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Abstract

The issue of undeclared allergens represents a matter of great concern, being the subject of many alert notifications by the Rapid
Alert System for Food and Feed portal of the European Commission, often leading to food recalls. The availability of reliable
analytical approaches able to detect and quantify hidden allergens in processed foods is increasingly requested by the food
industry, food safety authorities and regulatory bodies to protect sensitive consumers’ health. The present review discusses the
fundamental role of incurred materials for method development and analytical performance assessment in a metrology perspec-
tive on testing for undeclared allergens in processed foodstuffs. Due to the nature of the analytes and their susceptibility to various
processing effects, reliability and comparability of results have posed a great challenge. In this context, the use of incurred
samples as reference materials permits simulation of the effects of food processing on target analyte structure affecting analyte

extractability and detectability.
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Introduction

The most recent epidemiology studies agree on the continuous
increasing prevalence of food allergy worldwide and highlight
global disparities of the incidence proportion, influenced by
numerous genetic and environmental factors, as well as by
gene-environment interactions [1, 2]. Consequently, food la-
belling regulations vary considerably around the world [3],
also in accordance with local dietary habits.

The only treatment for sensitive individuals is the lifelong
dietary avoidance of food allergens that requires a very com-
plex and careful management involving, as main actors, not
only the patients but also the food industries, the government
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agencies, and the public health authorities for proper educa-
tion, legislation, and constant food safety surveillance.
Although hundreds of different foods, including legumes
and some fruits and vegetables as emerging food allergens,
may have the potential to elicit allergic reactions even at trace
levels [4, 5], current labelling requirements are focused on
some “priority food allergens” accounting for the vast majority
of severe reactions. In particular, European Union Regulation
No. 1169/2011 establishes a list of 14 food allergens that must
be declared on labels or indicated as being present in foods,
namely, gluten and gluten-containing cereals, fish, crustaceans,
molluscs, milk, eggs, mustard, sesame, celery, lupine, sulfite,
soybeans, peanuts, and other nuts [6]. However, current legis-
lation does not address the unintentional inclusion of allergens
due to cross-contamination along the entire food chain from
production to point-of-sale. The European Commission Rapid
Alert System for Food and Feed (RASFF) portal notifies every
week alerts on the presence of undeclared allergens in food. A
very recent and comprehensive survey by Padua and co-
workers shows how the entry into force of EU Regulation
1169/2011 in December 2014 has resulted in a significant in-
crease of the number of allergen-related RASFF notifications
from 2015, probably due to the intensification of controls by
industry and producers [7]. The 2017 RASFF Annual Report
states 114 notifications concerning undeclared food allergens,
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being milk, gluten, soya, and nuts the most commonly detected
allergens, whereas cereals and bakery products the most often
notified foodstuffs [8].

In the last years, the issue of hidden allergens and the lack
of regulated threshold levels have caused the uncontrolled
proliferation of different types of unregulated precautionary
allergen labels (PAL), such as “it may contain”, “produced
in a facility that also processes”, that food industry voluntarily
adopts to alert consumers about the possible inadvertent pres-
ence of undeclared allergens. Interestingly, very recent analyt-
ical surveys proved the inconsistent application of PAL, since
many food products with PAL statements were found to not
contain any amount of detectable allergens [9], or even the
allergen warned for was not necessarily related to the unde-
clared ingredients detected [10]. This excessive precautionary
behavior of food producers leads not only to the unnecessary
restriction of food choices by sensitive consumers, but also to
confusion and to self-interpretation of risk [2, 3, 11]. In addi-
tion, undeclared allergens may even result from food adulter-
ation and fraud [12], mainly aimed at economic gains.

According to the ISO 22000 international standard, in food
industry the Food Safety Management System has to consider
the hidden allergen risk through the use of reliable and properly
validated analytical methods to ensure safe food supply through-
out the chain [13, 14]. The determination of allergens in food is a
challenging analytical issue, since food allergens are in most
cases a complex mixture of proteins, which differ greatly in their
physicochemical properties and relative abundance; in addition,
their amount and composition is prone to vary due to the origin,
variety, growing and harvesting conditions, transport, storage,
and processing [15—17]. In particular, uncertainties in the effects
of processing on the physical and chemical properties of a pro-
tein pose a significant challenge in the development of reliable
methods for allergen detection and determination.

Except for gluten (limit value of 20 mg/kg [18]) and sulfur
dioxide/sulfite (concentration limit 10 mg/kg or 10 mg/l in
terms of the total SO, [6]), lack of regulatory limits for com-
pliance assessment requires the development of analytical
methods sensitive enough to detect and quantify allergens at
trace levels in complex food matrices. In addition, considering
also limited availability of suitable certified reference mate-
rials, there is no general agreement on the result expression
units [19], e.g., “amount of allergenic commodity” or
“amount of allergenic protein”, making difficult comparison
of data obtained using different analytical methods/assays,
thus hampering metrological traceability of the measurement
results [19-23]. Parker et al. [24] devised a novel targeted
multi-allergen liquid chromatography (LC)-tandem mass
spectrometry (MS/MS) method using isotopically labeled
peptides as chemical surrogates to the native marker allergen
peptides for peptide identification, confirmation, and quanti-
tation purposes. Quantitative results were achieved by trans-
lating the LC-MS/MS peak area associated to a monitored
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peptide into parts per million of dry allergen ingredient
through the application of a series of conversion factors in-
cluding nominal protein molecular weight, relative allergen
protein content in total protein composition, total extractable
protein, moisture content, and sample preparation recovery.

