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A B S T R A C T   

Food allergy affects up to 6% of Europeans. Allergen identification is important for the risk assessment and 
management of the inadvertent presence of allergens in foods. The VITAL® initiative for voluntary incidental 
trace allergen labeling suggests protein reference doses, based on clinical reactivity in food challenge studies, at 
or below which voluntary labelling is unnecessary. 

Here, we investigated if current analytical methodology could verify the published VITAL® 2.0 doses, that 
were available during this analysis, in serving sizes between 5 and 500 g. Available data on published and 
commercial ELISA, PCR and mass spectrometry methods, especially for the detection of peanuts, soy, hazelnut, 
wheat, cow’s milk and hen’s egg were reviewed in detail. Limit of detection, quantitative capability, matrix 
compatibility, and specificity were assessed. Implications by the recently published VITAL® 3.0 doses were also 
considered. We conclude that available analytical methods are capable of reasonably robust detection of peanut, 
soy, hazelnut and wheat allergens for levels at or below the VITAL® 2.0 and also 3.0 doses, with some methods 
even capable of achieving this in a large 500 g serving size. Cow’s milk and hen’s egg are more problematic, 
largely due to matrix/processing incompatibility. An unmet need remains for harmonized reporting units, 
available reference materials, and method ring-trials to enable validation and the provision of comparable 
measurement results.  
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1. Introduction 

Food allergy is a common immunological disorder involving other
wise harmless food proteins and affects children and adults worldwide. 
Based on a meta-analysis of published food challenge data, cow’s milk, 
tree nuts, soy, hen’s egg, peanut, wheat, fish, and shellfish were the most 
common elicitors of food allergy in Europe with an estimated accumu
lated prevalence of 2.1% (1.2–3.3%) of the population. The lifetime self- 
reported prevalence of allergy to common foods in Europe ranged be
tween 0.1 and 6% (Nwaru et al., 2014). Currently, there are no acces
sible cure for food allergy. Strict allergen avoidance remains the most 
efficient allergy management to avoid an allergic reaction, which can be 
severe and occasionally life-threatening (Muraro et al., 2014a). Suc
cessful allergen avoidance depends on the identification of the relevant 
food allergen. In order to enable consumers to immediately identify 
relevant allergens, the European Union (EU) food information regula
tion (Regulation EU 1169/2011, 2011) requires the mandatory labelling 
of 14 allergenic foods or food groups, including the above mentioned 
allergens, when used as ingredients in the manufacturing of foods. 
However, non-ingredient allergenic components that may result from 
cross-contact, e.g. during manufacturing or packing, are not covered by 
this regulation. In case of the potential presence of unintended allergens, 
food manufacturers may apply voluntary precautionary allergen label
ling (PAL) in order to inform and protect consumers with allergies 
(Muraro et al., 2014a and 2014b). Unfortunately, mislabelling and an 
inconsistent use of PAL that is not based on quantitative allergen risk 
assessment may lead to discrepancy between labelling and the presence 
of allergens (Allen et al., 2014b; Crotty and Taylor, 2010; Remington 
et al., 2015), and thus pose significant risks to allergic consumers and 
reduce their range of product choice. Indeed, unintended allergic re
actions to foods have been frequently reported (Blom et al., 2018). 
Against a backdrop of allergen labelling regulations that differ widely 
around the world, the issue of risk assessment and management of un
intended allergen cross-contact also presents a big challenge for food 
producers. There is still uncertainty in the industry about how best to 
manage allergens, as evidenced by the fact that allergen-related issues 
still account for a significant proportion of all recalls and food alerts in 
North America, Australia and New Zealand (ANZ), and EU member 
states (Bucchini et al., 2016). A key challenge faced by industry is in 
deciding whether the risk of unintended allergen presence warrants the 
use of PAL on a food product. A major reason cited for the proliferation 
of PAL is the fact that we currently have no internationally recognised 
reference doses for allergenic foods. Therefore, manufacturers are 
defaulting to the use of PAL even where they perceive low levels of risk. 

Voluntary Incidental Trace Allergen Labelling (VITAL) was devel
oped by the Allergen Bureau in ANZ (Taylor et al., 2018) to provide a 
risk based methodology for food producers to use in assessing the impact 
of allergen cross-contact and provide appropriate PAL (http://allergen 
bureau.net/vital/). Application of this approach aims to avoid unnec
essary use of precautionary labelling and thereby preserve its value as a 
risk assessment and management tool. VITAL® therefore aims to mini
mise risk while communicating effectively to allergic consumers. 

VITAL® 2.0, the program version 2.0 of VITAL, uses a grid consisting of 
one action level to assist in determining if the presence of residual 
protein from allergenic substances through unavoidable cross-contact 
requires a PAL statement. Very recently, VITAL® 2.0 was updated to 
VITAL® 3.0 with regard to reference doses (Bureau, 2019). Both 
VITAL® 2.0 (Allen et al., 2014a; Taylor et al., 2014) and VITAL® 3.0 
(Remington et al., 2020) reference doses were published under 
peer-review. 

Recent activities by the European Academy of Allergy and Clinical 
Immunology (EAACI) clearly demonstrate the growing number of EU 
consumers needing accurate risk communication regarding allergen 
avoidance and the current tools to support this are not sufficiently 
capable. Reliable analytical methods are a pivotal requirement for the 
introduction and adoption of such reference doses in the EU and beyond. 
Reference doses must be verifiable and it is therefore critical that al
lergens can be detected and quantified by existing analytical technology 
in relevant food matrices with appropriate sensitivity, specificity and 
accuracy (Muraro et al., 2014a and 2014b). 

The main aim of this project was to assess if the limits of detection 
(LoD) or quantification (LoQ) of current analytical methods are capable 
of detecting or quantifying the presence of allergenic foods in various 
serving sizes according to the proposed VITAL® 2.0/3.0 total protein 
reference doses (Allen et al., 2014a; Remington et al., 2020; Taylor et al., 
2014) and associated with the VITAL® tool. Hence, we investigated if 
current analytical methods are designed to ensure the level of unin
tended allergens is below the safety limits as proposed by VITAL® 
2.0/3.0. We collected data from published and commercially available 
allergen detection methods from the mid 1990’s until 2018 prior to 
detailed analysis. At this point, the peer-reviewed VITAL® 2.0 total 
protein reference doses were available for comparative analysis with 
available allergen detection methods. The focal point of this activity 
included allergenic foods for which (1) ingredient labelling is mandatory 
in the EU, (2) VITAL® 2.0 total protein reference doses are published 
(Taylor et al., 2014), (3) prioritisation with respect to public health 
relevance has been investigated (Houben et al., 2016), and (4) several 
specific detection methods are available. Considering the vast number of 
method publications in the literature, special attention was given to the 
detection of cow’s milk, hazelnut, soy, hen’s egg, peanut and wheat, all 
of which are frequent elicitors of allergic reactions in Europe (Nwaru 
et al., 2014). 

Thus, the expert group first prepared collected data pertaining to 
current analytical technologies, and to their applicability to verification 
of VITAL® 2.0 total protein reference doses in relevant serving sizes of 
various food matrices. This data ideally included estimation of sensi
tivity, specificity, unit of measurement, expression of results and mea
surement uncertainty. Reference to existing standards for allergen 
detection and analytical method validation was included. The goal of 
this expert group review was not to provide recommendation of 
preferred methods or protocols, but to assess whether methodology 
exists that can provide appropriate sensitivity, specificity, and quanti
tative characteristics. These methods should therefore, in principle, 
allow for verification of VITAL® 2.0 reference doses and allow effective 
management of the unintended presence of allergens. Moreover, find
ings regarding method suitability to verify VITAL® 2.0 reference doses 
were extrapolated based on change in reference doses by the VITAL® 3.0 
update, in order to understand the implications that the very recent 
update may have on method suitability. Finally, this work aimed at 
identifying gaps in current technology and knowledge and provide 
recommendations for further research in order to improve methods and 
overcome current limitations. 

The creation of a common understanding regarding the capability of 
current analytical methods, the need for accurate, precise and reliable 
allergen determination in the near future, and the requirements for 
agreed reference materials and calibration standards will support better 
allergen management. 

Abbreviations 

ELISA Enzyme-linked immunosorbent assay 
MS Mass spectrometry 
PAL Precautionary allergen labelling 
PCR Polymerase chain reaction 
VITAL® 2.0/3.0 Voluntary Incidental Trace Allergen Labelling; 

Program Version 2.0/3.0 
LoD Limit of detection 
LoQ Limit of quantification  
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2. Analytical methods for allergen detection 

2.1. Target molecules and reporting units 

ELISA, PCR, and MS methods were selected for review because of 
their potential quantitative response, and prominent use in comparison 
to other methods for allergen detection. 

Understanding the strengths and limitations of these analytical 
methods helps analysts select the most appropriate method or combi
nation of methods to meet their analytical needs and provide the risk 
assessors and risk managers the necessary information to make decisions 
to manage risk on a public health level. VITAL® uses protein reference 
doses that are based on total protein of an allergenic food, e.g. total 
peanut protein (Table 1). For direct comparison with and verification of 
VITAL® protein reference doses in foodstuff, the reporting unit ideally is 
the total protein of the allergenic foodstuff and the methods ideally 
should measure total protein of the specific allergenic food. However, no 
such method exists for the specific detection and quantification of total 
protein of an allergenic food in complex food matrices. By contrast, 
marker molecules (analytical targets or determinants thereof) are spe
cifically measured and are often converted to the amount of total protein 
(Fig. 1). In the total protein fraction of an allergenic food, only a subset 
of proteins (allergenic proteins) constitutes a risk to allergic consumers. 
The quantitative composition of which is unknown for many foods. 
ELISA and MS methods both detect the protein component of the food, 
by measuring either epitopes or peptides from selected proteins, 
respectively. These epitopes or peptides are not necessarily the aller
genic IgE-binding structures of the allergenic proteins. PCR detects the 
allergenic food by measuring DNA sequences that are specific to the 
allergenic food in question. Many allergen detection methods report in 
units of either allergenic food or, rarely, total protein from allergenic 
food depending on how they are calibrated and converted into reporting 
units. This reporting unit relies on assumptions about the composition of 
protein or DNA in the food which may be different in native foods or 
changed in processed or fractionated foods. Accordingly, the selection of 
the calibration standard material and its related factor of conversion into 
appropriate reporting units, i.e. total allergenic foodstuff or total protein 
thereof, will strongly influence the measurement results. Depending on 
the selected calibration standard, these factors of conversion are already 
included in the measurement result or need to be applied after calibra
tion. Any reporting unit that refers to the target molecule(s), i.e DNA, 
peptide or single protein or protein fraction, without providing vali
dated conversion factor(s) for total protein of the allergenic food cannot 
be compared with the total protein based VITAL® 2.0/3.0 reference 
dose. Taking this critical discussion into account, the accuracy of mea
surement results of methods for allergen detection should always be 
interpreted with care. The risk molecules (intact functional allergenic 
proteins) are in most cases not directly analysed and risk can only be 
inferred from the presence of the allergenic foodstuff or its total protein 

component (Fig. 1). Each type of detection method requires different 
considerations for conversion to total allergenic food protein (detailed 
below). 

2.2. Enzyme-linked immunosorbent assay (ELISA) 

ELISA remains the most heavily used technique for allergen detec
tion and quantification. One reason for this is that ELISA targets pro
teins, of which the subset of allergenic proteins are the main elicitors of 
allergy to food. ELISA is relatively simple and can be performed by 
trained laboratory personnel using relatively inexpensive equipment. 
Analysis can be completed within a few hours. There are numerous 
commercially available ELISA-based allergen detection kits available 
covering most major food allergens. Data analysis is relatively simplistic. 
ELISA employs antibodies, usually raised in animals (e.g. rabbits, mice 
or sheep) which have been immunised with an extracted protein frac
tion. This fraction may have not been characterized with respect to 
protein composition. A calibration standard containing known quanti
ties of allergenic food, or allergenic food protein or target protein is used 
to create a standard curve. This calibration standard already includes a 
factor of conversion for total protein if the reporting unit refers to total 
protein of the allergenic food or total allergenic food. ELISA, relying on 
the interaction between antibody and allergen, is very reliant on the 
exact reagents used. Antibodies, particularly polyclonal antibodies, are 
subject to batch-to-batch variation, as is the calibration standard used to 
create the standard curve. Antibodies and calibration standards vary 
between manufacturers – often resulting in different results being ob
tained from different kits even if the same reporting units are used. 
Performance and quantification can vary on samples from different food 
sources due to interference from matrix effects and susceptibility of the 
detected proteins to denaturing effects of food processing. 

Table 1 
Protein action levels calculated from VITAL® 2.0 protein reference doses (Allen et al., 2014a; Taylor et al., 2014) in relation to various serving sizes. (LCI, lower 
confidence interval).  

