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a b s t r a c t 

This work evaluates the potential of ion mobility spectrometry (IMS) to improve the analytical perfor- 

mance of current liquid chromatography-mass spectrometry (LC-MS) workflows applied to the determi- 

nation of ergot alkaloids (EAs) in cereal samples. Collision cross section (CCS) values for EA epimers are 

reported for the first time to contribute to their unambiguous identification. Additionally, CCS values have 

been inter-laboratory cross-validated and compared with CCS values predicted by machine-learning mod- 

els. Slight differences were observed in terms of CCS values for ergotamine, ergosine and ergocristine and 

their corresponding epimers (from 3.3 to 4%), being sufficient to achieve a satisfactory peak-to-peak res- 

olution for their unequivocal identification. A LC-travelling wave ion mobility (TWIM)-MS method has 

been developed for the analysis of EAs in barley and wheat samples. Signal-to-noise ratio (S/N) was im- 

proved between 2.5 and 4-fold compared to the analog LC-TOF-MS method. The quality of the extracted 

ion chromatograms was also improved by using IMS. 

© 2022 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

IMS has recently re-emerged as a powerful analytical separa- 

ion technique due to the commercialization of the first hyphen- 

ted ion mobility-mass spectrometry (IM-MS) instrument in 2006 

 1 , 2 ]. Since then, the interest in this technique has experienced an

ninterrupted growth, and it has become popular in different sci- 

ntific fields in which a great number of applications have been re- 

orted [ 3 , 4 ], especially related to -omics studies [ 5 , 6 ]. In addition,

ver the last years, the application of IM-MS in food analysis has 

ncreased considerably [ 7 , 8 ]. This trend is mainly due to the advan-

ages offered by this technique when integrated into traditional an- 

lytical workflows based on liquid chromatography (LC), gas chro- 

atography (GC) or capillary electrophoresis (CE) coupled to mass 

pectrometry (MS). It helps to address and overcome current chal- 

enges in the analytical field of food analysis [9] . Such challenges 
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re associated with the complexity of food matrices, which contain 

 high number of compounds of different chemical nature. Food 

omponents vary significantly in their concentration, making it dif- 

cult to determine compounds at trace concentration levels. In this 

ramework, the integration of IMS provides an additional separa- 

ion dimension, thereby improving peak resolution. IMS is espe- 

ially powerful to achieve the separation of isomeric and isobaric 

ompounds [ 10 , 11 ]. Furthermore, the integration of IMS in LC-MS 

ethods contributes to reduce the background noise, improves the 

/N ratio and therefore, signal sensitivity, providing higher quality 

ass spectra for compound identification [12] . 

IMS is a gas-phase technique in which ionized molecules are 

eparated based on their mobility in a carrier buffer gas through 

he drift tube (or mobility cell) under an electric field at atmo- 

pheric pressure or near to atmospheric pressure. The mobility of 

ons depends on their size, shape and charge. Thus, differences in 

hese molecular characteristics lead to a faster or slower move- 

ent of the ions in the drift tube and allow their separation [13] .

ypically, ion mobility is measured in terms of drift time, which 

orresponds to the time that the ions spend travelling through the 
under the CC BY-NC-ND license 
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obility cell. Nevertheless, the drift time is an instrument depen- 

ent parameter, so the reporting of the so-called ‘collision cross 

ection’ (CCS) is preferred to allow instrument comparison, as it is 

n intrinsic characteristic of each molecule [9] . CCS values can be 

btained directly from drift time values by applying the Mason- 

champ equation in the case of drift tube ion mobility spectrome- 

ry (DTIMS) operating at low electric field [14] . When using other 

MS technologies such as travelling wave ion mobility spectrometry 

TWIMS) or trapped ion mobility spectrometry (TIMS), CCS mea- 

urements are only possible in systems calibrated with a specific 

ixture of compounds with known CCS [12] . The CCS parameter 

rovides additional information to retention index and mass spec- 

ra, so it can be used as complementary identification parameter. 

s a consequence, a growing number of CCS databases have re- 

ently been created and are increasingly used for compound iden- 

ification [ 6 , 15 , 16 ]. For example, the use of CCS values has been

hown to provide more confidence in the determination of pesti- 

ide residues, reducing the reported false positive or negative as- 

ignments when LC multi-residue screening methods are assessed 

17–19] . However, there is still a lack of CCS databases for food 

ontaminants and residues; therefore, this parameter has not yet 

een fully implemented in food safety analysis and more research 

s needed in this context. 

IMS appears as a powerful technique to improve the perfor- 

ance characteristics of non-targeted LC-MS methods. It has been 

ecently applied in the analysis of residues and contaminants in 

eed and food-related matrices, as their analysis requires selective 

nd sensitive analytical techniques [8] . Moreover, IMS allows the 

eparation and isolation of targeted compounds from background 

oise and co-eluting matrix interferences in food samples. Due to 

he complexity of this sort of samples, the enhancement in sig- 

al sensitivity due to the integration of IMS can be very helpful 

o determine contaminants at trace levels [ 17 , 20 ]. However, to the

ate, this fact has hardly been exploited for this sort of samples 

 21 , 22 ]. Furthermore, most of the IMS-based methods developed 

n the food safety field have been focused on the analysis of pes- 

icides, and few methods have been developed for the analysis of 

atural toxins in real samples [9] . IM-MS hyphenation was firstly 

nvestigated for the analysis of zearalerone in cornmeal [21] , and 

ecently, for the screening of multitoxins in fruits [22] , achieving 

romising results in terms of S/N ratio and matrix interferences 

lean-up. In the last years, several studies addressing the CCS char- 

cterization of a large number of mycotoxins have been reported 

23–25] . Nevertheless, ergot alkaloids (EAs) toxins, which are of 

pecial concern in food safety because of their relationship with 

he illness known as ergotism [26] , have been scarcely studied by 

M-MS [27] . 

EAs are indole secondary metabolites produced by all species of 

he Claviceps genus, most notably C. purpurea , which can parasitize 

ver 600 plants including forage grasses and cereals, particularly 

ye, barley, wheat, and millet. Fungal parasitism begins in spring 

eplacing the developing grain or seed with the ergot body or scle- 

otia containing about 0.15-0.5% of toxic alkaloids [ 26 , 28 ]. EAs have

een detected in cereals and cereal products whose ingestion can 

ause human and animal poisoning [ 29 , 30 ]. The European Food 

afety Authority (EFSA) has recommended paying special attention 

o ergometrine (Em), ergotamine (Et), ergosine (Es), ergocristine 

Ecr), ergokryptine (Ekr), and ergocornine (Eco) and their corre- 

ponding epimers; ergometrinine (Emn), ergosinine (Esn), ergo- 

aminine (Etn), ergocorninine (Econ), ergokryptinine (Ekrn) and er- 

ocristinine (Ecrn), as they are the most predominant EAs ( Figure 

1 ) [31] . Due to concerns about the health risks that these com- 

ounds may pose in humans, the EFSA suggested a group acute 

eference dose of 1 μg kg -1 body weight and a group tolerable 

aily intake (TDI) of 0.6 μg kg -1 of body weight per day for the

um of the 12 main EAs [32] . The EFSA also stated that more an-
2 
lytical methods with the appropriate sensitivity and selectivity 

