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a  b  s  t  r  a  c  t

There  is a raising  demand  for sensitive  and  high  throughput  MS based  methods  for  screening  purposes
especially  tailored  to  the  detection  of  allergen  contaminants  in  different  food  commodities.  A  challenging
issue  is  represented  by complex  food  matrices  where  the  antibody-based  kits  commercially  available
might  encounter  objective  limitations  consequently  to epitope  masking  phenomena  due  to a  multitude
of  interfering  compounds  arising  from  the  matrix.  The  performance  of a method  duly optimized  for
the  extraction  and  simultaneous  detection  of  soy, egg  and  milk  allergens  in  a  cookie  food  matrix  by
microHPLC–ESI-MS/MS,  is herein  reported.  Thanks  to the  innovative  configuration  and  the versatility
shown  by  the  dual  cell linear  ion  trap  MS  used,  the  most  intense  and  reliable  peptide  markers  were
first  identified  by  untargeted  survey  experiment,  and subsequently  employed  to  design  an  ad  hoc  multi-
target  SRM  method,  based  on  the  most  intense  transitions  recorded  for  each  selected  precursor  peptide.
A sample  extraction  and purification  protocol  was  optimized  also  including  an  additional  step  based  on
sonication,  which  resulted  in  a considerable  improvement  in  the  detection  of  milk  allergen  peptides.  Data

TM
Dependent Acquisition  scheme  allowed  to fill  out a tentative  list of  potential  peptide  markers,  which
were  further  filtered  upon  fulfilling  specific  requirements.  A  total  of eleven  peptides  were  monitored
simultaneously  for confirmation  purposes  of  each  allergenic  contaminant  and  the  two  most  sensitive
peptide  markers/protein  were  selected  in order  to  retrieve  quantitative  information.  Relevant  LODs  were
found  to range  from  0.1  �g/g for  milk  to 0.3 �g/g  for egg  and  2 �g/g  for  soy.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Food allergy is a public health problem reported to be on the rise
specially in industrialized countries and with a high prevalence
n childhood [1]. This type of allergy referring to both Ig-E (type
) and non-Ig-E mediated reactions, is triggered by the ingestion
f a food or food additive also known as “food allergen” [2]. The
ethal risk associated with food allergies and the concern to protect
ublic health have led the regulatory bodies to issue legislation
oncerning the labeling of the principal food allergens around the
lobe. Although a large number of foods are considered allergenic,
Please cite this article in press as: L. Monaci, et al., Multi-allergen dete
coupled to a dual cell linear ion trap mass spectrometry, J. Chromatog

egislation issued in several countries to protect allergic consumers
s mainly targeted to a restricted list of food allergens. In the Euro-
ean Union the last Directive 2007/68/EC regulates the mandatory

∗ Corresponding author. Tel.: +39 0805929343; fax: +39 0805929374.
E-mail address: linda.monaci@ispa.cnr.it (L. Monaci).

ttp://dx.doi.org/10.1016/j.chroma.2014.06.092
021-9673/© 2014 Elsevier B.V. All rights reserved.
labeling of a total of 14 allergenic ingredients that, whenever used,
must be declared on the respective food label [3]. Nevertheless,
some ingredients exempted from allergen declaration are also
listed in Directive 2007/68/EC. Although threshold data could con-
stitute the basis of regulatory thresholds, to date most regulatory
agencies have focused on ingredients that must be reported in the
label irrespective of the amounts in the food, the only exception
being represented by gluten where limits have been set within EU.

Contamination of food by hidden allergens at the moment rep-
resents a major health problem for allergic patients. Allergens are
defined hidden when they are not declared on the product label
and unexpectedly might reach the end products through several
routes. Apart from the intentional use of some allergenic ingredi-
ents in food manufacturing, a risk of an accidental contamination
of foods by allergens is likely to exist.
ction in food by micro high-performance liquid chromatography
r. A (2014), http://dx.doi.org/10.1016/j.chroma.2014.06.092

Different analytical methods have been developed for moni-
toring food allergen contamination along the food chain. Methods
address either the allergen itself or a marker contained in the aller-
genic food. To support allergen control within HACCP programs,

dx.doi.org/10.1016/j.chroma.2014.06.092
dx.doi.org/10.1016/j.chroma.2014.06.092
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:linda.monaci@ispa.cnr.it
dx.doi.org/10.1016/j.chroma.2014.06.092
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aboratory immunoassays have been proposed due to the ease in
se, the relatively high throughputs and the low detection limits
4]. On the other hand, an analysis might be required for confir-

ation of the results obtained. Therefore, a more direct analytical
echnique with a high level of specificity is needed. In the last few
ears mass spectrometry (MS) methods [5,6] have been consid-
red a promising analytical strategy for food allergens monitoring
hanks to the advances made in this technology that enables the
eduction of the risk of false positives compared to ELISA methods.

