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1. Introduction 

Gluten-containing grains play an essential role in our diet due to their favourable 

composition and advantageous technological properties. However, their consumption 

can cause serious health disorders in predisposed individuals, and celiac disease is one 

of the most significant of them. The only way for patients to eliminate symptoms is to 

avoid consuming gluten. The safe production of gluten-free foods is not possible without 

the operation of food safety systems throughout the product chain. One of the 

cornerstones is the utilisation of analytical methods with reliable results for measuring 

gluten content. ELISA methods are routinely used to detect gluten contamination in food. 

The study of the factors influencing the reliability of the results and, consequently, the 

possibility of developing the methods are widely studied areas. Less clarified issues 

include the reason for the differences resulting from the use of antibodies specific for 

different proteins (target epitopes) used in ELISA methods; differences in protein 

composition due to genetic (G) and environmental (E) variability of the component or 

the effects of food technology on protein properties. The identification of factors 

influencing the reliability of the results obtained by different ELISA methods, the 

possibility of their development and their validation are hindered by the fact that a 

certified reference material (RM) is not available on this area. 

In order to develop an appropriate RM, a number of methodological issues need to 

be clarified. For reducing the GxE variability of gluten proteins, it is necessary to choose 

a cultivar with a stable, globally average protein composition, or a mixture of several 

cultivars to achieve an average protein profile. In addition, the choice between the 

possible form of RM (flour, gluten, gliadin isolate) must be made by considering the 

advantages and disadvantages of different matrices and determining the extent to which 

they affect the results. It is also important to develop a type of reference material 

(incurred RM, IRM) whose composition and physico-chemical properties are more 

similar to real foods. This makes it possible to study the effects of physico-chemical 

changes on analytical results due to matrix and processing and also to explore the 

molecular background behind them. 

2. Background 

The advantageous technological properties of wheat, rye, barley and triticale can be 

attributed to gluten proteins. In terms of composition, gluten proteins (storage proteins) 

can be interpreted as a complex mixture of many proteins with different physico-

chemical properties. Their two major groups are the alcohol-soluble prolamins and 

alcohol-insoluble glutelins. In the case of wheat, prolamins are called gliadin and can be 

further divided into groups based on their electrophoretic mobility (α-, β-, γ-, and ω-

gliadins). Wheat glutelins are called glutenin, which contains LMW (low molecular 

weight) and HMW (high molecular weight) proteins1. The absolute amount of protein in 

cereals and the relative proportions of gluten proteins are not constant, the composition 

is influenced by both genetic (species, cultivars - G) and environmental (weather, soil, 

harvest year, etc. - E) factors1. 

The development of celiac disease is induced by the epitopes which are short, special 

amino acid sequence segments found in gluten proteins, especially in gliadins2. The 

number of toxic epitopes has been identified till now is approx. 1000, which vary in effect 

                                                 
1 Koehler, P., Wieser, H., 2013. Chemistry of Cereal Grains. In: Gobbetti M., Gänzle M. (eds) Handbook 

on Sourdough Biotechnology. Springer, Boston, MA. https://doi.org/10.1007/978-1-4614-5425-0_2 
2 Sollid, L.M., Tye-din, J.A., Qiao, S., Anderson, R.P., Gianfrani, C., Koning, F., 2020. Update 2020 : 

nomenclature and listing of celiac disease – relevant gluten epitopes recognized by CD4+ T cells. 

Immunogenetics 72, 85–88. https://doi.org/10.1007/s00251-019-01141-w REVIEW Update 
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and amount, but are found in all gluten protein fractions. The occurrence and relative 

amount of epitopes within proteins are affected by GxE variability, similar to the amount 

and distribution of proteins and protein groups. This affects the degree of toxicity of the 

gluten proteins in the food and the reliability of the protein based analytical results 

depending on the method. 

A gluten-free food can contain a maximum of 20 mg/kg gluten, while a low-gluten 

product can contain 20-100 mg/kg gluten according to the European Union regulation 

(828/2014). Compliance with the limit values requires analytical methods that provide 

reliable results. Enzyme-linked immunosorbent assay (ELISA) is the most widely used 

in routine analysis due to its high specificity and low limit of detection. The ELISA 

methods developed for the determination of gluten most commonly use the so-called R5 

and G12 antibodies. Both antibodies recognize toxic epitopes in celiac disease, whereas 

the R5 antibody binds an epitope in γ- and ω-gliadins, and G12 recognizes a portion of 

the most toxic epitope found primarily in α-gliadins. 