hould be developed in order to reduce the uncertainty associated 

ith the contamination of food and feed commodities with EAs 

29] . Recently, with the Commission Regulation (EU) 2021/1399, a 

aximum of 200 mg kg -1 of ergot sclerotia has been set for unpro- 

essed cereals (except for maize, rye and rice). In addition, maxi- 

um levels for EAs have been established for the first time in cer- 

ain foodstuffs intended for human consumption, expressed as the 

um of the main 12 EAs mentioned above [33] . The maximum con- 

ents allowed in milling products of barley, wheat, spelt and oats 

ave been established in 100 or 150 μg kg -1 (depending on the 

sh content lower or higher than 900 mg/100 g, respectively). It is 

xpected to fix the maximum content at 50 μg kg -1 from 2024. In 

he case of grains of these cereals placed on the market for the fi- 

al consumer, the allowed content is 150 μg kg -1 and on the case 

f processed cereal-based food for children it is reduced to 20 μg 

g -1 . 

In the last years there has been an increase in the methods 

eported for the analysis of EAs in cereal and cereal-based food 

amples, mainly involving LC coupled to tandem mass spectrome- 

ry (MS/MS) [34–36] . However, unequivocal identification of major 

As is not easy due to the presence of epimers that exhibit the 

ame accurate mass and lead to the same fragment ions. In addi- 

ion, they tend to present similar retention times in LC separations 

differences close to ±0.1 min), which can lead to their misidenti- 

cation as they are often observed together in naturally contami- 

ated samples. In view of these drawbacks, we hypothesized that 

he implementation of IMS can improve the performance charac- 

eristics of current LC-MS methods. Within this context, the aim 

f this work is to demonstrate for the first time the potential of 

sing LC-IM-MS workflows for the analysis of EAs in cereal sam- 

les. For this purpose, the following studies were carried out: (i) 

haracterization of travelling wave collision cross section against 

itrogen buffer gas ( TW CCS n 2 ) of EAs, including an inter-laboratory 

ross-validation; (ii) evaluation of the advantages, in terms of sen- 

ibility and selectivity, offered by the integration of TWIMS into a 

raditional LC-TOF-MS workflow; (iii) application of the proposed 

C-TWIM-TOF-MS method to the determination of EAs in cereal 

amples. 

. Experimental 

.1. Chemicals and reagents 

Standards of Es, Eco, Ekr, Ecr and the corresponding epimers, 

sn, Econ, Ekrn, Ecrn, were purchased from Techno Spec 

Barcelona, Spain), whereas Em, Et, Emn and Etn were obtained 

rom Romer Labs (Getzersdorf, Austria). Dried standards were dis- 

olved in acetonitrile (MeCN) to obtain stock standard solutions 

ith concentrations of 500 μg mL -1 for the main EAs and of 125 

g mL -1 for the epimers. Immediately after their reconstitution, in- 

ermediate dried stock solutions were prepared by taking aliquots 

f individual or mixed standard solutions, which were placed into 

mber glass vials for their evaporation under a gentle stream of ni- 

rogen. Finally, they were stored at -20 ºC to avoid EA epimeriza- 

ion and reconstituted in the required amount of MeCN just before 

se. 

Methanol (MeOH), MeCN, and propan-2-ol (LC-MS Chroma- 

olv® grade) were supplied by Sigma-Aldrich (St. Louis, Mo, USA). 

ater (HiperSolv Chromanorm® for HPLC) was provided by VWR 

nternational (West Chester, PA, USA). Formic acid (eluent addi- 

ive for LC-MS) was acquired from LGC Standards GmbH (Wesel, 

ermany). Sodium hydroxide (1 M, Fisher Chemical TM ) and formic 

cid (Promochem®) were supplied by Fisher Scientific (Loughbor- 

ugh, UK) and LGC Standards (Wesel, Germany), respectively. Both 

ere used for preparing a solution of sodium formate (0.5 mM in 
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0/10 (%, v/v) propan-2-ol/water), which was used for mass cali- 

ration. Dispersive sorbents used in the sample treatment proce- 

ure, namely Z-Sep + and C18, were supplied by Supelco (Belle- 

onte, PA, USA) and Agilent Technologies (Madrid, Spain), respec- 

ively. 

Leucine-enkephalin standard was acquired from Waters®

Manchester, UK) and used for the preparation of leucine- 

nkephalin (1 μg L -1 ) in 50/50 (%, v/v) water/MeCN solution con- 

aining 0.2% (v/v) of formic acid. Leucine-enkephalin solution was 

sed as a lock mass standard. A Major Mix IMS/TOF Calibration Kit 

rom Waters® ref. 186008113 was used for CCS calibration. 

In addition, for inter-laboratory studies, LC-MS grade MeOH and 

eCN were purchased from Scharlab Italia S.r.l (Milan, Italy). Bi- 

istilled water was obtained using a Milli-Q System (Millipore, 

edford, MA, USA). Formic acid from Fisher Chemical (Thermo 

isher Scientific Inc., San Jose, CA, USA) was also used. 

.2. Instruments and equipment 

A high-speed solid crusher (Hukoer, China), an evaporator Sys- 

em (System EVA-EC, from VLM GmbH, Bielefeld, Germany), a uni- 

ersal 320R centrifuge (Hettich Zentrifugen, Tuttlingen, Germany), 

 vortex-2 Genie (Scientific Industries, Bohemia, NY, USA), and 

 BenchMixer TM XL multi-tube vortexer (Sigma-Aldrich, St. Louis, 

O, USA) were used for sample preparation. 

Chromatographic separation was carried out in an Acquity 

PLC® System from Waters® using an Agilent Zorbax Eclipse 

lus RRHD C18 column (50 × 2.1 mm, 1.8 μm particle size). 

M-MS analyses were performed on a hybrid quadrupole-TWIMS- 

rthogonal acceleration time-of-flight (TOF) mass spectrometer 

Synapt G2-S HDMS, Waters®) equipped with an electrospray ion- 

zation (ESI) interface. These instruments are located at LABERCA 

Nantes, France). 

MassLynx (version 4.2, Waters®) software was used for data ac- 

uisition and DriftScope software (version 2.8), which is included 

n MassLynx software, was used to obtain data related to the CCS 

f ions and mobility spectra. Chromatograms were analyzed by 

kyLine (version 21.1), which is an open-source software and al- 

ows processing mobility data as well as exploring the spectra pro- 

uced by IMS-enabled mass spectrometers [37] . 