Allergen Vital® 2.0 reference dose (mg protein) quantitative risk quality of database Action levels as per serving size between 5 and 500 g (action levels 
in mg.kg− 1 protein per food matrix)     

5 50 250 500 

Peanut 0.2 ED01 excellent 40 4 0.8 0.4 
Cow’s milk 0.1 ED01 excellent 20 2 0.4 0.2 
Hen’s eggs 0.03 ED01 and ED05 95% LCI excellent 6 0.6 0.12 0.06 
Hazelnut 0.1 ED01 and ED05 95% LCI Good 20 2 0.4 0.2 
Soy 1 ED05 95% LCI sufficient 200 20 4 2 
Wheat 1 ED05 95% LCI sufficient 200 20 4 2 
Mustard 0.05 ED05 95% LCI sufficient 10 1 0.2 0.1 
Lupine 4 ED05 95% LCI sufficient 800 80 16 8 
Sesame 0.2 ED05 95% LCI marginally sufficient 40 4 0.8 0.4 
Shrimp 10 ED05 95% LCI marginally sufficient 2000 200 40 20  

Fig. 1. The molecular composition of an allergenic food with special regard to 
the targeted molecules or determinants (selected epitopes of proteins, selected 
peptides of proteins, selected stretches of DNA), and the necessity of conversion 
to total protein, which is the basis of clinical thresholds. 
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2.3. Polymerase chain reaction (PCR) 

The PCR allows specific amplification and detection of selected 
deoxyribonucleic acid (DNA) stretches from species or groups of species 
that are used in food manufacturing but does not directly detect proteins 
or allergenic proteins. Nevertheless, PCR allows highly specific and 
sensitive detection and quantification of a target allergenic foodstuff. 
PCR sensitivity and specificity strongly depend on the selected DNA 
stretch of the targeted allergenic food. Using PCR, the time required to 
obtain results is often comparable to that required for ELISA but shorter 
than that for MS analysis. Some limitations exist in the use of PCR for the 
detection of allergenic foods, especially for milk and egg, which will be 
discussed in their specific chapters. In the case of state-of-the-art 
quantitative real-time PCR (qPCR), quantification of the target aller
genic food and expression into reporting units of total allergenic food or 
total protein thereof (Fig. 1) can be achieved by calibration against the 
allergenic food commodity and the use of a suitable factor of conversion 
(examples in Table 2) from total allergenic food into total protein 
(Holzhauser and Röder, 2015). Several strategies for successful quanti
fication of food allergens using qPCR have been shown (Eugster, 2010; 
Hirao et al., 2006; Holzhauser et al., 2014; Siegel et al., 2013). By 
contrast, methods that report DNA mass or copy numbers cannot be used 
for quantification of total food commodity or total protein thereof 
because of a lack of universal conversion factors for DNA. 

Nucleic acid sequence provides more possible targets than do protein 
methods due to degeneracy (the presence of more than one codon for 
each amino acid) and additional non-translated intron positions. This 
advantage is particularly useful in the case of highly conserved protein 
sequences where specific peptides (MS) or antigens (ELISA) are lacking 
or may be difficult to identify. Moreover, PCR methods can be developed 
and optimized systematically based on available DNA sequences, and 
simultaneous detection of multiple (usually 4 to 6) DNA stretches, and 
thus multiplex allergen detection, can be achieved. PCR is based on 
common principles of synthetic chemistry, allowing use of open access 
analytical protocols. For example, in Germany and Japan, PCR methods 
have been established as official analytical methods for allergen detec
tion. Further general aspects on PCR methods for detecting allergens in 
foods are detailed elsewhere (Holzhauser, 2018). 

2.4. Mass spectrometry (MS) 

A mass spectrometer separates ions in the gas phase according to 
their mass to charge ratio (m/z). For the analysis of proteins and pep
tides, MS is often coupled with reversed phase high performance liquid 
chromatography (RP-HPLC) via an electrospray ionisation source (ESI). 
Due to the superior sensitivity exhibited by peptides, these are now the 
markers of choice for the MS detection and quantification of food 

allergens. To release the marker peptides, food proteins are first 
extracted from the matrix and then broken into representative peptides 
using a selective protease. Guidelines that aim to help users in the se
lection of target food allergen peptides, that act as good quantitative 
markers, have been developed (Johnson et al., 2011). However, this is 
still an area of research and considerations concerning the stability of 
peptides during food processing are necessary. The extraction and 
digestion steps required for accurate quantification can take hours and 
can differ greatly depending on the sample type/matrix. However, these 
procedures may be automated to improve sample throughput. The LC 
separation of the peptide digest normally takes between 5 and 30 min, 
depending on the number of peptides and anticipated complexity of the 
background matrix. However, the selectivity of MS/MS enables the 
sequential detection and quantification of tens or hundreds of peptides 
as they elute from the chromatographic column. This enables the 
detection of multiple proteins per allergenic food and multiple aller
genic foods in one analysis. This multiplexing capability along with the 
possibility of detecting highly degraded proteins, via their protein spe
cific peptides, are considered major advantages of MS methods for 
allergen detection. 

Another advantage of MS, when used for quantifying allergen pro
teins, is in the choice of calibration standards available. Chemically pure 
stable peptides, which can be prepared gravimetrically, offer unrivalled 
traceability to the mole. Isotopic labelling (typically 13C and 15N) of 
these standards means they may be included in sample runs, decreasing 
run to run variability. Additional levels of calibration based on the use of 
purified proteins or the allergenic commodity itself are common. The 
use of matrix match calibration standards can alleviate differences in 
signal between background matrices. 

The application of MS to allergen quantification is relatively new, 
and common practices are not well established. In particular, linking the 
MS signal to the amount of total allergenic food protein present is key to 
accurate quantification and is a process which would benefit from 
standardization. 

3. Literature review and criteria for data selection 

3.1. Available VITAL® reference doses and selection of reviewed 
allergenic foods 

In 2018, 2019, at the time of analysis of collected data, VITAL® 2.0 
protein reference doses were available as peer-reviewed work for pea
nut, milk, egg, hazelnut, soy, wheat, cashew, mustard, lupine, sesame 
seed, and shrimp (Allen et al., 2014a; Taylor et al., 2014) (Table 1). 

In this work we mainly focussed on the detection of peanut, hen’s 
eggs, cow’s milk, hazelnut, soy, and wheat. These allergens were 
selected based on VITAL® 2.0 data quality (Allen et al., 2014a; Taylor 

Table 2 
Allergenic food action levels calculated from VITAL® 2.0 protein reference doses (Allen et al., 2014a; Taylor et al., 2014) in relation to various serving sizes (Table 1), 
and based on correlation factors as suggested by German official food control laboratories (Waiblinger and Schulze, 2018). (LCI, lower confidence interval; NFDM, 
non-fat dry milk).  

Allergen Vital® 2.0 reference dose (mg protein) conversion to conversion factor to allergenic food Action levels as per serving size between 5 and 500 
g (action levels in mg.kg− 1 allergenic food per food 
matrix)     

5 50 250 500 

Peanut 0.2 whole peanut 4 160 16 3.2 1.6 
Cow’s milk 0.1 NFDM 2.8 56 5.6 1.12 0.56 
Hen’s eggs 0.03 dried whole egg 2.2 13.2 1.32 0.264 0.132 
Hazelnut 0.1 hazelnut flour 6.4 128 12.8 2.56 1.28 
Soy 1 whole soybean 2.5 500 50 10 5 
Wheat 1 raw or cooked wheat flour 10 2000 200 40 20 
Mustard 0.05 mustard seed 3.8 38 3.8 0.76 0.38 
Lupine 4 yellow lupin flour 2.5 2000 200 40 20 
Sesame 0.2 crushed sesame seeds 5.9 236 23.6 4.72 2.36 
Shrimp 10 whole cooked shrimp 4.4 8800 880 176 88  
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et al., 2014, 2018), and because they represent the most frequent elic
itors of allergic reactions in Europe (Nwaru et al., 2014). 

The Expert Group limited the ‘milk’ method review to cow’s (Bos 
taurus) milk, in spite of the fact that current EU legislation (Regulation 
EU 1169/2011, 2011) considers other types of milk (e.g. sheep or goat 
milk). This was due to the fact that there is limited information available 
on the performance of milk analytical methods for the detection of other 
types of milk, and that VITAL® 2.0 does not address the clinical reac
tivity of milk other than that of cow. Similarly, the review on methods 
for “egg” detection was limited to hen’s (Gallus gallus domesticus) egg 
due to our inability to address potential differences in analytical method 
performance to other farmed bird’s egg. 

We identified a second group of allergenic foods as second priority 
for consideration. Shrimp (crustaceans), mustard, lupine, and sesame 
detection methods were summarized but not detailed. We do not address 
cashew, celery, fish (finfish), and walnut as these were first considered 
by VITAL® with the 3.0 update, which was not available during our data 
mining until 2018. 

3.2. Calculation of required method sensitivity for verification of VITAL® 
2.0 reference doses 

Calculation of action levels from clinical reference doses in relation 
to serving sizes would be equivalent to the estimation of the tolerable 
risk for allergic consumers. Assuming scenarios such as “spoonful”, 
“scoopful”, “birthday cake”, and “beverage”, available VITAL® 2.0 
protein reference doses were used to calculate action levels (concen
tration) on the basis of 5, 50, 250 and 500 g serving size (Table 1). For 
conversion of total foodstuff protein to total allergenic food, and vice 
versa, conversion factors, as recently summarized and also applied for 
VITAL® 2.0 reference doses (Taylor et al., 2014), were selected in 
agreement to a recommendation (Waiblinger and Schulze, 2018) of the 
German official food control laboratories (Table 2). Conversion of pro
tein reference doses, e.g. peanut protein, to total allergenic food, e.g. 
peanut, was necessary to allow for comparison of methods calibrated 
against total protein and total allergenic foodstuff alike. 

3.3. Criteria for data selection and comparative analysis 

The literature review was restricted to the allergen detection 
methods ELISA, PCR, and MS, and encompassed the past two and a half 
decades, considering that first ELISA methods for allergen detection 
were published in the mid 1990’s. The literature review was closed in 
February 2018 to allow for a comprehensive analysis of data, to perform 
necessary conversions for data comparability, and to allow for several 
rounds of data verification. Even though some very recent publications 
may not be covered, the general picture obtained, and conclusions 
drawn are those obtained from an exhaustive review. 

In brief, publicly available databases, including PubMed and Google 
Scholar, were searched. Additional literature databases were searched 
depending on authors’ access, such as SciSearch, Scopus, Web of Sci
ence, Science Direct, or ESBCO. 

Search terms included the allergenic food (e.g. peanut, soy, hazelnut, 
wheat, cow’s milk, and hen’s egg), the target molecules (protein, DNA, 
gluten, casein, lactoglobulin, whey, egg white), and the methods (ELISA, 
immunoassay, PCR, MS, mass spectro*). Initial number of hits usually 
ranged from several hundred to several thousand. Further selection was 
performed according to relevance for allergen detection. Review arti
cles, duplicates and literature not written in English language were 
removed. The final selection of publications (n = 235) is displayed in the 
Supplementary Table according to allergenic food and detection 
method. For the methods ELISA, PCR, and MS, 78, 100, and 57 publi
cations were identified for a more detailed interrogation, respectively. In 
addition to peer reviewed published methods, commercially available 
methods were considered for further analysis, if manufacturer validation 
reports were publicly available, such as from company websites. 

Identified methods were recorded together with additional available 
validation data in the Supplementary Table. Data were collected from 
published methods (p), commercial kits (c), and publications based on 
the use of commercial kits (p/c). The Supplementary Table summarises 
information about the target molecules, i.e. protein targets (protein 
fractions, allergen components such as peanut Ara h 2, peptides) and 
DNA targets (DNA sequences encoding allergens such as peanut Ara h 2 
or non-allergenic proteins such as hazelnut heat-shock protein). It re
ports on the analysis of specificity, general quantitative response of the 
method, and matrix in which limit of detection (LoD) or lowest level of 
target analysis was performed. If reported, the LoD was directly recor
ded as mg.kg− 1 total protein of the allergenic food per matrix or con
verted as such from mg.kg− 1 allergenic food per matrix, using the 
conversion factors as displayed in Table 2. If provided by the authors or 
kit manufacturers, their reported conversion factors were preferred. In 
the case of wheat, cow’s milk and hen’s egg specific methods, we sug
gested conversion factors to account for the many methods that reported 
in individual protein components or protein fractions. Otherwise, these 
methods could not have been evaluated. Further details are given in the 
specific chapters and the Supplementary Table. 

Other reporting units, such as picogram (pg) of DNA or ng.ml− 1 

target protein were additionally recorded but were unable to be con
verted into the above reporting units required for direct comparison 
with the calculated action levels (Tables 1 and 2). Original data (that 
reported in publication or reports of kit manufacturers) are highlighted 
in yellow. Finally, the reported LoD was compared to the calculated 
action levels in relation to different serving sizes (Tables 1 and 2). The 
largest possible serving size [g], in which the reference dose was 
detectable according to reported LoD, was stated. 

Papers and commercial kits, which did not report LoD, or did not 
report LoD in units readily convertible to our standard unit, i.e total 
foodstuff protein or total allergenic food, that can be compared to 
VITAL® protein reference doses, were excluded from further analysis. 
For each allergen a graphical overview of the recorded methods’ LoD, 
related to the type of method and in comparison, to the 4 action levels, 
related to 5–500 g serving size, was generated (Fig. 2). Reported LoD 
ranges were not considered in Fig. 2 as these cannot be plotted, and they 
cannot be assigned to individual matrices. They were essentially treated 
as if an LoD was not determined. 

