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Abstract Currently, the only effective treatment for coeliac
disease is a gluten-free (GF) diet to avoid gluten-containing
food intake. However, the current enzyme-linked immunosor-
bent assay (ELISA) method for detecting gluten lacks the
ability to precisely detect and quantify gluten in fermented
and hydrolyzed foods. The purpose of this study was to use
liquid chromatography-tandem mass spectrometry (LC-MS/
MS) to develop a robust and stable method for gliadin and
hordein detection when assessing food safety. This study suc-
cessfully extracted hordein from barley flour to use as a refer-
ence standard. Liquid chromatography/quadrupole time-of-
flight mass spectrometer (LC/Q-TOF/MS) performed an

Electronic supplementary material The online version of this article
(doi:10.1007/s12161-017-0827-0) contains supplementary material,
which is available to authorized users.

< Hsu -Yang Lin
michael @fda.gov.tw

Yi-Shun Liao
2055398 @outlook.com

Je-Hung Kuo
jehung.kuo @gmail.com

Bo-Lin Chen
96447008 @fda.gov.tw

Hsiu-Wei Tsuei
swt326 @fda.gov.tw

Che-Yang Lin
linjyang@fda.gov.tw

Hwei-Fang Cheng
rmhfcheng @fda.gov.tw

Division of Research and Analysis, Taiwan Food and Drug
Administration, Taipei, Taiwan (R.O.C.)

analysis to identify unique marker peptides from gliadin and
hordein. For determining the limit of detection of gluten in GF
products, gliadin and hordein were spiked into GF products at
concentrations of 1-100 mg/kg with isotope-labeled peptides
as internal standards (IS). The developed method enabled the
detection of 2.5 mg/kg of wheat and barley gluten in GF
products. Finally, compared with the immunochemical meth-
od, the ability for the MS-based method to detect and quantify
gluten content from fermented and hydrolyzed foods was un-
affected and demonstrated the potential to analyze suspected
gluten-contaminated foods to assess product safety.

Keywords Celiac disease - Gluten-free - Liquid
chromatography-mass spectrometry - Wheat - Gliadin -
Barley - Hordein - Prolamins

Introduction

Gluten is a storage protein present in the endosperm of cereals
like wheat, barley, rye, and oat (Shewry et al. 2002;
Commission Regulation 2009) and is a cross-linked protein
comprising prolamins, monomeric, alcohol-soluble protein
and glutelins, polymeric, and alcohol-insoluble protein
(Wieser 2007). The cereal prolamins are namely gliadin in
wheat, hordein in barley, secalin in rye, and avenin in oat.
All prolamins contain high amounts of glutamine and proline
but contain few basic amino acids, such as lysine (Shewry
et al. 1992). Although starch is one of major compounds to
supply calories in cereals, gluten proteins from these cereals
can trigger three pathologies: (1) coeliac disease (CD), an
autoimmune disorder of the small intestine affecting about
1% of the world’s population, specifically for the Occident
(Green et al. 2003; Abadie et al. 2011; Bernardo and Pena
2012); (2) food allergies, which affects a smaller group of
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people (about 0.2—-0.5%) caused by IgE-mediated allergic re-
sponses that can be critical (Snégaroff et al. 2006; Zuidmeer
etal. 2008); and (3) gluten sensitivity, a gluten intolerance that
affects a larger group, but is largely unreported (Sapone et al.
2011; Biesiekierski et al. 2011). To avoid carelessly glutin-
contained food intake, the GF food regulation is necessary
(Ciclitira et al. 2005). Therefore, the improved sensitivity of
analytical methods to detect gluten is imperative.

Several countries have established rules for GF food label-
ing that specifically inform tolerance standards for gluten
compared to other requirements for food allergen labeling.
According to the Codex Alimentarius Standards 118-1979
(revised 2015) adopted by the World Health Organization
standard for GF foods, GF foods are defined as dietary foods
consisting of ingredients that do not contain gluten at a level
that exceeds 20 mg/kg (Codex Alimentarius Commission
2015). The US Food and Drug Administration (FDA) and
European Commission also consider the Codex standard
(Commission Regulation 2009; U.S FDA 2013). Although
oats, like other gluten-containing cereals, belong to
celiacogenic cereals, recent research has shown that gluten
from oats (avenins) contains lower proline and glutamine than
gliadin, hordein, secalin, or their crossbred varieties; therefore,
oats do not trigger or induce an autoimmune response with
CD (Comino etal. 2011). As a result, if not contaminated with
other seeds, oats have been removed from gluten-containing
grains in USA (U.S FDA 2013). However, in Europe country,
oats still classed as gluten-containing grains (Commission
Regulation 2009).