Inter-laboratory cross-validation of CCS values was carried out 

t the University of Parma (UNIPR, Italy). An ACQUITY I-Class 

PLC separation system coupled to a Vion IMS-QTOF mass spec- 

rometer (Waters®, Wilmslow, UK) equipped with an ESI interface 

as employed for TW CCS n 2 values cross-validation. Data acquisi- 

ion was conducted using UNIFI 1.8 software (Waters®, Wilmslow, 

K). 

.3. Sample preparation 

The sample treatment used throughout this work was a mod- 

fied QuEChERS procedure previously optimized to determine the 

2 main EAs and their epimers in oat-based functional foods [38] . 

he description of the sampling of cereals, namely barley and 

heat samples, has been already described in a previous work 

39] . Briefly, a portion of 1.0 g of homogenized cereal samples 

as placed into a 50-mL falcon tube with conical bottom. Subse- 

uently, the sample was mixed with 4 mL of the extraction mix- 

ure (MeCN:5 mM ammonium carbonate; 85:15, v/v). The sample 

as agitated by vortex for 1 min and centrifuged for 5 min at 90 0 0

pm and 4 ºC. The whole upper layer was collected and placed into 

 15-mL falcon tube containing 150 mg of a mixture of C18:Z-Sep + 

1:1, w/w) as clean-up sorbent. Then, the mixture was vigorously 

haken for 1 min and centrifuged for 5 min at 90 0 0 rpm and 4

C. The entire upper layer was transferred to a 4 mL glass vial and

he extraction solvent was evaporated to dryness under a gentle 
3 
tream of nitrogen. Finally, the residue was reconstituted with 750 

L of a mixture of MeOH:ultrapure water (50:50, v/v) and filtered 

hrough a 0.22 μm nylon filter before injection. 

.4. Liquid chromatographic separation 

A concentration gradient program was applied to achieve the 

hromatographic separation of 12 EAs. The mobile phase consisted 

f ultrapure water (eluent A) and MeOH (eluent B), both acidified 

ith 0.3% (v/v) formic acid, and it was supplied at a flow rate of 

.4 mL min 

-1 . The eluent gradient profile was as follows: 0-2 min, 

0% B; 2-4.5 min, 10-40% B; 4.5-9 min, 40-45% B; 9-11 min, 45- 

5% B; 11-12 min, 95% B; 12-13 min, 95-10% B. In order to guaran- 

ee column re-equilibration, initial conditions were maintained for 

 min, providing a total run time of 16 min. Column temperature 

as set at 35 °C and 5 μL was applied as injection volume. In or-

er to avoid EAs epimerization, the duration of analysis sequences 

as limited to 12 hours and the temperature of the sample car- 

ousel was kept at 10 °C during their execution. 

For inter-laboratory cross-validation of CCS values, the separa- 

ion conditions were similar to those mentioned above. Samples 

ere injected (2 μL) and chromatographically separated using a 

eversed-phase C18 BEH ACQUITY column (50 × 2.1 mm, 1.7 μm 

article size) from Waters® (Milford, MA, USA). 

.5. Ion mobility-mass spectrometry conditions 

Analyses were performed in positive electrospray ionization 

ESI + ) mode, acquiring continuum data in the range of 50-1200 

/z with a scan time of 0.5 s. Leucine-enkephalin signal was ac- 

uired each 20 s for 0.3 s (3 scans to average). Nitrogen was used 

s both cone and desolvation gas at flow rates of 50 and 10 0 0 L

 

–1 , respectively. Nebulizer pressure was fixed at 6.0 bar. Source 

nd desolvation temperature were set at 150 °C and 350 °C, re- 

pectively. Capillary voltage was set at 3.0 kV, cone voltage at 31 V 

nd source offset at 40 V. The TOF analyzer was operated in high- 

esolution mode for CCS characterization, and in sensitivity mode 

or the application of the LC-TWIM-TOF-MS method to the analysis 

f EAs in barley and wheat samples. Data acquisition was carried 

ut using data independent HDMS E , which is a data independent 

pproach (DIA) involving IMS. 

Regarding to IMS conditions, IMS buffer and trap gas consisted 

f nitrogen and were supplied at 90 and 0.4 mL min 

–1 , respec- 

ively. The flow rate of gas in the helium cell was 180 mL min 

–1 .

MS wave velocity and height were fixed at 10 0 0 m s –1 and 40

, respectively. In the trap cell, wave velocity and height were es- 

ablished at 311 m s –1 and 4.0 V, respectively. In the transfer cell, 

hese parameters were set at 219 m s –1 and 4.0 V, respectively. 

ther HDMS settings were set as follows: trap DC bias, 47 V; and 

MS DC bias, 3 V. CCS calibration was carried out using a Major 

ix IMS/ToF Calibration Kit. CCS calibration covered the m/z range 

etween 152-800 Da and a CCS range from 130.4 to 271 Å 

2 . 

In the cross-validation of TW CCS n 2 values, IM-MS data were col- 

ected also in ESI + mode over the mass range of 50 −10 0 0 m/z .

ource settings were established as follows: capillary voltage, 1.0 

V; source temperature, 150 °C; desolvation temperature, 350 °C; 

nd desolvation gas flow, 10 0 0 L h 

–1 . The TOF analyzer was oper-

ted in sensitivity mode and data acquired using data independent 

DMS E . The optimized ion mobility settings were as follows: ni- 

rogen flow rate, 90 mL min 

-1 (3.2 mbar); wave velocity, 650 m 

 

-1 ; and wave height, 40 V. CCS calibration using the same Major 

ix IMS/TOF calibration kit (Waters®, Wilmslow, UK) was carried 

ut covering the CCS range from 130 to 306 Å 

2 . The TOF was also

alibrated prior to data acquisition and covered the m/z range from 

51 to 1013 Da. 
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. Results and discussion 

.1. CCS characterization 

CCS characterization of all EAs has been carried out in positive 

onization mode since these compounds are generally determined 

s their protonated form [35] . CCS values were measured using ni- 

rogen as drift gas and reported following formalized nomenclature 

40] . This study does not only provide information about the most 

bundant ion observed for each compound, but it also reports the 
W CCS n 2 of all ions identified for each EA (i.e., [M + H] + , [M + Na] + 

r [M-H 2 O + H] + ), as well as the TW CCS n 2 for the main fragment

ons measured. All detected ions were within a m / z range between 

08 and 610 and presented 

TW CCS n 2 values between 139.9 and 

41.8 Å 

2 . TW CCS n 2 measurements were carried out in triplicate and 

elative standard deviations (RSDs) lower than 0.5% were observed. 

Detailed information of the investigated EAs, the ions observed, 

s well as their m / z and 

TW CCS n 2 can be found in Table 1 . As can

e seen, [M + Na] + ions can be used for the differentiation of the

ain compounds and their epimers, except in the case of Em and 

mn because these ions were not observed when using the TWIMS 

nstrument located at the UNIPR. This could be due to the different 

on sources present in each instrument. In addition, only for Em 

nd Emn, the [M-H 2 O + H] + ions were not observed in any of the

WIMS platforms employed. 