As well known, there are a number of limitations presented by
he antibody-based methods especially when applied to complex
r processed food matrices where allergen detection might be ham-
ered as a consequence of epitope modification or masking effect.
mong them also the impossibility to run a multi-allergen analysis.
o overcome such limitations, several MS  based methods have been
eveloped for multiallergen detection in foods [7–12]. A review of
he recent literature yielded only a few reports mainly directed to
he multiallergen determination of several classes of food allergens
n different food commodities. Among the last papers published on
his regard, the method authored by Heick et al. is one of the first MS
pproach using a triple quadrupole instrument, enabling the simul-
aneous detection of seven allergens in bread chosen as food model
10]. In their paper the authors reported LODs achieved of 5, 24 and
2 �g/g for milk, soy and egg, respectively, whereas a lower limit
as reached for almonds. In another work Bignardi et al. developed

 MS-based method for tracing 5 different nuts in fortified cookies
ith LODs ranging between 10 and 50 mg  nut/kg matrix [13]. In the
entioned work a comparison between two different acquisition

chemes, either MS2 or MS3 mode, was also carried out for detect-
ng these classes of nuts, employing a linear ion trap based system.
ther works reported methods mainly tailored to the detection
f other allergenic categories including lupins, nuts and gliadin,
ilk, etc. in different food products with highly variable limits of

etection achieved [14–17].
In general, sensitivity of a method strictly depends on different

actors including the complexity of the food matrix, the extractabil-
ty of the targeted proteins from the allergen-containing-food and
he detection performance of the instrument used. On this regard,
n order to assist the scientific community in properly designing

S-based methods for detection of allergens, some guidelines have
een reported [18]. Among the recommendations, a preliminary
roper selection of reliable and stable candidate peptide-markers
racing for the allergenic protein must be accomplished and the

ost reliable transitions effectively designed for each selected pep-
ide. However, the effective validation of methods through the
se of naturally incurred reference materials for each food matrix

nvestigated should be accomplished for the harmonization of the
nal results.

In this work, we focus on three allergenic food categories includ-
ng egg, milk and soy that might accidentally contaminate cookies
hosen as food model. Beyond optimization of the best extraction
onditions, different instrumental parameters were carefully inves-
igated and evaluated in the work performed by using a linear ion
rap MS  instrument based on a differential pressure cell system
nd able to deliver a rapid and sensitive multi-allergen detection
ethod.
Notably, while the first cell held at higher pressure than in

 usual linear ion trap system produced an improvement in the
fficiency of trapping, isolating and fragmenting ions of interest
educing the time required for precursor isolation, the second cell
eld at a lower pressure, instead, allowed for a faster mass anal-
sis with increased resolution. This novel method for controlling
Please cite this article in press as: L. Monaci, et al., Multi-allergen dete
coupled to a dual cell linear ion trap mass spectrometry, J. Chromatog

he ion population in the trap produced a dramatic increase in
he practical scan rate achievable in a typical data dependent tan-
em MS  experiment. The features offered by this system have been

n this work exploited to run a survey experiment followed by a
 PRESS
r. A xxx (2014) xxx–xxx

multiple selected reaction monitoring (SRM) experiment based
on the best transitions selected to set up a sensitive multi-target
method.

2. Materials and methods

2.1. Reagents

Acetonitrile (LC–MS grade), formic acid, acetic acid, ammonium
bicarbonate, trizma base, Tween 20, hydrochloric acid, iodoac-
etamide (IAA), dithiothreitol (DTT), egg powder (EP) and skimmed
milk powder (MP) were obtained from Sigma–Aldrich (Milan, Italy).
Trypsin (proteomic grade) was  purchased by Promega (Milan,
Italy); RapigestTM surfactant was purchased by Waters (Milford,
MA,  USA). Cellulose acetate syringe filters, 0.45 �m (size 30 mm),
and polytetrafluoroethylene syringe filters, 0.45 �m (size 4 mm)
were purchased by Sartorius (Stedim Biotech GmbH, Goettingen,
Germany). Quick StartTM Bradford protein assay was purchased
by Bio-Rad (Segrate, MI,  Italy). Disposable cartridges PD-10 were
purchased from GE Healthcare Life Sciences (Milan, Italy), while
ultrafiltration (UF) tubes with 9 kDa cut-off membranes were from
Thermo Fisher Scientific (Illkirch Cedex, France). Pre-cooked soy
flour (SF) was purchased from a local retailer.

