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Summary 

Food allergen analysis is an essential tool in the development of a risk-based approach for allergen 
management. Robust, specific and sensitive detection methods are still needed to protect allergic 
patients and guarantee correct food labelling. 

During the last decade, mass spectrometry became the method of choice for allergen analysis. This 
approach is predominantly performed by specific analysis of peptides obtained by an enzymatic 
digestion of the proteins of the sample, including the proteins of the allergenic ingredients. 

Here, a strategy to develop a food allergen quantitative analysis method was proposed. This strategy 
was applied to elaborate an UHPLC-MS/MS method for the simultaneous detection and quantification 
of four allergenic ingredients (egg, milk, peanut and hazelnut) in processed food products. 

Quantification strategy was based on isotope dilution considering an original approach using a stable 
isotope-labelled concatemer as internal standard. Concatemer is an artificial protein, recombinantly 
produced, and assembling peptide biomarkers from different proteins. Submitted to the enzymatic 
digestion step, concatemer could represent a relevant internal standard in food allergen analysis. It 
overcomes limitations of the traditionally used synthetic peptides, while combining advantages of 
labelled proteins, theoretically ideal but financially unaffordable, for a routine method. 

Potential peptide biomarkers were first identified with an experimental approach based on high 
resolution mass spectrometry. The four considered allergenic ingredients were submitted to different 
representative food processing techniques and analysed by high resolution mass spectrometry. Among 
the hundreds of identified peptides, potential peptide biomarkers were selected using a set of 
selection criteria to ensure the specificity, sensitivity and robustness of the future quantitative 
method. Ideal peptide biomarkers had to be specific to considered allergenic ingredients, belong to 
abundant proteins, and be robust to food processing but not prone to missed cleavages by the 
protease used or to amino acid modifications. 

The list of the 55 identified potential peptide biomarkers was reduced during the development of the 
UHPLC-MS/MS method. Selection was based on sensitivity and selectivity criteria and finally, 19 
peptide biomarkers were kept in the method. 

These 19 peptide biomarkers were combined in a 15N stable isotope-labelled concatemer. Design and 
labelling strategy of the concatemer were optimized to reach high production yield with a sufficient 
isotopic enrichment. These conditions were necessary to set up a cost-effective method when 
compared to the synthetic peptide internal standards and avoid any introduction of false positive 
results, respectively. 

The developed UHPLC-MS/MS was validated using different food matrices incurred or spiked with the 
four allergenic ingredients. Performance parameters including selectivity, LOD, LOQ, linearity, trueness 
and precision were evaluated. 

The use of the designed concatemer as internal standard was finally compared to synthetic peptides 
and labelled protein approaches. 

In conclusion, the combination of mass spectrometry and stable isotope dilution using concatemer 
allowed the development of a method for the simultaneous quantification of egg, milk, peanut and 
hazelnut, four major allergenic ingredients, in processed food products.  
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INTRODUCTION 

1. Food allergy: A major public health concern 

1.1. Definition and epidemiology 

Food allergy is defined by the European Academy of Allergy and Clinical Immunology (EAACI) and 

World Allergy Organization (WAO) as : “An adverse reaction to food mediated by an immunological 

mechanism, involving specific IgE (IgE-mediated), cell–mediated mechanisms (non IgE-mediated) or 

both IgE and cell-mediated mechanisms (mixed IgE and non IgE-mediated)” (Johansson et al, 2004). In 

this definition and according to Codex Alimentarius, “food” means any substances, whether they are 

processed, semi-processed or raw, that are intended for human consumption, and include drink, 

chewing gum and any substances used in the manufacture, preparation or treatment of "food" but 

does not include cosmetics, tobacco or substances used only as drugs (Joint FAO/WHO Food Standards 

Programme, 2007).  