As previously reported, the CCS of ions is a molecular charac- 

eristic closely related to m/z [ 17 , 41 ]. Fig. 1 shows a general view

f the correlation between both parameters for the main ions char- 
able 1 
W CCS N 2 database for EAs. Cross-validation of TW CCS N 2 values and comparison with the va

EA Ions m/z 

TW CCS N 2 
LABERCA 

(n = 3) ∗

%RSD 

(n = 3) 

TW CCS N 2 
UNIPR 

(n = 3) ∗∗

%RSD 

(n = 3) 

Em [M + H] + 326.1868 181.1 0.02 181.1 0.16 

[M-H 2 O + H] + 307.1684 - - - - 

[M + Na] + 348.1687 186.9 0.01 - - 

Emn [M + H] + 326.1868 182.1 0.05 181.7 0.09 

[M-H 2 O + H] + 307.1684 - - - - 

[M + Na] + 348.1687 189.2 0.09 - - 

Es 

[M + H] + 548.2872 234.2 0.02 234.0 0.49 

[M-H 2 O + H] + 530.2767 214.9 0.01 228.0 0.41 

[M + Na] + 570.2692 234.2 0.07 232.3 0.26 

Esn 

[M + H] + 548.2872 231.3 0.01 232.5 0.28 

[M-H 2 O + H] + 530.2767 222.2 0.01 224.7 0.13 

[M + Na] + 570.2692 226.5 0.04 225.1 0.15 

Et 

[M + H] + 582.2716 236.0 0.03 236.8 0.31 

[M-H 2 O + H] + 564.2610 222.7 0.01 - - 

[M + Na] + 604.2535 236.3 0.02 235.8 0.41 

Etn 

[M + H] + 582.2716 234.9 0.01 234.3 0.05 

[M-H 2 O + H] + 564.2610 224.6 0.04 227.6 0.09 

[M + Na] + 604.2535 227.2 0.01 226.7 0.09 

Eco 

[M + H] + 562.3029 236.3 0.06 236.6 0.19 

[M-H 2 O + H] + 544.2923 220.4 0.03 230.6 0.32 

[M + Na] + 584.2848 235.9 0.14 234.4 0.03 

Econ 

[M + H] + 562.3029 235.2 0.01 237.2 0.01 

[M-H 2 O + H] + 544.2923 224.9 0.02 229.5 0.09 

[M + Na] + 584.2848 233.1 0.09 233.1 0.87 

Ekr 

[M + H] + 576.3185 239.5 0.32 240.4 0.41 

[M-H 2 O + H] + 558.3080 222.7 0.44 - - 

[M + Na] + 598.3005 239.1 0.32 238.6 0.08 

Ekrn 

[M + H] + 576.3185 239.2 0.02 241.6 0.23 

[M-H 2 O + H] + 558.3080 231.1 0.11 234.1 0.02 

[M + Na] + 598.3005 233.7 0.05 232.0 0.15 

Ecr 

[M + H] + 610.3029 242.7 0.06 243.6 0.33 

[M-H 2 O + H] + 592.2923 231.2 0.01 234.6 0.45 

[M + Na] + 632.2848 241.7 0.03 240.4 0.47 

Ecrn 

[M + H] + 610.3029 241.4 0.01 243.3 0.10 

[M-H 2 O + H] + 592.2923 233.9 0.05 237.0 0.02 

[M + Na] + 632.2848 233.9 0.05 233.7 0.16 

∗ TW CCS N 2 database was generated at LABERCA. 
∗∗ TW CCS N 2 cross-validation was carried out at UNIPR. 

4 
cterized in this work. As can be seen, all ions were located within 

 narrow interval ( ± 5%) from correlation curve (i.e., power re- 

ression model) represented as a solid line. A satisfactory corre- 

ation (R 

2 = 0.9216) was obtained, showing that one single re- 

ression model is enough to describe the m/z and 

TW CCS n 2 rela- 

ionship for all characterized ions. According to these results, ±
% was observed as the interval of expected 

TW CCS n 2 for all the 

bserved adducts. When several regression models are needed to 

xplain such correlation, the obtained data could also provide in- 

eresting information for identifying the type of adduct formed in 

he ionization. This information can contribute to a more reliable 

ssignment of molecular identities in non-targeted analysis [16] . 

hus, the fact that one single regression model can describe the 

orrelation between m/z and 

TW CCS n 2 means that all the observed 

ons and adducts present similar conformation in the gas phase. 

t limits the information offered by the TW CCS n 2 for the differ- 

nt types of ions observed for all EAs. Nevertheless, the TW CCS n 2 

haracterization of all ions of the same molecule observed dur- 

ng ionization provides complementary information that may con- 

ribute to peak grouping and further compound identification in 

on-targeted analysis [41] . 

As EAs have similar chemical structures, they show analogous 

ragmentation patterns and usually lead to the same fragment ions 

i.e., m/z 208.1, 223.1, 268.1 and 305.1). TW CCS n 2 values for these 

ajor fragment ions are compared and represented in Figure S2 . 

he results showed that similar TW CCS n 2 values were obtained for 

ll fragment ions with the same m/z regardless the molecular ion 

rom which they were originated. This is due to the fact that these 
lues obtained by machine-learning approaches. 

inter-lab 

Bias (%) 

Hines 

et al. [ 63 ] 

machine-learning approaches 

CCS base [ 64 ] Bias% All CCS [ 65 ] Bias% 

0.00 179.0 177.1 -2.21 179.7 -0.77 

- 176.7 

- 184.2 -1.44 183.3 -1.93 

-0.25 177.1 -2.75 179.7 -1.32 

- - 176.7 

- 184.2 -2.64 183.3 -3.12 

-0.01 229.2 -2.13 227.6 -2.82 

6.10 - 226.3 5.30 

0.83 230.9 -1.41 229.0 -2.22 

0.49 229.2 -0.91 227.6 -1.60 

1.12 - 226.3 1.85 

-0.60 230.9 1.94 229.0 1.10 

0.35 231.8 235.5 -0.21 235.1 -0.38 

- - 234.1 5.12 

0.23 239.3 1.27 236.4 0,04 

-0.27 235.5 0.26 235.1 0,09 

1.31 - 234.1 4.23 

-0.23 239.3 5.33 236.4 4.05 

0.11 232.3 -1.69 230.0 -2.67 

4.64 - 228.8 3.81 

-0.63 233.5 -1.02 231.4 -1.91 

0.88 232.3 -1.23 230.0 -2.21 

2.04 - 228.8 1.73 

0.01 233.5 0.17 231.4 -0.73 

0.40 236.1 236.0 -1.46 233.5 -2.51 

- - 232.3 4.31 

-0.23 236.8 -0.96 234.8 -1.80 

0.99 236.0 -1.34 233.5 -2.38 

1.30 - 232.3 0.52 

-0.71 236.8 1.33 234.8 0.47 

0.38 242.3 -0.16 241.5 -0.49 

1.47 - 240.6 4.07 

-0.53 245.1 1.41 242.6 0.37 

0.79 242.3 0.37 241.5 0.04 

1.31 - 240.6 2.86 

-0.09 245.1 4.79 242.6 3.72 
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Fig. 1. Representation of CCS vs m/z for the main ions characterized. 
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olecules do not conserve their isomeric properties after fragmen- 

ation. This results in identical fragment ions for the different EAs 

nd therefore the same TW CCS n 2 values for said ion fragments. In 

his regard, CCS values for fragment ions cannot offer additional 

nformation for the determination of EAs. Nevertheless, the devel- 

pment of a TW CCS n 2 database for fragment ions may help the 

ecognition and identification in non-targeted approaches of un- 

nown EAs so far. 