If mandatory allergen labelling has improved the safety of
food for allergic consumers, on the other hand, it should be
stressed that food safety management and food compliance
assessment demand the development of reference harmonized
methodologies for the detection and quantification of aller-
gens in foods. In this context, in the last years, European
Union funding programs financed projects dealing with as-
sessment and management of food allergen risk. In 2011,
MoniQA (Monitoring and Quality Assurance in the Food
Supply Chain) non-profit-distributing association was
launched as EU-funded Network of Excellence (MoniQA,
2007-2012) involving international and interdisciplinary
competences (more than 500 experts from over 40 countries
on 5 continents) with the final aim of harmonizing worldwide
strategies and guidelines for food safety and quality monitor-
ing [25], focusing the attention also to food allergen analysis
issues affecting data reliability [21]. MoniQA has also liaised
with the EU-funded project iFAAM (Integrated Approaches to
Food Allergen and Allergy Risk Management; 2013-2017),
aimed to the development of evidence-based approaches and
tools for the management of allergens in food [26]. Recently,
EFSA launched the call GP/EFSA/AFSC0O/2017/03
“Detection and quantification of allergens in foods and mini-
mum eliciting doses in food allergic individuals”, the project
partnership being formed from five organizations distributed
in four different member states (UK, IT, BE, and FR).

The present review paper aims to gather evidence from
literature about the fundamental role of incurred food mate-
rials as suitable reference materials in analytical method de-
velopment and validation to assure the quality, reliability, and
comparability of results obtained with different allergen detec-
tion methods. Incurred control samples allow accounting for
food processing effects on analytical performance in food al-
lergen analysis. Since incurred reference material is produced
to mimic as closely as possible the processing through which
an allergen-containing food goes during production, there is a
distinct advantage as it more closely reflects the real-world
foods that are routinely tested in analytical laboratories across
the world and gives a good indication of the suitability of the
analytical methods used to detect processed allergens.

Analytical strategies for food allergen
analysis

Since legislation lists allergens in terms of whole food ingre-
dients, the analytical target definition is anything but trivial, so
that different factors such as the allergenic ingredient and the
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final food product types, the required sensitivity, the food
processing effects, the biological variations, and the presence
of regulated limits for food compliance assessment have to be
taken into account in analytical method development [27, 28].
In this context, it is worth to point out the great challenge
concerning compliance assessment of “gluten-free” and “very
low gluten” foods, starting from the definition of gluten as
“protein fraction from wheat, rye, barley, oats, or their cross-
bred varieties and derivatives thereof, to which some persons
are intolerant and which is insoluble in water and 0.5 M sodi-
um chloride solution”, according to the European Union
Regulation and the Codex Alimentarius [18, 29]. Gluten is a
complex mixture of hundred storage proteins, the expression
of which depends on biological factors and growing condi-
tions. These proteins have high level of homology and are
characterized by different physico-chemical properties; owing
to different solubility in aqueous alcohol solutions (40-70%
(v/v) ethanol), they can be roughly separated into two frac-
tions: the soluble prolamins and the insoluble glutelins, ac-
cording to Osborne’s solubility-based fractionation. As a con-
sequence, different measurands giving different response fac-
tors, sensitivity, and extractability can be operationally de-
fined. In addition, when only a fraction is determined, a con-
version factor has to be applied to calculate gluten concentra-
tion in order to comply with the action level units established
by current legislation; however, this value was assessed only
approximately (e.g., generally a multiplying factor 2 is recom-
mended to convert prolamins into gluten concentration [29])
and is variable among different gluten sources and growing
conditions [30].

In this respect, the analytical strategies available for food
allergen determination can be classified as protein-based or
DNA-based methods according to the analytical target of the
allergenic food, i.e., characteristic proteins or specific DNA
sequences, respectively. Although the direct monitoring of the
proteins responsible for the allergic reaction would be desir-
able, sometimes the selection of alternative proteins or DNA-
sequence targets, which are indicative of the presence of the
allergenic ingredient, is needed.

The growing and actual interest of analytical research on
food allergen analysis is proved by recent extensive reviews
and book chapters focused on methodological aspects [22, 27,
31-43], to which the reader is referred for technical details; in
particular, in the last years, emphasis is put on advances in
mass spectrometry-based proteomics [22, 35-37] and on fu-
ture trends towards biosensors and consumer-friendly devices
[38-43].