Several studies, including our previous results3, have shown that commercially 

available ELISA tests using different antibodies and sample preparation processes give 

different results for the same sample. This is mainly due to the different composition of 

the calibration material used in the tests, i.e. the change in the proportion of target 

epitopes. Changes in the relative amounts of target epitopes are not only reflected in 

differences in the results of methods containing different antibodies, but also cause 

problems for different samples measured by a method specific for one type of target 

epitope. This is mainly due to the different source of gluten in the samples, i.e. the GxE 

variability in cereals, which is also proved by the results of our research group4,5. An 

additional problem is that ELISA methods measure the amount of gliadins and calculate 

the gluten content from it using a conversion factor assuming a gliadin/glutenin ratio of 

1:1. However, due to the variability in GxE, not only the amount of target epitopes but 

also the gliadin/glutenin ratio can be significantly different, and using the general ratio 

further increases the uncertainty of the results measured by ELISA methods. 

It is necessary to determine the amount of gluten throughout the whole gluten-free 

production processes. This means the analysis of the raw materials, but much more often 

the products that are consumed. However, the products undergo a number of processing 

steps (e.g. heat treatment processes, hydrolysis, etc.) that can greatly alter the 

physicochemical and biochemical properties of the proteins, which may affect the 

analytical results obtained by ELISA methods. On the one hand, aggregation of proteins 

may decrease the solubility of proteins or form protein complexes that can inhibit the 

antibody-antigen reaction in the ELISA method. Method developers try to reduce the 

impact of processing by developing modified extraction solutions and sample preparation 

steps6.  

However, target epitopes, sample preparation steps, extraction solutions, and 

calibration materials are not standardized, and the effects of technological processes on 

analytical sample preparation are not well known. Therefore, comparative results of 

                                                 
3 Bugyi, Z., Török, K., Hajas, L., Adonyi, Z., Popping, B., Tömösközi, S., 2013. Comparative study of 

commercially available gluten ELISA kits using an incurred reference material. Qual. Assur. Saf. Crop. 

foods 5, 79–87. https://doi.org/10.3920/QAS2012.0174 
4 Pahlavan, A., Sharma, G.M., Pereira, M., Williams, K.M., 2016. Effects of grain species and cultivar, 

thermal processing, and enzymatic hydrolysis on gluten quantitation. Food Chem. 208, 264–271. 

https://doi.org/10.1016/j.foodchem.2016.03.092 
5 Hajas, L., Scherf, K.A., Török, K., Bugyi, Z., Schall, E., Poms, R.E., Koehler, P., Tömösközi, S., 2018. 

Variation in protein composition among wheat (Triticum aestivum L.) cultivars to identify cultivars 

suitable as reference material for wheat gluten analysis. Food Chem. 267, 387–394. 

https://doi.org/10.1016/j.foodchem.2017.05.005 
6 Gessendorfer, B., Wieser, H., Koehler, P., 2010. Optimisation of a solvent for the complete extraction of 

prolamins from heated foods. J. Cereal Sci. 52, 331–332. https://doi.org/10.1016/j.jcs.2010.04.010 
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different tests and determining the extent of factors influencing ELISA methods are very 

difficult to interpret and properly evaluate. This could be achieved by comparison with 

reference values, as well as validation of the methods, but no reference material is 

available for gluten analytical methods. 

The design of the gluten reference material raises a number of specific issues. In the 

production of gluten RM, we have to rely on a natural source and due to the variability 

of grain proteins, it does not matter what reference we compare the results with. Genetic 

variability cannot be fully covered, but efforts should be made to achieve the reference 

as representative as possible, i.e. to have an average protein content and composition. 

One way may be to choose a cultivar whose protein profile shows an average pattern 

with good approximation. The advantage of the individual cultivar is that the collection 

and processing allows for a much simpler production.  However, this is only a path for 

one species. Variability caused by harvest year (which may affect the protein 

composition) has to be taken into account in case of choosing an individual cultivar. 

