30 4000 4510.87 356.67 7.91 

1000 1293.02 78.41 6.06 

Zearalenone 

8000 8298.62 611.84 7.37 
≤25 

2000 2310.93 175.33 7.59 

500 658.5 39.46 5.99 ≤40 

DON 

50000 48672.32 2282.74 4.69 

≤20 12500 11298.27 678.58 6.00 

3125 2904.82 326.88 11.25 

Table 11: Typical Intra-assay values for all six mycotoxins.  

Eleven replicates of each of three different levels of AB1, OTA, FB1, T-2, ZEA and DON  were 

tested. * Official Journal of the European Union, COMISSION REGULATION (EC) No. 

1881/2006 of December 2006 Setting maximum levels for certain contaminants in foodstuff. 
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The summary of standardized measurements is presented in Table 11 and Table 12. 

Mycotoxin 

Standard spike 

concentration 

(pg/ml) 

Observed in 

given matrix 

(pg/ml) 

Standard 

Deviation 
% CV 

*CRITERIA, 
%CV 

Aflatoxin B1 

320 338.38 38.10 11.26 

- 80 88.32 10.83 12.27 

20 25.99 6.15 23.64 

Ochratoxin A 

320 304.42 36.65 12.04 

≤30 80 85.24 7.77 9.12 

20 25.07 5.45 21.72 

Fumonisin B1 

40000 40405.91 3389.92 8.39 

≤60 10000 11113.17 1216.02 10.94 

2500 3157.43 573.03 18.15 

T-2 toxin 

16000 17384.3 1581.44 9.10 

≤50 4000 4425.62 377.83 8.54 

1000 1305.92 126.10 9.66 

Zearalenone 

8000 8327.80 900.28 10.81 
≤40 

2000 2216.96 268.75 12.12 

500 492.11 138.65 28.17 ≤50 

DON 

50000 48759.35 4895.38 10.04 

≤40 12500 12696.65 1295.83 10.20 

3125 3502.46 708.22 20.22 

Table 12: Typical Inter-assay values for all six mycotoxins.  

Seven replicates of each of three different levels of AB1, OTA, FB1, T-2, ZEA and DON were 

tested in three experiments conducted by different operators. * Official Journal of the European 

Union, COMISSION REGULATION (EC) No. 1881/2006 of December 2006 Setting maximum 

levels for certain contaminants in foodstuff 
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Mycotoxin Matrix 

Standard spike 

concentration 

(pg/ml) 

Observed in 

given matrix 

(pg/ml) 

% CV 
% 

Recovery 

*CRITERIA 

- % 

Recovery 

Aflatoxin 

B1 

wheat 

(n=7) 

320 329.51 11.22 103 80-110 

80 76.31 5.62 95 70-110 

20 20.50 18.66 103 70-110 

Ochratoxin 

A 

320 266.18 7.81 83 - 

80 80.15 3.60 100 70-110 

20 18.98 15.67 95 70-110 

Fumonisin 

B1 

40000 40763.76 9.29 102 70-120 

10000 11722.02 15.36 117 70-120 

2500 2793.70 15.03 112 60-120 

T-2 toxin 

16000 16623.06 8.03 104 60-130 

4000 4099.09 5.85 103 60-130 

1000 1222.81 12.22 122 60-130 

Zearalenone 

8000 7549.98 8.16 94 70-120 

2000 1889.47 6.83 94 70-120 

500 402.95 27.70 81 60-120 

DON 

50000 43390.32 6.22 87 70-120 

12500 12962.22 6.61 104 70-120 

3125 3262.98 14.12 104 60-120 

Table 13: Typical recovery values for all six mycotoxins.  

* Official Journal of the European Union, COMISSION REGULATION (EC) No. 1881/2006 of 

December 2006 Setting maximum levels for certain contaminants in foodstuff 

6.3.4. Poly-mycotoxin detection 

Simultaneous poly-mycotoxin mycotoxin detection is the primary objective of 

multiplexed CFIA detecting up to six mycotoxins simultaneously from a single grain 

specimen. 
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Mycotoxin 
Median 

Fluorescence 

CV 

% 

LOD (µg/kg) 
∆ (x) 

Limits* 

(µg/kg) CFIA   ELISA 

Aflatoxin B1 4177 1.7 0.12 1.00 8.3 2 

Ochratoxin A 3866 1.6 1.63 5.00 3.1 5 

Fumonisin B1 2278 2.0 45.85 222.00 4.8 2000 

T-2 toxin 4511 2.4 32.50 35.00 1.1 300 

Zearalenone 5113 2.3 1.89 10.00 5.3 100 

DON 4598 2.2 87.80 200.00 2.3 1750 

Table 14: Comparison of limit of detection for CFIA and ELISA for 6 mycotoxins  

*Limits are the maximum permitted mycotoxin concentrations permitted by the EEC 315/93 and 

Commission Regulation (EC) No 1881/2006 in Europe. 

While all ELISA results surpassed minimum EU sensitivity requirements (European 

Commission, 2006), they are inferior when compared with CFIA (see LOD columns in 

Table 14). When assay results were compared, sensitivity of the CFIA exceeded ELISA 

performance by 50% for all six mycotoxins combined. The average matrix interference 

was 452 units MFI. The smallest increment of improvement was 1.1 times this was 

achieved with T-2. The best performance improvement was at 8.3 times with aflatoxin 

B1. For all assays the coefficient of variation, CV%, remained under 2.5 %. The 

immune response enhancing step improved the performance of MAbs coupling to 

mycotoxins (Table 14). A series of experiments were performed to provide evidence 

that the observed small matrix effects do not generate false positive results. This is a 

critical advantage provided by the multiplexed system, which is dealing with up to six 

mycotoxins simultaneously. The enhanced sensitivity of CFIA extends system 

flexibility to integrate dilution if required. In some special conditions, in order to 

resolve excessive matrix interference, when required, dilution can be added to the 

protocol. The elimination of masking effect was further supported by alternative 

examinations using immune-affinity columns (IAC) and HPLC. All recovery results 

were within limits set by the EU authority (European Commission, 2006). Results 

presented here illustrate that the assay system is robust; it is able to recover mycotoxins 

from spiked specimens at critical concentrations with precision that exceeds ELISA 

performance (Table 14). It is important to note that a large percentage of ‘in-the-field 

mycotoxin testing’ is performed with ELISA and the side-by-side comparison 

demonstrated that CFIA is a superior assay system (Table 14). The protocols with 

spiked grain illustrated some additional unique benefits. With freshly spiked grain 
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previously free of toxins, some subsequent complications are avoided such as the 

possible effect of poly-mycotoxin contaminated stock. It is conceivable that naturally 

contaminated stock may contain metabolic derivatives including toxin products that 

would be unexpectedly recovered with the extraction process (Sulyok et al., 2006). With 

the new reality of frequent occurrences of poly-mycotoxin contamination, ELISA 

becomes an inappropriate choice in terms of cost, time investment and the potential risk 

of reporting false negative results (Krska and Molinelli, 2007; Sulyok et al., 2007). 

There is further evidence that some specific fungus can release different mycotoxins at 

different point in time during shipping and/or storage (Speijers and Speijers, 2004). 

Multiplexed poly-mycotoxin platform may meet the recently identified additional 

challenges faced by the global food industry. New affordable assays must exceed all 

current practices in terms of reliability, comparability and traceability to secure the 

quality of global food market (Czeh et al., 2012). In the future, extended evaluations are 

necessary for a comprehensive global multiplexed kit validation. It is likely that by the 

end of the second decade in the 21
st
 century, flow cytometry based platform will have a 

significant impact on food safety to protect public health on a global scale. The 

integrated multiplexed platform represented by CFIA will help to avoid false negative 

results that are virtually undetectable by current single ELISA assays. As CFIA is 

potentially a high throughput assay platform, it will certainly contribute to quality 

management of mycotoxin elimination in food/feed on the global scale by low cost 

screening of large numbers of samples in a short time.  