Immunoassays, based on the specificity of antigen-
antibody interaction, are traditionally used for routine analy-
sis, in particular in the format of sandwich or competitive
enzyme-linked immunosorbent assay (ELISA).
Commercially available ELISA kits are particularly suited to
be implemented both for qualitative and quantitative analysis

in food industry laboratories for allergen risk management
thanks to their operational ease, low costs, good sensitivity
as well as automatable execution. However, there are several
critical factors in the quality and reliability of the immunoas-
says, leading to false positive or false negative results and high
discrepancies among the results obtained from different
ELISA kit assays [22, 30, 44-47]. These limitations are main-
ly related to (i) antibody cross-reactivity; (ii) partial or com-
plete loss of immunoreactive epitopes caused by food process-
ing; (iii) extraction conditions affecting antigen or antibody
reactivity; and (iv) absence of harmonized results between kits
of different manufacturers due to differences in extraction
procedures, analytical targets, calibrants, and antibodies.

Advances in protein-based methods for food allergen anal-
ysis involve the use of LC-MS-based techniques as confirma-
tory strategies for unambiguous identification and accurate
quantification of proteins due to intrinsic high specificity
and sensitivity. For this purpose, a bottom-up proteomic ap-
proach based on the monitoring of characteristic proteolytic
peptides as analytical targets is usually applied [26, 48].
Technology improvements and advanced signal acquisition
modes permit to overcome the issue of antigen-antibody rec-
ognition process in immunoassays, by providing information
on the primary structures of proteins, and to perform effective
multiplex high-throughput investigations in a single chro-
matographic run [22, 49]. For all these reasons, in the last
years analytical research efforts aimed at allergen analysis
mainly focused on the development and validation of a variety
of innovative MS-based proteomic methods [50-61]. In this
context, Careri and coworkers [62-64] and Gu et al. [65]
developed bottom-up MS-based proteomics approaches pay-
ing particular attention to protein extraction, pre-concentra-
tion, and clean-up procedures for enhanced sensitivity in
LC-MS-based multi-allergen determination in complex food
matrices.

DNA-based methods represent an indirect approach for
food allergen analysis measuring allergen coding genes, in
which the analytical target is not the protein itself but the gene
sequence encoding for it. Selectivity of DNA-based strategy
relies on careful selection of DNA target sequences indicative
of allergenic species, often coupled with nucleic acid amplifi-
cation by traditional polymerase chain reaction (PCR)-based
methods for enhanced sensitivity [66—70]. Recently, an alter-
native nucleic acid amplification method termed loop-
mediated isothermal amplification (LAMP) proved successful
for the specific, sensitive and rapid identification of peanut
DNA [71]. DNA-based techniques present advantages over
methods based on protein detection owing to the efficient
extraction of DNA in denaturing conditions as in processed
food analysis, and DNA stability over geographical and sea-
sonal changes; however, it has to be highlighted that the indi-
rect nature of the approach does not permit to achieve a quan-
titative result on a particular allergenic protein or ingredient,
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and is prone to false-negative or false-positive results for the
presence of allergens in food [34].

Biosensors have recently emerged as powerful alternatives
to traditional immunoassay methods for the detection and de-
termination of allergens, offering suitable sensitivities and se-
lectivity while allowing for on-site detection. Biosensors com-
bine a transducer with a bio-recognition element, such as an
antibody, an antigen, a single-stranded DNA/RNA sequence,
an aptamer, etc., able to achieve the required selectivity for
target analyte determination. High versatility, also in terms of
sensing platform materials, high speed, ease of use, and sys-
tem miniaturization are among the main advantages offered by
biosensing devices, resulting suitable also for hidden allergen
analysis in food safety assessment [72—77]. These features
make them suitable also for on-line screening along the pro-
duction chain and on-site real-time analysis, consistent with
the concept of “point of care” (POC) testing, i.e., preformed at
the time and place of the patient care. In this context, as re-
ported in a very recent review article [43], the latest trends in
the technological advancements in food allergen detection
concern novel POC devices, being developed in combination
of immunosensors and genosensors. However, one of the big-
gest challenges for food allergen detection is the lack of com-
mercially available biosensors. In addition, immunosensing
and genosensing devices do not solve the above discussed
intrinsic limitations associated with classical immunoassays
and DNA-based methods. For this reason, a proper analytical
validation process is required and parallel development of a
MS-based method for confirmatory purposes is encouraged.

Food processing: an issue for allergen
analysis

Food processing techniques are used to transform raw food
materials into final consumable products. In the last years,
significant efforts have been focused on the study of tradition-
al and novel processing techniques for the production of hy-
poallergenic foods: both thermal and non-thermal techniques
have been shown to alter allergen reactivity by modifying
allergen structure via changes in structural epitopes [78-80],
with applications also in infant formula [81].