4. Food allergens and specific methods 

For the allergens, peanut, soybean (soy), hazelnut, wheat, cow’s 
milk, and hen’s egg, a graphical overview of the recorded methods’ LoD, 
related to the type of method and in comparison to the 4 action levels, 
related to 5, 50, 250 and 500 g serving size, was generated (Fig. 2). The 
dotted lines represent the action levels, i.e. the allergen specific VITAL® 
2.0 protein reference dose in relation to the defined serving size of 
5–500 g. Thus, the required LoD of a method would need to be below the 
dotted line in order to allow for verification of the protein reference dose 
in the particular serving size. In the following allergen specific sub- 
chapters. methods with quantitative characteristics were reviewed in 
more detail if the depicted sensitivity would basically allow verification 
of VITAL® 2.0 reference doses in a large serving size of 250–500 g, or if 
quantitative determination in various food matrices and serving sizes of 
50 g or greater was validated. Multi-allergen methods were reported for 
the individual allergen in the dedicated chapters. 

4.1. Peanut 

4.1.1. ELISA 

4.1.1.1. Published methods (not kits). Of the key papers identified 
(Supplementary Table) the majority refer to commercially available 
ELISA kits. Two papers described non-commercial peanut ELISA 
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methods with lower limits of detection of 2 mg kg− 1 within a variety of 
food matrices (Holzhauser and Vieths, 1999) and 0.2 mg kg− 1 in cookies 
and in dark chocolate, 0.4 mg kg− 1 in cereals and in vanilla ice cream, 
and 0.8 mg kg− 1 in milk chocolate (Kiening et al., 2005). LoD at this 
range suggest that the measurement of VITAL® 2.0 reference doses even 
at the largest portion size may be possible. However, in these papers 
spike recovery experiments to demonstrate the performance of the as
says were only performed to as low as 10 mg kg− 1 (Holzhauser and 
Vieths, 1999) and 1 mg kg− 1 (Kiening et al., 2005). At this level of 
detection, VITAL reference doses could only be applied to portion sizes 
of 5 and possibly 50 g. 

4.1.1.2. Commercially available kits. For commercially available peanut 
allergen ELISA kits, the LoD declared by the manufacturers typically 
ranged between 2.5 mg kg− 1 and 0.1 mg kg− 1 total peanut. To allow for 
comparison of each kit to the VITAL® 2.0 reference doses, reporting 
units were converted to peanut protein from total peanut where neces
sary. The conversion was based on previous data showing that 25% of 
the total weight of peanut is protein (Supplementary Table). 

Information provided by ELISA kit manufacturers and peer reviewed 
assessments of commercially available ELISA kits (Jayasena et al., 2015; 
Khuda et al., 2015; Koch et al., 2003; Park et al., 2005; Parker et al., 
2015; Poms et al., 2005; Whitaker et al., 2005) suggest that most of the 
commercially available ELISA kits that were reviewed are able to detect 
peanut protein to the levels required to measure the VITAL 2.0 reference 
dose at the smallest portion size of 5 g, which equates to a 40 mg kg− 1 of 
peanut protein per food. In support of this, a number of peer reviewed 
publications using allergen incurred matrices have demonstrated the 
detection of peanut at 5 mg kg− 1 (Khuda et al., 2012b; Whitaker et al., 
2005) and at 0.625 mg kg− 1 (Poms et al., 2005). Similarly, it seems 
likely that most kits can detect levels of peanut required for the largest 
portion size (500 g portion, which equates to 0.4 mg kg− 1 of peanut 
protein per food). However, there is a lack of peer reviewed data 
including recovery experiments to confirm whether the kits are able to 
quantify peanut within food at the lowest levels of detection, which 

would be required to confirm the presence or absence of peanut allergen 
within the largest portions sizes of 250 and 500 g. 

4.1.2. PCR 

4.1.2.1. Published methods (not kits). Following the search criteria, 
several peer-reviewed publications have been identified for peanut 
detection using PCR of which the great majority are based on single copy 
target genes. Eight studies were not evaluated, as the reporting unit was 
based on DNA instead of peanut. Several methods have demonstrated 
utility in one or various matrices such as chocolate, ice cream, baked 
goods, or cereals. Only one of these single copy methods, a semi- 
quantitative PCR array published by Tortajada-Genaro et al. (2011) 
appeared to allow for a sensitive verification of the peanut equivalent to 
VITAL® 2.0 peanut protein reference dose in a large serving size of 500 
g. Another two out of four multi copy based PCR methods appear to 
provide a comparably high sensitivity, allowing for verification of pea
nut according to VITAL® 2.0 in a large 500 g serving size (Ladenburger 
et al., 2018; López-Calleja et al., 2013b). 

The qPCR method from López-Calleja et al. (2013b) targets ribo
somal DNA and was calibrated on the basis of peanut López-Calleja 
et al., 2013b. Replicates of binary mixtures of raw and heated (160 ◦C, 
13 min) peanut in wheat flour and cocoa at levels between 0.1 and 10, 
000 mg.kg− 1were used as external standards and successfully detected. 
LoD or LoQ have not been determined, but detection of 0.1 mg kg− 1 

peanut in food was shown. Quantitative estimations of peanut in 123 
retail samples were carried out based on simultaneous amplification of 
the peanut specific target DNA versus a universal eukaryotic control 
gene. In 27/73 samples without peanut ingredient labelling or PAL, 
detectable peanut was estimated between 0.5 and greater than 50 mg 
kg− 1. Despite demonstrating general quantitative characteristics, 
detailed quantitative validation of accuracy and precision of peanut 
determination is lacking. 

The study from Ladenburger et al. (2018) describes a qPCR method 
specific for peanut and based on a mitochondrial multi copy target gene. 

Fig. 2. Limits of detection for all collected methods for which LoD was available in standardized units (mg allergenic food protein.kg− 1, mg.kg− 1) or convertible to 
standardized units. For some methods, more than one LoD was reported from collected literature. In these instances, all reported LoD determinations are presented. 
Subfigures for each allergenic food are presented, with data for method basis (ELISA, PCR, MS) separated. For each allergenic food, the concentration of allergenic 
food protein yielding the VITAL® 2.0 reference dose for serving sizes of 5, 50, 250 and 500 g was calculated and is shown as a horizontal dotted line. 
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It utilizes a competitive amplification of the target gene versus an in
ternal standard DNA for peanut quantification and for normalisation of 
matrix effects during DNA preparation and subsequent amplification. 
This strategy, first described for peanut quantification by Holzhauser 
et al. (2014), now combined with a multi copy gene target allowed for a 
sensitive quantification of peanut equivalent to the VITAL® 2.0 protein 
reference dose in a large serving size of 500 g. The method by Laden
burger et al. (2018) allowed for a matrix-normalized quantification in 
sausage, rice cookie, hollandaise sauce and skimmed milk powder be
tween 1 and 100 mg kg− 1 peanut and achieved a mean accuracy of 123% 
(range 70–360%). Precision at the level of 10 mg kg− 1 peanut in the 
sausage, milk powder and rice cookie matrices ranged between 10 and 
20% coefficient of variation. 

4.1.2.2. Commercially available kits. Six commercial PCR kits have been 
identified for the detection of peanut. Two kits describe the sensitivity of 
the method based on DNA and thus were excluded from further evalu
ation. One kit reported an LoD of 10 mg kg− 1 and would allow for the 
detection of VITAL® 2.0 peanut protein reference dose within a sample 
size of 50 g. Three kits describe LoDs below 1.6 mg kg− 1 peanut that 
corresponds to <0.4 mg kg− 1 peanut protein (R-Biopharm AG, Darm
stadt, Germany; Biotecon Diagnostics GmbH, Potsdam, Germany). 
Validation reports of commercial qPCR kits were either missing or 
limited in specific details, which did not allow for describing quantita
tive characteristics. 

4.1.3. MS 
The proteome of the peanut seed is dominated by major cupin and 

prolamin storage proteins. Of the cupin family, the 11S globulins (Ara h 
3) and 7S albumins (Ara h 1) are most abundant, while the major pro
lamin proteins are 2S albumins (Ara h 2, 6 and 7). Quantitative detection 
of peanut in foodstuffs has focused on the use of these major proteins, 
also major allergens, as analytical proxies. Of the studies identified for 
this review, peptides derived from Ara h 1, Ara h 2 and Ara h 3 were 
used. 

Quantitative methods for peanut have been developed and demon
strated to work in various matrices (chocolate, baked goods, cereals). 
Four studies identified here describe LoDs which are below the 0.4 mg 
kg− 1 representing VITAL® 2.0 levels in a 500 g serving size, though only 
three of these were determined in a food matrix, namely chocolate 
(Bignardi et al., 2013), cookie (Careri et al., 2008) and biscuit, ice cream 
or milk chocolate (Korte et al., 2016a). Interestingly, none of these 
studies utilized nano-liquid chromatography, thought to be required for 
the most sensitive methodology. It would appear that the most sensitive 
methods described to date have the capacity to meet the analytical 
challenges posed by VITAL® 2.0 reference doses. However, none of the 
methods described validation in sufficient numbers of matrices to pro
vide comprehensive analysis of food groups in which peanut contami
nation is commonly analysed. 

4.2. Soy 

4.2.1. ELISA 

4.2.1.1. Published methods (not kits). Four publications were identified 
for the ELISA analysis of soy as an allergenic ingredient in foods (Sup
plementary Table) (Jiang et al., 2015; Morishita et al., 2008, 2014; 
Pedersen et al., 2008). Pedersen et al. (2008) described a sandwich 
ELISA with a LoD of 0.05 mg kg− 1 of soy flake in food, which should 
enable verifying the VITAL® 2.0 reference dose of this ingredient at a 
500 g portion. However, it is important to stress that there was insuffi
cient information presented to allow an assessment of method reliability 
and the impact of matrix interference and processing on soy detection. 
Morishita et al. (2008) describe a sandwich ELISA with a LoD and a LoQ 
of 0.19 and 0.38 mg kg− 1 of soy protein in food, which suggests the 

method has the potential to verifying the VITAL® 2.0 soy protein 
reference dose in foods at the 500 g portion. According to the authors, 
the major drawback of this ELISA concerned the inability to detect soy in 
fermented products. In order to overcome this disadvantage, the same 
authors combined the proposed ELISA system with an optimized 
extraction protocol that further enable the detection of soy in fermented 
products (Morishita et al., 2014). 

4.2.1.2. Commercially available kits. There are several commercial 
ELISA kits for the detection of soy in a wide variety of foodstuffs. Soy 
soluble proteins, 7S globulin fraction (soy major protein component) 
and soybean trypsin inhibitor (STI) are frequently used targets for ELISA 
kits using polyclonal antibodies. Most kits declare high specificity (none 
or minor cross-reactivity with other species), and sensitivity, allowing 
detection of soy proteins with low LoD and LoQ (<1 mg kg− 1). Ac
cording to the information provided by manufacturers, most of the 
ELISA kits would be able to detect soy at the 250 g portion, and some in 
the largest portion (500 g). Some of the kits fail to provide detailed in
formation regarding the specificity or potential cross-reactivity of the 
antibodies, and the conversion factors that should be used to correctly 
quantify the amount of soy. 

In the literature, some reports evaluate the capacity of ELISA kits to 
detect/quantify soy in foods, as well as the effect of matrix and the in
fluence of food processing on their performance. In most cases, the kits 
described allow detection of soy in a wide variety of commercial foods or 
incurred/spiked model mixtures, reporting low LoD/LoQ that normally 
confirm the limits declared by the kits’ manufacturers. 

4.2.2. PCR 

4.2.2.1. Published methods (not kits). Several peer-reviewed publica
tions and commercial kits describe soy detection using PCR. The great 
majority of PCR methods were based on single copy targeting genes. At 
least five of these PCR methods have been developed for the detection of 
fraudulent addition of soy in meat or crop samples. Consequently, the 
authors did not validate their methods in the low mg.kg− 1 range. Those 
methods that have been developed for soy allergen detection demon
strated to work in one or various matrices like sausage, baked goods, or 
spices. Two studies could not be evaluated, because the sensitivity was 
described based on DNA determination as the read-out. Only one pub
lication based on single copy detection accomplishes satisfactorily the 
required sensitivity to verify the equivalent VITAL® 2.0 soy protein 
reference dose in a large serving size of 500 g in all studied matrices. 
This method has been already described in the peanut section - a 
multiplex DNA micro assay based on a digital versatile disc (DVD) 
published by Tortajada-Genaro et al. (2011). A spike level of 1 mg kg− 1 

soy in different food matrices, such as cookie, jam and others, was 
detectable. 

Seven published methods were based on multi copy target genes, 
including ribosomal DNA (Hirao et al., 2009), mitochondrial DNA 
(Bauer et al., 2011; Galan et al., 2011; Ladenburger et al., 2018) or a 
sequence entitled as “interspersed repetitive element 1” (Yamakawa 
et al., 2007). Hirao et al. (2009) described the sensitivity on the basis of 
soy DNA. The studies from López-Calleja et al. (2017) and Yamakawa 
et al. (2007) only included food samples above 10 mg kg− 1 soy which 
was successfully detected in all samples and might therefore have the 
potential to detect lower levels. 