Food allergy has to be distinguished from food intolerance and coeliac disease. The three of them are 

classified as hypersensitive reactions to food also named adverse reactions to food. An adverse 

reaction that does not directly involve the immune system is considered as a food intolerance. Celiac 

disease is also considered as an adverse reaction to food but refers to an autoimmune disorder 

occurring among genetically predisposed individuals who are exposed to gluten-containing foods and 

other environmental factors (Green et al, 2015). Food hypersensitive reactions are summarized in the 

decision tree presented in Figure 1.  

Food intolerance encompasses adverse reactions to food occurring through non-immunological 

reactions and embraces different mechanisms (Hayder et al, 2011). Lactose intolerance is a major/well 

known enzymatic food intolerance. Enzymatic intolerance of dietary carbohydrates can result from a 

variety of genetically determined enzyme deficiencies or from an illness, injury or surgery that affect 

the small intestine. The inability to digest a particular food compound induces a metabolic disorder. In 

the case of lactose intolerance, metabolic disorder results from lactase deficiency. The non-digestion 

of this disaccharide generates products derived from bacterial fermentation and favours the 

production of short chain volatile fatty acids (C2-C6), carbon dioxide and hydrogen gas causing 

symptoms like bloating, cramps and diarrhoea (Holtug et al, 1992).  

 

Figure 1 - Classification of hypersensitive reactions to food adapted from EFSA Scientific Opinion on the evaluation of 
allergenic foods and food ingredients for labelling purposes (EFSA, 2014) 

Food allergy is triggered by food allergens, any food substances stimulating the production of IgE or a 

cellular immune response, usually a protein. In the context of allergen management, this term usually 

refers to the food or allergenic ingredients (Muraro et al, 2014a).  

Hypersensitive 
reactions to food 

Food allergy

(Immune mediated)

IgE-mediated
Mixed (IgE- and 
cell-mediated)

Cell-mediated

Autoimmune

(coeliac disease)

Food intolerance

(Non-immune mediated)

Enzymatic Pharmacological
Other and 

unknown triggers
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The World Health Organization/International Union of Immunological Societies (WHO/IUIS) Allergen 

Nomenclature Sub-Committee was created in 1986 to standardize the names given to the antigens 

(allergens) that caused IgE-mediated allergies in humans (Pomés et al, 2018). Approved and officially 

recognized allergens are now collected in an online database (www.allergen.org). Essential criteria for 

allergen acceptance are summarized in the decision chart (Pomés et al, 2018) (Figure 2). Several 

criteria such as description of the allergenic sources (including taxonomic names), information on the 

allergenic proteins (purification and characterization including amino acid sequences), description of 

the allergic human serum donors used to test IgE-binding to the candidate protein and demonstration 

of specific IgE-binding with five sera of relevant patients are required for the acceptance of a molecule 

as an allergen. 

Allergens collected in the online database mainly include food allergens, but also allergens with a 

different route of exposure than ingestion such as injection or airway exposure. In these categories, 

few examples of allergens among others can be mentioned such as insect proteins transmitted through 

a bite or plant pollen proteins, respectively. Out of the 971 indexed allergens in December 2019, 

456 entries correspond to food allergens. These food allergens are derived from 90 different species. 

It means that, currently, 90 food ingredients are found to be able to trigger food allergy. However, 

some allergens are more prevailing than others as 90 % of all food allergies are caused by “The Big 8”, 

the 8 more prevalent allergenic ingredients including: egg, fish, milk, peanut, shellfish, soy, tree nuts, 

and cereals containing gluten (Koeberl et al, 2014). 