The effects on protein structure depend on the processing
technology, on the food constituents, and on moisture content:
the principal modifications include protein denaturation, con-
formational change, aggregation, interaction, and reaction
with other matrix constituents (i.e., lipids, carbohydrates,
polyphenols, tannins), intra- and inter-molecular bond forma-
tion, chemical modifications, and protein hydrolysis [82]. If
modifications of structural integrity of proteins by food pro-
cessing could improve the quality of life for allergic individ-
uals, on the other hand, they considerably complicate food
allergen detection and control for safety assessment, making
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important the evaluation of food processing impact at the mo-
lecular level [83, 84]. The modification of epitope structure
affecting antigen-antibody affinity by food processing is crit-
ical in any immunoassay, leading to underestimation or even
false-negative results, whereas different solubility/
extractability of proteins in processed food is known to affect
target analyte recovery [45, 53, 55, 85]. Using ELISA and
flow cytometry analysis, the influence of baking time, cookie
dimension, and temperature profile was studied [86]: these
parameters were found to affect not only accuracy of quanti-
tative results of casein, egg, gluten, and soy allergens in cook-
ies, but also to hinder detectability of some of them (soy and
egg) when the strongest processing conditions were applied;
in particular, the authors observed a decrease of allergen re-
covery with increasing processing time and decreasing cookie
size, that are conditions corresponding to the highest temper-
ature at the center of the cookie during the baking process.
These results can be explained by structural changes of aller-
genic epitopes promoted by heat application and by formation
of insoluble aggregates that drastically reduce protein extract-
ability. Also, Monaci et al. [85] observed a decrease in the
extraction efficiency of the total protein fraction as baking
time increases: choosing baked cookies as a model food sys-
tem, protein extractability by phosphate-buffered saline buffer
was found to drop by almost 80% within the first 10 min of
baking. The authors investigated also the influence of baking
time on milk allergen detection by four commercial ELISA
kits for analyses of different classes of milk allergens, i.e., total
milk proteins, caseins, and lactoglobulins. As shown in Fig. 1,
a decrease of measured milk allergen content with increasing
baking time is observed in all cases; however, the analytical
targets exhibited a different behavior ascribable both to differ-
ences in their heat stability, affecting solubility/extractability
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Fig. 1 Effect of the baking time on the results from four different ELISA
kits: (line a) kit for total milk detection; (line b) kit for caseins; (lines ¢)
kits (A and B) for lactoglobulins. The relative ELISA signal is expressed
as a percentage of the value obtained from the dough. (Reproduced with
permission from reference [85]. Copyright © 2011 Elsevier Ltd.)
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and epitope structure maintenance, and to different experi-
mental conditions between the ELISA kits tested (i.e., anti-
body, extraction protocol, calibrator, ELISA format).

In the study of food processing impact on protein structure
and detectability, it is interesting also to decompose the whole
food processing procedure in order to evaluate, separately, the
contribution effects of the main subset events [21, 24]; in this
context, Bugyi et al. [21] performed ELISA assays for milk
and egg allergens on samples from powder mixture, raw
dough, and cookies, observing a slight decrease in measurable
protein amount due to kneading, whereas baking process
caused a severe drop (36% and 2% for cookies with milk
and egg powder, respectively).

Another analytical issue for accurate food allergen analysis
is related to a partial degradation of proteins to peptides and
amino acids during enzymatic fermentation or chemical hy-
drolysis. Li and coworkers [87] focused attention on
fermented condiments, as soy sauce and vinegar, that may
contain gluten from wheat and/or barley. In this case, despite
the great advantage of MS-based approach regarding the pos-
sibility to identify and detect hydrolyzed proteins, gluten pep-
tide markers were not detected due to an extensive hydroly-
zation even though wheat was reported among ingredient in
the soy sauce sample.

All these findings evidence the urgent need of appropriate
extraction protocols involving the use of proper detergents,
reducing and denaturing agents to solubilize target analyte
from processed foods for food allergen analysis [88—90]; at
the same time, sample preparation procedures have to be com-
patible with the analytical technique involved, in terms of
extract purification especially for LC-MS-based analysis,
and in terms of immuno-recognition process that should occur
also in the case of denatured antigens in immunoassay strate-
gies. The sample treatment procedure devised should be val-
idated for specific sample matrix types and food processing
conditions.

For DNA-based methods, the effect of food processing is
lighter than protein-based approaches, since target DNA mol-
ecules can be efficiently extracted under harsh denaturing con-
ditions and are characterized by higher stability to food pro-
cessing than proteins; on the other hand, it has been proved
that DNA molecules can be negatively affected by thermal
treatments as well in terms of molecular integrity and quality,
with a reduction in DNA yield and amplificability [70, 91].