The aim of reporting TW CCS n 2 values for major EAs and their 

pimers is to support their determination and reduce the num- 

er of false positives found when applying classical LC-MS work- 

ows. This contributes to develop methods for targeted analysis 

ith high selectivity and supporting molecular identification in 

on-targeted analysis. This strategy has been already successfully 

pplied for unambiguous identification of targeted pesticides in 

ood samples [19] . In this sense, in order to use TW CCS n 2 values

n the determination of EAs with high confidence, experimental 
W CCS n 2 values must be cross-validated, either experimentally by 

xternal laboratories or by means of computational calculations or 

achine-learning predictions. 

.1.1. Cross-validation of the TW CCS N 2 values of EAs 

The challenges associated with reporting CCS values are to 

emonstrate that they can be used as reference values in other 

aboratories equipped with the same IMS technology used to ob- 

ain the CCS values in the first instance [42] , as well as on IMS

latforms based on different IMS technology [43] . In this context, 

he cross-validation of the TW CCS n 2 values for EAs reported in this 

ork was carried out by an external laboratory located at the Uni- 

ersity of Parma (Italy). This laboratory is equipped with a dif- 

erent TWIMS platform than the one employed at LABERCA (i.e., 

ynapt G2-S vs Vion). Therefore, this cross-validation study also 

valuates whether TW CCS n 2 values can be transferred within labo- 

atories equipped with different TWIMS platforms. 

EA standard mixtures prepared at different concentration levels, 

pecifically at 50, 100, and 250 μg L -1 , were analyzed in triplicate. 

herefore, TW CCS n 2 values were the result of nine measurements 

 Table 1 ). RSDs below 0.9% were observed for the TW CCS n mea-
2 

5

urement of protonated ions and sodium adducts. Only few ions 

uch as [M + Na] + ions of Em and Emn and [M-H 2 O + H] + of Et

nd Ekr were not detected by the Vion IMS instrument at UNIPR, 

hich is generally due to the fact that ion formation depends on 

he instrumental configuration and ionization conditions, so differ- 

nt ions can be generated. In the case of [M-H 2 O + H] + ions, the

SD obtained was below 2% for most analytes, except for Esn, Eco 

nd Econ. Regarding CCS deviation between UNIPR and LABERCA 

aboratories, the bias was below 1% in all cases except for the 

M-H 2 O + H] + ions of Esn, Eco and Econ. The correlation between 

he TW CCS n 2 values generated by both laboratories for the main 

haracterized ions is shown in Figure S3. High correlation coef- 

cients (r) of 0.9895 and 0.9992 were obtained for [M + H] + and 

M + Na] + ions, respectively. These data indicated a strong linear 

elationship between the CCS values generated by both IMS plat- 

orms. In the case of [M-H 2 O + H] + ions, the correlation coeffi- 

ient was lower (r = 0.7909), although still acceptable since it is 

bove 0.7. 

To sum up, 73.3% of the TW CCS n 2 values of ions detected by 

oth TWIMS platforms showed a bias below 1%, and for 90% of 
W CCS n 2 values this was below 2%. This is in accordance with 

he widely accepted 2% bias threshold for CCS measurements in 

WIMS and commonly used for molecular identification based on 

CS values [ 6 , 8 , 18 ]. These results confirm that the TW CCS n 2 values

or EAs have been successfully cross-validated by an external labo- 

atory, particularly the TW CCS n 2 values for [M + H] + and [M + Na] + 

ons. Therefore, these TW CCS n 2 values can be used in studies in- 

olving the identification of EAs and carried out by laboratories 

quipped with TWIMS technology. However, in the case of [M- 

 2 O + H] + ions, further investigation is necessary to understand the 

ias existing between the values obtained by both TWIMS instru- 

ents. 

.1.2. Machine-learning approach 

Traditionally, CCS values have been obtained through the ex- 

erimental measurement of chemical standards or using compu- 

ational modeling [ 44 , 45 ]. However, these strategies have some 

imitations. In the case of experimental measurements, there is 
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 limited availability of chemical standards, whereas the choice 

f a suitable calibrant with similar structure to the target ana- 

ytes for calibrant-dependent methods (e.g., TWIMS methods) de- 

ermines the accuracy of the experimental CCS data obtained [40] . 

n the other hand, computational modeling is computationally in- 

ensive and is likely to produce large error, especially in molecules 

ith flexible structures [46] . In this context, machine-learning ap- 

roaches have recently emerged as predictive tools to produce CCS 

alues on a large scale. The prediction principle is based on the 

se of a training dataset through which the machine-learning al- 

orithm learns the relationship between molecular descriptors and 

heir experimental CCS values (training data). A prediction model 

s then established and allows CCS values to be rapidly predicted. 

inally, the external validation dataset is used to validate and eval- 

ate the prediction error [47] . This methodology has already been 

mplemented to generate the CCS values for the identification of 

mall molecules [ 4 8 , 4 9 ], presenting a low prediction error (around

-3%) and being more computationally efficient compared to com- 

utational modeling [47] . Recently, different platforms based on 

achine-learning models, such as CCSbase [50] and AllCCS [51] , 

ave been developed to complement CCS experimental data. These 

latforms provide predicted CCS values for target compounds tak- 

ng into consideration their molecular descriptors such as the sim- 

lified molecular-input line-entry system (SMILE) for describing 

he structure of the molecule or their accurate mass. In addition, 

n the absence of experimental or library CCS data, CCS predictions 

an help to reduce analysis time in identification approaches since 

hey reduce the number of potential candidates [52] . 