2.2. Stock solutions

Stock solutions of EP and MP  were prepared dissolving 1 mg
of commercial powder into 1 mL  of 50 mM ammonium bicarbon-
ate solution. SF extract was prepared by incubation for 2 h at 60 ◦C
of 1 g of commercial flour with 20 mL  of 20 mM Tris–HCl buffer
added with 0.01% of Tween 20. The SF extract was collected and
employed as stock solution together with EP and MP  solutions for
the preparation of artificially contaminated cookies. In order to
align the concentration values among EP, MP  and SF extract, the
protein content of the aforementioned three stock solutions was
evaluated by colorimetric Quick StartTM Bradford assay. Thus, all
concentration reported in the following text were referred to �g of
spiked proteins. A mixture of stock solutions EP, MP,  and SF extract
in 50 mM ammonium bicarbonate solution was  employed for the
identification of the best peptide markers.

2.3. Bradford assay for protein quantification

Protein quantification of stock solutions and cookie extracts
were performed with the commercial Quick StartTM protein assay
based on colorimetric Bradford assay. The Bradford assay involves
the binding of Comassie Brilliant Blue G-250 dye to proteins. First
a calibration curve with BSA (bovine serum albumin), selected as
reference protein, was obtained by serial dilution of BSA within
the 0.125–1 �g/mL concentration range. 20 �L of each BSA solu-
tion were mixed to 1 mL  of dye reagent, previously warmed up at
room temperature. After 5 min  incubation at room temperature, the
absorbance at 595 nm was recorded. A standard curve was  created
by plotting the Abs(595) values versus their concentration in �g/mL.
The unknown samples were analogously treated and the relevant
concentration determined by extrapolation of the calibration curve.
At least three replicates for each sample were analyzed.

2.4. Preparation of spiked samples

Commercial cookies declared egg, soy and milk-free were pur-
chased from a local retailer. Cookies were milled coarsely for 30 s in
ction in food by micro high-performance liquid chromatography
r. A (2014), http://dx.doi.org/10.1016/j.chroma.2014.06.092

a blender at 17000 rpm and passed through a sieve of 1 mm (Ster-
ilmixer 12 model 6805-50; PBI International). 1 g of ground allergen
free cookie powder was fortified with standard solutions of egg
powder, milk powder and SF extract in order to obtain in the final

dx.doi.org/10.1016/j.chroma.2014.06.092
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roduct concentrations (referred to the protein content) of 1, 2, 5,
0 �g/g for EP, 0.5, 2, 5, 20 �g/g for MP  and 10, 20, 50, 100 �g/g for
F. Samples were left drying for 12 h in the oven at 40 ◦C to facilitate
vaporation and allow interaction with food components. The fol-
owing day samples were extracted according to the protocol here
ollowing described.

.5. Sample preparation

.5.1. Extraction and purification
One gram of allergen-spiked ground cookie sample was  com-

ined with 20 mL  of Tris–HCl buffer 20 mM at pH = 8.2 [19] and
eft shaking for 2 h at 60 ◦C. The extract was centrifuged for
0 min  at 3000 rpm and the supernatant filtered through 0.45 �m
cetate cellulose membranes. 2.5 mL  of supernatant was  loaded
n a size exclusion column (G25 Sephadex column) as purifica-
ion (pre-LC–MS purification) step. The eluted fraction (3.5 mL)  was
ithdrawn and centrifugated for 60 min, at room temperature, in
ltrafiltration tubes with 9 kDa cut-off membrane. The retained
art of the sample was subsequently dialyzed against 4 mL  of water
o remove residual low molecular weight matrix components. A
nal volume of 100 �L was collected from the filter and submitted
o further enzymatic digestion.

For the ultrasound treatment a sonicator Model VibracellTM

rom Sonics (Sonics & Materials Inc., Newton, CT, USA) was intro-
uced in the purification procedure after the 0.45 �m filtration step
nd applied in the following conditions: time 10 min, amplitude
0, pulse 4 s, and output ca 14 W.  Ultrasound treated samples were
ubjected to the same purification procedure described before.

.5.2. Enzymatic digestion
Protein enzymatic digestion was accomplished on the final

ookie extract by employing trypsin as specific cleavage enzyme.
he ultrafiltrate was denatured by heating for 15 min  at 95 ◦C
nd subsequently diluted in the surfactant/denaturing agent
apigestTM (dil 1/3) to reach a final volume of 100 �L. Before
igestion protein reduction was performed by adding 5 �L of DTT
olution 50 mM,  followed by 30 min  incubation in a thermoshaker
t 60 ◦C. After cooling the sample at room temperature, 10 �L of
AA solution 100 mM were added and the mixture was  placed in
he dark for 30 min  at room temperature. Finally 20 �L of a trypsin
olution (1 �g/�L in acetic acid 50 mM)  were added to the sample
o that a ratio of 1/50 (enzyme/protein) was attained to facilitate

 complete enzymatic digestion. Reaction was halted after 12 h by
cidifying the sample with HCl 1 M and the final extract was  filtered
hrough 0.45 �m PTFE filters before injection.