6.4. Fluorescence detection synchronization across seven instruments 

Traditionally, most FC manufacturers provide special reagent to support quantitative 

fluorescent measurement calibration. However, such strategy dose not supports 

consistent quantitative protein/analyte measurement across various instrument makes 

and models. For multiplexed immunoassay involving several different FC’s, the 

calibration strategy for fluorescence reporter molecule signal must be instrument 

independently adjustable. 

6.4.1. Instrument independent cross calibration (IICC) 

The results from the cross calibration also indicated the need to adjust for significant 

variations between optical detection solutions among different flow cytometers. 

Instrumental variations and differences are listed in Table 15. PE labeled BD 
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QuantiBRITE™ microspheres served as calibration standard (Schwartz et al., 1996). 

The use of one calibration microfluorosphere system for all seven instruments permitted 

instrument independent fluorescence intensity cross calibration. Column I lists the four 

intensities of QuantiBRITE
TM

 PE microfluorospheres. Column II lists average amounts 

of PE molecules expressed on the four populations per microfluorospheres (data from 

manufacturer) (Figure 14). In columns A to G, all values are given in MFI as calculated 

with post-acquisition software. On Accuri and Luminex100, PMT’s gain adjustments 

were locked for blue and green lasers, respectively; therefore, the values for those two 

instruments differ from the others. 

QuantiBRITETM PE  

microfluorospheres 
Evaluated Instruments  

I II A 

Accuri 

B 

Array 

C 

Calibur 

D 

FC500 

E 

Guava 

F 

Luminex100 

G 

Partec 

Low 474 522.00 14.39 18.60 18.77 20.17 19.17 21.00 

Med-Low 5359 6133.00 183.52 196.32 209.08 198.1 198.05 238.74 

Med-High 23843 26374.00 802.23 881.68 905.80 913.98 689.14 1038.97 

High 62336 73598.00 2187.06 2267.09 2436.23 2502.87 1476.78 2744.58 

Table 16: QuantiBRITE
TM

 PE with four fluorescence intensity values for instrument evaluation.  

Significant diversity manifests among average residual percentages, coefficient of 

response, log decades, and zero/maximum channel settings. Spectrally matched 

microfluorosphere reference standards adjust for above listed variations. 

Microfluorosphere populations with standard PE concentration are fixed to a channel 

number using a common reporting scale. Performance parameters at zero and maximum 

channel values are summarized in Table 17. 

 Performance Parameters Evaluated Instruments  

  Accuri Array Calibur FC500 Guava Luminex100 Partec 

1 Average Residual Percent 0.5 2.0 1.0 2.2 5.5 2.1 0.6 

2 Coefficient of Response 35.9 65.9 63.4 63.5 63.0 56.9 64.1 

3 Dynamic Range in Log Decades 7.1 3.9 4.0 4.0 4.0 4.5 4.0 

4 Zero Channel Value 1 31 24 25 23 45 23 

5 Maximum Channel Value 13713627 234418 266281 263879 267007 1423786 227193 

Table 17. IICC-based primary performance parameters for all instruments.  

Numerical values corresponding to the linear equations are shown on Figure 20. With IICC 

protocol implemented, it was possible to collect calibrated primary performance statistics. 

Critical performance parameters include; Row 1: average residual (it varied between 0.5 and 

5.5%), Row 2: coefficient of response varied between instruments (35.9 and 65.9), Row 3: the 

log range variation was remarkably wide (3.9–7.1), Row 4: zero value settings were between 1 

and 45, Row 5: maximum channel values were also diverse. 
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They were all calculated from regression equations. The average residual percent is the 

mean of the difference in absolute percentage as the line differs from the actual data 

points. Coefficient of response is the slope of the regression line. The dynamic range is 

the ratio of channel numbers and the coefficient of response. Zero channel value is the 

intercept on the x-axis. The maximum channel value can be calculated at the y point = 

256, using the equation related to intercept on the line.  

 

Figure 15: Cross-calibration curves obtained with the IICC method using QuantiBRITE. 

Fluorescent intensity versus the PE molecules per QuantiBRITE PE microfluorospheres are 

shown. 

The fluorescence detection results support the principle of an instrument independent 

calibration environment with the freedom to select any of the b-FC available for CFIA. 

To achieve inter-instrument comparability, the laser for the reporter MAb’s 

fluorescence emission was cross-calibrated across the seven instruments. Comparability 

of standard curves among instruments was achieved only for five out of the seven 

instruments. The cross-calibration for all seven instruments is illustrated on Figure 15. 

Where with IICC, using QuantiBRITE fluorescent intensity the equations are not 

synchronous for Guava and Accuri b-FC’s. Manual adjustment for gain on the laser 

exciting the reporter molecule was unavailable for instruments Accuri and Luminex100. 

However Figure 16 illustrates the overall standard curve conformity among the seven b-

FC’s. 
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Figure 16: AFB1 Mycotoxin standard curves with 256 chanel scale conversion with all 

instruments. 

The MFI value of AFB1 mycotoxin concentration slopes was standardized with a 256-

channel scale conversion. Accuri has over 7 logs compared to FACSArray or Guava 

with 3.9 and 4.2 range logs respectively. The mycotoxin concentration values are: 0.75, 

1.5, 3.0, 6.0, 12.0 and 24.0 g/kg representing standards 1 to 6 respectively. The seven 

instruments are split into two groups only to improve graphical legibility. Performance 

characteristic variations among instruments are listed in Table 17. When using a blue 

laser, there is an additional requirement for adjusting fluorescence signals to eliminate 

spectral overflow. It is the impact of RAMAN scatter shift, which is observed with 488 

nm laser emission in all aqueous solutions. It is accomplished by adjusting the gain to 

increase the PE signal above 50% intensity level on the relative mean fluorescent scale. 

Table 18 lists the strength of agreement statistics for six instruments when compared to 

the predicate b-FC. With Accuri and Guava instruments OTA slopes and intercepts 

results were outliers. 
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 Mycotoxins Instruments  

   Accuri Array Calibur FC500 Guava Partec 

1 
AB1 

intercept 0.81 0.13 0.29 0.36 0.24 0.19 

2 slope 0.80 0.68 0.72 0.75 0.77 0.99 

3 
OTA 

intercept 0.01 0.12 0.77 0.06 0.01 0.62 

4 slope 0.04 0.07 0.99 0.05 0.01 0.29 

5 
T-2 

intercept 0.08 0.07 0.09 0.11 0.07 0.30 

6 slope 0.37 0.47 0.52 0.87 0.29 0.84 

7 
ZEA 

intercept 0.90 0.81 0.22 0.83 0.07 0.59 

8 slope 0.51 0.50 0.31 0.72 0.65 0.33 

9 
FB1 

intercept 0.38 0.84 0.91 0.25 0.53 0.57 

10 slope 0.52 0.72 0.75 0.75 0.38 0.64 

11 
DON 

intercept 0.12 0.09 0.85 0.56 0.05 0.63 

12 slope 0.38 0.12 0.65 0.70 0.78 0.73 

Table 18: Displays paired Bland-Altman bias plot evaluation for six instruments compared to 

predicate method (Luminex 100). 

The impact of instrument independent cross-calibration with respect to the dynamic 

variation in reporter molecule’s log fluorescence range is illustrated in Figure 16. 

Instruments Accuri and Luminex100, have different intensity slope-characteristics, see 

Figure 17.  

 

Figure 17: Instrument Independent Calibration with QuantiBRITE™ microfluorospheres 

In the case of Accuri and Luminex100 the gains adjustment for PMT’s were locked 

with acquisition software, therefore manual optimization was not possible. Please note 

that the overall performance of Accuri and Luminex100 were consistent with the other 

instruments for all four QB concentrations. These are the same instruments where there 

were problems with OTA detection as well. Mycotoxin AFB1 was selected as a 

representative mycotoxin to illustrate combined percentage reduction linear response for 

six concentration levels for all seven instruments, see Figure 18. Again, the instruments 
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are split into two groups in Figure 16, Figure 17 and Figure 18 to improve graphical 

legibility. 