In this work, CCSbase and AllCCS web servers were used to 

ompare the predictive CCS values with the experimental TW CCS n 2 

alues obtained for EAs using TWIMS, as shown in Table 1 . While 

CSbase model provided CCS data for [M + H] + and [M + Na] + ions,

ut not for [M-H 2 O + H] + ions, AllCCS tool provided information 

or all three types of ions. The results obtained by the machine- 

earning web servers showed a prediction error within 5% for 

4.8% of all TW CCS n 2 values previously obtained experimentally, 

nd within 3% for 93.8% of all CCS values corresponding to [M + H] + 

nd [M + Na] + ions, resulting in a median relative error below 1.9%. 

hese results are in the same range as previously reported pre- 

iction errors for CCS values machine-learning approaches [ 4 8 , 4 9 ].

he CCS values with a higher bias compared to the TW CCS n 2 val- 

es corresponded to [M-H 2 O + H] + ions as it was also noticed in

he CCS cross-validation study. 

Although these prediction error values were considered sat- 

sfactory, the bias between the CCS values obtained experimen- 

ally and the CCS values predicted by machine-learning models 

ould be reduced by feeding these models with more experimental 

ata. Overall, due to the lack of CCS databases including EAs, the 

achine-learning based prediction is a useful and user-friendly op- 

ion to generate CCS values for uncharacterized EAs, as well as to 

ffer more confidence to experimentally generated CCS values. 

.2. Selectivity enhancement by ion mobility spectrometry 

TWIMS offers a third separation dimension to LC-MS workflows 

n which the compounds can be separated according to their CCS. 

olecules that are more compact interact to a lesser degree with 

he buffer gas than elongated molecules, thus they traverse the 

rift cell in shorter times. Therefore, this molecular characteristic 

an be used to achieve the separation of analytes that co-elute in 

he chromatographic dimension and/or molecules with similar or 

dentical m/z [ 3 , 53 ]. In this sense, slight differences between the
W CCS n 2 values of compounds with similar or equal m/z, as is the 

ase of the main EAs and their epimers, may be enough to separate 

nd distinguish them. As theoretically suggested, CCS differences 

f about 2% should be enough for identification purposes (peak-to- 
6

eak resolution), while more than 5% is likely required for quan- 

ification (baseline resolution) [54] . On this basis, sodium adducts 

f Et ( TW CCS n 2 = 236.3 Å 

2 ) and its epimer Etn ( TW CCS n 2 = 227.2
˚
 

2 ) could be at least peak-to-peak separated by TWIMS since the 

CS difference between them was higher than 2% (i.e., 4%). Simi- 

arly, sodium adducts of Es ( TW CCS n 2 = 234.2 Å 

2 ) and its epimer

sn ( TW CCS n 2 = 226.5 Å 

2 ) presented a difference of 3.4% and also

odium adducts of Ecr ( TW CCS n 2 = 241.7 Å 

2 ) and its epimer Ecrn

 

TW CCS n 2 = 233.9 Å 

2 ) with a CCS difference of 3.3%. As shown in

ig. 2 , partial separation was achieved between Etn-Et, Esn-Es and 

crn-Ecr, which is enough for the differentiation of epimers and 

s in agreement with the observed differences in CCS values and 

he maximum expected peak resolution of the Synapt system. De- 

pite the fact that the epimers were not fully separated to baseline, 

hese results highlight the potential of TWIMS as a complemen- 

ary dimension for improving EA separation and method selectivity 

n traditional LC-MS workflows. Since the differences in retention 

imes of EAs provided by LC-MS methods are close to ±0.1 min, 

he differences in the TW CCS n 2 values would be very useful to dis- 

inguish them in order to avoid their misidentification and also the 

ossible reporting of false positive/negative samples. 

Moreover, taking into account these results, and that new IMS 

echnologies such as cyclic ion mobility spectrometry (cIMS) which 

resents an increased separation resolution [55] , these ion pairs 

ould be baseline separated by IMS. 

In addition, the integration of IMS in LC-MS methods allows 

he separation of target compounds from matrix interferences that 

resent similar retention times and m/z . This leads to an enhance- 

ent in selectivity, which is essential for peak integration and 

uantification of target compounds. This improvement has been 

reviously demonstrated in the food safety field for the determi- 

ation of zearalerone and its metabolites [21] , β-agonists [56] , and 

teroid isomers [57] . To investigate this advantage for the deter- 

ination of EAs in cereals, barley samples were treated follow- 

ng a QuEChERS protocol. Subsequently, the extracts were analyzed 

y LC-TWIM-TOF-MS. Extracted ion chromatograms (EICs) obtained 

sing TWIMS as third separation dimension were compared with 

hose obtained without applying this additional separation dimen- 

ion. As can be seen in Fig. 3 , Em co-eluted with several matrix 

ompounds with m/z 326.2, making peak integration impossible. 

owever, when the drift time range of the protonated molecule 

f Em was selected as signal filter, these matrix compounds were 

emoved from the EICs, allowing the effective integration of Em 

eak. Thus, the application of IMS allowed the isolation of this an- 

lyte from matrix interferences, granting its unequivocal identifica- 

ion and chromatographic integration. 

Another example of improving selectivity by using TWIMS is 

he case of Ekr and Ekrn. Both analytes co-eluted with matrix in- 

erferences that, although they showed a low signal sensitivity, 

ere integrated with the chromatographic peaks of Ekr and Ekm 

 Fig. 4 ). This could lead to erroneous conclusions about the an- 

lyte concentration in the sample or even a false positive. How- 

ver, selecting the drift time range of the protonated molecule for 

oth analytes, these matrix compounds were removed from the 

IC. 

These results show how TWIMS allows the isolation of the an- 

lytes of interest form the chemical background of the matrix, im- 

roving method selectivity. Additionally, this has a major impact 

n the quality of MS spectra, as cleaner MS spectra are obtained 

hen TWIMS is integrated into the analytical workflow. This is of 

special interest for the determination of chemical residues and 

ontaminants at trace levels in complex matrices composed by a 

igh number of compounds such as food samples, as it has been 

eported for the determination of mycotoxins in cornmeal [21] or 

ruits [20] . Therefore, the implementation of TWIMS can provide 

ore reliable results not only for quantification purposes, but also 
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Fig. 2. Mobility spectra for the separation of sodium adducts of: a) Et and Etn; b) Es and Esn; c) Ecr and Ecrn by TWIMS. Mobility spectra have been obtained after applying 

the following signal filters: a) m/z 604, Rt between 3.8 and 4.3 min, and drift time between 7 and 11 ms; b) m/z 570, Rt between 3.2 and 3.9 min, and drift time between 7 

and 9 ms; c) m/z 632, Rt between 6.0 and 8.2 min, and drift time between 7.5 and 11 ms. 

Fig. 3. EICs ( m/z 326.2) resulted from the analysis of: a) and c) non-spiked barley samples, and b) and d) barley samples spiked with EAs (5 μg kg -1 ; [M + H] + ). Analyses 

were performed by LC-ESI-TWIM-TOF-MS in positive mode. In c) and d), the mobility region of the protonated molecule of Em (i.e between 52 and 62 ms) was selected. 
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or identification purposes (i.e. cleaner MS spectra in addition to 

he TW CCS parameter). 