Another possibility for the production of RM material approximating the average protein 

profile is the production of a mixture of several cultivars (later even species). This may 

have the advantage of partially compensating for protein profile variability caused by 

genetic and environmental factors. The disadvantage of the mixture is that the complexity 

of the production increases due to the collection and homogeneous mixing of the cultivars 

required for its production. 

In gluten analysis, the most successful effort for evaluation of reference material was 

the production of so-called PGW gliadin7. It is widely used as a standard and calibration 

material due to the stability, purity and easy handling. The isolate was prepared from 28 

most common European wheat cultivars, assuming the analytical benefits of using the 

mixture. However, the qualitative evaluation of the cultivars used to produce the mixture 

and the actual need for a large number of cultivars were not examined. The substance has 

not been awarded the certified reference material (CRM) status, as the condition for 

reproducible production is not ensured, for example due to the lack of scientifically based 

selection of the number and source of cultivars. 

The next important issue in the production of RM concerns the appearance of the 

material. In current practice, flour, gluten and gliadin isolates are also used for analytical 

purposes as calibrators. However, there is still no scientifically available comparative 

literature on the effects of their use on the analytical results. In the case of flour, the use 

of whole flour or white flour should be considered. Mainly based on shelf life 

considerations, we have dealt with white flours in our previous work on RM 

development. The advantage of flour is that it contains celiac proteins in their native 

forms and is the most common form of gluten contamination. Another advantage of 

choosing flour is that it is relatively simple to prepare, but requires longer preparation 

steps in routine analytical applications, and has a limited shelf life due to the presence of 

other ingredients (for example lipids). The gluten isolate may have an advantage over the 

flour form because it is a substantially purer, more homogeneous material that contains 

predominantly only the storage proteins. However, its composition is still complex, and 

the solubilisation of target proteins, i.e. gliadins, in ELISA methods may be hampered 

by the tendency of glutenins to form complexes in aqueous solution. Its stability may be 

more advantageous than the flour form, but comparative results for RM use are not 

available. Its production requires a more complex process, and it is important that the 

proteins retain their original structure, their relative proportions and loss of material 

                                                 
7 van Eckert, R., Berghofer, E., Ciclitira, P.J., Chirdo, F., Denery-Papini, S., Ellis, H.J., Ferranti, P., 

Goodwin, P., Immer, U., Mamone, G., Méndez, E., Mothes, T., Novalin, S., Osman, A., Rumbo, M., Stern, 

M., Thorell, L., Whim, A., Wieser, H., 2006. Towards a new gliadin reference material-isolation and 

characterisation. J. Cereal Sci. 43, 331–341. https://doi.org/10.1016/j.jcs.2005.12.009 
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during production is also forbidden for when used for RM purpose. The advantage of the 

gliadin isolate over flour and gluten is its easy analytical handling and its simpler, purer 

matrix form with the highest relative amounts of toxic epitopes. The disadvantage is that 

its production is a much more complex process than the previous ones, during which the 

loss of material, the change of the ratio of different protein groups so the modification of 

the protein profile can occur. 

In routine analytical tasks, usually most of the time we do not examine sample 

matrices containing native, pure proteins, but complex, realistic material systems with 

many components that go through different manufacturing processes. A special group of 

RMs are enriched (“spiked”) reference materials (incurred RM, IRM) that model the real 

material matrix. For these materials, the component to be measured is added to the raw 

materials of the food matrix with analytical precision and then the model matrix is 

prepared by typical technological operations performed under controlled conditions. 

Thus, IRM can better model the real analytical condition in everyday laboratory work.  

This helps to create the conditions for method validation, and also to examine and 

understand the processes during the technological steps that influence the analytical 

results. In order to improve the conditions for the determination of gluten, our research 

group within the framework of international cooperation set the goal of producing 

reference materials to support the development and validation of gluten analytical 

methods. The results of the research group include the development of an IRM, which is 

made by a method consisting of standardized matrix components and technological 

processes, and contains gluten homogeneously and in a concentration corresponding to 

the regulation. The food model matrix that underwent controlled processes made it 

possible to examine the factors influencing the results of the ELISA method, such as the 

effects of differences in the quality of target epitopes or processing5,8. 