The principle of the study from Ladenburger et al. (2018) has already 
been described in the peanut section. The method allowed for a 
matrix-normalized quantification of soy in sausage, rice cookie, hol
landaise sauce and skimmed milk powder between 1 and 100 mg kg− 1, 
with an average recovery of 174% (range 114–290%). Thus, it allowed 
for a quantitative verification of soy in serving sizes of 500 g and above. 

In the study of Bauer et al. (2011), LoD has been determined with soy 
spiked into a model spice to mimic concentrations from 0.1 to 10,000 
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mg kg− 1. With a demonstrated detectability of 1 mg kg− 1 soy in spice 
food, this published PCR method would allow detection of soy according 
to the VITAL® 2.0 reference dose in a large 500 g serving size. However, 
cross-reactivity was observed with several foods up to 0.0252%, and the 
method is further lacking quantitative validation for the use in different 
food matrices. 

In the study from Galan et al. (2011) a duplex PCR for soy and lupin 
was developed. General quantitative characteristics were shown on the 
basis of serially diluted soy DNA for use in calibration curve. However, 
quantitative characterization is lacking. The LoD of 2.5 mg kg− 1 has 
been determined with replicate measurements of DNA extracts from 
cookies spiked with 1–10 mg kg− 1 soy flour, which were baked for 10 
min at 180 ◦C. Detectability decreased with increasing baking time. 
Barley and buckwheat caused cross-reactive signals of 7.8% and 6.6%, 
respectively. 

4.2.2.2. Commercially available kits. Of the identified commercial kits 
for soy detection, four describe the sensitivity of the method on the basis 
of DNA and thus have been excluded from further evaluation. Three kits 
describe LoDs below 5 mg kg− 1 soy for verification of soy equivalent to 
VITAL® 2.0 reference dose in a large serving of 500 g (R-Biopharm AG, 
Darmstadt, Germany; Biotecon Diagnostics GmbH, Potsdam, Germany). 
Validation reports of commercial qPCR kits are missing or limited in 
specific details, which does not allow clear description of method 
characteristics. Apart from data on specificity, limitations are identified 
regarding quantitative validation. 

4.2.3. MS 
In soybean seeds, proteins belonging to three super-families pro

lamins, profilins and cupins, account for most of the seed proteins. They 
show considerable stability and are thus suitable candidates for reporter 
peptides in LC-MS/MS analysis. It so happens that the same soy proteins, 
which have been identified as major allergens, are also used as analytes 
in most of the published LC-MS/MS methods for the detection of soy in 
food commodities. Unique reporter peptides are mainly derived from 
different subunits of the soy conglycinin (Gly m 5; β-conglycinin), and 
soy glycinin (Gly m 6; glycinin G2). In addition, peptides from the 
prolamin proteins soy 2S albumin (Gly m 2S albumin) and lipid transfer 
protein (Gly m LTP) as well as Kunitz-type trypsin inhibitor (Gly m TI) 
have been used for LC-MS/MS detection in several studies. 

The analysis of soy proteins by LC-MS/MS has been described in 
more than 35 method articles since 1992; however, the majority have 
focussed on profiling the soybean proteome by untargeted screening. 
More recent references have used targeted analysis of a few character
istic reporter proteins with high signal intensities for quantification 
purposes, mostly using parent ion-to-product ion transitions for specific 
identification (Supplementary Table). Some methods used matched 
stable-isotope labelled peptides as internal standards (Croote and 
Quake, 2016; Huschek et al., 2016), one used a synthetic peptide with a 
replaced amino acid (Leu to Val) (Hoffmann et al., 2017) and some are 
multi-allergen analyses (Gomaa and Boye, 2015; Gu et al., 2018; Heick 
et al., 2011a, 2011b; Hoffmann et al., 2017; Huschek et al., 2016; 
Monaci et al., 2014, 2016; Pilolli et al., 2017b; Planque et al., 2016, 
2017). 

Several of the newest quantification methods referred to the VITAL® 
2.0 reference dose for soy (1 mg soy protein). Verification of soy in 
different matrices in a serving size of 50 g (equivalent to 20 mg kg− 1 soy 
protein or 50 mg kg− 1 whole soybean in food), considering a protein 
content of about 40% in soybean seeds (Huschek et al., 2016), should be 
possible by all methods that have been reported since 2011. Some 
methods (Gu et al., 2018; Huschek et al., 2016; Monaci et al., 2014, 
2016; Planque et al., 2016, 2017) were theoretically also sensitive 
enough to verify soy in a 500 g portion at the respective protein level (2 
mg kg− 1) (Supplementary Table). Four methods (Gu et al., 2018; Hoff
mann et al., 2017; Huschek et al., 2016; Planque et al., 2017) had been 

validated by analyzing precision (% CV) and recovery, while the re
ported performance data of the other methods were restricted to the 
variance of the linear regression (R2 > 99%) of the calibration curves. 

4.3. Hazelnut 

4.3.1. ELISA 

4.3.1.1. Published methods. Most published methods for ELISA detec
tion of hazelnut describe non-commercial methods. Of these, a range of 
different LoDs were reported from 0.12 to 1 mg kg− 1 hazelnut protein in 
food. A number of papers using polyclonal antibodies accomplished the 
required sensitivity to detect the equivalent VITAL® 2.0 hazelnut pro
tein reference dose in the larger portions of 250–500 g (0.4–0.2 mg 
kg− 1). Polyclonal antibodies isolated from antisera were able to detect 
both native and roasted hazelnut protein at levels down to 0.2 mg kg− 1 

in practice (Holzhauser et al., 2002; Holzhauser and Vieths, 1999), 
however a LoD of 1 mg kg− 1 was employed to minimise false positives. A 
sandwich ELISA recognised raw and roasted hazelnut at levels of 1 mg 
kg− 1 total hazelnut (Koppelman et al., 1999) equivalent to 0.15 mg kg− 1 

hazelnut protein in food based on hazelnut containing 15% protein as 
reported previously (Taylor et al., 2014). A method utilising both poly- 
and monoclonal antibodies was able to detect hazelnut protein in 
chocolate matrix at 1 mg kg− 1 (Costa et al., 2014, 2015) therefore was 
not sensitive enough to detect hazelnut protein in the larger portion 
sizes. Others were able to detect 0.12 mg kg− 1 in cake mix, 0.25 mg kg− 1 

in milk chocolate, cereal and chocolate ice cream, 0.5 mg kg− 1 in 
oatmeal and 1 mg kg− 1 in granola bar (Blais and Phillippe, 2001). 
Another assay, using a monoclonal capture and polyclonal detection 
antibody, reported a matrix free LoD of 0.12 mg kg− 1. However, when 
tested in different matrices it was able to detect 0.2 mg kg− 1 in ice 
cream, 0.4 mg kg− 1 in cookie, 0.6 mg kg− 1 in cereal, 0.8 mg kg− 1 in dark 
chocolate and 1.2 mg kg− 1 in milk chocolate (Kiening et al., 2005). 

4.3.1.2. Commercially available kits. For commercially available hazel
nut immunoassays, the LoD declared by the manufacturers were as 
follows: Veratox (Neogen) 2.5 mg kg− 1 total hazelnut, Ridascreen (R- 
Biopharm) 2.5 mg kg− 1 total hazelnut and ELISA systems 0.5 mg kg− 1 

hazelnut protein. When possible, results were converted to hazelnut 
protein as described above. This altered Veratox and Ridascreen LoDs to 
0.375 mg kg− 1 hazelnut protein, based on manufactures protocols. This 
suggests that these commercially available kits are theoretically able to 
detect hazelnut protein at the 50 g (ELISA systems) and 250 g (Veratox 
and Ridascreen), but not the 500 g serving size. 

As mentioned, many published papers utilising commercially avail
able kits tested for recovery of spiked samples. Spiked samples (2.5 mg 
kg− 1) of whole hazelnut in different matrices were used in one such 
study. The recovery of the kits for the 2.5 mg kg− 1 spike varied greatly 
between 1.1 and 38 mg kg− 1 in oatmeal, chocolate and muffin matrices 
(Garber and Perry, 2010). Similarly, in results found by Platteau et al. 
(2011a), all commercial kits tested both over and underestimated spiked 
hazelnut in wheat flour, cookie dough and cookie matrices. Processing 
also affected the kit recovery of hazelnut (Cucu et al., 2011; Platteau 
et al., 2013). Unfortunately, none of the publications assessed the LoD of 
the kits in matrix free or matrix conditions, therefore it is difficult to 
determine if the kits can be used to reliably detect hazelnut protein at 
the levels required by VITAL® 2.0. 

4.3.2. PCR 

4.3.2.1. Published methods (not kits). Following the search criteria, a 
range of peer-reviewed publications about hazelnut detection using PCR 
were identified. The great majority of these methods have been based on 
single copy targeting genes. Most of the identified PCR methods have 
been developed and demonstrated to work in one or various matrices 
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such as chocolate, ice cream, baked goods, or cereals, but only a dozen 
publications presented quantitative data or a quantitative response. 
Several studies were excluded from further evaluation because the 
sensitivity was not described based on total hazelnut commodity. Only 
four publications described methods with appropriate sensitivity of 
≤1.28 mg kg− 1 (Table 2) to detect total hazelnut, equivalent to the 
VITAL® 2.0 hazelnut protein reference dose of ≤0.1 mg hazelnut protein 
(Table 1) in the largest 500 g serving size (Iniesto et al., 2013; 
López-Calleja et al., 2013a; Platteau et al., 2011a, 2011b). Despite the 
quantitative features of qPCR, Iniesto et al. (2013) did not present 
quantitative data, or read-outs were given as DNA masses in picograms 
(Platteau et al., 2011a, 2011b). Accordingly, the only sensitive, quan
titative method with read-out of total hazelnut commodity is described 
by López-Calleja et al. (2013a) that is based on the specific amplification 
of a multi copy gene. Specificity was demonstrated against 31 species 
with a positive response to only hazelnut. For calibration, a binary 
mixture of raw and heated hazelnut spiked between 0.1 and 100,000 mg 
kg− 1 into wheat flour was used. The LoD was reported as 0.1 mg kg− 1 

hazelnut in wheat flour. In 179 commercial retail samples, 40 food 
products, including chocolate, bonbon, biscuit, beverage, rice cake, nut 
bar, ice cream, bread and meat product, were detected positive between 
0.003 and > 100 mg kg− 1 hazelnut. Only four products exceeded 1.28 
mg kg− 1 hazelnut (Table 2), equivalent to 0.1 mg hazelnut protein 
(Table 1) in a 500 g serving size. Despite quantitative calibration data in 
wheat matrix, studies on the accuracy (recovery) of hazelnut quantifi
cation were done in either the spiked wheat flour matrix or in the retail 
samples of various matrix types. Hence, detailed quantitative charac
terisation of accuracy and precision in real-life samples is lacking. 
Ring-trial data using this method were not identified. 

4.3.2.2. Commercially available kits. Nine commercial kits for the 
detection of hazelnut were identified. Three kits describe the sensitivity 
of the method based on DNA, and two kit manufacturers have not pro
vided further details. Of the remaining four kits, hazelnut LoDs are 
described below 0.4–1 mg kg− 1 (two kits of R-Biopharm AG, Darmstadt, 
Germany), around 0.8 mg kg− 1 (Biotecon Diagnostics GmbH, Potsdam, 
Germany), and 100 mg kg− 1 (Gen-ial GmbH, Troisdorf, Germany). 
When applying the hazelnut conversion factor of Table 2, the hazelnut 
LoDs of the three most sensitive kits (R-Biopharm AG, Biotecon Di
agnostics GmbH) would correspond to hazelnut protein between 0.063 
and 0.156 mg kg− 1. Accordingly, all three kits would in principle allow 
detecting the VITAL® 2.0 hazelnut protein reference dose even in a 500 
g serving size. According to currently available validation reports, the 
qPCR kits were tested for specificity in a range of food commodities. 
Applicability in various food matrices, as well as quantitative data was 
described, but detailed quantitative data on accuracy and precision 
versus various matrices were missing. 

4.3.3. MS 
The major proteins of hazelnut are the 7S and 11S globulins, and the 

2S seed storage albumins, known as Cor a 11, 9 and 14 respectively. 
These proteins have been demonstrated to bind IgE from hazelnut 
allergic individuals and are considered major allergens. Bet v 1 homo
logues (Cor a 1), non-specific lipid transfer proteins (Cor a 8) and pro
filins (Cor a 2) have also been identified as allergens in hazelnut, but 
these are of lesser abundance and clinical significance appears regional. 