.3. Sensitivity enhancement by ion mobility spectrometry 

In addition to the selectivity enhancement achieved using IMS 

n LC-MS workflows, an improvement in signal sensitivity can also 

e achieved [9] . Due to the isolation of the analyte from the chem- 

cal background of the matrix discussed in the previous section, 
7 
he limits of detection (LODs) of the method can be reduced sig- 

ificantly. In this work, the benefit of using TWIMS was also in- 

estigated for the determination of EAs in barley samples. As can 

e seen in Fig. 5 , and discussed in Section 3.2 , cleaner EICs were

bserved when the drift time range was used as signal filter; thus, 

t facilitates peak integration of EAs and improves S/N ratio. The 

/N ratio was generally improved between 2.5 and 4 times when 

he drift time range of target analytes was selected as signal filter. 

or all studied EAs, except for Ekr and Ekrn, the analytical signal 
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Fig. 4. EICs ( m/z 576.3) resulted from the analysis of: a) and c) non-spiked barley samples, and b) and d) barley samples spiked with EAs (5 μg kg -1 ; [M + H] + ). Analyses 

were performed by LC-ESI-TWIM-TOF-MS in positive mode. In c) and d), the mobility region of the protonated molecule of Ekr (i.e between 107 and 87 ms) was selected. 
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5

bserved at a concentration level of 5 μg kg -1 was below the limit 

f quantification (LOQ, S/N = 10) without applying this filter. How- 

ver, when the drift time range of these compounds was selected 

s signal filter, the observed analytical signal was above the LOQ. 

s consequence, their quantification at this concentration level was 

nly possible when the mobility spectra was also explored for data 

rocessing. 

Additional studies were carried out to evaluate the signal sensi- 

ivity provided by the LC-TWIM-MS method compared to the tradi- 

ional LC-MS method. Blank barley samples (n = 2) were spiked at 

5 μg kg -1 and treated according to the QuEChERS protocol. Subse- 

uently, the extracts were injected and analyzed by LC-ESI-TWIM- 

OF-MS and LC-ESI- TOF-MS in positive mode using the same LC 

nd ESI conditions in both methods. The TOF system was operated 

n sensitivity mode to improve signal sensitivity. Although a lack 

f sensitivity is usually attributed to IM-MS methods, signal sensi- 

ivity was not significantly decreased when EAs were analyzed by 

C-IMS-MS in comparison to the results obtained by LC-MS ( Figure 

4 ). This shows that in recent years there have been notable instru- 

ental improvements that have made it possible to overcome the 

ow ion transmission typically associated with IMS systems, which 

s the reason why IMS was considered a low sensitivity technique 

or a long time [3] . 

In short, our results show the benefits, in terms of signal sensi- 

ivity, of integrating TWIMS into a LC-MS workflow for EAs deter- 

ination, which is reflected in the reduction of background noise 

nd the increase of the S/N ratio. 

.4. Application of ion mobility spectrometry to determine EAs in 

ereal samples 

The proposed QuEChERS-LC-ESI-TWIM-TOF-MS method was 

haracterized in terms of linearity, LODs, LOQs, and precision in 

ereal samples. Firstly, procedural calibration curves for barley and 
8 
heat samples were prepared by spiking blank samples of each 

atrix at six different concentration levels (2, 5, 10, 25, 50 and 

00 μg kg -1 ). Two samples per each concentration level were pro- 

essed according to the QuEChERS procedure and analyzed in du- 

licate. Peak area was considered as a function of the analyte con- 

entration. LODs and LOQs were calculated as the minimum an- 

lyte concentration with S/N equal to 3 and 10, respectively. The 

tatistical parameters calculated by least-square regression, as well 

s LODs and LOQs, are shown in Table 2 . Data treatment was car- 

ied using the software SkyLine in which, apart from the major 

ransitions and retention times, the data can be also filtered taking 

nto consideration the drift time and the CCS of each compound. 

Although a limited dynamic range is typically associated with 

C-IM-MS methods compared to LC-MS methods [58] , the same 

ynamic linear range (2 – 100 μg kg -1 ) was observed for the de- 

ermination of EAs in cereals when the samples were analyzed by 

oth LC-TWIM-MS and LC-MS. In general, a satisfactory linearity 

as achieved for the determination of EAs in both samples (R 

2 > 

.99) in the concentration range studied. LOQs ranged between 0.7 

nd 2.0 μg kg -1 for the determination of EAs in barley samples, 

nd between 0.7 and 2.1 μg kg -1 for EAs in wheat samples. These 

OQs are comparable to and even lower than those obtained by LC- 

riple quadrupole (QqQ)-MS for the determination of EAs in similar 

amples [ 39 , 59 , 60 ]. 

According to SANTE/12682/2019 guideline, one representative 

ample can be selected from a commodity group for the vali- 

ation of the method [61] . Since barley and wheat are included 

n the same group, barley samples were chosen as represen- 

ative commodity for the precision study. Precision was evalu- 

ted in terms of repeatability (intra-day precision) and interme- 

iate precision (inter-day precision) by the application of the pro- 

osed QuEChERS-LC-ESI-TWIM-TOF-MS method to barley samples 

piked at two concentration levels of the linear range (i.e. 5 and 

0 μg kg -1 ). For repeatability studies, two samples fortified at 
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Fig. 5. EICs resulted from the analysis of: I) Emn (5 μg kg -1 ; [M + H] + ) and II) Eco and Econ (5 μg kg -1 ; [M + H] + ) in barley samples by LC-ESI-TWIM-TOF-MS in positive mode. 

The following filters were applied for signal processing of related total ion chromatograms: a) m/z 362.2; b) m/z 362.2 and drift time range between 52-62 ms; c) m/z 562.3; 

d) m/z 562.3 and drift time range between 87-103 ms. 

Table 2 

Statistical and performance characteristics of the proposed method for the determination of the main EAs and their epimers in barley and wheat samples. 

BARLEY WHEAT 

EA Linear regression equation R 2 LOD (μg kg -1 ) LOQ (μg kg -1 ) Linear regression equation R 2 LOD (μg kg -1 ) LOQ (μg kg -1 ) 