As a background of my doctoral dissertation, we previously performed a 

comprehensive characterization of 23 common wheat cultivars modelling global 

variability in order to identify the factors influencing the results of immunoanalytical 

methods and to determine the extent of their effect8. With the help of these results, we 

set up quantitative and qualitative aspects, which may be suitable for the selection of 

wheat cultivars suitable for the production of the reference material, and for the rational 

reduction of their number. As a result of the work, we selected five cultivars from four 

continents that are suitable individually or in mixed form and may be sufficient to 

produce a reference material. 

Based on the previous results of our research group, the aim of the current work, is 

the further development the RM and IRM candidates. However, for a realistic evaluation 

of RM design studies, we also need to know the degree of uncertainty associated with 

the production of test materials and the methods. Therefore, the main objectives of my 

doctoral work can be summarized in the following points: 

1. examination of the analytical performance of ELISA methods for samples with a 

high gliadin content (flours, protein isolates); 

2. development of procedures for the preparation of flour, gluten isolates and gliadin 

isolates as candidates for reference materials, further development of existing 

methods and investigation of the reproducible production of the methods; 

3. complex characterization of the five cultivars selected on the basis of preliminary 

research and their mixture as reference material candidates, evaluation regarding the 

use of the individual cultivar or blend; 

                                                 
8 Török, K., Hajas, L., Horváth, V., Schall, E., Bugyi, Z., Kemény, S., Tömösközi, S., 2015. Identification 

of the factors affecting the analytical results of food allergen ELISA methods. Eur. Food Res. Technol. 

241, 127–136. https://doi.org/10.1007/s00217-015-2441-y 
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4. examination of individual cultivars and their blend in the form of flour, gluten isolate 

and gliadin isolate, complex evaluation regarding the material quality of the 

reference material; 

5. design and characterization of complex food matrices for modelling real foods, 

development of IRM; 

6. examination of the stability of reference material candidates. 

3. Materials and methods 

3.1. Materials 

To investigate the performance characteristics of the ELISA methods in the case of 

matrices with high gliadin content, we used white flours prepared from two common 

wheat cultivars (Capo, Glenlea), which were described in detail in our previous work5. 

PWG gliadin was used as a control in all studies7 (www.wgpat.com). 

For the development of the reference material candidates in the form of flour and 

isolate, I used the five wheat cultivars selected during our previous work5, which were 

collected from the 2016 harvest year. These were Akteur from Germany, Carberry from 

Canada, Mv Magvas from Hungary, Yitpi from Australia and Yumai-34 from China. We 

consciously tried to obtain a larger quantity (30-50 kg/cultivar) from the selected 

cultivars, so that in case of detailed analysis and successful development, we could also 

provide the larger quantity required for the production of the reference material. 

3.2. Applied methods 

Flour was prepared from the wheat samples by standard method (MSZ 6367-9: 1989) 

in a laboratory mill, and then the whole meal was sieved through a 250 µm diameter 

sieve. To prepare a mixture of the five wheat cultivars, equal amounts of each cultivar 

were mixed and homogenized before conditioning. We were able to carry out the large-

scale milling of the five wheat cultivars with the help of AGES in Vienna. After 

conditioning, the seeds were ground in a roller mill, and then the four white flour 

fractions obtained as a result of milling and sieving were homogenized9. To prepare a 

mixture of the five wheat cultivars, 3x1-1 kg of each seed was weighed and mixed. The 

homogeneity of the blends was examined with the data on the composition. 

The preparation method of gluten and gliadin isolates was developed during my 

doctoral work, therefore their description can be found in the chapter “Results and their 

evaluation” (chapter 5.2.2) of the dissertation. 

For the development of the IRM material, I prepared samples modelling real foods 

based on the procedure previously developed in our research group10. Carberry and the 

blend of flours, gluten, and gliadin isolates were used as the source of gliadin proteins in 

real food models. Each type of sample was prepared by adjusting two different 

concentrations. On the one hand, in accordance with the legal regulations, I prepared 

samples with a gliadin content of 50 mg/kg, and on the other hand, I prepared model 

products with a 1% gliadin content in line with the SE-HPLC limit of determination to 

study the change on protein composition due to processing. 

