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ABSTRACT

Proper gluten quantitation is essential for providing safe gluten-free food for patients living with celiac
disease (CD). However, gluten quantitation faces several challenges: the lack of a reference method and
certified reference materials, the variability of methods and the effects of genetic and environmental factors
on gluten. Among all these challenges our research group focuses on gluten reference material develop-
ment. Gluten content is determined by enzyme linked immunosorbent assay (ELISA) methods to obtain
comparable data for the selection of cultivars used in our reference material development efforts. As ELISA
methods are developed for determining low gluten concentrations, application for these special research
purposes requires a 10,000-fold dilution. The formerly performed process was a post-extraction liquid
dilution that proved to be sufficient for wheat samples. However, gluten contents of rye and barley samples
were found to be overestimated by ELISA methods. One of the suggested reasons is the structural and
solubility changes of gluten proteins during the dilution process. Therefore, our present study focuses on
the comparison of the original dilution method and a revised version using solid-phase dilution in a gluten-
free matrix.
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1. INTRODUCTION

Celiac disease (CD) is an autoimmune condition triggered by dietary gluten in genetically
predisposed individuals. In CD, the consumption of gluten generates an abnormal immune
response that leads to inflammation of the upper small intestine, villous atrophy, and decreased
absorption of essential nutrients and vitamins (Holmes, 2022). With the prevalence of around
1%, CD is one of the main food related hypersensitivities (Makharia et al., 2022). To date, the
only effective treatment of CD is a strict lifelong gluten free diet (Meresse et al., 2009; Ribeiro
et al., 2018; Hoilat et al., 2022).

In Europe, the Commission Implementing Regulation (EU) No. 828/2014, in line with the
recommendation of Codex Alimentarius (Codex Standard 118-1979, 2015), declares that “The
statement ‘gluten-free’ may only be made where the food as sold to the final consumer contains
no more than 20 mg kg�1 of gluten”.

To provide safe gluten-free food, proper analytical methods are needed to ensure compliance
to the 20 mg kg�1 threshold. While there are no reference methods for gluten analysis, the
Codex Alimentarius recommends the enzyme-linked immunosorbent assay (ELISA) using the
R5 antibody, but any other with similar performance parameters is acceptable. However, these
immunoanalytical methods have various limitations. The lack of a reference method leads to the
use of various analytical solutions for gluten determination, and the results often show signif-
icant differences. These uncertainties are caused either by the variations in the methodology or
by the complexity of the gluten proteins (Bugyi et al., 2013; Lexhaller et al., 2016). The most
significant methodological differences are the use of antibodies with varying specificities, dif-
ferences in the extraction protocols or in the calibrating materials due to the lack of a proper
reference material. As gluten is a group of complex proteins including many different structures,
proper quantification is challenging. Moreover, the genetic and environmental variability also
has a huge impact on the number of detectable epitopes (Lester, 2008; Scherf and Poms, 2016;
Juhász et al., 2020; Xhaferaj et al., 2020; Scherf et al., 2021; Makharia et al., 2022).

The lack of a certified reference material is one of the most critical points of determining the
gluten content of foods. Currently the available standard materials, e.g. PWG gliadin (van Eckert
et al., 2006, 2010), and a reference candidate wheat flour mixture (Hajas et al., 2018; Schall et al.,
2020a, 2020b) are based on wheat proteins, which sets further difficulties for gluten determi-
nation in rye and barley as the ELISA antibodies bind their proteins with different affinities.
Therefore, rye and barley should also be included in the reference material development (Lester,
2008; Tanner et al., 2013; Lexhaller et al., 2017; Huang et al., 2020; Xhaferaj et al., 2020;
Makharia et al., 2022).

Commercially available gluten ELISA kits are dedicated to determining gluten levels under
200 mg kg�1, however, these methods are also applicable in research to obtain information on
differences in gluten content of cereal cultivars. As these methods are optimised for determining
gluten around 20 mg kg�1, proper measurement of gluten in samples with very high gluten
content, such as wheat, rye, or barley flours, require a notable dilution. According to former
studies and our pre-experiments, a 10,000-fold dilution appeared to be suitable for getting the
gluten concentrations of the flour extracts into the ELISA calibration range (Schall et al., 2019).
In case of the wheat samples, this dilution step was obtained after the extraction of the gluten
proteins, however, in rye and barley samples increase in variances of results and overestimation
of gluten content was observed (Lexhaller et al., 2017). The applied dilution method might result
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in changes of the protein solubility and structures and potential formation of neoepitopes, which
might be one reason of this variability and overestimation. Therefore, the former dilution
method was revised, and rye and barley flours were diluted before the extraction with a
gluten-free matrix in solid phase.