 

Figure 18: Combined percentage AFB1 reduction for seven instruments. 

With CFIA the MAb concentrations increase as B/B0 % diminished. There are 

differences in performance between instruments based on relative log scale 

compression. The concentration values are: 0.75, 1.5, 3.0, 6.0, 12.0 and 24.0 g/kg 

representing standards 1 to 6 respectively. The impact of instrument independent cross-

calibration with respect to the dynamic variation in reporter molecule’s log fluorescence 

range is illustrated in Figure 18. 

6.4.2. Strength of agreement between instruments 

Since certified reference materials were unavailable for all six mycotoxins, it was not 

possible to establish which instrument(s) come the closest measuring certified reference 

values. Yet, it is critical to demonstrate that the results are in close agreement when 

compared to the “reference” instrument. A statistical protocol was used to test strength 

of agreement between instruments. In this study, two instruments, which were designed 

by the respective manufacturer to be used for multiplexed assays were both considered 

as reference instruments (one at a time). Strength of agreement assessments were 

previously published (Czeh et al., 2013). 

6.4.3. Evaluation of seven different b-FC’s 

Over the past 20 years, both the overall dimension and energy requirements for flow 

cytometers have significantly decreased. Most clinical flow cytometers are compact and 

many of them are designed for bench-top application. A comprehensive universal 
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protocol was designed to address challenges posed by the wide functional diversity 

among the seven b-FC’s selected see Table 15. The universal protocol has four 

components: (a) unified analytical section, (b) instrument independent cross calibration 

(IICC) to manage fluorescent signal amplification diversity while using factory supplied 

acquisition software, (c) assessment of the strength of agreement among seven 

instruments (d) post-acquisition customized software; to integrate seamlessly data 

generated by a variety of instruments using a single reporting format. To summarize the 

sequential and integral steps, which chronologically links the four components to make 

the system function as a platform. See workflow chart, Figure 19.   

 

Figure 19: The sequence from unified extraction to post acquisition data collection for CFIA. 

A workflow chart signifies the single extraction step as the first of the four components 

of the evaluation. Figure 19.1 refers to the unified extraction procedure. Figure 19.2 

covers the two elements: they are 19.2.A and 19.2.B descriptions of the kit used and the 

calibration beads for IICC respectively. Figure 19.3 refers to post-acquisition software. 

Diversity among flow cytometers 

There are considerable differences between various makes of b-FC’s. Some have analog 

and others digital signal processing. The number and type of lasers onboard can also 

vary those instruments that are capable of analyzing both cells and microfluorospheres 

are called hybrid b-FC’s. Essential instrument specifications with more comprehensive 

list of technical differences for b-FC’s are summarized in Table 15. 
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Features  

Instruments 

1 Instrument Code Accuri Array Calibur FC500 Guava Luminex100 Partec 

2 Brand/Name 

BD 

Accuri™ 

C6 

BD 

FACSArray™ 

Bioanalyzer 

BD 

FACSCalibur™ 

Beckman-Coulter 

FC-500  

Analyzer 

 

Guava®  

Personal 

Cell Analysis 

(PCA) System 

Luminex® 

100™ System 

PartecCyFlow® 

Space 

3 
Acquisition 

Software 

BD Accuri 

C6  

BD FACS 

Array™ 
CellQuest™ Pro CXP 

Guava 

Express® 

Pro 

Luminex 100 

IS 2.3  

Windows™FloMax® 

2.60 

4 
Analysis Capacity 

(beads, cells or 

hybrid )  

hybrid hybrid hybrid hybrid cells beads hybrid 

5 

Signal Processing 

(digital or 

analogue) 

digital digital analog digital digital digital digital 

6 

Laser 

Configuration 

(green/red, green 

or blue/red) 

blue/red green/red blue/red blue/red green green/red blue/red 

7 
Laser 

/Wavelength 
488/640 532/635 488/635  488/635  532 532/635 488/638 

8 Log scale Range 7.14 3.88 4.00 4.02 4.15 4.50 3.99 

9 
List-Mode File  

(standard or 

modified) 

standard standard standard standard standard modified standard 

10 

Fluidics 

(hdf, peristaltic, or 

capillary) 

peristaltic hdf hdf hdf capillary hdf hdf 

11 

Sample Processing 

(manual or 

automated)  

automated automated manual automated manual automated manual 

Table 15: Salient features of b-FC’s were evaluated. Available features on all b-FC’s used in the 

study. To simplify the description of instruments throughout the report, b-FC codes are 

introduced in row 1.  

While all instruments work with microspheres, Luminex100 is sold exclusively for 

microfluorosphere assays and instrument Guava was developed primarily for cell 

analysis. All other instruments included are designed for either type of assays, hence the 

description “hybrid” instrument is used. Most FC’s are manufactured with digital signal 

processing chips; however Calibur has analog signal processor, see row 5 in Table 15. 

For reporter molecule fluorescence emission detection, two out of the seven instruments 

used green and the rest used blue laser. Laser configuration was a significant variable: 

instrument Guava had only a single laser, while FACSArray and Luminex100 had 

green/red laser combination, all others equipped with blue/red lasers (row 6). Laser 

emissions are listed in row 7. Unlike in most immunophenotyping applications, where 

fluorescence is reported in relative intensity units, data generated with multiplexed 

assays are always in mass units of bound MAb’s. Therefore, it was important to 
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eliminate variations specific to excitation wavelength. Argon-ion lasers with 488 nm 

wavelengths are the most popular installations on clinical and research FC’s. Data for 

log scale dynamic ranges were compiled from sources provided by manufacturers or 

calculated as described in the method section in row 8. There are well established 

standards for list mode file structure; however as instrument Luminex100 was not 

designed for cell analysis, therefore to read the Luminex100 list-mode files some 

modification was required (see row 9). Traditional flow cytometers use hydrodynamic 

focusing (Hdf), however there are other options available such as peristaltic and 

capillary action for fluid transport, see Accuri and Guava instruments respectively (row 

10). Most instruments can be equipped with automated sample processing front-end, 

however instruments Calibur, Guava, and Partec were without such device see row 11. 

Throughout the study a FACSArray with onboard acquisition software (both from BD 

Biosciences, Belgium) was used.  It is a hybrid instrument developed to analyze both 

suspended cells and microfluorospheres. The system has two lasers onboard (green: 532 

nm, and red: 635 nm), detects two scatter signals and four fluorescence signals (yellow, 

red, far-red, and near-infrared). For CFIA, a dual red-color classification display setup 

was used to identify 6 different microfluorospheres representing 6 specific mycotoxin 

clusters in Cartesian space, see Figure 20. The instrument reads PE fluorescence (570 

nm) with the green laser from reporter molecules. For automated sample handling, a 

built-in 96-well plate loader was used. 

 

Figure 20: Two dimensional dot plot display on the FACSArray
TM

 for six mycotoxins. 
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6.4.4. Unified analytical performance 

Based on results tabulated in Table 18, the unified extraction protocol was delivering 

correct mycotoxin concentrations in most instances. Table 18. displays paired Bland-

Altman evaluation for six instruments compared to predicate method Luminex100; with 

a summary of slope and intercept data (pIntercept: ≥0.05; pslope: ≥0.05). There are two 

shaded rectangles highlighting situations where the agreement was statistically weak in 

row 3 and 4. In both instances it was with mycotoxin OTA. Instrument Accuri had 

locked gain adjustment for the photomultiplier tubes (PMT). Instrument Guava was the 

only flow cytometer in the evaluation equipped with single laser. It is clear that OTA 

extraction was problematic as seen with instrument Accuri and Guava. Aside from 

mycotoxin OTA; all other toxins were detected with acceptable extraction efficacy for 

all seven instruments. 