Many methods have been developed to detect gluten based
on genomic and proteomic approaches, as well as immuno-
logical tests (Denery-Papini et al. 1999; Skylas et al. 2000;
Sandberg et al. 2003). ELISA is currently the most common
approach used to detect gluten in food. However, ELISA is
unable to identify the cereal species, and recent research indi-
cates that ELISA does not precisely detect and quantify gluten
in fermented and hydrolyzed foods owing to a lack of proper
reference material (Diaz-Amigo and Popping 2013).
Efficiency of the ELISA antibodies is also affected by proba-
ble loss of immunoreactive epitopes of gluten after food pro-
cessing, which could lead to inaccurate estimates of total glu-
ten content (Kanerva et al. 2011; Diaz-Amigo and Popping
2012). Recently, mass spectrometry (MS) has been widely
used to analyze biological samples for proteomic research.
There are two ways for protein identification in proteomic:
top-down and bottom-up method. Bottom-up method is based
on detecting the specific peptides which are digested from
targeted proteins (Aebersold and Mann 2003; Chait 2006);
in fact, several studies have used MS-based methods to ana-
lyze gluten (Sealey-Voyksner et al. 2010; Simonato et al.
2011; Fiedler et al. 2014). In addition to discriminating spe-
cies, the advantages of MS-based methods include their ability
to overcome antibody cross-reactivity and loss of gluten
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epitopes where the ELISA-based method is otherwise limited.
Nevertheless, the sensitivity of MS-based methods is often
affected by the complex matrix (Trufelli et al. 2011), and the
ability to quantitate proteins could be restricted by a lack of
standardized reference material.

The purpose of this study was to develop a simple and
stable method for gliadin and hordein detection. The first ap-
proach of this study aimed to extract hordein from barley flour
as a reference standard. Our second approach was to detect
unique marker peptides from gliadin and hordein used to de-
termine the detection limit of gluten in GF products. The last
approach compared the results of the LC-MS/MS-based meth-
od against measurements from the ELISA method.

Material and Methods
Chemicals and Materials

Gliadin from wheat (powder), acetone, ethyl alcohol, urea, am-
monium bicarbonate, Bradford reagent, dithiothreitol (DTT),
iodoacetamide (IAA), trifluoroacetic acid (TFA), trypsin IX
(trypsin), and formic acid (FA) were purchased from Sigma-
Aldrich (St. Louis, USA). Acetonitrile (ACN) was obtained from
Avantor Performance Materials (Center Valley, USA) and water
from Scharlau (Barcelona, Spain). To confirm if the GF products
were gluten-free, ELISA analysis was performed using
RIDASCREEN® Gliadin (R-Biopharm, Darmstadt, Germany).
The isotope-labeled IS peptides (N-LWQIPEQS(R)-C/R: 13C,
15N labeled; N-QQCCQQLANINEQS(R)-C/Q: iodoacetamide
modification/R: 13C, 15N labeled) were synthesized from
Mission Biotech (Taipei, Taiwan) with a purity of approximately
95% according to the supplier. Unprocessed raw materials
(seeds, flour), processed foods (beers, cookies, beverages), and
GF products (GF flour, com flour, apple wine, rice wine) were
obtained from local markets.

Gliadin and Hordein Extraction/Purification

The gliadin extraction procedure was adopted from previous
study (Tatham et al. 2000), and the final amount of gliadin in
the Sigma gliadin powder was calculated with the correction
factor of 0.4 following previous study (Manfredi et al. 2015).
The gliadin stock solution was prepared by dissolving an ali-
quot of Sigma gliadin powder in 60% aqueous ethanol solu-
tion (EtOH), shaking vigorously at room temperature (RT) for
2 h, and centrifuging at 1900x g for 10 min, after which the
supernatant was collected and stored frozen (—20 °C).
Hordeins were extracted from 1 g of whole grain barley
flour. The extraction procedure was the same as for gliadin.
The soluble crude protein was then dried in a centrifugal evap-
orator (Labconco, Kansas City, USA) at 65 °C, re-suspended
with 1 mL of 6 M urea and 13 pL of neat glacial acetic acid
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(final concentration 1.0%), and centrifuged at 18,000 g for
10 min, after which the supernatant was filtered on a 0.2-um
polytetrafluoroethylene membrane (Thermo Fisher Scientific,
Waltham, USA). Urea soluble proteins were analyzed on a
HPLC using an Agilent chromatography system (1260
Infinity; Agilent Technologies, USA) with OpenLAB CDS
ChemStation software (Agilent Technologies, Foster City,
USA). For each fraction, 100 pL. was injected onto a mRP
Hi-Recovery Protein Column (2.1 x 75 mm; Agilent
Technologies, Foster City, USA) at 25 °C using an isocratic
gradient at 30% B for 2 min at 0.5 mL/min (solvent A, 0.1%
TFA in water; solvent B, 0.1% TFA in ACN) and eluted with a
linear gradient from 30 to 60% B over 8.4 min, followed by
5 min of column re-equilibration. Column effluent was mon-
itored at 280 nm (Shahbazi et al. 2016). The fractions were
collected, dried in a centrifugal evaporator, and dissolved in
1 mL of 60% EtOH.