Incurred materials for development
and validation of food allergen methods

The effective implementation of analytical methods in food
safety control management, especially in case of legislative
compliance assessment, requires the demonstration that they
“fit for purpose” through method validation [92]. Providing

test reliability, method suitability assessment is the key aspect
to ensure method applicability to real samples, especially
when challenging analytical issues have to be addressed, as
in the case of hidden allergen determination in complex proc-
essed food matrices. In fact, the strategies proposed for food
allergen determination have to take into account also issues
related to sampling and sample treatment processes, since the
complexity of the food matrix, its physical form and hetero-
geneity as well as food processing technology have a signifi-
cant effect on the analytical results [46, 93]. In this context, the
extraction of trace amounts of food allergens from the matrix
can be a key issue in recovery tests for accuracy assessment. In
fact, in a method validation protocol, it is essential to specify
the strategy of fortification with food allergen ingredients,
since analytical method performance considering spiked sam-
ples, i.e., reference samples artificially prepared in the labora-
tory by adding analyte to processed blank matrix, can vary
compared with incurred food samples. In fact, spiked mate-
rials are produced from the addition of allergenic ingredients
to processed blank food, whereas incurred materials derives
from their inclusion in blank raw materials before food pro-
cessing. It is clear that the latter approach permits to reproduce
conventional formulation, realistic incorporation of allergens
inside the food microstructure and allergen modifications due
to food processing, thus allowing more rigorous assessment of
quantitative method performance in terms of extraction yield,
accuracy, and sensitivity when processed foods are analyzed
[53-55].

Incurred materials can be prepared in a food processing
pilot plant or test kitchen facility, paying attention to the ho-
mogeneous distribution of food allergen ingredients and to
cross-contamination avoidance. In addition, the shelf-life of
the incurred control samples must be ascertained if they are to
be stored for a certain period of time, since further reactions
between the proteins of the allergen and the components of the
food matrix into which it is incorporated could occur during
storage. The choice of allergenic ingredients to be used for
fortification is a crucial aspect during method development
and validation, with the preference towards model compo-
nents typically used in industrial food manufacturing (e.g.,
peanut butter or defatted peanut instead of raw peanuts or even
allergenic protein standard solution). Sharma at al. [94] ob-
served that the recovery values of four different commercial
ELISA kits for gluten determination varied with the allergenic
ingredient used for incurred cornbread preparation, i.e., gluten
or wheat flour, depending also on the kit used. In addition, in
the study of Parker et al. [24] nonglutinous cereal bars and
muffins were compared for recovery of milk, egg, or peanut
before and after baking using commercial ELISA Kkits,
evidencing reductions in recovery for all allergens analyzed
after baking; in particular, the authors observed that analytical
accuracy might be further impaired when dark roast peanut
flour is used as ingredient for incurred baked samples. In fact,
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often roasted tree nuts are used as ingredients in food formu-
lation, thanks to improved flower and taste ascribable to
Maillard reaction between proteins and reducing sugars, hav-
ing however an impact on solubility and detectability of the
allergenic proteins [95].

An overview of published studies involving the use of in-
curred materials for method development and validation is
illustrated in Table 1. At present, owing to the few commer-
cially available reference materials, a lack of harmonization in
allergen ingredients used for incurred material preparation is
observed. On the other hand, it has to be considered that the
preparation of incurred materials might be time-consuming
and expensive, not only when National Institute of
Standards and Technology (NIST) or the Joint Research
Centre of the European Commission (EC-JRC) reference ma-
terials specifically intended for use in food allergen testing are
utilized for the preparation of incurred materials at different
allergen levels, but also when different matrix types and food
processing have to be investigated. Among the different ap-
proaches proposed, incurred samples were prepared from a
highly concentrated incurred dough and the further dilutions,
before heating process, were performed by mixing it with
blank dough [98]. In other approaches, incurred materials,
prepared at high concentration levels, were dry diluted with
processed blank matrices to obtain incurred samples with in-
termediate food allergen concentrations [50, 55, 58, 107].
Another strategy involved the preparation of highly concen-
trated incurred samples and serial dilutions of incurred sample
extracts with appropriate volumes of blank sample extract
were performed in such a way to cover a proper concentration
range in incurred samples for calibration purposes [55].
However, it should be noted that in this way, no investigation
can be undertaken on the possible variability on the extraction
efficiency and on the impact of the whole food processing due
to different concentration levels of allergen ingredients in the
incurred material. In the study of Khuda and coworkers [108],
impact of food processing on recovery and variability of mul-
tiple allergens analysis in a single matrix when using immu-
nochemical methods was investigated. For this purpose, in-
curred cookies samples were rigorously prepared starting from
a highly concentrated flour premix of nonfat dry milk, egg
powder, and peanut flour, then added at appropriate level to
the remaining dry ingredients before kneading and baking
processes. Using different commercial ELISA kits for quanti-
tative purposes, the authors observed not only a negative ef-
fect of baking process on percent recovery and precision for
all the investigated allergens, but also a certain variability on
the recovery values at the different incurred concentrations
and higher analytical coefficients of variation at the lowest
incurred levels.

The overview reported in Table 1 clearly points out how the
very recent research efforts are focused on the development of
new LC-MS-methods, as the most promising non-
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immunological strategy for accurate and reliable food allergen
analysis. In fact, despite ELISA assay still represents the cur-
rently applied approaches for routine food allergen controls
due to its operative simplicity and high-throughput capability,
there is an urgent need to strengthen confidence both in raw
materials and in processed products. As a consequence, MS-
based methods are characterized by high versatility in terms of
instrumental technology, data acquisition modes, target or
untarget analysis, selection of species to monitor, multi-
target analysis, and calibration approaches to such an extent
that a certain method can be properly tailored for the specific
application, as discussed further below.