The moisture (MSZ EN ISO 712:2010), ash (MSZ EN ISO 2171:2010) and protein 

(MSZ EN ISO 16634-2:2016) contents of the samples were determined by standard 

methods. 

 

                                                 
9 Oberforster, M., Schmidt, L., Werteker, M., 1994. Bewertungsschema '94 der technologischen Qualität 

von Weizensorten (Weichweizen). Jahrbuch 1993 der Bundesanstalt für Ptlanzenbau Wien, 257-280 
10 Bugyi, Zs., 2012. Élelmiszer-allergének mennyiségi meghatározására alkalmas analitikai módszerek 

alkalmazási környezetének fejlesztése. Doktori értekezés. BME, ABÉT 

http://www.wgpat.com/
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Size exclusion liquid chromatography was used to characterize the size composition 

of the proteins based on the method of Larroque and Békés11. Reversed phase liquid 

chromatography was used for the quantitative and qualitative characterization of protein 

fractions based on hydrophobicity according to the method of Wieser et al.12. To 

determine the amount of gliadin and gluten in the samples by immunoanalytical method, 

I used two commercially available ELISA tests containing the most commonly used 

antibodies (G12 and R5), which were as follows: 

- AgraQuant Gluten G12 Assay (COKAL0200, Romer Labs, Tulln, Austria) 

- RIDASCREEN Gliadin Assay (R7001, R-Biopharm, Darmstadt, Germany) 

Analysis of variance, Fisher LSD post hoc test, and t-tests (α = 0.05 at the significance 

level) were used for statistical evaluation. TIBCO StatisticaTM 13 software (TIBCO 

Software Inc., Palo Alto, CA, USA) was used for evaluation. I also used the results of 

Lívia Hajas5 to compare the different harvest years of the five selected cultivars.  

4. Results 

4.1. Comparison of the analytical performance of ELISA tests using different 

antibodies (target epitopes), verification of their suitability, identification of sources 

of error 

During my doctoral work, my primary goal was to produce and characterize matrices 

(flours, protein isolates) that can be used to study issues related to the design of reference 

material. However, this requires testing the reliability of ELISA tests measuring different 

epitopes when analysing high concentrations of proteins, as these tests have been 

developed to measure trace amounts (mg/kg) of gliadin/gluten. This is essential in order 

to determine whether the results obtained with the uncertainty of the analytical methods 

are suitable for the evaluation of the RM candidates. For this, I studied the accuracy and 

precision of the ELISA methods. Among the factors presumably influencing the 

performance characteristics, I statistically verified the effect of the applied method, the 

operator performing the measurements and the matrices on the reliability of the results 

and their extent. In order to be able to separate the error due to possible quality change 

of the samples during storage from the uncertainty of the ELISA method, the samples 

were examined over a period of nearly 2.5 years. Furthermore, I examined the 

homogeneity of antibody stabilisation on microtiter plates of ELISA assays, the effect of 

different reaction times resulting from sample placement, and finally the calibration 

process of the method. 

By evaluating the analytical performance  of the ELISA methods, we concluded that 

the accuracy of the two methods is similar and it is not affected by the person performing 

the measurement, but the sample matrix had an effect on the values for both methods. 

This may be explained by the quantitative difference in the target epitopes of the samples, 

which is a fundamental issue in the development of reference material related to our main 

objectives. Sample placement had no effect on accuracy, while it could be affected by 

the uncertainty of the calibration. The precision of the two methods was similar, which 

was not affected by either the operator or the sample matrix. Sample placement had an 

effect on accuracy, but its extent was negligible with repeatability between measurement 

days. We found that the modified sample preparation (containing several dilution steps) 

                                                 
11 Larroque, O.R., Bekes, F., 2000. Rapid size-exclusion chromatography analysis of molecular size 

distribution for wheat endosperm protein. Cereal Chem. 77, 451–453. 

https://doi.org/10.1094/CCHEM.2000.77.4.451 
12 Wieser, H., Antes, S., Seilmeier, W., 1998. Quantitative determination of gluten protein types in wheat 

flour by reversed-phase high-performance liquid chromatography. Cereal Chem. 75, 644–650. 

https://doi.org/10.1094/CCHEM.1998.75.5.644 
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did not affect the accuracy of the methods, so matrices with high gliadin concentration 

(wheat flours, isolates) could also be examined by ELISA methods. This means that, 

considering the uncertainty of the ELISA methods between measurement days, the 

different RM candidate matrices (individual cultivar and blend; white flour and isolate; 

processed food model matrix) can be studied. 