Our current study focuses on the optimisation of the ELISA sample preparation for these
special high gluten protein content rye and barley samples to make it possible to include ELISA
methods for gluten reference material development in case of these cereals as well.

2. MATERIALS AND METHODS

2.1. Rye and barley samples

Rye (Reformer (Germany), Hazlet (Canada), and Dankowskie-Diament (grown in Hungary))
and barley (H38 (Hungary), Copeland (Canada), and Daishi-Mochi (grown in Hungary)) cul-
tivars were selected based on our former experiments to include samples with similar and
different gluten content as well. Grains were milled (FQC 109, Metefém, Budapest, Hungary)
and three characteristic size fractions (<150 μm (S1), 150–250 μm (S2), and >250 μm (S3)) were
separated by sieving (micro sieve, Metefém, Budapest, Hungary).

Homogenisation of samples diluted in a gluten free (GF) brown rice flour matrix was
obtained manually by two consecutive 100-fold dilutions in a laboratory mortar. According
to our pre-experiments, the S1 fractions were more suitable for obtaining homogenous solid
diluted samples than whole flours since the particle size distribution of the S1 fraction is more
similar to that of the GF matrix, however, gluten content of whole flours should be considered as
the relevant data. Homogeneity was tested with parallel extractions (n 5 10 in case of one rye
and one barley cultivar and n 5 5 for the other samples). Gluten content of the three size
fractions were compared for all samples to examine whether whole flours can be represented by
the S1 fractions.

2.2. Experimental design

Gluten contents of the S1 size fractions were measured i) directly with post-extraction 10,000-
fold liquid dilution and ii) after 10,000-fold dilution in gluten-free matrix. The S1 fraction was
selected for the solid dilution to improve homogeneity. The S2 and S3 fractions were analysed
with the original post-extraction liquid dilution.

Gluten contents of the size fractions were compared for checking whether the S1 fractions
could represent the gluten content of the whole flour, and homogeneity of the 10,000-fold solid
phase dilution was also tested. Analyses of the ELISA measurements were carried out in trip-
licates of each independent extraction.

2.3. Gluten quantitation with ELISA

Samples were analysed by an R5 gluten ELISA test kit (RIDASCREEN Gliadin Assay (R7001,
R-Biopharm, Darmstadt, Germany)). Extraction and measurement of the gluten proteins were
carried out according to the manufacturer’s instructions. In case of the flour samples that were
extracted in their native form, a further 10,000-fold dilution was obtained by a 2-step dilution
procedure. The absorbances were determined at 450 nm using a microplate reader (iMarkTM
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Microplate Absorbance Reader, Bio-Rad, Hercules, CA, USA). The gluten concentration was
calculated from the gliadin concentration values determined by the Bio-Rad Microplate Man-
ager 6 software (Bio-Rad Laboratories Inc., USA) using the cubic spline curve fit.

2.4. Data analysis

Statistical analysis was carried out by t-tests for comparison of dilution methods, one-way
analysis of variances (ANOVAs) and nested design one-way ANOVAs considering the hierar-
chic structure of the data for comparison of size fractions and replicate extractions at a confi-
dence level of 0.95 using STATISTICA v12.5 software (StatSoft Inc, Tulsa, OK, USA).

3. RESULTS AND DISCUSSION

3.1. Analysis of the size fractions

No significant differences were found between the fractions considering that ELISA measure-
ment results may have a variance up to 30% (Méndez et al., 2005). This means that the S1
fractions might be used as a representative for the whole flours. The results also show that the
difference between the individual extractions were significant in most cases, therefore, this factor
dominates the overall variances (online supplement).

3.2. Homogeneity of the GF matrix diluted samples

Solid phase dilutions of the rye and the barley S1 fractions were tested for homogeneity (Fig. 1).
According to the one-way ANOVA results, no significant differences were detected in case of the
rye samples (P 5 0.1213, F 5 1.8475, Fcrit 5 2.3928), however, barley samples showed signif-
icant variance (P 5 1.7582E–13, F 5 104.1359, Fcrit 5 2.5102). Gluten free brown rice (blank)
samples were also tested, and gluten content was around the declared LOQ value (5 mg kg�1) of
the kit.