Sample Preparation for the Spiking Experiments

The 100 mg/kg of gluten in GF products was prepared using
50 pg of gluten protein and 0.5 g of the GF product. This
method was repeated dilution for the preparation of gluten in
GF products at 80, 40, 20, 10, 5, 2.5, 1.25, and 1 mg/kg.

Sample (Standard Proteins and Food Matrices) Digestion

An aliquot of each protein extraction solution was dried in a
centrifugal evaporator and re-suspended with 1 mL of 8 M
urea in 50 mM (mmol/L) ammonium bicarbonate (pH 8.0),
and 10 uL of 1 mM (mol/L) DTT (final concentration
10 mmol/L) was added for the reduction reaction at RT for
60 min. For the alkylation reaction, 30 mM (mmol/L) [AA
were then added at 37 °C for 30 min in the dark. After alkyl-
ation, 8 mL of 50 mM (mmol/L) ammonium bicarbonate (pH
8.0) was added to dilute the urea to less than 1 M (mol/L). The
proteins were digested by trypsin IX (1:100 enzyme-to-
protein ratio at 37 °C; Sigma-Aldrich, St. Louis, USA) over-
night (approximately 18 h); then, tryptic digestion was
stopped by acidifying with folic acid (FA) to a final concen-
tration of 5%. The resulting peptides were desalted using
Oasis HLB (500 mg; Waters, USA) according to the manu-
facturer’s instructions, after which the desalted peptide solu-
tion was dried in a centrifugal evaporator and dissolved in
300 pL of aqueous solution containing 0.1% FA and 5%
ACN for qualitative analysis. The peptide solutions were di-
luted 1:1 with the IS peptides in 0.1% FA and 5% ACN for
reproducibility and quantitative analysis.

Protein and Peptide Identifications

The peptide mixtures were analyzed by an Agilent 1290
Infinity LC system equipped with an Agilent 6530 Accurate-

Mass Q-TOF MS system, which was electrosprayed using
Agilent Jet Stream dual electrospray source (AJI ESI). The
MassHunter Workstation Acquisition software was used to
control the whole system (Agilent Technologies, Foster City,
USA). Aliquots of 20 uL of each extract were injected, and
peptides separated on a Polaris 3 C18 column (3-um particle
size, 2.0 x 150 mm; Agilent Technologies) using a ACN gra-
dient of 5 to 60% B over 50 min at 40 °C; the flow rate was
maintained at 0.3 mL/min. The ESI parameters were set as
follows: capillary voltage at 4.0 kV, nozzle voltage of 0 V,
nebulizer pressure at 35 1b per square inch (psi), drying gas
8 L/min of nitrogen, and gas temperature of 300 °C. For the
TOF analyzer parameters, fragmentor voltage was set at
175 V, skimmer voltage at 65 V, and OCT 1 RF Vpp at
750 V. For the peptide mass analysis, the auto-MS/MS mode
was used with a ramped collision energy (CE) slope of 3.1 and
offset of 1 with charge 2%, a slope of 3.6, and offset of —4.8
with charge 3% or more. The mass range of the MS spectra was
acquired in the 285-1700 m/z range, and the MS/MS spectra
were acquired in the 100—1700 m/z range. The data were col-
lected by auto-MS/MS acquisition with an MS acquisition rate
of'three spectra per second and MS/MS acquisition rate of two
spectra per second. The instrument was calibrated using the
Agilent tuning mix HP0321 (Agilent Technologies, Foster
City, USA) in acetonitrile; continuous internal calibration used
the following reference masses: 121.0509 and 922.0098 m/z
(Agilent Technologies, Foster City, USA).

The information of peptides were extracted from raw data
and identified using the Spectrum Mill MS proteomics work-
bench against the National Center for Biotechnology
Information (NCBI) nonredundant (nr) protein sequence da-
tabase. The parameters of search were as follows: mass toler-
ance window of 20 ppm for the precursor ions and 50 ppm for
the produce ions (daughter ions), trypsin digestion no more
than two miscleavages, carbamidomethylation of cysteine as a
type of fixed modification, the scores greater than 10, and the
percentage scored peak intensities (% SPI) greater than 80%
of the database spectrum.