We identified five studies as providing quantitative information for 
MS detection of hazelnut. These publications focus on using peptides of 
Cor a 9 as analytical targets. The matrices used to validate these methods 
were chocolate, biscuit, bread, breakfast cereal and ice cream. The study 
by Korte et al. (2016a) is notable in that it provides independent LoDs 
for three matrices. However, only one transition capable of detection at 
the lowest VITAL® 2.0 level was described, although it should be noted 
that lower LoDs may be achievable but were not tested. The use of MS3 

in this study was shown to considerably (>10-fold) increase sensitivity 

over more traditional multiple reaction monitoring (MRM)-based 
methods. Although a range of matrices have been evaluated, the most 
sensitive MS methods have not been demonstrated to achieve the 
sensitivity required for detection of VITAL® 2.0 levels of hazelnut in the 
largest (500 g) serving size. Detection of relevant VITAL® 2.0 levels of 
hazelnut in a 250 g serving has been adequately demonstrated (Fig. 3). 

4.4. Wheat 

4.4.1. Special considerations 
The discussion of wheat immunoassays (and mass spectrometry) in 

terms of their compliance with VITAL® 2.0 reference doses was 
complicated by the fact that most published methods in this field focuses 
on gluten detection. However, as the VITAL Expert Panel stated that 
“with a reference dose of 1 mg of wheat protein, individuals with IgE 
mediated wheat allergy would be largely protected when selecting 
gluten-free products manufactured in conformity to Codex guidance” 
(Taylor et al., 2014), these methods will be discussed in subsequent 
sections. 

Direct comparison of method performance to VITAL® 2.0 reference 
doses was very rarely possible because most methods report their results 
in mg.kg− 1 gliadin or mg.kg− 1 gluten units. When mg.kg− 1 wheat pro
tein units were available, they were used to assess compliance to 
VITAL®. For methods with gliadin reporting units, LoDs were recalcu
lated based on a recent study of Hajas and co-workers (Hajas et al., 
2018) which analysed 23 wheat varieties from all around the globe for 
their protein composition. This study found that the mean gliadin con
tent of these varieties within the total extractable protein content 
(defined as the sum of the Osborne fractions) is 63.5% (5.1% CV). Thus, 
gliadin reporting unit values were divided by 0.635 to obtain wheat 
protein units. In case of methods with gluten reporting units, LoD values 
were firstly divided by 2 to obtain gliadin concentrations as recom
mended by the Codex Alimentarius (Codex, 2008) and several assay 
manufacturers. 

4.4.2. ELISA 

4.4.2.1. Published methods (not kits). Our database search left only eight 
publications that could be considered appropriate for comparison to 
VITAL® 2.0. These assays targeted either a mixture of prolamins (e.g. 
prolamins extracted from wheat, rye, barley and oats (Sorell et al., 
1998)), or in many cases a specific prolamin peptide, e.g. a 19 amino 
acid-long toxic A-gliadin peptide (Bermudo Redondo et al., 2005; Ellis 
et al., 1998), the QQPFP epitope (Hernando et al., 2008; Valdes et al., 
2003), an α-2-gliadin 33-mer peptide (Morón et al., 2008) or a 
DQ2.5-glia- α3 peptide (Sajic et al., 2017). One method (Sajic et al., 
2017) was able to detect the VITAL® 2.0 reference dose in the 50 g 
portion size, while the other methods were in compliance with VITAL® 
2.0 even in the 250 g or 500 g portion sizes. It is very important to 
highlight that the current EU legislation requires the labelling of 
gluten-containing cereals including oats. Some of these methods are not 
suitable for analyzing products for wheat-allergic consumers because 
they do not cross-react with oats (Hernando et al., 2008; Sajic et al., 
2017; Valdes et al., 2003). 

4.4.2.2. Commercially available kits. Various commercial ELISA kits 
were identified that were capable of analysis of wheat residues. These 
methods, with no exception, were intended to detect gluten in a range of 
unprocessed or processed food matrices. All assays targeted prolamin, 
predominantly gliadin epitopes. Several methods did not specify their 
target epitopes, while other methods were known to apply the QQPFP 
epitope (R5 antibody, endorsed by Codex as a Type I method for gluten 
analysis), or a celiac-toxic 33-mer gliadin peptide. LoDs of the methods 
varied within a range of 0.14–5 mg kg− 1 gluten, which made all assays 
able to detect the VITAL® 2.0 reference dose in the 50 g portion size, 
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while most methods were capable of detecting the reference amount in 
portions as large as 250 g or 500 g. Although the methods were reported 
to cross-react with several gluten-containing cereals, the problem of 
cross-reactivity with oats mentioned in section 4.4.1.2 persists. Several 
the commercial assays are reported to not cross-react with oats 
(including the Codex Type I R5 method), and cross-reactivity with other 
cereals are usually lower than reactivity to wheat. 

A few major limitations of the methodology have been extensively 
investigated. Numerous studies reported that results of different kits 
very often show considerable variations (Alvarez and Boye, 2014; Bugyi 
et al., 2013; Geng et al., 2008; Scharf et al., 2013; Scherf, 2016). Major 
causes of variability include differences in antibody affinity (Allred and 
Ritter, 2010; Lexhaller et al., 2016, 2017; Panda et al., 2017), the effects 
of processing and the matrix (Bugyi et al., 2013; Gomaa and Boye, 2013, 
2015; Panda et al., 2015) and the genetic and environmental variability 
of proteins (Hajas et al., 2018; Pahlavan et al., 2016). These issues 
demonstrate an urgent need of harmonization in this field. 

4.4.3. PCR 

4.4.3.1. Published methods (not kits). Following our search criteria, 
three peer-reviewed publications have been identified for wheat detec
tion using PCR. Of these publications, two were based on multiplex 
methods detecting multiple DNA targets simultaneously and one based 
on qualitative detection using ligation-dependent probe amplification. 
Three papers provided sufficient accessible data to enable an assessment 
of applicability for use in this study. One study (Cheng et al., 2016) was a 
decaplex PCR combined with capillary electrophoresis for the simulta
neous detection of ten food allergens; one of which was wheat. The 
relative LoD for wheat in a complex mixture was determined as 50 mg 
kg− 1 wheat which allows verification of the equivalent VITAL® 2.0 
wheat protein reference dose in serving sizes of 5 and 50 g. However, no 
quantitative response was shown. One published qPCR (Martín-
Fernández et al., 2016a) stated LoDs of 5, 10, and 50 mg kg− 1 wheat in 
rice, maize and soya, respectively. This method would allow for verifi
cation of the VITAL® 2.0 wheat protein reference dose in serving sizes of 
50 and 500 g. Using a different wheat encoding sequence, the same 
authors reported a different method allowing the detection of wheat 
down to 20 mg kg− 1 in rice flour, which would enable the verification of 
reference dose in serving size of 500 g (Martín-Fernández et al., 2016b). 

4.4.3.2. Commercially available kits. Three identified commercial qPCR 
kits that detect DNA from wheat were designed for detection of DNA 
from cereals that contain gluten rather than specifically for the detection 
of wheat. One kit reports the LoD in gene copies. The BIOTECON kit 
reports an LoD of 0.1–1 mg kg− 1 of cereal in spiked rice flour matrix for 
wheat, rye and barley. The LoQ was set at 0.8 mg kg− 1. This method 
would allow verification of the equivalent VITAL® 2.0 wheat protein 
reference dose in serving sizes of 5–500 g, but the sensitivity varied 

depending on the sample type. The commercial Congen/R-Biopharm 
qPCR kit reported an LoD and LoQ of 0.4 and 1 mg kg− 1 gluten in 
corn flour. This would correspond to 0.31 and 0.78 mg kg− 1 wheat 
protein, which would allow detection of the VITAL® 2.0 protein refer
ence dose in a serving size of 500 g. Despite general quantitative char
acteristics, further validation data on accuracy or precision are missing. 

4.4.4. MS 
The literature search resulted in 17 publications dealing with the 

quantification of wheat or wheat gluten. As with ELISA, most methods 
addressed the quantification of gluten. When analytical figures of merit 
for gliadin or gluten have been reported, these were converted to wheat 
protein using the same conversion factors used for the ELISA studies. 
Interestingly, most gluten/wheat publications addressed the issue of 
gluten alone and did not form part of a multi-allergen method. 

Many of the publications addressed the relative quantification of the 
major wheat proteins in wheat flours and therefore did not address trace 
level detection (Fallahbaghery et al., 2017; Fekecsova et al., 2015; 
Flodrova et al., 2015; Mamone et al., 2000; Martinez-Esteso et al., 2016; 
Uvackova et al., 2013). However, such studies may be essential in 
linking the relative levels of individual wheat proteins or peptides to the 
quantity of total wheat protein. Another commonly reported complica
tion was the similarity in sequence homology between the different 
gluten containing cereals. Therefore, the identification of selective 
peptide targets for wheat has proven a challenge. The use of MS for the 
detection of hydrolysed gluten peptides in beer (Colgrave et al., 2014; 
Fiedler et al., 2018) and wine (Simonato et al., 2011) has been reported 
as an alternative to ELISA. Whilst wheat gluten peptides were detected, 
no analytical figures of merit were reported in these studies. 

Preliminary studies on the quantification of wheat gluten peptides in 
raw ingredients and processed foods suggested a set of six peptides that 
could be used for the quantification of wheat gluten. While excellent 
recoveries and LoDs were reported using MRM based approaches, the 
spiking studies were performed using peptide standards and the results 
were expressed in pg of target peptide per mg of sample (Seal
ey-Voyksner et al., 2010). More recent studies have focused on the 
quantification of a single “toxic” peptide from wheat gliadin using stable 
isotope labelled internal standards. Schalk et al. (2017) developed a 
method for the quantification of a 33-mer toxic gliadin fragment in 
digested flour samples via MRM. The LoD for the peptide spiked into rye 
flour was reported as 13.1 mg kg− 1. The reported content of the peptide 
in wheat cultivars varied between 90.9 and 602.6 mg kg− 1. Vatansever 
et al. (2017) reported a method using a stable isotope internal standard 
and MRM for the quantification of a 30-mer toxic peptide from gliadin. 
However, the variability of the marker in different wheat cultivars and 
the reporting of the LoQ in ng/μl make the assessment of this method for 
trace level wheat analysis difficult. 

Colgrave et al. (2015) investigated four peptide markers for the 
quantification of wheat in cereal grains. A LoD of 15 mg kg− 1 wheat was 

Fig. 3. A) Number of LoD determinations collected 
for each allergenic food. For some methods, more 
than one LoD was reported from collected literature, 
typically resulting from determinations in more than 
one food matrix. In these instances, all reported LoD 
determinations were included in the count. For each 
allergenic food, the methods are subdivided by 
method type (ELISA, PCR, MS). B) Distribution of 
food matrices used for LoD determination. For each 
method where matrix information was available, the 
matrix was grouped into one category of: flour/ 
powder/spice; meat/fish; baked/extruded; liquid; 
chocolate; other/not given. The distribution of LoD 
determinations in each category is shown, along 
with percentage of the total number of LoD de
terminations assigned to a matrix. No matrix infor
mation was available for 131 LoD determinations.   
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reported by gravimetrically spiking wheat flour into wheat free cereals. 
Manfredi et al. (2015) developed an LC-MS method for the quantifica
tion of prolamins in gluten free products. The gliadin content was first 
assigned using ELISA. While the LoDs were not provided for each matrix, 
a LoQ of 3–5 mg kg− 1 gliadin (5–8 mg kg− 1 wheat protein) was reported. 
A similar approach, incorporating the use of an isotopically labelled 
internal standard, was adopted by Liao et al. (2017). The reported LoD of 
2.5 mg kg− 1 gliadin (4 mg kg− 1 wheat protein) suggests that these 
methods are close to achieving the required performance level for a 250 
g serving VITAL® 2.0 action level. 

One of the disadvantages of the LC-MS methods outlined above is the 
lack of knowledge concerning the observed peptide mass fraction and its 
conversion to gluten or total wheat protein. Schalk et al. (2018) took the 
first steps in quantifying the mass fraction of target peptides in wheat 
proteins and gluten. Conversion factors were reported for 16 wheat 
marker peptides (Schalk et al., 2018). 

4.5. Cow’s milk 

4.5.1. Special considerations 
Comparison of protein-based methods for milk detection, i.e. ELISA 

and MS, with VITAL® 2.0 milk protein reference doses was complicated 
by the fact that most identified methods (Supplementary Table) were 
not calibrated against total milk protein or milk. Accordingly, these 
methods could not have been assessed for compatibility with VITAL® 
2.0 milk protein reference doses. Reporting units of methods with cali
bration against skim milk powder (SMP), in other words non-fat dry 
milk (NFDM), were converted to total milk protein using a factor of 
0.351 that was used by Taylor et al. (2014). Reporting units that referred 
to caseins, alpha-lactalbumin (ALA), beta-lactoglobulin (BLG), bovine 
serum albumin (BSA), immunoglobulin and lactoferrin, respectively, 
were converted using factors as explained in the Supplementary Table. 

4.5.2. ELISA 

4.5.2.1. Published methods. Among the 27 peer-reviewed publications 
identified, approximately half of them provided an overview of 
commercialized kits. These latter are discussed separately in the next 
section. Of the 13 non-commercial peer-reviewed published methods, 
seven methods describe beta-lactoglobulin (BLG, Bos d 5)-based 
analytical detection, five published Bos d 8-based casein identification 
while the last one targets BLG, casein and alpha-lactalbumin (Bos d 4). 