Em y = 148.58x-383.66 0.9909 0.6 2.0 y = 61.207x-234.38 0.9907 0.5 1.6 

Emn y = 2140.8x-5747.6 0.9925 0.3 0.9 y = 1594.7x-5443.6 0.9920 0.2 0.7 

Esn y = 2417.4x-6711.9 0.9914 0.3 1.1 y = 417.73x-2083.7 0.9903 0.6 2.0 

Es y = 1524.2x-5618.8 0.9925 0.4 1.3 y = 503.26x-3227.1 0.9902 0.5 1.7 

Etn y = 2565.2x-7002 0.9909 0.3 0.9 y = 573.41x-2633.8 0.9914 0.3 0.8 

Eco y = 5267.2x-13521 0.9943 0.2 0.7 y = 3453.6x-15732 0.9910 0.3 0.9 

Et y = 5154.3x-11715 0.9944 0.2 0.8 y = 3374.6x-16568 0.9912 0.2 0.7 

Econ y = 4090.1x-13377 0.9911 0.3 0.9 y = 1898.1x-9306.5 0.9935 0.5 1.5 

Ekr y = 3748.3x-10774 0.9923 0.2 0.6 y = 2099.3x-11451 0.9910 0.3 1.1 

Ecr y = 1727.5x-4664.2 0.9906 0.3 0.9 y = 418.85x-971.83 0.9925 0.4 1.3 

Ekrn y = 3711.8x-14007 0.9906 0.4 1.3 y = 685.41x-4182.1 0.9902 0.6 2.0 

Ecrn y = 2185x-6172.2 0.9913 0.3 1.0 y = 1325.3x-5369.6 0.9939 0.2 0.7 

e
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m
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n

r

ach concentration level were submitted to sample treatment and 

njected in triplicate on the same day under the same condi- 

ions. Intermediate precision was evaluated with a similar proce- 

ure but analyzing one spiked sample in triplicate and per day 

or three different days. The obtained results, expressed as rela- 

ive standard deviation (RSD, %) of peak areas, are summarized 

n Table 3 . RSD values lower than 14.4% were obtained in all 

ases. This agrees with the EU recommendations for the perfor- 

ance of analytical methods, which set an upper limit for RSD of 

0% [62] . 
9 
In addition, in order to demonstrate the applicability of the 

ethod, contaminated cereal samples from Algeria previously ana- 

yzed by UHPLC-MS/MS [39] were also investigated using the pro- 

osed method. In this previous work eight samples of wheat and 

our samples of barley were found to contain EAs, with Ekr and 

cr in wheat and Em in barley being the most frequent EA con- 

amination. These samples were subsequently analyzed by LC-ESI- 

WIM- TOF-MS. The results obtained by the analysis of contami- 

ated barley and wheat samples are shown in Tables S1 and S2 , 

espectively. Em and its epimer Emn were the most common EAs 
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Table 3 

Precision of the proposed method for the determination of the main EAs and their 

epimers in spiked barley samples. 

Repeatability, %RSD (n = 6) Intermediate precision, %RSD (n = 9) 

5 μg kg -1 50 μg kg -1 5 μg kg -1 50 μg kg -1 

Em 9.3 6.5 13.6 8.5 

Emn 8.0 5.0 12.9 6.3 

Esn 11.0 6.2 11.3 9.6 

Es 8.5 6.8 12.9 7.4 

Etn 9.8 4.6 10.2 7.7 

Eco 13.0 8.8 9.2 6.6 

Et 7.8 5.6 11.7 9.4 

Econ 7.3 6.6 11.5 7.8 

Ekr 9.5 7.1 14.4 9.4 

Ecr 8.1 5.9 9.0 7.5 

Ekrn 10.5 8.7 9.9 8.0 

Ecrn 5.3 7.5 8.7 6.6 
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ound in barley samples, while Ekr and Ecr showed the highest in- 

idences in wheat. The total EA concentration ranged between 8.3 

nd 36.8 μg kg -1 for barley samples and between 5.2 and 65.0 μg 

g -1 for wheat samples. These total contents are below the maxi- 

um level for EAs of 150 μg kg -1 set for barley and wheat grains

laced on the market for the final consumer [33] . 

It was observed that the majority of the EAs determined in both 

amples matched with the incidence of EAs reported previously by 

pplying the UHPLC-MS/MS method [39] . In this previous work, to- 

al content of EAs was found to be in the range of 17.8 to 53.9 μg

g -1 for the same barley samples, and in the range of 3.66 to 76.0 

g kg -1 for wheat samples. It is worth mentioning that Em was 

ound in higher concentrations than the rest of the EAs, reaching a 

aximum concentration of 25 μg kg -1 and 50 μg kg -1 in wheat 

nd barley samples, respectively. These results are in agreement 

ith the levels of EAs found in the present study. Obviously, the 

amples have been analyzed at different time intervals, so the time 

nd storage conditions of the samples may have influenced the ac- 

uracy of the results of both studies. Likewise, it should be noted 

hat Emn was found in the LOD-LOQ range and was not quantified 

hen the barley samples were analyzed by UHPLC-MS/MS. How- 

ver, due to the implementation of TWIMS in the LC-MS workflow 

nd taking into account the S/N improvement achieved for Emn 

 Fig. 5 ), this analyte could be quantified by LC-ESI-TWIM-TOF-MS. 

. Conclusions 

The present work shows the advantages provided by the in- 

egration of IMS into LC-MS workflows focused on EA determi- 

ation. These advantages mainly lead to higher separation reso- 

ution and higher confidence in analyte identification. In this re- 

ard, TW CCS n 2 values for the main EAs and their epimers are re- 

orted for the first time. This parameter is complementary to m/z 

nd retention times, and useful for the identification of these com- 

ounds, especially in non-targeted analysis. TW CCS n 2 values were 

uccessfully inter-laboratory cross-validated with satisfactory bias 

 < 2%). Furthermore, the advantages provided by the implemen- 

ation of TWIMS in LC-MS workflows, in terms of selectivity and 

ensitivity, have been demonstrated in cereal samples. The sepa- 

ation of sodium adducts of Et, Es and Ecr and their correspond- 

ng epimers, as well as, the separation of EAs from matrix in- 

erferences, demonstrate the selectivity enhancement provided by 

WIMS in food safety applications. TWIMS has also been an effec- 

ive tool for reducing background noise, improving the S/N ratio for 

he studied compounds in cereal samples between 2.5 and 4 times 

nd, consequently, enhancing the sensitivity of the method. In ad- 

ition, a QuEChERS-LC-TWIM-TOF-MS method has been applied to 

he determination of EAs in barley and wheat samples previously 
10 
eported as contaminated samples. In this regard, the use of IMS 

as been effective to reduce the number of possible false results of 

As in such samples. 

Therefore, IMS is a powerful technique for enhancing the per- 

ormance characteristics of LC-MS methods destined to the anal- 

sis of contaminants in food and food-related matrices. However, 

ore research involving its application to answer food safety is- 

ues is needed to truly implement this analytical tool in this field. 

n this regard, there are some drawbacks such as that the regula- 

ion on the performance of analytical methods does not yet pro- 

ose the inclusion of the IMS as separation technique or that its 

tandardization (e.g. with guidelines, data standards and reporting) 

s not yet completed. Furthermore, data processing software pack- 

ges are required since automated signal peak detection for multi- 

imensional data files ( m/z , Rt, CCS) is currently not possible with 

S suppliers softwares. In the same way, the deconvolution over 

ll dimensions to group peaks into their chemical components par- 

icularly important in non-target workflows is not feasible. There- 

ore, the integration of IMS in current LC-MS workflows involves 

ertain challenges, especially in food analysis where this technique 

s still in development. 
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