In this context, Careri and coworkers developed a multi-
plex LC-MS/MS method for the analysis of celiotoxic cereals,
namely, wheat, oats, barley, and rye, in raw and processed
food products, to assess the different behavior of spiked and
incurred samples with regard to analytical recovery; unlike
ELISA assays, the proposed MS-based approach was able to
discriminate among the investigated cereals through unique
marker peptides monitoring [53]. Method performance
assessed in spiked rice flour evidenced satisfactory recovery
values. However, when self-made incurred bread was investi-
gated, poor trueness in terms of recovery was achieved, i.e.,
between 3 and 30% depending on the peptide, probably due to
a reduced gluten extractability due to the baking process.
These findings evidenced the important role of an efficient
sample extraction and of the use of proper reference materials
for protein calibration purposes for accurate determination of
gluten.

A very recent study of Pilolli et al. [55] deals with the
development of a high resolution mass spectrometry-based
method for multi-allergen, i.e., egg, milk, soy, peanut and
hazelnut, determination in cookies; three sample sets, i.e.,
mixture of allergen ingredients, multi-allergen spiked cookies,
and multi-allergen incurred cookies, were used to construct
three different calibration curves. By comparison of the cali-
bration slopes, matrix effects and food processing effects were
separately assessed, since the former takes into account inter-
ference of the matrix components, whereas the latter permits
to isolate the contribution of thermal processing on method
sensitivity. As expected, Fig. 2 shows how the three sample
sets provided a significant difference in method sensitivity,
i.e., up to 2-3 orders of magnitude, the lowest performance
being exhibited for incurred cookie samples. In addition, ma-
trix and processing effects were found to differ not only be-
tween allergen ingredients but also to depend on the moni-
tored peptide.

A recent work of Parker et al. [24] was aimed at investigat-
ing the effects of thermal treatment on allergen detection in
industry-processed model foods incurred with egg, milk, and
peanut allergens. Analytical performances of commercial
ELISA Kkits for allergen determination in thermally processed
bakery products were studied. In particular, method
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Fig. 2 Evaluation of matrix and food processing effects on the detection
sensitivity by direct comparison of the calibration curves slopes referred
to allergen standard solutions, allergen spiked cookies, and allergens
incurred cookies. Peptide denomination and corresponding allergenic
food (in brackets): GGL, LTE, YPI (egg); TPE, YLG, FFV (milk);

performance as a function of baking process was assessed for
each allergen by comparing ELISA results in terms of concen-
trations in the pre- and post-processed matrix. The authors
isolated and expressed the influence of baking process on
ELISA results as the ratio of allergen protein concentration
calculated for incurred cereal bars and muffin samples collect-
ed at the final processing step (final product) and at the mixer
step (dough/batter). Heating was determined to negatively in-
fluence the recovery and quantitation of egg, milk, and peanut
to different extents depending on the allergen, matrix, and
analytical test method.

The preparation of incurred food materials is useful not
only for the assessment of analytical performances but also
for the development of sample treatment procedures and target
analyte monitoring strategy.

For this purpose, Planque et al. [50] investigated the use of
incurred chocolate, ice cream, cookie, and tomato sauce sam-
ples to guide the selection of possible marker peptides to be
monitored by LC-MS/MS technique. Marker peptides were
selected in different subsequent steps: uniprot database query,
Skyline in-silico digestion, analysis of raw ingredients, and
finally analysis of incurred samples, reporting for each step
the number of peptides and transitions suitable for MS/MS-
based monitoring. Interestingly, a drastic reduction from in-
silico digestion to incurred cookies is observed, identifying a
list of peptides with high signal intensity resistant to thermal
process; a further decrease occurs when only peptides in com-
mon to the four matrices were considered.

In a recent investigation, Montserrat and coworkers
exploited the use of incurred biscuits for the development of
an ELISA assay, evidencing that the selection of assay format
(direct competitive vs sandwich) and of analytical target pro-
tein (Ara hl vs Ara h2) influences test performance for the

@ Springer

N D 3\ ) Q) o N N N
S L FH P S P&
& ,\Q. /\Q,. 6\ b o ‘bbi Q)b" Q’g\ ‘bb‘
@ Q@ 0@ Q@ R o Q/\i\ \,Q
P A AR

ESY, SQS, FYL (soybean); ADI, TND, QGQ, ALP (hazelnut); AMYV,
GTG, EGE, VLL (peanut). (Reproduced with permission from reference
[55]. Copyright © 2018 Springer-Verlag GmbH Germany, part of
Springer Nature)

detection of peanut allergens in processed foods [99]. In par-
ticular, determination of Ara h2 protein allowed detecting
lower peanut concentration with respect to the Ara hl protein,
owing to a greater stability of Ara h2 to baking process, lead-
ing to higher extractability and epitope structure maintenance
for recognition by specific antibodies. In addition, direct com-
petitive format achieved the best sensitivity, probably because
only one epitope is required for antigen recognition. For the
same reason, competitive format is suggested for hydrolyzed
foods for gluten analysis [90], since in hydrolyzed foodstuffs,
gluten proteins are fragmented during food processing and
converted into peptides in which only one toxic epitope may
appear. Consequently, the gluten content is likely to be
underestimated if a sandwich system is used to quantitatively
assess gluten of a product containing hydrolyzed gluten,
whereas a competitive ELISA is proved more suitable to ac-
curately determine both intact and fragmented gluten.