.6. HPLC–MS/MS analysis and database search

For HPLC–MS analyses a system composed of a UHPLC pump
rovided with a autosampler and ESI interface was  Linear Ion
rap Dual pressure Mass Spectrometer Velos ProTM (Thermo Fisher
cientific, San Josè, USA). For peptides separation an AcclaimTM

epMap analytical column provided by Thermo Fisher (San Josè,
S), 1 mm × 15 cm × 3 �m,  100 Å porosity, was used by applying

he following elution gradient program: 0–40 min  from 85% to 45%
, 45–10% in 2 min  and kept stable for 10 min. Then in the follow-

ng 2 min  solvent A was raised to 85% and left isocratic for 15 min
o allow column equilibration (solvent A = H2O + 0.1% formic acid;
olvent B = CH3CN/H2O, 80/20 v/v + 0.1% formic acid). The flow rate
as 60 �L/min. The system was run under two  different acquisi-

ion schemes. First mode was a survey analysis also termed Nth
Please cite this article in press as: L. Monaci, et al., Multi-allergen dete
coupled to a dual cell linear ion trap mass spectrometry, J. Chromatog

rder double play Data DependentTM Acquisition (DDA) by activat-
ng the dynamic exclusion option. In particular, two  events were
et for this experiment: (1) full MS  in the range 400–2000 m/z, 4
icroscans, corresponding to a resolving power 5400 M/�M  (with
 PRESS
r. A xxx (2014) xxx–xxx 3

a maximum injection time of 50 ms/1 microscan, for full MS,  and
100 ms/4 microscan for MS/MS  acquisitions); (2) full MS/MS  DDA
of the 20 most abundant ions in the MS  spectrum using a normal-
ized collision energy at 35%. Dependent settings for the DDA  were
the following. Global:  dynamic exclusion enabled, repeated count 1,
repeat duration 30 s, exclusion list size 500, exclusion duration 20 s,
exclusion mass width by mass – low 0.5 and high 1.5. Segment: pre-
dict injection time enabled, charge state screening enabled, charge
state rejection +1; +4 and up. Scan event: current scan event, min-
imum threshold 500 counts, Nth most intense N = 20; activation:
activation type CID, default charge state +3, isolation width 2.0,
normalized collision energy 35, activation q 0.25, activation time
10 ms).

Raw data were processed via commercial software Proteome
DiscovererTM version 1.3 (Thermo Fisher Scientific, San Josè, US)
and identification was achieved by Sequest search by interrogating
both Uniprot database (DB) and a customized food allergen DB built
in house and containing approximately 150 entries (including milk,
soy, egg proteins and typical protein contaminants usually detected
in tryptic digest e.g. keratines). Software results reported in Table 1
were filtered by peptide mass deviation (400 ppm), and peptide
confidence (high = 1% confidence). After selection of peptide mark-
ers and proper transitions, a five segments acquisition scheme was
set up, screening a total of eleven peptides. Each segment counted
up to three scan events, represented by selected reaction monitor-
ing (SRM) MS/MS  acquisition in which each selected peptide was
isolated and activated by CID with a normalized collision energy
of 35%, and ion current related to the two  most intense transitions
were recorded within a 3 m/z window.

3. Results and discussion

3.1. Optimization of extraction conditions

As a first step, the best conditions for the efficient extraction
of total proteins from cookies were investigated, and the protein
content estimated by using a Bradford assay, was  chosen as discrim-
inating factor. Protein extraction was accomplished on the same
amount of milled sample kept under constant shaking at 60 ◦C
with Tris–HCl buffer at pH = 8.2. Different conditions were tested
and the following extraction parameters evaluated: (a) extraction
volume, (b) extraction time and (c) addition of 0.1% (v/v) of deter-
gent Tween 20. Our results show that the total protein content
was not significantly affected by the investigated parameters, with
the only exception represented by the reduction of the extraction
yield evidenced when buffer volume was  lowered from 20 to 10 mL
(2.1 mg/mL  versus 0.8 mg/mL). Also the addition of a surfactant
such as Tween 20 did not show to significantly change the final
protein content. Still, basing on the effectiveness of the total work-
flow for cookie sample purification and considering the final aim
of detecting traces of allergenic proteins potentially contaminat-
ing foods, the use of 2 h long incubation with 20 mL  of extraction
buffer for 1 g of milled material, without surfactant addition, was
preferred.