4.2. Development of preparation processes (isolation) suitable for the production 

of reference material candidates, investigation of the repeatability of the methods 

and production of RM candidates 

In order to evaluate the forms of the reference material (flour, protein isolate, IRM) 

and the advantages and disadvantages of their use, their reproducible production must be 

solved, because scientific information on this is not available. As it is essential for RM 

production to have a large amount of homogeneous, stable material for wide availability, 

the effect of scaling up production should also be examined. 

By examining the reproducibility of the laboratory and large-scale laboratory 

methods used for milling wheat cultivars, we found that we can produce flours of 

constant quality from different cultivars. This means that our applied methods are 

suitable for the production of experimental white flour samples to develop of the 

reference material. 

Our laboratory isolation method proved to be suitable for the production of RM 

candidate gluten isolates for RM development based on the purity of the samples, protein 

yield and protein profile, and also proven reproducible production process. In the 

improved method for preparing gliadin isolates, differences in protein content indicated 

a repeatability problem. However, based on a comparative analysis of protein profiles 

relevant for immunoanalytical tests, we considered that the method is suitable for the 

preparation of experimental gliadin isolates to achieve our aims. 

From the preliminary qualitative examination of the RM candidates produced from 

the five cultivars of wheat and their blend and the IRM samples, we concluded that the 

matrices may be suitable for studying the most important issues related to reference 

material. 

4.3. Comprehensive characterization of RM candidate matrices 

Based on the results of the performance of ELISA methods and the reliability of 

methods for producing RM candidates, it is now possible to determine the effect of GxE 

variability in wheat cultivars, isolation procedure, protein source, matrix and processing 

on ELISA results in food models. Then we can proceed in answering the unresolved 

questions of gluten reference material development with the detailed characterization of 

RM candidates. 

4.3.1. Comparative study of the effect of single cultivar and their blend on analytical 

results 

Due to the composition of gluten proteins and its high variability depending on 

genetic and environmental factors, the amount of epitopes that induce celiac disease 

and/or target in immunoassays also varies widely in the samples. To minimize the 

uncertainty due to GxE variability for a reference material, we need to consider the 

benefits of using an RM produced from an individual cultivar or mixture of cultivars and 

the extent of its effect compared to the uncertainty of ELISA methods. To investigate 

these effects and to scientifically demonstrate the justification or rejection of a single 

cultivar versus a blend, I compared the genetic variability and the effect of harvest year 

of the selected five wheat cultivars on protein content, protein composition, and 

immunoanalytical results with the values and homogeneity of the blend sample. 
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The genetic variability of the cultivars suitable for the development of gluten 

reference material appeared in the composition of the proteins characterized by 

chromatographic methods and this caused a significant difference in the results of the 

ELISA methods as well. The extent and direction of the change in ELISA values typically 

did not follow the change in protein fractions relevant to the given method (ω1,2-, α- and 

γ-gliadins). This has also been established based on our previous work5, so the ELISA 

results do not or just weakly correlate with the amount of proteins containing epitopes. 

The blend flour was found to be homogeneous in the protein content, composition and 

concentration of gliadin determined by ELISA methods as well, and it averaged the 

differences between the cultivars. By examining the composition of the blend, we also 

proved that our laboratory method used for its preparation is suitable for the production 

of a homogeneous mixture of several wheat cultivars. It was fulfilled for none of the RM 

candidate cultivars that it had an average value in all respects, and the significant changes 

caused by the harvest year were reflected in the results of the ELISA method. As the 

degree of genetic variability and the effect of harvest year is greater than the extent of 

errors resulting from the performance of the ELISA method, their level should be 

reduced. Based on our measurements, the production of a mixture is now proven to be 

the most suitable solution. 