Within the eight publications describing BLG detection methods, 
only five of them provide LoD/LoQ in a food. Pelaez-Lorenzo et al. 
(2010) reported the lowest LoQ with 0.036 mg kg− 1 BLG detected in 
meat-based baby food, would still not be sufficient to cover the VITAL® 
2.0 reference dose of 0.02 mg BLG in a 500 g portion size. 

Among the seven publications describing casein detection ELISAs, 
only four provide limits of detection or quantification in foods. Three of 
them provide only LoD/LoQ reached in the assay, this information could 
not be further processed to enable method comparison. 

The lowest LoD reached by ELISA-based casein detection methods is 
0.1517 mg kg− 1 caseinate as reported by Restani et al. (2013). The 
method aimed at detecting the presence of milk based fining agents used 
in wine. This was the only method able to reach the detection limits of 
the most stringent VITAL® 2.0 reference dose of 0.17 mg caseins in a 
500 g portion size. 

4.5.2.2. Commercially available kits. Forty commercial kits were iden
tified as being suitable for the detection of milk. Most of the methods 
target either caseins, or BLG, nine kits detect milk proteins and one 
targeted BSA. Most kit manufacturers disclose LoDs, but some provide 
LoQs only. 

Seventeen kits describe LoDs or LoQs below 0.2 mg kg− 1 milk pro
teins that correspond to <0.16 mg kg− 1 caseins or 0.02 mg kg− 1 BLG. A 

validation report is available for one of the kits, which has also been 
used and described in a multi-laboratory study (Johnson et al., 2014). 

Commercial kits seem to be able to detect milk proteins at the most 
stringent VITAL® 2.0 reference dose of 0.2 mg milk protein in a 500 g 
portion size, but robust and peer-reviewed validation data is missing for 
most of them. Effectively, within the fourteen publications describing an 
overview of commercial kits, Diaz-Amigo (2009) shows that only two of 
six kits tested were able to detect 4 mg kg− 1 of NIST SRM #1549 ma
terial (whole milk powder). Downs and Taylor (2010) investigated the 
effect of processing (boiling, baking, frying) on the detection potential of 
three different commercial kits with the lowest incurred material pre
pared at 13.6 mg kg− 1 total caseins or 0.19 mg kg− 1 BLG. Johnson et al. 
(2014) showed that only one of five milk (casein) kits accurately 
determined milk at 6 and 15 mg kg− 1, but did not evaluate kits LoDs in 
food samples. 

Lacorn et al. (2014) present two collaborative tests conducted using 
commercial ELISA kits to quantify casein in wines suggesting a LoQ of 
0.18 mg kg− 1 milk protein may be achievable. A second collaborative 
study by Matsuda et al. (2006) shows that kits can detect the presence of 
10 mg milk proteins/kg in meat-based products, biscuits, fruit juice and 
jam, although different recoveries were reported. Parker et al. (2015) 
finally compares ELISA detection with LC-MS and evaluates the impact 
of processing on milk detection, however no LoDs were reported. 

A major issue is the quantitative accuracy of the kits which has been 
shown to be failing (Ivens et al., 2016; Khuda et al., 2012b) and seems to 
be due to the lack of reference materials, as well as the use of different 
antibodies in the development of commercial kits. 

4.5.3. PCR 

4.5.3.1. Published methods (not kits). DNA-based methods, namely PCR, 
are among the less used techniques for the detection of milk in foods. 
Some of the reports are based on conventional PCR, others make use of 
qPCR, either targeting single copy or multi copy genes, and some pro
pose semi-quantitative methods for the specific detection of cow’s and 
ovine (goat, ewe and sheep) milks (Kotowicz et al., 2007; López-Calleja 
et al., 2004; Mafra et al., 2004; Maudet and Taberlet, 2001; Rodrigues 
et al., 2012). More recently, three qPCR methods were evaluated for the 
detection of cow’s milk. These target mitochondrial genes (multi copy) 
and the alpha-lactalbumin gene (single copy gene) (Cottenet et al., 2011; 
Mayer et al., 2012; Xiao et al., 2016). Most of the publications reported 
the detection of cow’s milk as an adulterant in value-added products, 
such as traditional cheeses, where milk from ovine source may be 
substituted by cow’s milk for economic reasons. Accordingly, the sen
sitivities of the described methods are in the range of 1000–10,000 mg 
kg− 1 of cow’s milk in cheese and other milks, which are considered 
adequate for authentication purposes but not for allergen analysis. 
Therefore, none of the proposed PCR-based methods presents the po
tential to detect cow’s milk at a level required by the VITAL® 2.0 
reference dose. 

Despite the potential of PCR-based methods for the detection of 
several allergenic foods, the use of those techniques for cow’s milk 
detection is controversial. Issues related to the fact that bovine DNA 
comes from somatic cells in milk (Mayer et al., 2012) and that it is 
difficult to differentiate the DNA from milk or meat cannot be ruled out, 
when developing a quantitative DNA-based method. 

4.5.3.2. Commercially available kits. So far, there are no commercial kits 
for real-time PCR targeting cow’s milk for allergen analysis, most likely 
because of the disadvantages of PCR for milk detection. 

4.5.4. MS 
Twenty publications dealing with the quantification of milk allergens 

in food were identified. Of these, nine publications focused solely on the 
detection of milk, while the remaining eleven publications attempted 
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the detection of multiple food allergen sources. Most papers focused on 
the detection of the presence of milk in baked goods. However, five 
papers specifically addressed the detection of milk-based fining agents 
in wines. For each publication the exact peptide target(s) and their 
proteins of origin are shown in the Supplementary Table. 

An early application using Q-TOF MS detected the presence of the 
intact proteins in fruit juice (Monaci and van Hengel, 2007, 2008). The 
reported LoD would protect consumers at the 5 g serving size. However, 
this would not be considered “fit for purpose” when considering the 
average size of a glass of fruit juice. 

In wine production, the OIV (International Organisation of Vine and 
Wine) permit the use of milk, egg and fish proteins as fining agents. 
From the detection capability exhibited for standard peptides in solu
tion, it was deduced that the LoD in wine would be in the region of 75 ng 
of milk protein per litre of wine (Tolin et al., 2012). However, due to 
difficulties in extraction and interferences, the observed LoD was 62 
mg/L (Monaci et al., 2010a). Later applications targeted specific casein 
peptides. Studies report similar LoDs ranging from 0.125 mg/L to 0.375 
mg/L of whole milk protein. These limits are useful for protecting 
affected consumers at the 250–500 g consumption rate (De Angelis et al., 
2017; Mattarozzi et al., 2014; Pilolli et al., 2014). 

The first screening methods for baked food matrices also used Q-ToF 
mass spectrometers. Two peptides were observed in a matrix spiked with 
skimmed milk powder (SMP) and researchers reported an LoD of 5 mg 
kg− 1 of SMP (Weber et al., 2006). A similar approach reported a LoD for 
SMP of 100 mg kg− 1 in baked incurred cookies (Monaci et al., 2010b). 
To reduce the LoD a more targeted approach selecting specific stable 
milk peptides for analysis was adopted. However, LoDs for the indi
vidual peptides were expressed in ng/mL making the comparison with 
other methods difficult (Ansari et al., 2011; Ji et al., 2017). A different 
approach for the preparation of standards was adopted by Lamberti et al. 
(2016). Here the researchers used a SMP to make a calibration curve in a 
dough matrix. Three marker peptides were monitored and a LoD of 1.3 
mg kg− 1 milk powder was reported. The most comprehensive validation 
study to date for milk was performed on infant cereals. The authors used 
purified peptides and their isotopic analogues as internal standards for 
calibrating the MS response. A LoD between 1 and 5 mg kg− 1 of SMP was 
reported depending on the matrix studied. The LoD was based on the 
observation of at least 5 of the 6 marker peptides and is suitable for a 
VITAL® 2.0 serving size between 50 and 250 g (Lutter et al., 2011). 

The major difference among the studies monitoring just milk and 
those monitoring more than one allergen is the number of milk marker 
peptides monitored. A LoD of 5 mg kg− 1 SMP was reported based on the 
most intense peptide signal observed from an incurred bread matrix 
(Heick et al., 2011a, 2011b) while a LoD of 0.12 mg kg− 1 milk protein 
was reported in a spiked biscuit material (Monaci et al., 2014). Parker 
et al. (2015) used a similar approach but incorporated the use of 
isotopically labelled peptides as internal standards for quantifying 
peptides. A multi-allergen method, that targeted two peptides, reported 
a LoD of 7 mg kg− 1 allergenic ingredient. The LOD was based on a raw 
cookie dough spiked with known mass fractions of a skimmed milk 
powder However, a drop of greater than 80% in signal intensity was 
reported for the same milk peptides studied in same matrix when cooked 
(Pilolli et al., 2017b). The final method used a triple quadrupole for the 
targeted quantification peptides. A LoD of 0.5 mg kg− 1 milk protein and 
5 mg kg− 1 milk protein for a cookie material, based on casein and whey 
proteins respectively, was reported (Planque et al., 2016). However, the 
slopes for the target peptides differed greatly in the other matrices 
suggesting that these LoDs were not applicable to all matrices (Planque 
et al., 2017). 

4.6. Hen’s eggs 

4.6.1. Special considerations 
The comparison of protein based methods for hen’s egg detection, i. 

e. ELISA and MS, with VITAL® 2.0 egg protein reference doses was 

complicated by the fact that the majority of identified methods (Sup
plementary Table) were not calibrated against total hen’s egg protein or 
hen’s egg. Accordingly, these methods could not have been assessed for 
compatibility with VITAL® 2.0 milk protein reference doses. Thus, 
reporting units other than mg.kg− 1 egg or egg protein were converted on 
the basis of conversion factors as published by Taylor et al. (2014). 
Details are provided in the Supplementary Table. 

4.6.2. ELISA 

4.6.2.1. Published methods (not kits). Following the search criteria, in 
total, 18 peer-reviewed publications were identified for hen’s egg 
detection using ELISA. Of these 18 publications, only 3 reported suffi
cient data (LoD/LoQ) to enable an assessment of applicability for use in 
this study. The 3 assays were based on different antibody systems; the 
first assay was based on polyclonal antibodies raised against whole egg 
proteins (Yeung et al., 2000); the second assay used antibodies raised 
against purified ovalbumin (OVA) and dehydrated egg white solids 
(Hefle et al., 2001); the third assay utilized 2 monoclonal antibodies 
(mAb) recognizing different epitopes of ovomucoid (Li et al., 2008). Two 
of these immunoassays were demonstrated to work in one or various 
matrices including ice creams, noodles, pasta, and breads and other 
baked goods. The third assay had only been validated for use in assaying 
vaccines. Neither of the two methods validated for use with food 
matrices accomplished the required sensitivity to verify the equivalent 
VITAL® 2.0 egg protein reference dose in a larger serving size of 
250–500 g. Both assays appeared to be able to detect at the VITAL® 2.0 
reference dose in 5 g portions, but only one assay (Yeung et al., 2000) 
appeared suitable for detection of the VITAL® 2.0 reference dose in the 
50 g serving size. 

4.6.2.2. Commercially available kits. For hen’s egg commercial immu
noassays, the lower LoD stated by the manufacturers typically ranged 
from 0.3 to 2.5 mg kg− 1. As mentioned above, it is difficult to compare 
kits from different manufacturers. Often kits use different calibration 
standards to create a standard curve and there is a lack of uniformity in 
the reporting units. Similarly, peer review publications looking into the 
performance of kits do not always use the same criteria to compare the 
kits. For example, the recovery of whole egg powder or total egg protein. 
To allow for the comparison of each kit to the VITAL® 2.0 reference 
doses, when necessary reporting units were converted to total egg pro
tein. Conversion to total egg protein resulted in a range of 0.06–0.88 mg 
kg− 1 (Supplementary Table). Another complicating factor is that some 
of the peer reviewed articles do not test the kits to the lowest level of 
detection as declared by the manufacturer or the lowest level of detec
tion required to implement the VITAL® 2.0 reference doses. This leaves 
a paucity of peer reviewed data towards the lowest LoD. 

Nevertheless, using the information provided by ELISA kit manu
facturers (Neogen Biokits, Neogen Veratox, R-Biopharm, Romer, ELISA 
systems & Morinaga) and peer reviewed assessments of the ELISA kits, it 
suggests that all of the commercially available ELISA kits are theoreti
cally able to detect hen’s egg protein to the levels required to measure 
the VITAL® 2.0 reference dose at the smallest portion size (5 g portion, 
which equates to a 6 mg kg− 1 of total egg protein per food). Most 
commercial kits could theoretically detect egg protein in the 50 g 
serving size (0.6 mg kg− 1); and one kit could theoretically detect egg in a 
large portion size of 250–500 g (0.06 mg kg− 1). 