3.2. Selection of peptide markers

The first step in the development of a MS-based method for
food allergen detection is the proper selection of peptide markers
which should fulfil specific requirements to be considered reliable
markers for the target allergen proteins. Thus, a preliminary untar-
ction in food by micro high-performance liquid chromatography
r. A (2014), http://dx.doi.org/10.1016/j.chroma.2014.06.092

geted MS  analysis was carried out on an extract mixture (from milk
powder, egg powder and soy flour) aimed at identifying the most
abundant peptides attributed to each allergenic food under inves-
tigation, and potentially entering the list of candidate markers.

dx.doi.org/10.1016/j.chroma.2014.06.092
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Table 1
List of proteins that correspond to the peptides identified by Proteome DiscovererTM software (version 1.3), through Sequest search of experimental Data DependentTM MS/MS
spectra against a customized food allergen database.

Allergenic ingredient Uniprot code – protein Score Coverage Peptides

Uniprot DB Restricted DB Uniprot DB Restricted DB Uniprot DB Restricted DB

Soy

P19594 – 2S albumin – 19.99 – 21.5% – 3
O64458 – 34 kDa maturing seed
protein

– 22.42 – 13.7% – 3

P13916
�-conglycinin-�-chain

45.83  85.17 21.0% 33.6% 6 14

P11827
�-conglycinin-�′-chain

17.71 51.52 7.51% 17.68% 3 8

P25974
�-conglycinin-�-chain

21.02 55.47 15.5% 27.8% 4 11

P04776 – glycinin G1 83.00 118.72 41.62% 59.2% 10 17
P04405 – glycinin G2 62.97 125.35 32.4% 46.6% 8 14
P11828 – glycinin G3 44.91 22.3% 8
P02858 – glycinin G4 75.62 91.98 26.9% 33.1% 9 12
P04347 – glycinin 41.53 67.77 18.8% 33.3% 6 11
Q9LD16
Kunitz trypsin inhibitor 3

21.74 20.4% 4

P09186 – seed linoleate
9S-lipoxygenase-3

39.58 13.1% 6

Egg P01012 – ovalbumin 40.13 55.32 28.0% 34.5% 6 8
P02789 – ovotransferrin 13.87 6.2% 3

38.1
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Milk P02662 – �S1-casein 

P02754 – �-lactoglobulin 30.88 

he experimental workflow implemented in this investigation is
epicted in Fig. 1.

Velos ProTM DDA mode enables untargeted or global proteomics
nalysis. In particular, DDA Nth order double play (top 20) option
as used. In this frame the analyzer performs two dependent scan

vents. From the full MS  acquired in the first DDA scan event the 20
ost abundant ions were selected for subsequent MS/MS  analysis

equentially of each of the 20 precursor ions in the second DDA
vent. In order to keep only useful information related to potential
andidate peptide markers, ion charge screening was activated and
nly double and triple charged ions were selected for triggering CID
ctivation.

An untargeted MS  analysis of a mixture of skim milk pow-
er (MP), egg powder (EP) and soy flour (SF) extract solution was
reliminary performed with the aim to identify the most intense
eptides. Raw data were processed via commercial software Pro-
eome DiscovererTM (version 1.3) and protein assignment was
ccomplished by Sequest scoring algorithm by searching MS/MS
pectra against a large (Uniprot) and a small sized (restricted to
ood allergens and other contaminants) DB, respectively. Sequest
coring algorithm, allowing to search the MS/MS  spectra against a
ertain protein DB, can yield possible peptide identifications from
hich source proteins can be inferred. The protein coverage (part of

he protein covered by peptide matching), protein score (sum of all
eptide XCorr values above the specified score threshold) and num-
er of peptides identified for each allergenic protein were retrieved
y interrogating both DBs (Uniprot versus restricted “food aller-
en”) and are reported in Table 1. As shown, the use of a larger
B resulted in a decreased protein coverage and score as well
s a lower number of matching peptides attributed to that can-
idate protein. For this reason and in order to reduce the time
eeded for DB searching, the use of a restricted DB was preferred.
B searching was run at a high confidence level by setting FDR,
ecoy database search, indicating a measure of certainty in the

dentification, down to 0.01 meaning a strict confidence (FDR = is a
Please cite this article in press as: L. Monaci, et al., Multi-allergen dete
coupled to a dual cell linear ion trap mass spectrometry, J. Chromatog

tatistical value that estimates the number of false positive identi-
cations among all identifications found by a peptide identification
earch). The peptide spectra showing the highest matching with the
redicted fragmentation patterns were further validated by visual
3 32.7% 5
8 33.7% 41.6% 3 5