The ultimate goal of our development is to select and to develop suitable RM 

candidate(s) that is also available in sufficient quantities for widespread use. Therefore, 

the flour production was also carried out in a large laboratory level. Increasing the scale 

of production had an effect on protein content and composition, but compared to the 

uncertainty of the ELISA methods scaling up had less or no effect on the 

immunoanalytical results depending on the target epitope. Variability between cultivars 

in the case of large laboratory samples also had a significant effect on all parameters, 

including the results of the ELISA method. The large laboratory blend flour had very 

similar compositional and ELISA values to the average of the five cultivars, so it also 

represented the average of the cultivars well with the scaling up. This also shows that we 

have been able to apply a process for preparing the blend at the large laboratory level, 

which results in homogeneous composition and similarity to the sample produced on 

laboratory scale. 

4.3.2. Comparison of the type of reference material (flour or isolate), investigation of 

the effect of isolation on composition and immunoassay results 

During the development of gluten reference material, the possibility of several types 

of matrices (flour, gluten or gliadin isolate) also appears in scientific thinking. This is 

due to mainly the different perceptions of the advantages and disadvantages of using 

different forms, which have been based mainly on theoretical considerations. No data are 

available in the literature for the comparative evaluation of flour and isolates, so we have 

not known how isolation affects the immunoassay results and how this relates to the 

degree of uncertainty arising from other sources of error in the ELISA method. 

The comparative study of the flour, gluten and gliadin isolates prepared from the five 

RM candidate wheat cultivars and their blend revealed that the isolation has an effect on 

the composition of the different samples so there is a possibility of loss of analytical 

information. However, based on the results of the ELISA methods, we found that the loss 

of information during isolation, so the change in the ratio/amount of target epitopes, had 

no effect on the results of the ELISA methods or was comparable to the average 

analytical uncertainty of the method. Thus, based on our results, it is not yet clear which 

type of RM matrix is most advantageous from analytical consideration. When 

considering the choice of flour/gluten/gliadin, other aspects of the use of different 

matrices (advantages/disadvantages, stability, manageability, solubility, etc.) should also 

be considered in the decision. A comprehensive comparison with PWG gliadin (a mixture 
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of 28 European wheat cultivars, and currently the only widely accepted and used gliadin 

standard) found that the results obtained for PWG gliadin were comparable to the blended 

gliadin samples we produced. This proves the potential for the reduction of the number 

of cultivars and the production of the reference material can be significantly simplified 

with a carefully selected mixture of a few cultivars. 

4.3.3. Comparison of food model matrices with different gliadin sources for IRM 

development 

Most of the foods tested in everyday practice are processed products where the 

physical and chemical properties of proteins can change, which can fundamentally affect 

the results of analytical tests. Therefore, the next level of the reference material 

development process is materials produced by controlled processing steps that model real 

foods, the so-called IRMs. These contain a declared amount of the protein to be 

measured, in our case gluten proteins and their gliadin components. Based on the results 

of the previous IRM development in our research group, I studied the effect of gliadin 

source (flour, gluten or gliadin isolate) on ELISA results, for which a comparative 

literature has not been available at all. 

The protein composition of the different gliadin sources was influenced by 

processing, which was also reflected in the results of the ELISA methods. In IRM 

development, the choice of gliadin source should be considered, as the processing has 

different effects on the ELISA results of different model matrices. This may be due to 

the difference in the tendency of proteins containing different target epitopes to form 

aggregation and react with other components. The degree of lost analytical information 

was the smallest in the case of flour, but the differences due to single cultivar versus 

blend did not apply to flour. In the case of gluten isolate, the processing had a greater 

effect on the ELISA method, which can be explained by its tendency to form aggregation. 

Furthermore, changes in gliadin isolates have a much greater effect on the results of the 

ELISA method compared to flours and gluten isolates, so the loss of analytical 

information is the highest in this form. Based on our results, it can be demonstrated that 

the choice of protein source is a key issue for IRM development because gliadin source 

affects the results of the ELISA method. The conclusions not only help to create the 

conditions for method validation, but also support method development efforts (for 

example improving sample preparation to eliminate different aggregates). 