Reference materials

Confidence in analytical results is strictly related to the avail-
ability of reference materials (RMs), which play an essential
role in method calibration and validation, measurement uncer-
tainty assessment, proficiency testing and quality assurance in
order to guarantee accuracy and reliability of the analytical
data, as well as comparability of results from different labora-
tories. In this respect, the quality of RMs is critical for accu-
racy and comparability of analysis results: to this aim, homo-
geneity and traceability to appropriate and stated references is
strictly required. Analysis of reference materials is one of the
approaches used to evaluate bias [92]. It is also recommended
that a RM used for the determination of bias shall not also be
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used for calibration purposes, i.e., during a validation study
RM should only be used for one purpose [92].

Many efforts of the scientific community are focused on
the development of novel RMs and traceable certified refer-
ence materials (CRMs), involving a very rigorous process for
their preparation, extensive characterization, testing for stabil-
ity and homogeneity, and property value assignment [110].
Unlike reference materials for single analyte molecule or
well-defined classes of compounds, the preparation and certi-
fication of RMs for food allergens are very challenging issues
and a matter of great concern due to variable nature of the
allergenic commodities themselves, characterized by complex
and different protein profiles, and due to discrepancies in the
results among different analytical approaches. As a conse-
quence, at now certification of food allergen reference mate-
rials according to International Standard Organization (ISO)
requirements is not possible; however, the research communi-
ty and in particular MoniQA association are focusing many
efforts on the discussion of appropriate certification proce-
dures in accordance with ISO standards. In addition, taking
into account the drastic effects of food processing on food
protein structures, also depending on the food matrix compo-
nents, the final aim should be the development of incurred
“matrix reference materials”, being characteristic of real-life
foods relevant to the application. The possible allergen/matrix
combinations are quite unlimited, so the scientific community
should attribute an order of priority which could be based
mainly on the probability of contamination of a food product
with a particular allergen, which is partly reflected in the most
recently notified allergen/matrix combinations, e.g., milk,
egg, gluten, soy, peanuts and nuts in cereals, and bakery prod-
ucts and confectionery according to EU RASFF portal or
those most frequently involved in incidents (milk, eggs, nuts,
and peanuts) [7, 8]. Another criterion for allergen selection for
RMs preparation could be their prevalence in sensitive popu-
lation, with milk and egg being two of the most common food
allergens in most countries, especially in children, even if
diverse patterns of food allergy occur in individual geographic
regions [111]. From data reported in Table 1, it is interesting to
note as the previously mentioned allergen/matrix combina-
tions actually correspond to those mostly investigated in the
current literature.

As for the preparation of incurred RM, the best strategy
should involve the use, if available, of specific allergen com-
modity RMs: in fact, this might guarantee a common starting
point for the different incurred matrices and food processing
and a better reproducibility, thanks to their extensive charac-
terization in terms of protein, fat, carbohydrates, ash content,
protein profiles, stability, solubility, homogeneity, and particle
size/mesh. Since the incurred materials have to mimic real
food products, the allergenic food RMs and food processing
should respectively represent ingredients and recipe common-
ly used in the food industry. In this context, as shown in

Table 1, the most exploited RMs for milk, egg, and peanut
are NIST RM-1549 (whole milk powder), NIST RM-1549a
(non-fat milk powder), NIST RM-8445 (spray-dried whole
egg, specified for allergen detection), and NIST RM-2387
(peanut butter) that are also suggested by AOAC
International association [112, 113]. Also, it is worth mention-
ing the MoniQA Reference Materials for milk allergen analy-
sis, recently included in AOAC’s SMPR (Standard Method
Performance Requirements); they comprise positive control
(characterized dried skim milk powder), negative control
(based on a gluten-free cookie), and two incurred materials
(dried skim milk powder incurred in gluten-free cookies) at
two concentration levels of skim milk powder, thus of milk
proteins. Other reference materials and quality control mate-
rials are available from FAPAS (Food Analysis Performance
Assessment Scheme), LGC Standards (Teddington,
Middlesex, UK) and EC-JRC.