inspection of the analyst and only those MS/MS  spectra-peptide
sequence matches that met  the following criteria were considered
confident peptide identifications: (1) all fragments with an abun-
dance higher than 10% relative to the most abundant fragment in
each MS/MS  spectrum should be correctly attributed, (2) at least
three consecutive peptide fragments of either y- or b-ions should
be clearly detected, (3) a significant total ion current (≥500) of the
MS/MS  spectra should be recorded. After the accurate validation
of peptide-matches, preferring only the most abundant peptides
from the list and showing a good reproducibility (≤15% variance)
in the same charge state, and the evaluation of a satisfactory reso-
lution obtained by chromatographic separation, a restricted list of
candidate markers was compiled along with the two  most intense
transitions detected. Typical MS/MS  spectra acquired in DDA mode
and assigned via software to peptide markers belonging to the
proteins of interest �-conglycinin, ovalbumin and �-casein, are
depicted in Fig. 2. This information conveyed into a tailored SRM
acquisition method devised to achieve a sensitive and selective
detection of the target proteins in complex food matrixes. Table 2
summarizes the list of peptides along with the selected transitions
included in the acquisition method. The candidate peptide markers
were further BLAST searched against the UniProt DB by setting an
expectation value threshold (E) of 10 (E is a statistical measure of
the number of expected matches in a random database) in order
avoid false positives. In addition, MS  analysis was carried out in the
allergen-free cookie extract in order to confirm the absence of any
interfering peak at the expected retention times.

The triple quadrupole-like fragmentation spectra and the
unique configuration of the dual pressure linear ion trap mass
spectrometer offered several features. On one hand the presence
of a high pressure cell enabled a maximum ion trapping capacity
and isolation and fragmentation efficiency at the same time thus
producing a general decrease in the time required for precursor
isolation. On the other hand the second cell held at a lower pres-
sure, allowed for a faster mass analysis with increased resolution.
ction in food by micro high-performance liquid chromatography
r. A (2014), http://dx.doi.org/10.1016/j.chroma.2014.06.092

This novel method for controlling the ion population in the trap
produced a dramatic increase in the practical scan rate achievable
in a typical data dependent tandem MS  experiment. The greater
scan rate of the Velos ProTM allows more frequent sampling of

dx.doi.org/10.1016/j.chroma.2014.06.092
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Targeted mu l�pl e SRM  MS/MS  analysis
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eak precursors resulting in a high number of peptides detected
hat might be used to interrogate the DB. A faster scan rate in
eneral not only improves the duty cycle but also allows for the
se of shorter chromatographic gradients favouring experimental

able 2
estricted list of candidate marker peptides selected for inclusion into the SRM-MS/MS a
2,  P13916: �-conglycinin-�-chain, P02858: glycin G4, P01012: ovalbumin, P02754: �-la

Protein Peptide sequence XCorr

Glycinin G2 VFDGELQEGGVLIVPQNFAVAAK 5.53 

�-Conglycinin- ESYFVDAQPK 3.39 

�-Chain  TISSEDKPFNLR 3.96 

Glycinin G4 AIPSEVLAHSYNLR 3.92 

Ovalbumin

EVVGSAEAGVDAASVSEEFR 7.03 

GGLEPINFQTAADQAR 5.82 

LTEWTSSNVMEER 4.44
YPILPEYLQCVK  3.72 

�-Lactoglobulin TPEVDDEALEK 3.95 

�s1-Casein
YLGYLEQLLR 3.61 

FFVAPFPEVFGK 3.52 
n scheme designed for peptide markers discovery.
ction in food by micro high-performance liquid chromatography
r. A (2014), http://dx.doi.org/10.1016/j.chroma.2014.06.092

analysis throughput. The characteristics offered by this technology
compared to other conventional linear ion trap mass spectrome-
ters, turn beneficial for the method under development. Finally,
aiming at designing a proper MS  acquisition method, parameters

cquisition method, with the relevant two-most intense transitions (P04405: glycin
ctoglobulin, P02662: �s1-casein).

m/z (charge) Selected transitions

1201.14 (+2) y9
+ 945.52 y10

+ 1044.58
592.29 (+2) y5

+ 558.29 y6
+ 657.36

703.87 (+2) y5
+ 646.37 y10

+ 1192.60
785.42 (+2) y7

+ 860.44 y12
+2 693.36

1004.98 (+2) y10
+ 1110.51 y12

+ 1266.60
844.42 (+2) y12

+2 666.34 y10
+ 1121.53

799.36 (+2) y8
+ 867.41 y9

+ 1068.46
761.90 (+2) y9

+ 1149.60 y8
+ 1036.51

623.30 (+2) y7
+ 819.37 y10

+ 572.77

634.36 (+2) y6
+ 771.47 y8

+ 991.56
692.87 (+2) y8

+ 920.50 y9
+ 991.52

dx.doi.org/10.1016/j.chroma.2014.06.092
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eques
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Fig. 2. Typical MS/MS  spectra acquired in DDA mode and assigned via S

uch as number of segments along the LC run, number of scan
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vents per segment, acquisition scan rate (and consequently res-
lution M/�M)  and acquisition range, were optimized in order
o find a good compromise among speed of execution, MS  spec-
ra resolution and chromatograms trace definition, i.e. number of
t software to specific peptides belonging to soy, milk and egg proteins.