Validation of assay performance criteria by the main commercial kit 
manufacturers does not appear to be harmonized either in terms of 
demonstrating recovery or in the range of sample matrices used to check 
for inhibition or cross-reactivity. It is therefore not possible to comment 
on the impact of matrix interference or food processing on the LoD of 
commercial assays and hence their suitability to detect at the suggested 
VITAL® 2.0 reference doses. Khuda et al. (2012a) reported a study 
assessing the role of heat treatment and detectability of a range of 
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different allergens including egg. The study included a range of com
mercial egg ELISA kits which were used to test both cookie dough and 
heat-treated cookies (190 ◦C for 25 & 30 min) prepared with NIST 
reference materials (spray-dried whole egg powder, NIST RM 8445). All 
kits showed a significant drop in recovery of egg between the uncooked 
and cooked samples tested (5–25% recovery in 30 min heat-treated 
cookie). 

4.6.3. PCR 

4.6.3.1. Published methods (not kits). Only two publications were 
identified (Köppel et al., 2010, 2012), based on tetraplex and hexaplex 
allergen detection, respectively. The authors were unable to detect egg 
in food products with declared egg ingredient and concluded that PCR 
was not suitable for egg detection. 

The DNA-based PCR detection of hen’s egg faces similar challenges 
as PCR based milk detection. PCR based on genomic DNA cannot 
distinguish between egg and chicken meat because it is not tissue spe
cific. Moreover, the amount of target DNA is very low. Unfertilized eggs 
contain only a single haploid chromosome set in the egg yolk while the 
egg white, the portion that is high in allergenic proteins, is free from 
DNA. Further to this, the components egg white and egg yolk are often 
separated in foods. Hence, the probability of false negative results using 
PCR for the detection of egg components is high. Accordingly, this 
Expert Group does not consider PCR an appropriate method for the 
detection of egg as an allergen in food. 

4.6.3.2. Commercially available kits. There are no commercial kits for 
real-time PCR targeting hen’s (and other poultry) egg for allergen 
analysis available. 

4.6.4. MS 
We identified several papers addressing the quantitative determi

nation of egg allergens by mass spectrometry (Supplementary Table). 
Among those, several strategies and applications of MS were proposed 
for the detection of egg allergen in different food matrices, often based 
on the analysis of the tryptic digest of ovalbumin and lysozyme, two 
major allergenic proteins in hen’s eggs. 

Two papers focused on the specific determination of the egg allergen. 
The first determines the presence of ovalbumin before and after thermal 
treatment. The results clearly show that detection in pasta is affected by 
the matrix and processing, which highlights the need for robust egg 
detection methodologies for processed foods. However, the MS method 
presented was limited to screening purposes (Azarnia et al., 2013). The 
second study, a MS method for the detection of egg allergens in wines, 
which uses immunoaffinity enrichment, reached a LoD, converted to 
0.03 mg kg− 1 egg protein (Pilolli et al., 2017a), which is suitable for 
verifying the VITAL® 2.0 protein reference in a 50 g (50 mL) serving 
size. 

Three papers address the multiple detection of egg and milk related 
proteins, typically employed in wines as fining agents, thus having 
special reporting criteria, i.e. often results are based on total caseinate or 
total egg white protein, but not reporting explicitly in total milk protein 
or egg protein (Mattarozzi et al., 2014; Monaci et al., 2013; Pilolli et al., 
2014). After conversion into mg.kg− 1 total egg protein, the methods 
appear suitable to verify the VITAL® 2.0 egg protein reference dose in 
serving sizes between 5 and 50 g depending on the methods. 

A MS method capable of simultaneous detection for seven allergens 
in unprocessed and processed samples (flour and bread) was reported. In 
that study, Tandem MS in SRM mode, was used to monitor four marker 
peptides for each allergenic food. The LoD for egg was estimated as 42 
mg kg− 1 referred to the total soluble protein (determined by Bradford for 
each allergenic commodity). This approach was specific and suitable for 
monitoring the proteins of interest, but not sensitive enough for veri
fying VITAL® 2.0 protein reference doses at the smallest serving size of 

5 g (Heick et al., 2011b). 
In another example of multiplex MS/MS allergen detection in pro

cessed foods, calibration was performed using cookies prepared with 
known quantities of egg powder. The LoD was expressed in μg.g− 1 egg 
powder in cookie (Pilolli et al., 2017b). After conversion into egg pro
tein, the method appears suitable for a 5 g serving size. 

Only few studies report LoD or LoQ suitable for the direct compari
son with VITAL® 2.0 reference doses. One microHPLC–ESI-MS/MS 
method (multi-target SRM) developed for the simultaneous detection of 
soy, egg and milk allergens in cookies reports a LoD of 0.3 mg kg− 1 egg 
protein, which allows verifying the VITAL® 2.0 egg protein reference 
dose in a 50 g portion (Monaci et al., 2014). In another MS method, the 
determined LoQ was expressed as 3.4 mg kg− 1 for egg protein in cookie, 
which is sensitive enough for verifying the VITAL® 2.0 reference dose 
for a 5 g serving size (Planque et al., 2016). 

Finally, a targeted LC-MS/MS method was published that describes 
the detection and quantification of egg, milk, and peanut allergens in 
sugar cookies, at a level as low as 5 mg kg− 1 incurred allergen ingredient 
per matrix. This level of sensitivity would allow for verification of the 
VITAL® 2.0 egg protein reference dose up to a 5 g serving size (Boo 
et al., 2018). 

4.7. Miscellaneous food allergens (mustard, lupine, sesame, crustaceans) 

4.7.1. Crustaceans 

4.7.1.1. ELISA. Crustacean ELISA methods are commercially available 
with stated LoQ below 1 mg kg− 1 of crustacean by weight. Compared to 
other food allergens, clinical data suggest that relatively large amounts 
of crustacean are required to provoke allergic reactions in sensitized 
individuals resulting in a detection limit of 20 mg kg− 1 shrimp protein 
for VITAL® 2.0 levels in a large 500 g food portion. Available com
mercial methods are viable to considerably below this limit. However, 
the diversity inherent in crustacean species results in quantification 
differences when testing various crustacean species. In many cases, 
cross-reactivity with insects and molluscs, a possible contaminant of 
food commodities, is observed most likely due to the frequent use of 
tropomyosin, a highly conserved protein among arthropods, as an 
analytical target. 

4.7.1.2. PCR. Based on the reported LoDs and LoQs, PCR methods 
might be suitable for the detection at the high reference doses, resulting 
in action levels between 88 and 8800 mg kg− 1 shrimp or translated 
20–2000 mg kg− 1 shrimp protein according to VITAL® 2.0 protein 
reference doses. Based on the reported sensitivity, LoDs and LoQs, PCR 
methods can be suitable to detect crustacean species within this allergen 
group. The real-time PCR system (targeting a multi copy gene) proposed 
by Fernandes et al. (2018) is an example of such methods, which allow 
the detection of shrimp in stuffing/filling down to 1 mg kg− 1, thus ful
filling the VITAL® 2.0 criterion for the 500 g serving size. 

4.7.1.3. MS. The VITAL® 2.0 reference dose for shrimp is 10 mg pro
tein. Verification in serving sizes of 5, 50 and 500 g would afford 
methods with detection limits of, respectively, 2000, 200 and 20 mg 
kg− 1 shrimp protein in food, which is equivalent to 8800, 880 and 88 
mg kg− 1 total shrimp in food, considering a protein content of about 
23% (Islam et al., 2017). Only one of the existing methods (Korte et al., 
2016b) has measured crustacean proteins quantitatively in food matrix 
(salmon lasagne). The LoD using different reporter peptides in American 
lobster and Giant tiger prawn ranged from 100 to 1000 mg kg− 1 protein 
by MS2 analysis and from 10 to 100 mg kg− 1 protein by MS3 analysis, 
meaning that the method would fulfil the VITAL® 2.0 criterion for the 
50 g serving size. 
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4.7.2. Mustard 

4.7.2.1. ELISA. Mustard ELISA methods are available commercially 
and usually detect thermostable 2S albumins (e.g. Sin a 1, Bra j 1) of the 
mustard family. Due to the need to detect three major mustard species 
(brown or Indian mustard/Brassica juncea, black mustard/Brassica nigra 
and yellow mustard/Sinapis alba) and high relatedness of other major 
crop plants (particularly rapeseed), cross-reactivity is often observed, 
and care must be taken in the interpretation of positive results, if pres
ence of Brassica species is suspected. VITAL® 2.0 levels for mustard are 
low, with a LoD of 0.1 mg kg− 1 required to detect the reference dose in a 
500 g serving size. No commercial ELISA kits claim detection at this 
level, with stated LoD of 1–2 mg kg− 1 being common. 

4.7.2.2. PCR. Due to difficulty in distinguishing mustard from related 
and commonly grown Brassica crops using ELISA methods, PCR analysis 
is frequently used for mustard detection. Commercial PCR analysis of 
mustard with stated LoD of 0.4 mg kg− 1 mustard (equivalent to 0.1 mg 
kg− 1 mustard protein) are available, making detection of VITAL® 2.0 
action levels for serving sizes of 5, 50 and 250 g achievable. 

4.7.2.3. MS. The VITAL® 2.0 reference dose for mustard is as low as 
0.05 mg protein. Verification in serving sizes of 5 g, 50 g and 500 g 
would afford methods with detection limits of, respectively, 10, 1 and 
0.1 mg kg− 1 of mustard protein in food (equivalent to 22, 2.2 and 0.22 
mg kg− 1 total mustard in food, considering a protein content of about 
45%) (Marnoch and Diosady, 2006; Woods et al., 1991). Two MS-based 
methods for the detection of yellow mustard exist in the literature 
(Croote et al., 2017; Posada-Ayala et al., 2016), with stated LoDs of, 2.9 
and 25 mg kg− 1 total mustard protein, respectively. These methods are 
thus capable of detecting action levels in the 5 g serving size. Both 
methods were validated by determining precision and recovery from 
food matrices. Despite current limitation in sensitivity, the possibility of 
a method capable of distinguishing mustard species from other common 
food crops suggests MS an attractive alternative for this analysis. 

4.7.3. Lupine 

4.7.3.1. ELISA. Lupine (genus Lupinus, particularly L. albus, 
L. angustifolius and L. luteus) is botanically related to peanut, and lupine 
allergy is related to peanut allergy. However, commercial ELISA test kits 
for lupine which do not cross-react in the presence of peanut are 
available, with stated LoD of less than 1 mg kg− 1 of lupine flour protein. 
The VITAL® 2.0 action levels for lupine in a 500 g serving indicate that 
detection at lower than 8.0 mg kg− 1 is required, and commercial ELISA 
kits are capable of this level of detection according the information 
provided by the kit company. 

4.7.3.2. PCR. Detection of lupine in various food matrices has been 
studied by Demmel et al. (2011), with an LoD in matrix of 1 mg kg− 1. 
This sensitivity is sufficient for detection of VITAL® 2.0 protein refer
ence dose in all the food serving sizes considered in this review. The 
authors did, however, note considerable changes in detected levels of 
lupine according to matrix, storage and processing, making quantitative 
evaluation difficult without prior knowledge of the sample tested. 

4.7.3.3. MS. Relatively few methods for the detection of lupine by mass 
spectrometry have been developed, and those few which exist are not 
readily commercially accessible. Mattarozzi et al. (2012) describe lupine 
detection in pasta and biscuits, with stated detection at around 1 mg 
kg− 1. This method would appear capable of detecting VITAL® 2.0 action 
levels in 5 and 50 g serving sizes only. 

4.7.4. Sesame 

4.7.4.1. ELISA. Sesame (genus Sesamum) seeds are often used for their 
oil but contain abundant seed storage proteins. Commercial ELISA kits 
targeting total extractable sesame protein or the 2S proteins (also known 
allergens) are available with stated LoD within the range 0.5–1 mg kg− 1 

sesame seed protein. However, detection of sesame protein required by 
the VITAL® 2.0 protein reference dose for larger serving sizes (0.4 mg 
kg− 1 for a 500 g serving) indicate that current commercial ELISAs are 
not capable of meeting this level of sensitivity. Detection of the VITAL® 
2.0 protein reference dose in 5 or 50 g serving sizes is, however, 
achievable. 

4.7.4.2. PCR. Commercial PCR tests for sesame are available, with LoD 
of 0.4 mg kg− 1 sesame (equivalent to 0.07 mg kg− 1 sesame protein) 
achievable. At this detection level, action levels could be detected in the 
all the serving sizes (up to 500 g) considered in this review. 

4.7.4.3. MS. Although researchers have applied mass spectrometry to 
the study of sesame as a food allergen, no methods meeting criteria for 
inclusion in this review have been published. 

5. Discussion 

5.1. Limitations of this study 

The aim of this study was to gather information on commercial and 
research methods for allergen detection and evaluate whether they may 
be used to effectively detect EU allergens at the concentrations indicated 
by VITAL® 2.0 (Allen et al., 2014a; Taylor et al., 2014) at a range of 
likely serving sizes. Very recently, the reference doses were updated in 
VITAL® 3.0 (Remington et al., 2020), therefore, we also aimed to 
discuss our findings against these updated reference doses. As we ana
lysed our data collection before VITAL® 3.0 protein reference doses 
were publicly available, we decided to base our assessment on the 
published peer-reviewed VITAL® 2.0 data, and subsequently to 
extrapolate our findings on the suitability of analytical methods ac
cording to the overall change that results from the updated VITAL® 3.0 
reference doses. The literature regarding allergen detection is extensive 
and diverse. However, in the present study the need to convert analytical 
criteria (primarily LoD) into comparable units limited our methods to 
those for which this was possible. It is still the case, as has previously 
been noted, that there is little consensus on units in which analytical 
methods should report allergen content (Walker et al., 2016). We have 
performed unit conversions only between allergenic food weight and 
allergenic food protein weight and from single protein measurements 
where noted (e.g. converting gliadin to total wheat protein). All infor
mation regarding methods accepted for inclusion in this study is shown 
in tables in Supplemental Material. These tables are summaries of the 
information gathered from available sources (commercial method in
formation, published research), and as such, relies entirely on the pri
mary source of information for veracity. 