 
Figure 2 - Essential criteria for allergen acceptance as determined by  

the WHO/IUIS Allergen Nomenclature Sub-Committee (Pomés et al, 2018) 

The study of food allergy epidemiology is challenging. Literature on food allergy prevalence is 

abounding, however, exposed results are relatively disparate due to numerous and variable diagnostic 

methodology used as well as the study of different selected sub-populations (including geographical 

aspects). Some studies indicate that food allergy only affects about 1 or 2 % of the population whereas 

other studies suggested that they can reach 10 % (Sicherer & Sampson, 2014).  
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Different diagnostic methods are proposed and used in food allergy prevalence studies. However, 

diagnostic methods differ according to implementation easiness and level of reliability. The majority 

of the studies are based on self-reported adverse reactions to food (Nwaru et al, 2014). Relying on 

questionnaires, they are easy to perform and can include numerous subjects. However, most of the 

time, studies based on self-reported adverse reactions to food over-estimate food allergy prevalence 

since non-immune adverse reactions to food can be confused with real food allergy. The other 

diagnostic methods require a clinical trial and are usually applied to selected population subgroups in 

which food allergy is suspected. Food allergy prevalence, based on clinical diagnostic methods, is 

therefore higher in such subgroups when compared to general populations. These diagnostic methods 

include skin prick test (SPT) (pricking the skin with a needle or pin containing a small amount of the 

allergen), serum-specific IgE blood tests and oral food challenges (OFC), particularly the double-blind 

placebo-controlled food challenges considered as the gold standard in food allergy diagnosis (Muraro 

et al, 2014b). The discrepancy between prevalence of perceived and confirmed food allergy has been 

reported in several studies (EFSA, 2014). 

Two meta-analyses on food allergy prevalence were published and are powerful tools to evaluate 

general food allergy prevalence.  

The first meta-analysis was published by Roberto J. Rona and co-workers in 2007 (Rona et al, 2007) 

and gathered data from 51 previous publications (published between January 1990 and December 

2005) on food allergy prevalence. The analysis focused on 5 allergenic ingredients (milk, eggs, peanut, 

fish and shellfish), which were allergenic ingredients with the highest number of published reports. 

Results are presented separately for each one of the 5 allergenic ingredients and a pooled prevalence 

of food allergy to any of the 5 of them is also presented as a prevalence with a 95 % confidence interval 

(CI). The pooled prevalence of self-reported food allergy was 13 % for children (95% CI: 10-15 %) and 

12 % for adults (95% CI: 9-14 %). The pooled prevalence of food allergy diagnosed with standardized 

methods and objectives diagnostic tools (SPT, serum-specific IgE blood test or OFC) was 3 % (95% CI: 

2-4 %) for undistinguished children and adults (Rona et al, 2007). The authors insisted on caution 

required in estimates of prevalence based only on self-reported food allergy and highlighted the need 

for a collaborative study using similar methods to minimize distortions caused by both methodology 

and technology. 

The second meta-analysis on food allergy prevalence was published by Nwaru and co-workers in 2014 

(Nwaru et al, 2014). This meta-analysis focused on self-reported and food-challenge-defined food 

allergy prevalence in Europe, gathering 42 previous studies (published between January 2000 and 

September 2012) and including food allergy to the “Big 8” (milk, egg, wheat, soy, peanut, tree nuts, 

fish and shellfish). Compared to the previous meta-analysis, a higher difference was observed in self-

reported food allergy between children and adults with pooled prevalence of 6.9 % (95% CI: 6.6-7.2 %) 

and 5.9 % (95% CI: 5.7-6.1 %) respectively. Food challenge-defined food allergy prevalence was lower 

with 0.9 % (95% CI: 0.8-1.1 %), without distinction between children and adults. However, milk and 

egg allergies were more common in younger children whereas allergy to peanut, tree nuts, fish and 

shellfish was more affecting older ones. A geographical difference was also observed with higher food 

allergy prevalence in Northern Europe when compared to Southern Europe, except for soy and peanut 