acquisition points per peak. Basing on the expected elution time
ction in food by micro high-performance liquid chromatography
r. A (2014), http://dx.doi.org/10.1016/j.chroma.2014.06.092

for each peptide marker, the eleven peptides included into the
SRM method were separated into five segments, with a maximum
of three scan events per segment in which each selected peptide
marker was  isolated and activated by collision induced dissociation

dx.doi.org/10.1016/j.chroma.2014.06.092
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ig. 3. Typical reconstructed ion chromatograms recorded in SRM-MS/MS acquisitio
he  five acquisition time segments into which the entire chromatographic run was 

nd ion current related to the two most intense transitions recorded
ithin a 3 m/z window. A typical representation of a multi-target

nalysis achieved in the SRM mode is shown in Fig. 3 where an over-
ay of eleven chromatographic traces is reported, and was  measured
y SRM monitoring the most abundant transitions. As shown, the
hromatographic conditions yielded excellent peptide separation.

.3. Workflow design and effect of sonication

After identification of suitable peptide markers, the follow-
ng step aiming at developing an efficient and sensitive analytical

ethod for the simultaneous screening of allergens in cookies,
onsisted in designing a proper purification protocol for protein
xtracts aimed at reducing the contribution of matrix components
n the sensitivity and selectivity of the final detection method.
ith this aim, artificially contaminated cookies were prepared by

ddition of EP, MP  and SF stock solutions to milled cookies. After
vernight solvent evaporation, samples were extracted under the
ptimized conditions (see previous section) and subjected to purifi-
ation. The scheme reported in Fig. 1 (route A) reports the workflow
f the extraction/purification protocol referred to contaminated
ookies. Protein extracts were purified by a combination of size
xclusion chromatography (SEC) on disposable cartridges, with
ltrafiltration of SEC eluates. This additional step aimed at remov-

ng the majority of interferences with molecular weight lower than
Please cite this article in press as: L. Monaci, et al., Multi-allergen dete
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 kDa and followed by pre-concentration of the final depleted pro-
ein extract. By implementing this procedure, followed by tryptic
igestion of dialyzed ultrafiltrates, it was possible to confirm in all
piked samples, the presence of a subset of peptides corresponding
de for the selected list of peptide markers shown in Table 2. The dashed lines denote
d.

to the target proteins already identified into each stock solution
previously analyzed. Besides, in order to improve the sensitivity
of the whole analytical method, an additional step based on the
ultrasound treatment with a 6 mm probe of the cookie extract was
introduced along the workflow (see route B in Fig. 1). The goal of this
sample manipulation step was  disrupting protein aggregates even-
tually formed, with a consequent increase of the final protein yield
and the expected peptides generated through the enzymatic diges-
tion. Milled cookies fortified with the three allergenic ingredients
at a fixed concentration level were extracted and two  sub-samples
were treated differently. In one route (A), protein extract was  sub-
jected to the purification procedure while in the other (route B) the
extract underwent 10 min  pulsed sonication by probe immersion
with an output of 14 W before purification. Both sub-samples were
afterwards processed (SEC and ultrafiltration) and digested in the
same conditions.

By comparing integrated peak areas of SRM-MS/MS chro-
matographic traces recorded for both kind of sub-samples, it
appeared that the introduction of the ultrasound step along the
sample-preparation workflow, resulted in a considerable increase
of milk allergen protein peptide markers (referred to �-S1-CN).
This is clearly shown in Fig. 4 that depicts peak areas referred
to each representative allergen peptide marker monitored. The
observed signal enhancement, especially highlighted for milk aller-
gens, reflects the disruption action promoted by the ultrasound
ction in food by micro high-performance liquid chromatography
r. A (2014), http://dx.doi.org/10.1016/j.chroma.2014.06.092

treatment taking place on the whole extract with a clear dis-
aggregation of eventual casein micelles that might affect the
enzymatic digestion yield and consequently impair method sen-
sitivity.

dx.doi.org/10.1016/j.chroma.2014.06.092
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ig. 4. Evaluation of the effects of sonication on the detection sensitivity for soy (A),
gg (B) and milk (C) peptide markers.

.4. Evaluation of the analytical method performances: linearity,
ensitivity and recovery

Finally, the performance of the developed analytical method
as assessed. A set of artificially contaminated samples with

ncreasing amount of each allergenic ingredient was prepared in
he concentration range of 1–20 �g/g for EP, 0.5–20 �g/g for MP  and
0–100 �g/g for SF (�g of allergenic proteins/g of cookie matrix).
he whole set of samples was processed simultaneously according
o route B of Fig. 1 and the relevant chromatographic runs recorded.
eporting integrated peak areas versus the spike concentrations,
alibration curves with R2 better than 0.98 were obtained for milk
nd egg detection while values comprised between 0.92 and 0.96
ere obtained for soy allergens depending on the specific peptide.

he response linearity was  assessed on the whole concentration
Please cite this article in press as: L. Monaci, et al., Multi-allergen dete
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ange under investigation and limits of detection (LOD) and quan-
ification (LOQ) were estimated as the minimum concentration of
n added allergenic ingredient that can be detected, at S/N equals
Fig. 5. Scheme of the workflow followed for extraction, purification and analysis of
artificially contaminated cookie samples and for recovery estimation.