6.4.5. Assessment of strength of agreement among seven instruments 

For cross calibration purposes in multi instrument evaluations, to provide optimal 

objectivity, the use of certified reference material (CRM) would be ideal. Unfortunately 

they unavailable for all six mycotoxins. Additional arrangements were necessary; a 

predicate instrument was compared to each candidate instruments. Throughout the 

evaluation, Bland-Altman strength of agreement statistics were implemented. Figure 17 

illustrates instrument independent cross calibration with channel positions for 

QuantiBRITE. There are individual histograms for all seven instruments. Figure 21 

displays the bias plots for six paired instruments evaluated against the predicate flow 

cytometer. 
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Figure 21:  Bland-Altman bias plot agreements between instrument Luminex100 and the other 

six instrument. 

Figure 21 illustrates value distribution obtained with mycotoxin AFB1. The multiplexed 

assay was six-plexed, however to conserve space, only one of the six mycotoxins was 

selected for graphical representation. The bias plots presented were generated with three 

sets of experiments. Table 19 outlines the pairing protocol used for the evaluation.  
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Instrument Code Instrument Code 

 Accuri Array Calibur FC500 Guava Luminex100 Partec 

 Accuri - OK OK OK OK OK OK 

Array OK - OK OK OK OK OK 

Calibur OK OK - OK OK OK OK 

FC500 OK OK OK - OK OK OK 

Guava OK OK OK OK - OK OK 

Luminex100 OK OK OK OK OK - OK 

Partec OK OK OK OK OK OK - 

Table 19: Bland-Altman bias plot agreement pairing for all instruments for AFB1. 

The data displayed in Table 18 indicates strong agreement between instruments. The 

two shaded rectangular boxes contain the only two statistically weak data sets for the 

entire evaluation. They indicate that instruments Accuri and Guava failed in rows 3 and 

4 respectively measuring OTA. Please note that on Accuri, manual green channel gain 

adjustment was unavailable and instrument Guava was the only single laser system in 

the evaluation. These were two situations where the IICC protocol adjustments failed. 

Also, the OTA standard curve had the least linear slope for the six-concentration range 

(Figure 23.E). The relationship between the two predicate methods in the evaluation is 

characterized in Figure 22. It is clear that there are some differences between 

instruments.  

  

Figure 22: Bland-Altman bias plot agreement between the two predicate methods. 

The plot represents the mean values collected from three sets of experiments. In this 

case FACSArray was compared to Luminex100. It is clear that there are some 
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performance differences between instruments; however, there is acceptable strength of 

agreement as all values are within 2 standard deviations (SD). Concerns with reliability 

of mycotoxin quantitation are at low-end concentrations where the critical cut-off points 

are. If a specimen is above acceptable maximum concentration, the contaminated grain 

is rejected. At low concentrations p values ≥ 0.05 for slope and intercept were obtained 

with two already noted exceptions, see Table 18. While there are some differences 

between bias plot characteristics between Phase 1 and Phase 2, the results with either 

predicate method yielded acceptable agreements, see Figure 22. After completion of 

Phase 1 and 2, as outlined in Figure 19.4.1, workflow for statistics are calculated as 

indicated in Figure 19.4.2. Figure 22 indicated a horizontal line that represents a mean 

bias (Mean) of 4.3.  It is apparent that there are bias differences between FACSArray 

and Luminex100, however it seems that the bias remains constant with increasing 

mycotoxin concentrations. In Figure 21 the x-axis represents B/B0%, the horizontal 

lines (y) are the mean difference. The width of the line is limited to the mean difference 

± 2 SD.  

6.4.6. Post-acquisition software and multiplexed platform management 

The post-acquisition software has the capacity to rapidly process all data for up to six 

mycotoxins. In addition to assigning appropriate fluorescent log scale ranges for each 

set of reporter molecules, it is equally effective at identifying suitable concentration 

scale for each mycotoxin standard curve (Figure 6). To effectively manage significant 

dynamic mycotoxin concentration differences, flexible, customized software is 

preferable when acceptable concentration limits exceeds a span of 100 ng units. The 

specifically designed software provides automatic adjustments for graphical 

representation. With dedicated software it is possible to auto-locate characteristic 

dynamic ranges for each of the six mycotoxin standard curves. A sigmoidal curve with 

an initial flat line is characteristic for a competitive immunoassay, as illustrated with 8 

concentration points in Figure 4 for T-2.  The software generates a seven point standard 

curve to read the entire unknown specimen concentration range. Such representative 

standard curves for all six mycotoxins are displayed in Figure 5. In each case, the 

software automatically selected the best fitting curve for a given mycotoxin assay. The 

equations are selected to generate the most accurate and simple to interpret graphical 

representation for all standard curves. From the results depicted in Figure 14, it is clear 

that the MFI values remain between limits A and B for all six mycotoxins. All values 
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obtained fell between the limits and none of the MFI values were above the zero 

standard.  

 Software Features Mycotoxins Measured 
 

 AB1 OTA FB1 T-2 ZEA DON 

1 Indication of EU legal limits (g/kg) 2 5 1400 300 100 1250 

2 Optional local or national  limits* feasible feasible feasible feasible feasible feasible 

3 Child/adult/animal use       

4 Plotted points on standard curves  6 6 6 6 6 6 

5 Restriction of mycotoxins # in kit no no no no no no 

6 Identification of available log scale yes yes yes yes yes yes 

Table 20: Post-acquisition software for multiplexed poly-mycotoxin assay management. 

Some novel features were included in post-acquisition software; they are listed in Table 

20. For a specific region or country the acceptable and/or legal mycotoxin limits can be 

added including relevant reference. The post-acquisition software can also 

accommodate adjustments to as many points the kit manufacturer requires to generate 

standard curve. In this evaluation 6 points were used; see Figure 5. The third row in 

Table 20 specifies application or intended use. It can be adjusted to animal feed or 

human food (children or adult), as maximum toxin level limitations may differ. The 

software also recognizes which mycotoxins were included in a specific poly-mycotoxin 

panel. Once recognizing all included toxins, it applies the suitable dynamic scale for the 

calculations see Table 15. The software is designed for universal flow cytometry file 

analysis, to provide rapid results simultaneously that are easy to interpret from one or up 

to six mycotoxins. It automatically selects a display window with the appropriate 

dynamic range for the specific mycotoxins being analyzed. 

6.5. Special Post-acquisition software: the architecture to support 

MycoEpi 

Because it functions in an unobtrusive and transparent manner the results demonstrate 

how effective it is without further explanation. Several novel features were included in 

the post-acquisition software; they are listed in Table 20. The software can also 

accommodate adjustments for standard curve generation. There is an option to add 

applicable EU maximum permitted mycotoxin units in row 1. Because bio-transfers to 

humans are reported more frequently, the permitted limits are included in Table 20. In 

row 2, it is possible to add region or country specific acceptable and/or legal mycotoxin 

limits. In row 3, intended kit application can be specified. The software allow for 
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adjustments   for animal feed or human food (children or adult).  It can be adjusted for 

maximum toxin limits as regulations may change in the future. Row 4: is designed to 

accommodate the number of points used to generate standard curves. Row 5: identifies 

which mycotoxins were included in that specific multiplexed assay. The last row 

indicates the dynamic fluorescence detection range available on the b-FC in use. In this 

evaluation, 6 points are used for standard curves; see Figure 23, graphs 23.A to 23.F.  

 

Figure 23: Software selected multiplexed standard cures using six concentration points with 

Luminex100. 