LC-MRM-Based Quantitative Detection of Marker
Peptides

The peptide mixtures were resolved using 5% ACN contained
0.1% FA and analyzed by an Agilent 1290 Infinity LC system
equipped with an Agilent 6490 Triple Quad MS system,
which was electrosprayed using AJI ESI. The MassHunter
Workstation Acquisition software was used to control the
whole system (Agilent Technologies, Foster City, USA).
The peptide separations were performed on a CSH™ 130
C18 column (1.7-um particle size, 2.1 x 150 mm; Waters,
Milford, USA) used with a column temperature of 40 °C.
Measurements were performed in ESI+ dynamic multiple re-
action monitoring (MRM). Twenty microliters of samples
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Fig. 1 HPLC chromatogram of barley proteins was divided into two
main parts. One hundred microliter extraction solution was injected
onto a mRP Hi-Recovery Protein Column (2.1 x 75 mm), and the
proteins were eluted with a linear gradient. Column effluent was

were injected at a flow rate of 0.3 mL/min. The mobile phases
A and B were the same as above. The LC of ACN gradient
was performed of 5% B at 0 min, 15.5% B at 9.5 min, 20% B
at 9.6 min, 47% B at 14 min, 100% B at 15 min, and post time
for 8 min.

ESI parameters were as follows: gas temperature 250 °C,
gas flow 15 L/min, nebulizer 30 psi, sheath gas heater 300 °C,
sheath gas flow 11 L/min, and the capillary voltage was
4000 V. Dwell time was 20 ms/transition; the fragmentation
voltage was set to 380 V, and optimized CE voltage of each
peptide was measured by Optimizer software (Agilent
Technologies, Foster City, USA). The MRM transitions were
chosen for each peptide, as the double or triple-charged pre-
cursor ions paired with their resulting y fragment ions. From
the product ion mass spectrum of each precursor ion, three of
the most abundant product ions were selected.

MRM Data Analysis

MRM data were processed and visualized with MassHunter
quantitative analysis software (Agilent Technologies, Foster

monitored at 280 nm. The barley proteins were divided into two main
parts: alpha-amylase/trypsin and chymotrypsin inhibitor (G/) and
hordeins (G2)

City, USA) and Skyline Software Systems (Skyline,
Herndon, USA). The eight-point standard curves were pre-
pared with a 1/x weighting. The calibration curve was
established according to the measured analyte-to-IS peak area
ratios of calibration standard samples. The R-squared values
should be over 0.99. The qualification criteria followed FDA
guidelines (U.S. Food and Drug Administration 2013); coef-
ficient of variation (CV) for each quantitative peptide in GF
matrices was evaluated at three concentration levels: the limit
of quantification (LOQ) and two higher concentration levels
(10 and 40 mg/kg) that should be below 15%, and accuracy
(%, (mean measured concentration/nominal concentra-
tion) x 100%) was 80 to 120%. The limit of detection
(LOD) was based on a signal to noise (S/N) ratio of 3 to 1
and LOQ on 10 to 1.

Quantitative Analysis of ELISA and LC-MRM-Based
Methods

The gluten content of 12 food samples were tested using both
the RIDASCREEN® Gliadin ELISA (AOAC Performance

Table 1 Q-TOF LC/MS characteristic of barley protein fractions for HPLC

Group Fractions No. of matched peptides Score Accession no.” Protein name Mw
(% sequence coverage)

Gl F1-F6 5(43) 93.81 225,172 Alpha-amylase/trypsin inhibitor 20,107.1
4(73.4) 73.40 124,125 Subtilisin-chymotrypsin inhibitor CI-1A 8882.1

G2 F7-F8 5(26.6) 93.22 224,385 Hordein B 30,863.6
2(9.3) 37.93 1,708,280 Gamma-hordein-3 33,644.6

#The proteomics workbench was against the National Center for Biotechnology Information (NCBI) nonredundant (nr) protein sequence database
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Table2 Number of gliadin and hordein peptides identified with trypsin

Prolamins Protein class Peptide count

Gliadin Alpha-gliadin 8
Gamma-gliadin 20

Hordeins B-hordein 8
Gamma-hordein 3

Tested Method 120601, R-Biopharm AG, Darmstadt,
Germany) and LC-MRM-based methods. ELISA analysis
was performed according to the manufacturer’s instruc-
tion. For LC-MS/MS analysis, 0.5 g or 0.5 mL of food
products was prepared from a sufficient amount of sam-
ple that was at least 5 g or 5 mL; then, the extraction
procedure and MRM analysis were followed by the
abovementioned procedures. The concentration were cal-
ibrated by the derived equation.