3 and 10, respectively (the standard deviation calculated on ten
replicates of the lowest detected concentration was here used as
an estimate of noise). Among the list of eleven peptide markers
included into the SRM-MS/MS instrument method, the two most
sensitive peptides for each allergenic food category were high-
lighted and assumed to be most reliable markers for quantitative
purposes.

Table 3 reports an overview of method performances for these
six peptides. As shown, couples of limit values for each aller-
genic ingredient resulted very similar irrespective of the specific
marker monitored, thus confirming the reliability of both peptides
selected for quantitative analysis. Besides, LODs were found to be
quite different for each allergenic ingredient under consideration,
ranging from 2 �g/g for soy to 0.3 �g/g for egg until the highest
sensitivity obtained for milk down to 0.12 �g/g (allergenic protein
content/food matrix).

Finally, recovery of the whole analytical method was assessed.
Ad hoc experiments were performed and two  types of samples
were produced as pictured in Fig. 5: (A) allergen-free cookie
preliminary fortified with the three allergenic ingredients (at
5 �g/g for milk and egg proteins and 50 �g/g for soy proteins) and
then submitted to the whole pre-treatment procedure and (B)
allergen-free cookie processed in the same way and fortified only
after purification with an amount of each allergenic ingredient cor-
responding to the theoretical 100% recovery. Both samples (A and
B) were then subjected to digestion and from the ratio of peak areas
for each peptide marker, the actual recovery percentage was calcu-
lated. Again, values varied considerably according to the allergenic
food ingredient considered. In general, they were calculated to be
ction in food by micro high-performance liquid chromatography
r. A (2014), http://dx.doi.org/10.1016/j.chroma.2014.06.092

ranging from 23% for soy markers to 40 and 45% for egg and milk
markers, respectively. This finding is in agreement with the higher
limit of detection and quantification calculated for soy peptides

dx.doi.org/10.1016/j.chroma.2014.06.092
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Table  3
Overview of method performances.

Peptide Sequence (allergen) LOD LOQ Slope R2

592.29 ESYFVDAQPK (soy) 2 �g/g 8 �g/g (3.0 ± 0.2)*103 0.927
703.87 TISSEDKPFNLR (soy) 2 �g/g 7 �g/g (9.5 ± 0.9)*102 0.964
799.36  LTEWTSSNVMEER (egg) 0.3 �g/g 1 �g/g (7.1 ± 0.4)*103 0.984
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opment of mass spectrometry methods for the determination of allergens in
844.42  GGLEPINFQTAADQAR (egg) 0.3 �g/g
634.36  YLGYLEQLLR (milk) 0.14 �g
692.87  FFVAPFPEVFGK (milk) 0.12 �g

ompared to the other two allergenic food proteins. In lights of
hese results an improvement of the extraction and/or purification
rotocol, especially tailored to soy proteins analysis, should be
nvisaged to increase the overall recovery of these food proteins.

. Conclusions

Performance of a MS  analytical method based on a linear ion trap
ual cell system was assessed, for the simultaneous detection of
oy, egg and milk allergens at the trace levels of few �g/g in cookie,
hosen as complex reference matrix. After identification of the most
eliable markers and the relative transitions, the method was duly
ptimized in order to maximize the ion signals for milk, egg and
oy allergen detection in cookies spiked with increasing amounts
f allergenic food. Very challenging LODs were obtained by follow-
ng this approach, comprised between 0.12 and 0.3 �g/g referred
espectively to the protein content of milk and egg ingredients
n cookie, while a LOD of 2 �g/g was calculated for soy. However,
n order to confirm the reliability of such markers and sensitivity
f this method also in processed foods, an in thorough investi-
ation should be undertaken also extended to allergen-incurred
ookies where the processing might affect the overall sensitiv-
ty of the method. In conclusion, flexibility and speed scanning
apabilities provided by such MS  configuration allowed to per-
orm scouting untargeted global experiments for identification of
he suitable peptide markers and the relevant peptide transitions
o be further implemented in a highly selected multi-target SRM
creening method for achieving the desired sensitivity. All these
eatures enabled to considerably streamline the time requested for
hese two essential steps demonstrating very good potentials for its
pplicability in food monitoring as a valuable tool for multi-allergen
nalysis.
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