Figure 23 displays standard curves generated with post-acquisition software with 

Luminex100. Graphs 23A, 23B, 23C, 23D, 23E, and 23F represent AFB1, FB1, T-2, 

DON, OTA and ZEA, respectively. All standard curves were generated with six 

concentration points. The Y-axes denotes mean fluorescence intensity values. The X-

axes denotes the concentrations of the mycotoxin standards given in pg/mL.  The third 

row in Table 20 specifies application or intended use. Once the software recognizes all 
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included mycotoxins, it applies the suitable dynamic scale for the calculations see 

Figure 23. The schematics of the post-acquisition software are illustrated in Figure 19.3. 

Myco-epidemiology is the ultimate utility for CFIA. It is a practical platform to 

integrate the multiplexed assay capacity for poly-mycotoxin tracking as part of a new 

comprehensive epidemiological strategy. An essential first step was to establishing 

poly-mycotoxin detection technology for grain. The next hurdle was to demonstrate that 

such multiplexed platform could be supported by a variety of b-FC’s (Czeh et al., 2012).  

There are already some commercial ELISA kits to measure mycotoxins from specific 

body fluids and dairy products (Dohnal et al., 2013; Minervini et al., 2013), but none of 

them were developed to analyze more than one mycotoxin at a time.  The next logical 

step is to develop a universal platform/protocol to deal with a variety of specimens from 

bio-transformed animals and humans. This extended assay enhancement has yet to be 

accomplished. When it is ready, it will complete the detection assay arsenal required to 

support MycoEpi.  

6.6. Assay development from bio-transferred mammalian specimens  

There is a need for practical rapid and affordable methods to measure poly-mycotoxins 

in mammalian blood. For example, bio-transferred ZEA concentrations from ingested 

contaminated corn can reach levels to be effective endocrine disruptors in mammals. In 

children, ZEA concentration in blood can reach levels to mimic the effect of oestrogen, 

thus produce dramatic endocrine imbalance such as hyperoestrogenism. The approach is 

to build on available poly-mycotoxin assay platform such as described in this study. In 

2013 there was a triplex flow cytometric immunoassay reported. It is for ochratoxin A, 

fumonisins and zearalenone (Peters et al., 2013). To date, from mammalian specimens, 

only proof of concept experiments were performed with the CFIA. All bio-transfer 

experiments included feeding rats with known concentrations of mycotoxins, and 

recovering/measuring them as bio-transformed mycotoxins from in body fluids and 

homogenized organs. Numerous authors reported exposure of rats to ZEA (Becci et al., 

1982; Farnworth and Trenholm, 1981; Kuiper-Goodman et al., 1987). Juvenile rats had 

significant increase in plasma ZEA concentration at exposure of 1 mg/kg/day. When the 

dose was increased to 5 and 10 mg/kg/day of ZEA, it caused further increase in plasma. 

Plasma ZEA level of rats exposed to 5 mg/kg/day ZEA was statistically higher than that 

of rats exposed to 1 mg/kg/day of ZEA (Figure 24.). However, ZEA level after the 10 

mg/kg/day exposure, there was no significantly further increase see Figure 24. Plasma 
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ZEA levels of exposed female rats showed dose dependent positive correlation with the 

uterus weight.  Plasma levels of ZEA showed positive correlation (R = 0.919 p<0.01) 

with uterus weight gain in a dose dependent manner 

  

Figure 24: Blood plasma ZEA concentrations. Blood plasma ZEA concentrations in immature 

female rats after 3-day exposure to different dosage of ZEA (0.1–10 mg/kg bw) were measured 

with CFIA. There was a dose dependent increase in plasma ZEA concentration following oral 

administration. Blood plasma levels showed strong positive correlation (R = 0.919) with uterus 

weight in a dose dependent manner. (**) Significantly different from control (p,0.001) (n = 6–

7). (***) Significantly different from control (p,0.001) (n = 6–7). 

As shown on Figure 24, there was a dose dependent increase in plasma ZEA 

concentration following oral administration of ZEA. The lowest dose (0.1 mg/kg) did 

not result in an increase of ZEA level in the plasma following 3 days exposure 

compared to placebo treated control prepubertal female rats. The 1 mg/kg bw dose 

caused significantly elevated blood ZEA levels (39.69 ± 10.20 ng/ml ANOVA, 

F.:20.49, p =0.006). The 5 mg/kg bw administration caused yet higher ZEA levels in 

blood plasma (ANOVA: F= 8.59, p =0.03). The highest concentration of ZEA (10 

mg/kg bw) did not cause further increase of blood levels of ZEA (ANOVA: F = 2.51, 

p= 0.16) compared to the 5 mg/kg ZEA group. Blood plasma levels of ZEA showed a 

strong positive correlation (R = 0.919 p<0.01) with uterus weight in a dose dependent 

manner (not shown). The described multiplexed platform appears to be suitable for the 

simultaneous mycotoxin measurements from both animal and/human blood and tissue 

samples.  
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Figure 25: ZEA levels in plasma of exposed rats. F4,14= 10.562, P=0.001; Significant 

differences: ***p<0.001 compared to vehicle control. These results indicate that 17β-estradiol 

(E2), does not interfere with the multiplexed assay result 
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7. Discussions 

Protection from some of the most harmful mycotoxins frequently threatening food 

production sector in the industrialized world has evolved enormously in the past few 

decades. In industrialized countries, the bread and cereal eaten and the coffee with milk 

consumed in the morning is much safer today compared to the late 20
th

 century.  

However, in the future, there are some significant challenges ahead to secure the safety 

of the entire global food chain. Attempts to introduce better analytical devices to detect 

the presence of mycotoxins are important but efficient verification alone will not protect 

the rapidly expanding global food supply. Only a multi-disciplinary approach can 

secure the future of food supply safety worldwide. MycoEpi is one of the steps to 

monitor and prevent future food poisoning outbreaks. Poly-mycotoxin surveillance can 

also monitor the effectiveness of new crop growing techniques, environmentally sound 

neutralization of contaminated alimentation and other hazard avoidance management 

strategies. 

7.1. CFIA is a timely detection option for poly-mycotoxins in grains 

Significant synergy is gained by integrating innovative diagnostic platform and 

traditional epidemiology “know how” elements. The discovery of frequent 

manifestation of multiple fungal infections in grain has compounded the global 

challenge of keeping grain supplies free of mycotoxins (Czeh et al., 2012). When 

mycotoxins in food/feed exceed acceptable concentrations, the infected crop should be 

destroyed to eliminate possible toxic outbreaks. There is evidence that the presence of 

certain poly-mycotoxins have a synergistic toxic effect on mammalian intestinal 

epithelial cells (Alassane-Kpembi et al., 2013). Contamination with poly-mycotoxins 

represents an emerging compounded threat to the world food supply chain. It is an 

additional threat that can lead to crop shortages.  With cost effective monitoring strategy 

single and poly-mycotoxicosis outbreaks can be avoided.  

The newly developed CFIA system incorporates three innovative features: (1) 

consolidated single extraction method, (2) competitive platform, which is specifically 

tuned to be compatible and be synchronous with the multiplexed assay format, (3) 

dedicated post-acquisition software with auto-adjust capacity to match six diverse 

dynamic concentration scales. CFIA's increased sensitivity is an obvious advantage 

when compared to ELISA (Table 14).  
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Experiments with spiked grain illustrated some unique benefits. With freshly spiked 

grain previously free of toxins, some subsequent complications are avoided such as the 

possible effect of poly-mycotoxin contaminated stock. It is conceivable that naturally 

contaminated stock may contain metabolic derivatives including toxin products that 

would be unexpectedly recovered with the extraction process (Sulyok et al., 2006). With 

the new reality of frequent occurrences of poly-mycotoxin contamination, ELISA 

becomes an inappropriate choice (Krska and Molinelli, 2007; Sulyok et al., 2007). In 

some regions 75% of the infected feed specimens were contaminated with more than 

one mycotoxin (Krska and Molinelli, 2007; Sulyok et al., 2007). Multiplexed CFIA 

with flow cytometry may meet these recently identified additional challenges faced by 

the global food industry. To further advance effective food safety enforcement, there is 

a need for affordable CRM to include all six mycotoxins. Access to CRM's will play a 

significant role improving evidence-based quality testing worldwide. New affordable 

assays must exceed all current prevention practices in terms of reliability, comparability 

and traceability to secure the quality of global food market (Czeh et al., 2012).  When 

CRM and RM’s are not available, it is possible to use batches of contaminated 

specimens and have them distributed to all participating laboratories during a 

proficiency testing period (Krska and Molinelli, 2007). In such cases, the survey 

coordinator will assign target values to the distributed “reference” materials, by taking 

the aggregate mean values from all participants.  