Variability of the solid and the liquid phase diluted samples were analysed, and calculated
RSD% values (Table 1) showed similar variances in both extraction methods in rye samples. In
contrast, solid phase diluted barley samples were found to have higher RSD% values than the
same samples diluted in liquid phase. This, with the low well-to-well standard deviations,
suggests that the extraction step may affect the repeatability of the method more in barley than
in rye samples. The same was observed after repeated homogenisation processes. According to
the results, homogenous mixture was obtained from the rye samples, however, barleys were not
fully suitable for the applied solid dilution sample preparation.

3.3. Comparison of the sample preparation methods

The measured gluten contents of the liquid and solid phase diluted samples (Fig. 2) were
compared with t-tests (Table 1). The measured gluten content of Reformer and Dankowskie-
Diament were found to be significantly higher after solid phase dilution, and for Hazlet no
significant difference was detected. During extraction of liquid diluted rye samples an aggrega-
tion was observed in the extraction tubes, which might be the reason for the lower gluten
contents, possibly due to the reduced extractability of these samples.
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In case of barleys, the variances of the solid phase diluted samples were significantly higher
than the variances observed after the liquid phase dilution method, therefore, only limited
conclusions can be drawn. The gluten content of the liquid phase diluted samples in Copeland
and Daishi-Mochi was found to be about 2 and 2.5-times the gluten content of the solid phase

Table 1. Results and comparison of solid and liquid phase dilution methods. Confidence level for the t-test
was 95%. RSD% (relative standard deviation) values were compared to the ELISA overall variability of 30%

(Mendéz et al., 2005)

Gluten content,
solid (mg kg�1)

RSD% solid phase
dilutions (n 5 5)

Gluten content,
liquid (mg kg�1)

RSD% liquid
phase

dilutions
(n 5 3)

P
(α 5 0.05)

Rye
Reformer 191,023 ± 43,296 22.67 140,667 ± 29,364 20.87 7.35E–03
Hazlet 231,368 ± 30,746 13.29 250,382 ± 43,744 17.47 2.24E–01
Dankowskie-
Diament

278,160 ± 32,695 11.75 168,058 ± 21,091 12.55 1.93E–11

Barley
H38 106,832 ± 56,368 52.76 142,394 ± 39,054 27.43 8.92E–02
Copeland 125,711 ± 36,601 29.12 251,672 ± 39,888 15.85 1.97E–06
Daishi-
Mochi

195,329 ± 61,144 31.30 516,624 ± 63,267 12.25 2.45E–11

Fig. 1. Homogeneity of Dankowskie-Diament rye and H38 barley S1 fraction samples in solid phase
dilution
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diluted samples, respectively. In case of H38 barley, no significant difference could be detected
due to the high variance of the solid phase diluted samples. Unlike the results of ryes, this
difference cannot be explained with any visually detectable event during the sample preparation;
however, one possible reason could be the formation of neoepitopes during the dilution process
due to some structural changes in the gluten proteins. Similar results were reported by Kanerva
et al. (2006) for barley contaminated oat samples.

4. CONCLUSIONS

The R5 ELISA methods are optimised for determining gluten around the 20 mg kg�1 threshold,
however, determination of gluten content in high gluten containing cereal flour samples,
requiring a notable dilution, may also be important for research purposes like gluten reference
material development. In our present study, the liquid phase dilution formerly used in wheat-
based reference material developments was revised and the rye and barley flours were also
diluted with a gluten-free matrix in solid phase before the extraction, and the two methods
were compared.

According to our results, the measured values highly depend on the cereal matrix: in case of
rye samples the solid, in case of barley samples the liquid dilution method resulted in higher
measured gluten contents. However, with the use of the same method, different cultivars still
compare the same way, therefore, both methods are applicable for describing the tendencies of
differences between the samples, that is essential for cultivar selection in reference material
development.

The proper explanation of our findings needs to be further examined; however, it might be
suggested that the changes in protein structure and solubility during the sample preparation
steps have a greater effect on the results than it was observed in wheat samples (Schall et al.,
2019). The improvement of the sample preparation method for high gluten content samples

Fig. 2. Gluten content of solid and liquid diluted rye and barley samples
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assists the proper determination of gluten in those samples examined for determining the
genetic and environmental differences between rye and barley cultivars, selection of appropriate
varieties and after all, gluten reference material development. With a proper dilution process, the
ELISA measurements can be used as a rapid high-throughput method for examining and
comparing high gluten containing cereal samples.
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