Results and Discussion

HPLC Fractionation and LC/Q-TOF/MS for Analysis
of Barley Prolamin (Hordeins)

Unlike gliadin, the hordein proteins were prepared by self-
extracting due to lack of a commercial standard. Hordeins
were extracted with 60% EtOH from 1 g of whole grain barley
flour, and the extracts were, respectively, separated into eight
HPLC fractions shown in Fig. 1. Barley fractions were col-
lected after their following retention times: 4.7-5.5, 5.5-5.7,
5.7-5.9,5.9-6.1, 6.1-6.4, 6.4-7.0, 7.0-7.3, and 7.3-8.2 min.
For protein identification, each HPLC fraction was then ana-
lyzed by LC/Q-TOF/MS. The identification of major proteins
for each fraction and their molecular masses are listed in
Table 1. The resulting barley fractions can be divided into
two groups. Although numbers of peak were detected in the
mass spectrum of each fraction, only the peptides in G2 group
pertain to hordein proteins. Therefore, the G2 group was col-
lected as the standard protein for hordeins. Due to the

Table 3  List of the MS condition of the selected peptides for each prolamin

Peptide Peptide sequence Protein Precursor ion, m/  Charge Production, m/z  Collision Retention
code b4 state energy, V  time, min
Wi DVVLQQHNIAHGR o-Gliadin =~ 496.3 +3 636.9 (y11™2) 17 39
587.3 (y10™) 13
424.9 (y11*3) 9
w2 LWQIPEQSR? «-Gliadin ~ 578.8 +2 857.4 (y7) 17 11.2
729.4 (y6) 21
616.3 (y5) 13
w3 APFASIVAGIGGQ v-Gliadin 594.3 +2 502.3 (y6) 9 12.6
(Srinivasan et al. 2015) 431.2 (y5) 9
204.1 (y2) 21
W4 APFASIVADIGGQ v-Gliadin 623.3 +2 560.3 (y6) 9 12.8
(Altenbach et al. 2010) 261.1 (y3) 13
204.1 (y2) 13
W5 SDCQVMQQQCCQQLAQIPR  y-Gliadin 793.4 +3 697.4 (y6) 9 133
(Simonato et al. 2011) 385.3 (y3) 17
Bl ILPFGIDTR B-hordein  516.3 +2 805.4 (y7) 10 11.4
561.3 (y5) 10
276.2 (y2) 10
B2 VFLQQQCSPVR B-hordein 6814 +2 1115.6 (y9) 22 7.6
1002.5 (y8) 22
874.4 (y7) 22
B3 VFLQQQCSPVPVPQR B-hordein 892 +2 792.5 (y7) 29 9.4
(Guo et al. 2016) 596.4 (y5) 29
400.2 (y3) 29
B4 APFVGVVTGVGGQ v-Hordein ~ 594.3 +2 617.3 (y7) 10 11.7
(Tanner et al. 2016) 518.3 (y6) 10
261.1 (y3) 10
B5 EFLLQQCTLDEK v-Hordein  762.4 +2 1134.5 (y9) 25 104
1021.5 (y8) 25
893.4 (y7) 25
B6 QQCCQQLANINEQSR? v-Hordein ~ 626.3 +3 860.4 (y7) 10 6.3
(Tanner et al. 2016) 746.4 (y6) 10
633.3 (y5) 10

 Peptides were chosen for quantitative purposes
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Fig. 2 LC-MS/MS extracted chromatograms of the gliadin marker
peptides. The proteins in a wheat flour and b beer containing wheat and
barley were analyzed by LC/MS/MS. The chromatograms of the gliadin
marker peptides were extracted. Peptides W1 and W2 belonged to «-
gliadin, and peptides W3 to W5 belonged to y-gliadin

uncertain ability of the commercial ELISA kit to accurately
quantify the hordein content (Kanerva et al. 2006; Tanner et al.
2013b; Colgrave et al. 2014), hordein protein concentrations
were measured using a BCA Protein Assay Reagent Kit
(Sigma-Aldrich, St. Louis, USA).

Optimized Selection of Specific Peptide for Gliadin
and Hordein Proteins

The gliadin and hordein proteins were digested by trypsin and
identified by LC/Q-TOF/MS. These data were searched using
the NCBI nr protein sequence database on Spectra Mill soft-
ware. All 39 peptides were identified from each prolamin
family listed in Tables 2 and S1. Detected peptide counts were
lower compared to other reports that used another enzyme
(Fiedler et al. 2014), such as chymotrypsin, or two or three
enzymes (Allred et al. 2014; Manfredi et al. 2015) that in-
creased the cleavage site positions when detecting more pep-
tides. Despite using just one common enzyme in this study, it
still detected several peptides that are unique to gliadin or
hordein. The details of identified prolamin peptides with se-
quence are presented as the Supporting Information
(Table S1).