In this study spiking experiments were performed with RM's. As suggested by Elshal 

and McCoy (2006), the parallel spiked and naturally contaminated sample analysis 

illustrated excellent reproducibility of CFIA. This study included only a modest panel of 

examples out of the vast food commodities available that are subject to mycotoxin 

infections in Europe alone. Some limited testing of CFIA was conducted with rice, 

pepper, tea and coffee samples. Extended global evaluations of wider range of grain 

products are necessary for a comprehensive assessment of multiplexed technology for 

poly-mycotoxin detection.  

It is likely that by the end of the second decade in the 21st century, flow cytometry will 

have a significant impact on food safety to protect public health. Traditionally, 

mycotoxin validation methods are based on the principles of TLC.  Additional methods 

were developed and validated with HPLC and GC; in the future, with flow cytometers 

getting considerably more compact, robust and cost effective, they may serve as 

provisional reference method candidates. Some current b-FCs are equipped with blue, 
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whereas other brands have green as the primary laser to detect reporter molecules. This 

diversity between types of lasers onboard in the past represented a significant obstacle 

for parallel multiple-instruments evaluation. PEs RAMAN scattering in aqueous 

solutions interferes with blue laser emission significantly. However, when blue is 

replaced with green laser excitation, the RAMAN scatter interference shifts to out-of-

range when reading emission signal at the PE spectral zone (Shapiro, 1988). This 

explains why when detecting PE fluorescence emission, instruments using less powerful 

low cost green laser can match the performance of more powerful blue lasers. When 

dual laser instruments are compared, the average green laser operates with lower energy 

compared to blue lasers, the energy output averages are 15 and 28 mW respectively 

(Table 15). The implementation of IICC is critical in laboratories with more than one 

model of FCs operating side-by-side. The routine use of a cross calibration protocol 

permits switching analysis between instruments if required during normal daily 

operation.  

The post-acquisition software liberates the b-FC operator from dealing with instrument 

specific restrictions. For example, regardless of laser configuration, the software 

performs all necessary calculations adjusting for such variations automatically. FCAP 

Array v3.0 software recognizes both FCS 2.0 and 3.0 data files, locates 

microfluorosphere clusters, and determines the MFI of reporter antibodies for each 

mycotoxin. In summary, the post-acquisition software combined with all the other 

features of the platform was able to generate suitable standard curves with six points for 

all six mycotoxins (see Figures 5) and provided satisfactory performance with six 

mycotoxins for five of the seven instruments tested. 

7.2. CFIA is suitable to detect mycotoxin from bio-transfer victims 

Currently available protocols are all designed to address one mycotoxin extraction at a 

time associated with bio-transfer. Because of constant improvements in biotechnology, 

tracking of bio-transfer will need to be more frequent and will require a lot less 

interpretation by distant experts. The current challenge is to develop a universal 

extraction protocol that will be compatible with specimens from various animal species 

and toxins; which are focused on efficient extraction techniques from mammalian tissue 

homogenate. 
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7.2.1. CFIA from rodents 

Because testing laboratory rats is relatively cost effective, they were the first mammals 

tested in this preliminary study. Experiments were designed with controlled 

concentration exposure to mycotoxins through ingested feed. The objective was to 

measure if toxicity occurring in a dose response fashion as a response to acquiring 

myctotoxins through bio-transfer.   

7.2.2. CFIA from dairy products 

In many regions of Europe feeding cattle during the winter months is problematic. By 

late winter/early spring stored hay and corn may become contaminated. Such feed may 

cause toxicity in cattle. As the result, milk and other dairy products including cheese 

may contain mycotoxins such as aflatoxins. 

7.3. Software to support poly-mycotoxicosis 

In order to identify poly-mycotoxicosis outbreaks rapidly, new network software must 

be developed. The customized support system will expedite data 

retrieval/storage/analysis information from multiple sources. This special software 

support will have impact on possible avoidance of outbreaks of food poising related to 

mycotoxins. 

7.4. The paradigm to monitor poly-mycotoxins: MycoEpi 

Additional risks to food and feed safety is constantly emerging; such as changing 

climate conditions effecting grain growth and storage (Krska et al., 2008; Wild and 

Gong, 2010). To respond to additional risks, new management strategies must include 

rigorous intervention in the form of surveillance activity reduce the risk outbreaks of 

food poisoning. The CFIA reported here offers a unique platform configuration which 

compares well with the popular and frequently used ELISA kits, yet takes advantage of 

a proven superior solid phase immunoassay strategy (Czeh et al., 2012; Czeh et al., 

2013). The CFIA described here is a timely adaptation to an existing multiplexed flow 

cytometry technology. It provides an economically attractive option to address globally 

the poly-mycotoxin contamination threat to the food industry. Robustness and 

portability of b-FC with small footprint are ideal features for widespread field 

application. The ability to deal with the extraction of all six mycotoxins simultaneously 

with precision and accuracy was a significant step to establish an assay platform. 

Combining dual laser capacity with automated sample front loading made several new 
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instruments ideal candidates for multiplexed immunoassay platform application. The 

development of dependable calibration curves was critical to assure sensitivity over 

range of calculations. Sensitivity range for the CFIA was designed to exceed ELISA for 

all six mycotoxins. It is from 1.1x up to 8.3x higher for CFIA poly-mycotoxins (Table 

14). This was achieved with three improvements:  (1) the selection of higher affinity 

monoclonal antibodies (Barna-Vetro et al., 1994), (2) faster diffusion kinetics achieved 

with the multiplexed solid/liquid phase immunoassay and (3) simpler, universal 

graphics display for concentration curves for each mycotoxin. The wide dynamic 

concentration range differences among the six mycotoxins demand such adjustment as it 

is illustrated in Table 15. For example, concentrations listed in Table 15 indicate the 

range variation of 0.64 to 100.00 ng/ml for OTA and DON respectively. In order to 

reduce major global health threat, it is important to eliminate single or combinations of 

mycotoxins in food. A cost effective and easy to use method was developed for the 

EDC agent ZEA measurements for rat blood (Figures 24-25). In this case, cleaning 

specimens with immune-affinity columns eliminated the matrix effects. Further 

optimization procedures are under development for ZEA measurements from brain and 

other organs. It is anticipated that in the future the CFIA platform will be modified to 

include measurements of poly-mycotoxins from a variety of human body fluids.  
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8. Conclusions 

Mycotoxins can appear in the food chain as a result of fungal infection of crops. 