4.3.4. Stability of flour and isolate RM candidates - preliminary studies 

It is important to have information on the stability of the developed RM candidate 

materials, as this fundamentally determines its value in use. No information relate to 

stability is available for the use of white flour and gluten isolate as RM material. The 

situation is different for the gliadin isolate, as PWG gliadin has been in existence for 

almost fifteen years and its composition is constantly monitored, so it seems that its 

stability can be ensured in the long term by frozen storage. The question is how the RM 

candidate matrices we produced behave, so we also started studies on the stability of our 

RM candidate samples. 

Based on our results obtained till now, I found that the stability of flours and gluten 

isolates under cooling conditions (approx. 17 ° C) is appropriate, the variability of their 

ELISA values is probably not due to possible changes in composition during storage, but 

rather to the uncertainty of the ELISA method. This means that during the studied period 

of almost three years, no processes start during storage in the different matrices that 

would affect their measured gluten content. However, further monitoring of the stability 

of the different materials is needed to clearly decide how the protein properties evolve in 

terms of long-term shelf life. 
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5. Theses 

1. By examining the analytical performance (accuracy, precision) of ELISA 

methods, I proved that methods applied can also be suitable for analysing sample 

matrices containing high concentrations (higher, than mg/kg) of target proteins. (paper I) 

2. I developed a laboratory methodology for the production of homogeneous flour 

mixtures from different cultivars. I determined the extent of the effect of genetic and 

harvest year variability on the results of ELISA methods suitable for determining gluten 

content. For the first time, I proved by chromatographic and ELISA methods that the 

mixture averages and compensates for the differences resulting from the variability of 

the wheat cultivars, therefore a blend material is more suitable as a reference material 

than an individual cultivar. (paper II, IV) 

3. I proved by using separation techniques and immunoanalytical methods, that the 

large scale laboratory procedure implemented in international cooperation is suitable for 

the production of homogeneous reference material batches, and as a result of it we 

produced the world's first reference flour mixture, which is being utilized. (paper II) 

4. I developed laboratory methods for the preparation of gluten and gliadin isolates 

for reference purposes. I found that the effect of isolation on the ELISA results is 

comparable to the measurement uncertainty of the applied ELISA methods. I first proved 

that the isolates give a similar analytical result to flours, so in this respect all three 

investigated sample matrices are suitable for use as reference materials. The choice 

among the three possible reference material matrices has to be made based on other 

aspects (for example solubility, stability, etc.). (paper III, IV) 

5. By a detailed comparative characterization of gliadin isolates made from a 

mixture of five preselected wheat cultivars and the so-called PWG gliadin, which has 

been generally accepted but not given reference material status, I proved that proper 

cultivar selection can significantly reduce the number of cultivars involved in reference 

material production, thus simplifying their production. (paper III) 

6. I found that in matrices modelling real processed foods as IRM candidates, the 

quality of the gliadin source influences the results of ELISA methods suitable for 

determining gluten content. I have demonstrated that the IRM made from the blend is 

also suitable for the scientifically demanding study of the effects of gliadin source quality 

and processing. 

6. Potential application 

We developed the world's first wheat-based flour reference material by detailed 

characterization of a mixture of five wheat cultivars selected on the basis of pre-selection, 

demonstration of its advantage, namely the reduction of uncertainty due to genetic and 

vintage variability supported by experimental results. Our RM candidate also aroused the 

interest of the professional public, and our material entered the stage of a utilization 

agreement with the recommendation of MoniQA Association. The successful 

introduction and distribution of RM can support the identification of factors responsible 

for the uncertainty of gluten analytical results and the development and validation of 

methods using them. 

The identification of results and critical points obtained by the development of 

laboratory isolation methods and the detailed characterization of gluten and gliadin 

isolates produced from different wheat cultivars can help in the development of 
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reproducible methods and scale-up. 

It is possible to support the validation of the methods with the help of the IRM 

development modelling realistic foods in our research group over the years and the 

matrices produced as a result of the present work. Furthermore, the use of IRMs can be 

seen in the study and interpretation of the effects of key technologies (heat treatment, 

hydrolysis, pH change, etc.) on analytical results. Thus, food model matrices can serve 

not only as a reference material but also as a standardized test material for scientific 

research purposes. 
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