In these results, only B-hordein and y-hordein peptides
were identified, but not any peptide for C-hordein or D-
hordein. Although C-hordein is one of the most components
in barley, the trypsin cleavage sites of C-hordein are lower
than B-hordein and y-hordein. Most peptides of C-hordein
cleaved by trypsin are too long to analyze. Furthermore, the
contents of D-hordein in barley are far lower than B-hordein
and C-hordein (Colgrave et al. 2012; Balakireva and
Zamyatnin 2016). This could be the reason why specific
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Fig. 3 LC-MS/MS extracted chromatograms of the hordein marker
peptides. The proteins in a barley flour, b malt beverage, ¢ beer, and d
beer contained wheat and barley were analyzed by LC/MS/MS. The
chromatograms of the hordein marker peptides were extracted. Peptides
B1 to B3 belonged to B-hordein, and peptides B4 to B6 belonged to y-
hordein

peptides cannot be found in C-hordein and D-hordein by
using LC/Q-TOF/MS. Furthermore, it is known that food pro-
cessing could cause protein and DNA degradation. The pep-
tides predicated by the theoretical search may not be detected
in processed food. It could be better to choose the biomarker
candidates without a priori (Marbaix et al. 2016). In this study,
besides the identified peptides, the detection method for B-
hordein and y-hordein was established using MRM.

The specific peptides were further optimized by LC/MS/
MS and were selected for MRM analysis according to the
abundant peaks. The m/z values of product ions, collision
energy, and retention time are shown in Table 3. For each
marker peptide, two or three product ions were monitored.
Peptides W1 and W2 belonged to «-gliadin, peptides W3 to
W5 to y-gliadin, peptides B1 to B3 to B-hordein, and peptide
B4 to B6 to y-hordein. The peptides W3, W4, W5, B3, B4,
and B6 were among the marker peptides reported in the liter-
ature (Altenbach et al. 2010; Simonato et al. 2011; Srinivasan
et al. 2015; Tanner et al. 2016; Guo et al. 2016).
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Table 4  Validation of the method for quantitative peptides in GF sample
Peptide  Peptide sequence For 2.5 ppm For 10 ppm, % For 40 ppm, % Coefficient of LOQ LOD
code determination (R%) (ppm), (ppm),
CVs Mean CVs Mean CVs Mean n=>5 n=>5
% accuracy % accuracy % accuracy
(%) (%) (%)
w2 LWQIPEQSR 6.6 973 6.9 94.0 45 1059 0.9980 2.5 25
B6 QQCCQQLANINEQSR 8.0 91.8 104 959 73 1033 0.9936 2.5 25

Unprocessed raw materials and processed food products
were performed to characterize the specificity of selected pep-
tides. In particular, the processed food products were proc-
essed by hydrolysis, cooking, and fermentation. The detected
results are shown in Figs. 2, 3, and S1-S3. For raw materials,
all gliadin and hordein peptides were detected except W4
peptide that was observed a peak splitting phenomenon
(Figs. 2a and 3a). For processed food products, only a few
peptides, W5, B1, and B4, were undetectable from the hydro-
lyzed or fermented products (Figs. 2b and 3b) and other spe-
cific peptides were successfully detected. The intensity vari-
able of peptides B2, B3, and B5 in several processed foods
was observed (Fig. 3a—d). Previous studies show that W3
peptide (APFASIVAGIGGQ) is one of the sequence re-
sponses for immunoglobulin A (IgA) reactivity in serum of
CD patients (Srinivasan et al. 2013, 2015). This representative
peptide was also considered as a biomarker for gliadin in this
study. However, W3 peptide observed both matched the

sequence of y-gliadins and a hypothetical protein
(EMT15786.1) and a peak splitting phenomenon in processed
food (Fig. 2b). To make sure the accuracy of our method, we
did not establish the detection method of gliadin using W3
peptide. Based on the abundance, reproducibility, and stabili-
ty, peptides W2 and B6 were chosen as potential peptides for
quantitative analysis.