According to conclusions drawn by several technical and scientific bodies, such as the 

Intergovernmental Panel on Climate Change (IPCC) and the World Meteorological 

Organization (WMO), a global warming is taking place. This climate change has a 

major impact on mould growth and consequently on increased poly-mycotoxin 

production. A recent survey on mycotoxin contamination of feeds in particular cereal 

grains showed that fumonisins (60%), zearalenone (22%) and DON (40%) are the most 

frequently occurring mycotoxin contaminants in most of the Central European 

countries. Due to the ‘mediterraneanization’ of the climate of Central Europe, the 

thermophilic Aspergillus species may become increasingly prevalent as well. Aflatoxin-

producing Aspergillus species are predicted to appear in more European countries in the 

near future. Unfortunately, most fungi are able to produce several mycotoxins 

simultaneously. With more fungi species coexisting, the production of different toxic 

secondary metabolites is a likely scenario. Thus without intervention, humans and 

animals are generally exposed to 2-3 or even more mycotoxins at the same time. 21
st
 

century assay development focused on flow cytometric microfluorosphere technologies, 

capable of low cost, high throughput screening. Such platform technology is suitable for 

dealing with poly-mycotoxin contamination. It was a goal of this study to support the 

future development of risk management strategies to prevent humans and animals from 

being exposed to the harmful effects of poly-mycotoxins. The need for monitoring and 

eliminating poly-mycotoxin contamination in grain containing food products is well 

documented (Alassane-Kpembi et al., 2013; Sulyok et al., 2006). During this evaluation, 

instruments Accuri and Guava failed with the OTA assay. Based on statistics presented 

in Table 18, it is advisable to avoid single laser instruments and instruments without 

access to manual gain adjustment when measuring all six mycotoxins. This study 

demonstrated that with comprehensive post-acquisition software it is possible to achieve 

“handshake” application with a variety of compact b-FCs. It presents evidence how 

applications of diverse instrumentation with a universal protocol are possible; a rigorous 

platform protocol with stringent quality control elements can address instrument 

diversity effectively. In the future, it is important to consider, multi-centric studies to 

demonstrate true robustness of this type of platform. A universal assay platform with 

capacity for further diversification may widen acceptance of b-FC as an indispensable 
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global tool to maintain the safety food supplies. There is increasing evidence of 

mycotoxin bio-transfer through the food chain. Such exposure is a constant threat to the 

safety of meat and dairy products (Goossens et al., 2013; Sulyok et al., 2006). The most 

vulnerable groups are infants, and pre-pubertal girls (Massart et al., 2008). 

Mycotoxicoses caused by DON and ZEA can affect the health of several species of fowl 

and non-ruminant mammals, including turkeys and pigs (Kocasari et al., 2013; Kriszt et 

al., 2012). Current multiplexed poly-mycotoxin assays could be modified so in the 

future it will detect poly-mycotoxicosis in birds and mammals by analyzing blood, urine 

and organ extracts such as liver to detect and eliminate poly-mycotoxicoses.  

8.1. Broad based diagnostic platform for direct/indirect mycotoxin 

exposure 

There is no single analytical methodology that can eliminate human misery related to 

food shortage caused by improper storage. However, improving the quality of global 

alimentation can have significant beneficial impact on future populations.  

8.1.1. A diagnostic platform to address the challenge of poly-mycotoxins 

There is synergistic benefit to a platform that includes universal extraction protocol and 

is compatible with most available bench-top flow cytometers. Accelerated incubation 

times facilitated by favourable binding kinetics support the principle of delivering 

biotechnology platforms with increased capacity and speed without compromise in 

quality. Significant efforts are expanded to develop single-cell technologies for 

monitoring immune systems including integrating reaction kinetics as part of immune 

assay systems (Chattopadhyay et al., 2014). In concert with numerous other options, 

this analytical platform was explored in this study. Faster results are obtained where 

liquid phase suspended antibody couple with solid phase linked antigens in confined 

space. The multiplexed format excels when compare to the traditional molecular 

condition of the ELISA binding environment. 

8.2. Myco-epidemiology: integration of evidence to support risk 

assessment and hazard avoidance management 

Enhanced immune response technology improved the performance of MAbs coupling to 

mycotoxins. A series of experiments were performed to provide proof that residual 

matrix effects are eliminated and thus do not generate false positive signals. This feature 

is a critical advantage. The improved sensitivity of CFIA extends system flexibility to 
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integrate a dilution options should they be required; in some conditions where there is 

excessive matrix interference. The elimination of masking effect was further 

demonstrated by alternative examinations with IAC and HPLC (Berthiller et al., 2013). 

All recovery results were within the limits set by the EU authority (European 

Commission, 2006). The results illustrate that the assay platform is robust; it is able to 

recover poly-mycotoxins from spiked specimen at critical concentrations with precision 

that exceeds ELISA (Table 14). It is important to note that currently a large percentage 

of in-the-field mycotoxin testing is performed with ELISA. In this study, the side-by-

side comparison demonstrated that CFIA is a superior assay system (Table 14). 

Protocols with spiked grain illustrated some unique benefits. With freshly spiked grain 

previously free of toxins, some subsequent complications are avoided such as the 

possible effect of poly-mycotoxin contaminated stock. It is conceivable that naturally 

contaminated stock may contain metabolic derivatives including toxin products that 

would be unexpectedly recovered with the extraction process (Sulyok et al., 2006). With 

the new reality of frequent occurrences of poly-mycotoxin contamination, ELISA 

becomes an inappropriate choice (Krska and Molinelli, 2007; Sulyok et al., 2007). In 

some regions 75% of the infected feed specimens were contaminated with more than 

one mycotoxin (Krska and Molinelli, 2007; Sulyok et al., 2007). There is further 

evidence that some specific fungus can release different mycotoxins at different point in 

time during shipping and/or storage (Speijers and Speijers, 2004). In the future, to 

further advance effective food safety enforcement, there is a need for affordable CRM 

to include all six mycotoxins. Access to CRM's will play a significant role improving 

evidence-based quality testing worldwide. New affordable assays must exceed all 

current practices in terms of reliability, comparability and traceability to secure the 

quality of global food market (Czeh et al., 2012). This study included only a modest 

panel out of food commodities available that are subject to mycotoxin infections in 

Europe. It did not include many of the grains indigenous to Africa, Asia and the rest of 

the world. Extended evaluations are necessary for a comprehensive global multiplexed 

kit validation. It is likely that by the end of the second decade in the 21st century, flow 

cytometry will have a significant impact on food safety to protect public health on a 

global scale. Traditionally validation methods for mycotoxins are based on the 

principles of TLC, additional methods were developed and validated with HPLC and 

GC. In the future, with flow cytometers getting considerably more compact, robust and 

cost effective, they may serve as provisional reference method candidates. The 
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integrated multiplexed platform will help to avoid false negative results that remain a 

significant problem with solo ELISA. 

8.2.1. Eliminate poly-mycotoxin contamination in plant derived food/feed 

In any situation where there are compounded risks exist because of poly-mycotoxins, 

product must be monitored and assessed to avoid catastrophe. Sound risk management 

strategy based on comprehensive evidence collection and synthesis must be in place. 

8.2.1.1. Weather surveillance reports  

It is critical to establish strategies to collect satellite surveillance weather reports 

including maps depicting locations of crop growing zones. Such reports form the 

backbone to an effective hazard prevention strategy. In the event that weather pattern 

forecasts became unusual in terms of excessive temperatures and humidity for a given 

crop-growing region, action is required. When predictions are of extended wet season 

and/or above average humidity/temperature, during critical growing/harvesting times, 

IRAS must implement preventive measure to avoid contamination of the food chain. 

The response must include the assessment of the potential crop damage that may result 

based on predicted weather reports. 

8.2.1.2. Overlay of regional crop locations/rotation pattern data 

Seasonal crop rotation patterns for all grain growing regions must be planned to 

minimize opportunities for sustained fungal growth. Long term regional weather 

patterns must be included when crop rotation schedules are established. Simple 

planning around weather patterns can eliminate some mycotoxin outbreaks   

8.2.2. Eliminate bio-transferred poly-mycotoxins in animals and humans  

Vigilant surveillance of fungal infection patterns in fields and at various storage 

facilities can eliminate impending risk to health of livestock and humans. Avoidance of 

exposure to contaminated grain is the best strategy. When such measure failed, 

monitoring for bio-transfer to domestic animals is critical. 

8.2.2.1. Bio-transferred mycotoxicosis in animals 

Currently, poly-mycotoxins in animals can be detected simultaneously only with 

HPLC/MS. The ELISA and CFIA technology can detect one mycotoxin at a time. 