Our primary indicator of method performance was LoD – the level at 
which an allergen containing sample may be distinguished from a 
sample not containing allergen. We employed this measure, rather than 
LoQ (the level at which quantity of allergen may be determined to 
predefined rigor) on the basis that accurate detection, but not quanti
fication, at the reference dose is a minimum analytical requirement for 
ensuring compliance to implied action levels. 

5.2. Reference doses, serving sizes and derived concentrations of target 
allergenic food (or total protein thereof) 

In VITAL® 3.0, except for the hen’s egg protein reference doses that 
increases by almost one order of magnitude, reference doses only 
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slightly increased (shrimp, milk) or decreased (lupine, soy, wheat, ses
ame) by two-to-three fold, or stay unchanged (peanut, hazelnut, 
mustard). Others have become available for the first time (cashew, 
celery, walnut, finfish) (Remington et al., 2020). Accordingly, the major 
conclusions drawn here for the six selected allergenic foods remained 
mostly unchanged, except for hen’s egg where potentially more methods 
would be available to verify the VITAL® 3.0 instead of VITAL® 2.0 
reference dose in serving sizes larger than 50 g (Table 3). 

It should also be noted that VITAL is not a European initiative, and 
this being the case reference doses are not given for all allergens 
requiring labelling in the EU. In some cases, definitions used for certain 
allergenic foods in VITAL® version 2.0 and 3.0 may differ to those used 
within the EU (e.g. for milk), adding further complication. 

Analytical methods are characterised by their ability to detect an 
amount of allergenic food in a quantity of sample (concentration or mass 
fraction). We therefore derive relative action levels using both protein 
reference dose and likely consumption amount in order to make 
analytical LoD comparable to protein reference doses in relation to a 
defined weight of serving size. The maximum serving size of 500 g used 
here is larger than would be applicable in most scenarios, meaning that 
more sensitivity is required for detection of VITAL reference doses than 
would otherwise be the case. This level was included largely to account 
for beverage consumption. For most non-beverages, we consider a 
serving size of 250 g to be adequate. 

5.3. Method specific issues 

5.3.1. Suitability of methodology for detection of allergens indicated by 
VITAL® 2.0 and 3.0 reference doses 

Taking into account the discussion above, and the observations made 
from elsewhere in this manuscript, the Expert Group has formed opin
ions on the adequacy of the ability of currently available (commercial 
and published) methodology to detect cow’s milk, hen’s egg, peanut, 
hazelnut, wheat and soy as common allergens in food ingredients and 
foods. For ease and clarity, we present our opinions summarized in 
Table 3. However, we emphasize that distillation of the volume of in
formation examined, and diversity of opinion within our expert group, 
necessitates the use of this information only in the context of the 
remainder of this manuscript. 

The diversity of approaches used by developers has generated 
methods that are theoretically capable of detecting VITAL® 2.0 refer
ence doses at serving sizes of 50–250 g or greater for most allergenic 
foods (Fig. 2, Table 3A). 

For peanut, there are commercially available ELISA and PCR 
methods, which are suitably sensitive at all serving sizes examined. PCR, 
and MS methods not available in kit format, are also available and offer 
comparable or superior sensitivity. As the peanut protein reference dose 
did not change in VITAL® 3.0, the assessment remains identical 
(Table 3B). Similarly, for soy, there are commercial ELISA and PCR 
methods capable of detecting allergens at VITAL® 2.0 reference doses 
for all serving sizes, but with limited MS methods with sensitivity suit
able for the largest 500 g dose size. The soy protein reference dose 
decreased by two-fold in VITAL® 3.0 against 2.0, but the assessment 
remains identical. Hazelnut could be detected at the highest serving size 
by multiple commercial methods and many method evaluations 
included a good range of food matrices. As the hazelnut protein refer
ence dose did not change in VITAL® 3.0, the assessment remains 
identical. 

Wheat detection is dominated by protein detection methods using 
especially ELISA methodology and gliadin as an analytical target. 
Although sensitivity is adequate for detection at all serving sizes 
examined, and matrix coverage is good, the questionable ability of 
current gluten detection methods to detect partially hydrolysed or fer
mented products is of concern. Additionally, the use of gluten as a target 
for nearly all methods means there is little diversity among available 
methods. The wheat protein reference dose slightly decreased in Ta
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VITAL® 3.0 over 2.0, however without change in the overall assessment 
of methods suitability to verify wheat reference dose. 

Milk and especially egg methods were less frequently demonstrated 
as sufficient for detecting VITAL® 2.0 reference doses in a range of 
appropriate matrices. Known issues with recovering analytical targets 
after processing in matrix, scant PCR methods and low VITAL® 2.0 
reference doses mean that egg is difficult to reliably detect with suffi
cient method robustness and sensitivity. However, several MS methods 
have been published which may allow for a sensitive detection of 
inadvertent milk and egg presence, respectively. The milk protein 
reference dose increased by two-fold in VITAL® 3.0 over 2.0, but the 
assessment remains identical. By contrast, the VITAL® 3.0 egg protein 
reference dose increased by almost seven-fold, which in turn allows 
more methods to verify the current reference dose. However, because 
the methods for egg protein lack good evaluation in key food types, the 
overall assessment of method suitability to verify VITAL® 3.0 reference 
dose only slightly improved from “poor” to “poor to moderate”. 

It should be noted that the sensitivity of methods to detect allergens 
and verify VITAL® reference doses was done in the light of a final food 
product that is analysed and assessed for the allergen risk. Here, we 
concluded that a range of sensitive methods exist that would allow 
verifying VITAL® 2.0 and 3.0 reference doses, some even in a large 500 
g serving size. Moreover, we should keep in mind that the methods are 
also applicable along the food manufacturing chain where verification of 
absence of protein below the reference doses would in principle allow 
using methods of less sensitivity, or if highly sensitive methods are used, 
to verify reference doses in ever larger serving sizes of a final product. 

5.3.2. Identified gaps and needs, and recommendations for rectification 
Another key goal of our study was to identify areas where lack of 

knowledge hindered our ability to evaluate methodological perfor
mance, which are summarized below. As will be apparent, many of these 
issues are related to lack of standardization or common practice. 

5.3.2.1. Lack of appropriate reference materials. Reference materials 
allow the comparison of methodology (Lacorn and Immer, 2011). In 
many cases, no certified reference materials for allergenic foodstuffs are 
available. Further, incurred reference materials for the analysis of al
lergens in food matrices are desirable. We recommend increased ur
gency in the development and release of certified reference materials. 
An imperfect material is superior to no material at all. There are efforts 
underway by several groups to produce food allergen reference mate
rials (e.g. Health Canada, Joint Research Centre - JRC, and National 
Institute of Standards and Technology - NIST). Although these have been 
slow to reach end-users, some reference materials have now become 
available for some allergens from the UK Laboratory of the Government 
Chemist (LGC) and from the MONIQA Association. Reference materials 
are clearly needed in the short-term. 

5.3.2.2. Lack of standardized or exchangeable expression units for results. 
When possible, methods should report in one unit allowing ready 
comparison of methodology. This Expert Group recommends the use of 
mg allergenic food protein.kg food matrix¡1 (mg.kg− 1 or mg/kg). 
The ability to interconvert units of expression is essential for method 
evaluation and comparison. Values of common unit conversions should 
be standardized, and we offer conversions between allergenic food 
(weight) and allergenic food protein (weight) as used in this manuscript 
as a starting point. 

5.3.2.3. Lack of standardized calculation of method performance charac
teristics. Although the Association Of Analytical Collaboration (AOAC) 
provides standardized calculations for determination of LoD and LoQ for 
ELISA (Abbott et al., 2010), we note that most method developers do no 
follow these procedures. This is particularly the case for PCR and MS 
methods for which these standardized workflows may not be 

appropriate. For PCR, other standards (e.g. MIQE) (Bustin et al., 2009) 
exist which are likely suitable for allergen analysis but require verifi
cation for use in the allergen field. For MS, it is likely that new standards 
developed through organisation efforts through analytical expert 
groups, such as AOAC, will be necessary. 

5.3.2.4. Few determinations of method performance characteristics in 
multiple food matrices. The impact of the food matrix on detection has 
been addressed by many method developers, and is reflected in the 
number of methods, which were evaluated in the presence of one or 
more food matrices. However, few methods were characterised in more 
than one or two matrices, and in very few cases were analytical criteria 
(LoD, LoQ) evaluated in a greater variety of matrices (details in Sup
plementary Table). 

AOAC Standard Method Performance (SMP) establish recommended 
matrices for a range of food allergen detection methods. However, there 
is no requirement for the determination of analytical criteria in different 
matrices, only recoveries of analyte are required. Additionally, rela
tively few methods use AOAC SMP criteria during method development. 
These factors mean that there are few methods for which evidence exists 
that detection limit determination occur in multiple conditions of matrix 
and processing. We appreciate the effort involved in producing perfor
mance characteristics in multiple matrices. However, such de
terminations are necessary to demonstrate the potential for successful 
application of methodology across a range of foodstuffs. We recommend 
that performance criteria (LoD, LoQ) be evaluated in matrices, which 
may be considered critical applications for the method in question. Such 
evaluation should preferentially be performed using allergen incurred 
into food matrix, given the limitations of spike/recovery experiments in 
accurately predicting method performance in foods (Taylor et al., 2009). 
Ring-trials on methods that use harmonized reporting units would allow 
for better comparison of the quantitative capabilities of the methods but 
are merely lacking. 

5.3.2.5. Performance of analytical methods for detection of different forms 
of allergenic food. Method performance for the detection of different 
forms of allergenic food that are mentioned in regulation (e.g. egg from 
species other than G. gallus, milk from species other than B. taurus) is 
essentially unknown. If available methods are to be used to detect these 
allergens, characterisation of performance using these allergens is of 
obvious importance. 

5.3.3. Summary and overall conclusions 
Available analytical methods are capable of reasonably robust 

detection of peanut, soy, hazelnut and wheat allergens for levels at or 
below those dictated by VITAL® 2.0 reference doses, and as far as our 
extrapolation of data is acknowledged, also to the levels of VITAL® 3.0 
reference doses. Milk and egg appear to be more problematic, largely 
due to the range of detected single proteins that demand for various 
factors of conversion but also matrix incompatibility of the method. The 
ability of methodology to detect foodborne risk in all eventualities is not 
a requirement of food safety regulation. If such were the case, we would 
have regulatory limits for the few of the many foodborne risks for which 
such limits currently exist. Although no guidance exists for capability of 
analytical methods to detect such risks before regulatory limits are 
enacted, we would suggest that the existence of analytical methods 
demonstrated to allow detection of these allergens in a plurality of cir
cumstances, as demonstrated here at least for peanut, soy, hazelnut and 
wheat, is the current paradigm. Since VITAL® reference doses and the 
allergen detection methodology are work in progress, we aim to stim
ulate concerned stakeholders to use this work as a template to contin
uously update our findings, also for those allergens that have not been 
covered here. 
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Holzhauser, T., Röder, M., 2015. Polymerase Chain Reaction (PCR) Methods for 
Detecting Allergens in Foods, pp. 245–263. 

Holzhauser, T., Vieths, S., 1999. Quantitative sandwich ELISA for determination of traces 
of hazelnut (Corylus avellana) protein in complex food matrixes. J. Agric. Food 
Chem. 47 (10), 4209–4218. 

Holzhauser, T., Stephan, O., Vieths, S., 2002. Detection of potentially allergenic hazelnut 
(corylus avellana) residues in food: a comparative study with DNA PCR-ELISA and 
protein sandwich-ELISA. J. Agric. Food Chem. 50, 5808–5815. 

Holzhauser, T., Kleiner, K., Janise, A., Roder, M., 2014. Matrix-normalised quantification 
of species by threshold-calibrated competitive real-time PCR: allergenic peanut in 
food as one example. Food Chem. 163, 68–76. 

Houben, G., Burney, P., Chan, C.H., Crevel, R., Dubois, A., Faludi, R., Klein Entink, R., 
Knulst, A., Taylor, S., Ronsmans, S., 2016. Prioritisation of allergenic foods with 
respect to public health relevance: report from an ILSI Europe food allergy task force 
expert group. Food Chem. Toxicol. 89, 8–18. 
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Combined effects of matrix and gene marker on the real-time PCR detection of 
wheat. Int. J. Food Sci. Technol. 51, 1680–1688. 

Martín-Fernández, B., Costa, J., de-los-Santos-Álvarez, N., López-Ruiz, B., Oliveira, M.B. 
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