As for gluten analysis, the study published by Bugyi and
coworkers [114] represents an attempt to develop incurred
RM (cookie model product) for gluten quantitation, with
particular attention to achieve a good homogenization and
to investigate the impact of using different gliadin sources
among the ingredients. In that investigation, in order to
avoid poor recovery, the Prolamin Working Group (PWG)
gliadin material extracted from a mixture of 28 European
wheat cultivars was chosen. Even if it is a consensus mate-
rial, PWG-gliadin did not gain the status of reference mate-
rial; in addition, since PWG is the prolamin fraction of
wheat, it is not representative of gluten, which contains also
glutelins and can derive also from other cereals. For these
reasons, MoniQA association took the initiative to prepare a
gluten reference material starting from selected flours of all
the celiotoxic cereals and gluten-free reference materials.
However, it should be noted that in gluten analysis, the
development and application of LC-MS-based method offer
the advantage, contrary to ELISA assays, to detect and
quantify individually the celiotoxic cereals [53]: this im-
plies the possibility to design a reference material for each
cereal, thus improving the varieties representativeness and
accuracy of quantitative results.

As for incurred allergen levels, they should meet the con-
centration range of test samples, but also blank RMs are need-
ed to assess method performances below or near the detection
limits. If a regulated limit is available for food product com-
pliance assessment, the preparation of negative and positive
RM controls close to this threshold value should be
recommended.

Correct use of reference materials is essential to appropriate
management; therefore, for aspects such as quality control,
precision studies, the checking of the variability between op-
erators, where the results are compared relatively, any suitable
reference material including in-house reference materials can
be used. Internally produced matrix RMs have to be
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sufficiently homogeneous and stable for the intended use, but
the requirements for them are less demanding than those for a
certified reference material. In addition, when a certain
allergen/matrix combination is not available, the preparation
and the use of these types of materials is strictly required.

Homogeneity is an important requirement for all RMs, es-
pecially for heterogeneous materials such as food products,
and refers to both within- and between-unit variation of the
property of interest [115]. Milling, sieving, and packaging
processes contribute to homogeneity property. Also inter-
batch variability is important to assess [115]: reference ingre-
dients, a standard recipe and fixed processed food item size
and shape contribute to preparation reproducibility.

Finally, the short-term and long-term stabilities are other
characteristics to assess: in particular, incurred materials are
prone to modification of certain properties due to transport
and storage conditions as well as temperature and humidity
levels, especially when within-unit subsampling has to be per-
formed from the same package in a certain period of time.

Conclusions and outlook

Incurred materials cover an essential role in food allergen
analysis allowing increasing of knowledge on the influence
of food processing on the chemical and structural proper-
ties of allergenic ingredients, which are embedded in the
food matrix. Their use is also fundamental for quality as-
surance purposes in the analysis of food allergens. The
preparation of incurred samples permits to assess the per-
formance characteristics and reliability of methods devel-
oped for allergen detection, thus raising awareness of the
main limitations associated to the available methods. Inter-
laboratory comparisons would be very useful to improve
confidence on the results from different laboratories [116],
paving the way towards an effective allergenic risk assess-
ment and management to protect sensitive consumers’
health. However, only few certified reference materials
are commercially available for allergenic food/ingredients
and incurred matrices, thus hampering result comparability
and method harmonization. Certified reference materials
should be evaluated for their suitability for use in spike-
and-recovery experiments and for assessing recovery from
naturally incurred samples. In the last years, great effort
towards method development, guideline harmonization,
and reference material preparation and characterization
was made, but there is still a long way to go. Even if
measurement traceability in case of food allergens is a par-
ticular issue still far from being solved, a first step towards
the harmonization of the analytical results and comparabil-
ity could be an international consensus on the materials
used at least for the purposes of whole method calibration.
Another aspect that seems to be quite overlooked and that
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deserves increasing attention in the future is the develop-
ment and optimization of new sample treatment proce-
dures, capable of efficiently extracting also processed pro-
teins in order to improve analytical performances and ide-
ally comparability of results.

Further challenges arise from globalization of food mar-
kets and dietary habits, not yet compatible with current
regional differences of food labelling regulations; thus har-
monization of legislative actions is also required, extend-
ing also the list of regulated allergen ingredients. In addi-
tion, food globalization, innovative food production tech-
nologies as well as demand for sustainable food sources
led to the introduction of novel foods, defined and regulat-
ed within the European Union by Regulation (EC) No
2015/2283 [117]. Consequently, novel foods could repre-
sent novel allergenic sources, taking into account that new
production processes could have a certain effect on aller-
gen detectability. Among novel foods, emerging alterna-
tive sources of proteins in the Western World are insects;
recent studies demonstrated a potential allergenic risk as-
sociated to them, also warning that the ingestion of insects
by individuals allergic to some crustaceous can elicit aller-
gic reactions [118, 119]. In this context, many efforts will
be focused on the allergenicity assessment of novel foods,
on the molecular identification and characterization of new
allergenic proteins, and finally on the development and
validation of methods for their detection [120]. Of course,
strategic approach to method development and validation
implies a very challenging issue: the availability of novel
foods as reference ingredients for incurred samples
preparation.
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