Extending the utility of CFIA to include bio-transferred co-infection would expedite and 
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improve surveillance capacity. Such desirable surveillance applications are under 

development. 

8.2.2.2.  Bio-transferred mycotoxicosis in humans and in infants via breast 

milk 

The ultimate aim of the poly-mycotoxin surveillance effort is to eliminate the spread of 

toxins through the food chain. The most critical bio-transformation occurs when a bio-

transferred nursing mother passes mycotoxins onto an infant through her milk. In recent 

years the determination of masked forms of aflatoxins improved considerably. One of 

the major setbacks was the lack of analytical standards.  For example now there are 

synthetic standards available for ZEA (Mikula et al., 2013). It is now possible to track 

the stability of masked configuration of aflatoxins in mammalian digestive system. In 

rats, the conversion from masked (ZEA-14G) to active form of ZEA occurs within 55 

minutes after ingestion (Veršilovskis et al., 2012). There is evidence that masked ZEA 

can be re-hydrolyzed in the human colonic environment. After 30 minutes of intestinal 

fermentation, there is glucoside release from the ZEA-14G complex rendering 

aflatoxins active (Dall'Erta et al., 2013). Through bio-transfer it is possible to reach high 

ZEA concentration in mother’s milk and the relatively low body weight of the infant 

can contribute to a possible life-threating situation. Therefore, the detection and 

elimination of poly-mycotoxins in both dairy products and in mother’s milk is critical.  
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9. The future  

MycoEpi strategy is a multidisciplinary approach on evidence-based decision-making. 

It is a sentinel surveillance system (3-S). Risk-based monitoring toxins in food are a 

pragmatic complex methodology for managing global food quality while delivering 

benefits at modest cost. It is a novel utilization of multitude of traditional and 21
st
 

century resources. The term “systems biology” is usually applied to some special 

aspects of biomedical research. It is usually biology-based inter-disciplinary field of 

study that focuses on complex interactions within biological systems. Since the 

beginning of this century, the term has been widely used in biosciences. It is also called 

systeomics. Usually the aim of systems biology is to model and discover emergent 

properties of cells, tissues and organisms when they appear to function as a system. 

Similarly, this concept can be extended to the holistic methodology of MycoEpi where 

there is a solid link between agricultural activities and poly-mycotoxins in food. This 

study examined the currently available risk-based monitoring elements and built on the 

extensive experience of many scientists from the past and it investigated available 

standardized reagents and how regulatory authorities function in industrialized 

countries. It recognized the increased availability of electronic surveillance systems and 

improved statistical assessment options of immune binding kinetics. Currently, the 

opportunity exists for a shift to more comprehensive, real-time analytics for poly-

mycotoxins. In the future grain derived food product protection will be integrated with 

global mobility and quality risk management to eliminate catastrophic contamination of 

alimentation worldwide. 

Alternative practical methods to reduce incidence of bio-transfer 

Currently, elimination of poly-mycotoxin infestation with MycoEpi alone is not 

realistic. A multifaceted approach is the best hope. The alternatives include species of 

grain that is resistant to fungal attacks, use neutralizing agents as feed supplement, 

which have a lasting prophylactic effect on domestic animals, also use fungicides that 

are completely bio-degradable. 

9.1. Propagate fungus resistant grain producing cultivars  

Late in the 20
th

 century horticulturist began to search for grain producing plants that 

have naturally occurring partial or full resistance to fungus (Gerardo and Caldera, 

http://en.wikipedia.org/wiki/Biology
http://en.wikipedia.org/wiki/Biological_system
http://en.wikipedia.org/wiki/Biosciences
http://en.wikipedia.org/wiki/System
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2007). In the future this line of approach can significantly reduce the frequency of 

massive mycotoxin infestation. 

9.2. Introduce neutralizing /masking agents as feed supplement  

Poultry feed manufacturers recognized that there are circumstances when relatively low 

cost additional feed supplement can reduce the toxic impact of some mycotoxins (Oguz, 

2011) Such neutralizing effect is of interest to poultry farmers. However it is not clear if 

the neutralizing effect is permanent or can be still toxic to other animals that may be 

ingesting poultry excrement.  

9.3. Environmentally friendly biodegradation technology 

There is lot of expectations that in a few years it will be possible to fight poly-

mycotoxins, with biodegradation technologies. Environmentally friendly approach can 

have a major role reducing global threat to the food chain (Kriszt et al., 2012).  

9.4. Integrate the applications of environmentally friendly fungicides 

In the future, enhancement of food safety management infrastructure will be critical to 

reduce the threat of food borne disease outbreaks Introducing fungicides is a new area 

of investigation. The objective is to select harmless microbes that are capable to 

metabolize most mycotoxins (Mesterhazy et al., 2011; Mesterhazy et al., 2012). 
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10. New Findings 

The mission was from the beginning and it continues to be the delivery of a significant 

benefit to humanity through reduced costs of quality alimentation free of mycotoxins. 

Try to accomplish this with innovative applications from the past and with 21
st
 century 

biotechnology resources. 

1. Utilizing microfluorosphere based FC technology developed the first generation of 

simultaneous six-mycotoxin detection immunoassay from grain. It is a competitive 

fluorescent multiplexed immunoassay (CFIA). Two competitive immunoassays for 

mycotoxins were studied side-by-side. The hypothesis was based on the premise that 

suspended solid/liquid phase conditions will enhanced binding kinetics and will give  

significant advantage to CFIA over traditional solid/liquid phase ELISA in terms of 

both assay speed and sensitivity. The CFIA platform for six mycotoxins was introduced 

commercially. The development included some microfluorosphere solid phase system 

modifications to achieve conjugation exceeding all previous system’s performance. 

Developed a conversion technology from HPR conjugation used for ELISA to R-PE 

tagging which was required for CFIA protocol. Demonstrated that the modified 

conjugation technology did not compromise antibody performance during binding to 

PE. It was adjusted to remain stable during scale-up for commercial poly-mycotoxin 

assay production. 

2. Developed a unique instrument independent cross-calibration (IICC) protocol for 

quantitative fluorescence detection for a variety of flow cytometers. This calibration 

study was based on theoretical principles of biophysics/optics. The new instrument 

cross-calibration protocol permitted universal side-by-side evaluation of poly-

mycotoxin assays kit utilizing most available bench-top FC’s.  

3. Developed a unified single-step extraction protocol, which handles up to six 

mycotoxins simultaneously without compromise in assay quality. The new protocol 

combined with IICC opened the possibility to develop a new analytical assay platform.  

4. Evaluated post-acquisition software for b-FC’s under development, which 

compensates for instrument design variations/deviations. With the help of the new 

software, it was possible to perform poly-mycotoxin assays, that are unaffected by 

different signal processing strategies and laser differences on most b-FC’s. 

Compensations protocols were imbedded in the software and are transparent to 
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operators. Developed an instrument validation strategy to establish performance 

standards to meet EU acceptable mycotoxin limits. The customized quantitative assay 

protocol required implementation of performance evaluation with reference materials 

and with spiking experiments.  

5. CFIA was further modified to be compatible with bio-transfer of toxins through the 

food chain. Specifically for mammal and poultry specimens to detect victims of 

mycotoxicosis. Most of the pioneer work reported here was based on ZEA detection 

testing laboratory animals. 

6. Implementation of MycoEpi is proposed, based on the development of an analytical 

platform with biomedical potential.  Such approach will have a significant role in the 

future development of a comprehensive global risk/hazard management paradigm.  

MycoEpi strategy will embrace health risk and hazard management based exclusively 

on evidence. Starting from crop growth, all the way to impact on consumers’ though 

mycotoxin bio-transfer. It will monitor risk to health including prevention/intervention 

of direct or indirect contamination through the food chain. 
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