Quantitative LC/MS/MS Analysis

The marker peptides analyzed by LC/MS/MS used the condi-
tions shown in Table 3. For quantitative analysis of gluten,
gliadin or hordein proteins were spiked into GF products at
concentrations of 1-100 mg/kg with IS peptides (Figs. S4—
S5). The isotope-labeled IS peptides were synthesized based
on quantitative peptides diluted 1:1 (v/v) with digested cali-
bration samples (IS peptides of W2 and B6 were C-terminal
[13C]/[15N]-arginine labeled, final concentration of 1 pmol/

Table 5 Comparison of ELISA and LC-MS/MS-based methods for gliadin and hordein detection

Product type Food product Gluten-free claims (Y/N) Measured amount of gluten content (ppm + SE)
Gluten by ELISA® Gliadin (-gliadin) by MS® Hordein by MS®
Peptide W2 Peptide B6
Liquid Gluten-free beer 1 Y <Value for LOD <Value for LOD 12.6 £ 0.05
Gluten-free beer 2 Y <Value for LOD 325+£0.14 >100
Rice wine N <Value for LOD <Value for LOD <Value for LOD
Malt beverage N 18.5£5.7 28 +£0.6 >100
Low-gluten beer N <Value for LOD <Value for LOD 68.0 £ 4.2
Beer 1 N <Value for LOD <Value for LOD >100
Beer 2 N <Value for LOD <Value for LOD >100
Wheat beer® N 477 £253 >100 >100
Solid Tortilla chips Y <Value for LOD <Value for LOD <Value for LOD
Wheat flour N >80 >100 43+0.7
Cookies? N 50.7 £ 0.67 >100 >100
Wheat cookies N >80 >100 103+14

#The Gluten ELISA kit is designed with a range of detection from 5 to 80 ppm. The LOQ is 5 ppm gluten. The LOD is 3 ppm gluten

® The LC-MS/MS methods are designed with a range of detection from 2.5 to 100 ppm. Both LOQ and LOD are 2.5 ppm prolamin

¢ The ingredients of beer were containing wheat and barley

9The ingredients of cookies were containing wheat and barley
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pL) before analysis. According to different types of ingredi-
ents commonly used in food manufacturing, the matrices of
GF flour were used for gliadin and the matrices of apple wine
for hordein. The LOQ and LOD, CV%, coefficient of deter-
mination (R?), and mean accuracy (%) for each peptide are
summarized in Table 4. For gliadin, the LOD was 2.5 mg/kg,
and residual range (accuracy, %) was in the 83.6-113.8 range.
For hordein, the LOD was 2.5 mg/kg, and residual range (ac-
curacy, %) was in the 82.9—112.6 range. These data demon-
strate that the correlation coefficient for each quantitative pep-
tide was greater than 0.995 with approximately 80—-100% ac-
curacy. The values of R* and accuracy showed that W2 and B6
are the suitable peptides for gluten quantitation. Furthermore,
the CV values (n = 5) of all quantitative peptides were approx-
imately below 10% for each spike level, indicating good pre-
cision of the analytical method.

Comparison of ELISA and LC-MS/MS-Based Methods

Previous studies have indicated that the results of ELISA could
be inaccuracies in gluten content of processed foods. Several
unprocessed and processed foods were used to compare the
ability for the ELISA and MS-based methods to detect gluten.
To eliminate the matrix effect, IS peptides were used.

The analysis results of all 12 samples are summarized
in Table 5. The results showed that gliadins can be
detected in wheat flour, cookies, and beer for the
ELISA method. However, as expected, the ELISA meth-
od clearly lacked the ability to accurately measure
hordein in fermented and hydrolyzed foods. Changes
in immunoreactive epitopes of gluten during food pro-
cessing may lead to a significant impact on the antigen-
antibody interaction in ELISA. Therefore, it could not
estimate gluten content by adopting ELISA. Conversely,
an improved detection capability for the LC-MS/MS
method to detect gliadin and hordein in both unpro-
cessed and processed foods was observed. Specifically,
the LC-MS/MS method also detected hordein from
gluten-free beer 1 produced from barley that claimed
to have undergone a process to remove the gluten con-
tent. Our results showed that the MS strategy presents a
high degree of identification reliability.

Conclusion

It is the first study that developed a purification method for
hordeins and established a quantitative method for gliadins
and hordeins using LC-MS/MS. Furthermore, this study dem-
onstrated that the LC-MS/MS method is more capable of de-
tecting the prolamins, gliadins, and hordeins compared with
the ELISA method. Two quantitative peptides were selected
from a number of potential prolamin marker peptides based on

@ Springer

their abundance, reproducibility of MS-based signals, and the
intensity stability in different processed foods. Compared with
the immunochemical method, LC-MS/MS was able to detect
and quantify the gluten content from fermented and hydro-
lyzed foods. This method provides a reliable reproducible ap-
proach for detecting gliadin and hordein with the potential to
analyze suspected gluten-contaminated foods when assessing
product safety.
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Figure S1. The total ion current (TIC) chromatograms of marker peptides. (A) wheat

flour for the gliadins method; (B) barley flour for the hordeins method.
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Figure S2. The MS/MS spectra of quantitative gliadin peptide W2 (LWQIPEQSR).

The MRM transition (m/z): 578.8 -> 616.3; 578.8 -> 729.4; 578.8 -> 857.4.
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Figure S3. The MS/MS spectra of quantitative hordein peptide B6
(QQCCQQLANINEQSR). The MRM transition (m/z): 626.3 -> 633.3; 626.3 -> 746.4;

626.3 -> 860.4.
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Figure S4. The MS/MS spectra of isotope-labeled IS peptides (LWQIPEQS(R)-R:
13C, 15N labelled) for gliadin quantitation. The MRM transition (m/z): 583.8 ->

626.3; 583.8 -> 739.4; 583.8 -> 867.5
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Figure S5. The MS/MS spectra of isotope-labeled IS  peptides
(QQCCQQLANINEQS(R)-Q: iodoacetamide modification /R: 13C, 15N labelled) for
hordein quantitation. The MRM transition (m/z): 629.6 -> 643.3; 629.6 -> 756.4;

629.6 -> 870.4



Table S1.
Number of gliadin and hordein peptides identified with trypsin.

Prolamins  Protein class Peptide Count Score Local Global False Global False Discovery Sequence Specificity for Gliadin
Discovery Rate (FDR, %) Rate (FDR, %) or Hordeins* (Y/N)

Gliadin Alpha-gliadin 8 15.33 40 10 LWQIPEQSR Y
23.43 <0.1 <0.1 DVVLQQHNIAHGR Y

20.14 <0.1 <0.1 GSVQPQQLPQFEEIR Y

22.94 <0.1 <0.1 VPVPQLQPQNPSQQQPQK Y

13.7 40 17 000QQQQQQILQQILQQQLIPCR Y

20.91 <0.1 <0.1 NLALETLPAMCNVYIPPYCTIAPVGIFGTN Y

12.98 66 22 NLALQTLPAMCNVYIPPYCTIAPFGIFGTN Y

22.72 <0.1 <0.1 NLALQTLPAMCNVYIPPHCSTTIAPFGIFGTN Y

Gamma-gliadin 20 11.1 7 35 LNPCK N

15.45 40 9 SDCQVMR N

18.22 <0.1 <0.1 APFASIVAGIGGQ Y

17.67 25 1 APFSSVVAGIGGQ N

19.58 <0.1 <0.1 APFASIVADIGGQ Y

19.8 <0.1 <0.1 LSLLQSVIPFLRPK N

19.47 <0.1 <0.1 SFIQPSLQQQLNPCK Y

24.38 <0.1 <0.1 SDCQVMQQQCCQQLAQIPR Y

19.95 <0.1 <0.1 SLVLGTLPTMCNVFVPPECSTTK Y

2291 <0.1 <0.1 NFLLQQCNPVSLVSSLVSIILPR Y



22.94 <0.1 <0.1 NFLLQQCNPVSLVSSLISMILPR Y
26.33 <0.1 <0.1 NYLLQQCNPVSLVSSLVSMILPR Y
2251 <0.1 <0.1 NFLLQQCNHVSLVSSLVSIILPR Y
20.86 <0.1 <0.1 SLVLQTLPTMCNVYVPPECSIIK N
18.69 <0.1 <0.1 SLVLQTLPSMCNVYVPPECSIMR N
16.18 25 5 SLVLQTLPTMCNVYVPPYCSTIR Y
21 <0.1 <0.1 RPLFQLVQGQGIIQPQQPAQLEVIR \4
245 <0.1 <0.1 TLPNMCNVYVRPDCSTINAPFASIVAGISGQ Y
19.84 <0.1 <0.1 NFLLQQCKPVSLVSSLWSIILPPSDCQVMR Y
16.18 25 5 NILLQQCKPASLVSSLWSIIWPQSDCQVMR N
Hordeins  B-hordein 8 10.2 84 40 HEAVR N
19.52 <0.1 <0.1 ILPFGIDTR Y
18.16 <0.1 <0.1 IVPLAIDTR Y
2158 <0.1 <0.1 VFLQQQCSPVR Y
21.62 <0.1 <0.1 TLPTMCSVNVPLYR N
23.89 <0.1 <0.1 VFLQQQCSPVAMSQR Y
24.17 <0.1 <0.1 VFLQQQCSPVPVPQR Y
19.35 <0.1 <0.1 SQMLQQSSCHVLQQQCCQQLPQIPEQLR N
Gamma-hordein 3 20.62 <0.1 <0.1 EFLLQQCTLDEK Y
17.75 <0.1 <0.1 APFVGVVTGVGGQ Y
22.06 <0.1 <0.1 QQCCQQLANINEQSR Y

* The specificities of the peptides were performed BLAST searches using the NCBI nonredundant protein sequences (nr) database.
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