(Nwaru et al, 2014). Once again, the authors insisted on the need of studies employing standardized 

methodology for assessment of food allergy. 
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Food allergy epidemiology not only includes food allergy prevalence but also aspects as changes over 

time and risk factors. Many studies indicate an increase in food allergy prevalence over the past 

decades, particularly for children (Savage & Johns, 2015; Prescott & Allen, 2011). But once again, the 

methodology used to assess food allergy is a key point in the evaluation of time changes in food allergy 

prevalence. The ideal methodology would be to analyse a transversal cohort considering the same 

population at sequential time points with identical diagnostic methods. Unfortunately, no such studies 

were conducted so far. Since many food allergy prevalence studies use self-report, assessment of 

changes over time is limited by the potential for increased food allergy awareness in the media and 

other sources influencing responses over time. Most of the studies evaluated changes over time using 

hospital anaphylaxis admission rates or increasing health care burden as a surrogate measure for food 

allergy prevalence. This strategy indicated, for instance, a 2-fold increase in the United Kingdom 

between 1992 and 2012 (Turner et al, 2015). Situation in Australia is more worrisome with an increase 

of 13.2 % in the population between 1994 and 2005 (almost 4-fold increase). Young children (0 – 4 

years) are the most affected with a 5.5-fold increase over the same period of time (Poulos et al, 2007).  

These geographical and temporal differences in food allergy prevalence suggest that genetic and 

environmental factors play a role in the development of food allergy. A recent genome-wide 

association study identified the SERPINB gene cluster as a susceptibility locus for food allergy 

(Marenholz et al, 2017). Variants in the SERPINB gene cluster are associated with SERPINB10 

expression in leukocytes. Moreover, SERPINB genes are highly expressed in the esophagus. All 

identified loci are involved in immunological regulation or epithelial barrier function, emphasizing the 

role of both mechanisms in food allergy. 

Many risk factors for food allergy have now been identified, although it is not clear what is driving the 

observed rise in prevalence. As in other atopic diseases, a family history of atopy is a strong risk factor 

(Koplin et al, 2013). Sex (Liu et al, 2010) and ethnicity (Gupta et al, 2011) were also reported as having 

an effect on food allergy. According to Liu and co-workers study (Liu et al, 2010), the odds of black 

boys having food allergy were 4.4 times higher than others in the general population. This observation 

needs to be carefully interpreted since the observed trend could potentially or partially also be due to 

different eating habits and to social and life style differences. Plethora of environmental early-life risk 

factors were also proposed such as microbial exposure (also known as hygiene hypothesis stating that 

early childhood exposure to particular microorganisms, as those from home pets, protects against 

allergic diseases by contributing to the development of the immune system), allergen exposure (timing 

and route of exposure, antacid use reducing digestion of allergen), vitamin D insufficiency (Loh & Tang, 

2018), cigarette smoke and other pollutant exposure (Martino & Prescott, 2010), dietary fat (reduced 

consumption of omega-3-polyunsaturated fatty acids), reduced consumption of antioxidants or 

obesity (Sicherer & Sampson, 2014). Some of these risk factors need to be confirmed by 

complementary studies. A better understanding of risk factors will provide new avenues for 

prevention and possibly future treatments as discussed below. 

1.2. Immunology of food allergy 

The goal of this section is to give a rapid overview of the principal actors in food allergy development 

and allergic reactions but less deep than for a thesis in Immunology as the main objective of this thesis 

was to set up original analytical methods to detect and quantify four allergenic ingredients (egg, milk, 

peanut and hazelnut) in processed food products. As already described in the previous section, food 
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allergies are classified as IgE-mediated and non-IgE-mediated reactions. These two kinds of food 

allergies result from different mechanisms involving different cellular and molecular effectors. They 

will be separately described. 

IgE-mediated food allergies occur when patients develop food-specific IgE production. Food allergy is 

a two phase process (Vickery et al, 2011). During the first step, termed allergic sensitization or primary 

sensitization (Figure 3), food allergen oral tolerance is lost and allergen-specific IgE antibodies are 

produced. Then, when allergen contact exposure is repeated, an IgE mediated response is induced and 

allergen-specific T cells are activated. This step is called the secondary immune response (Figure 4) 

and is responsible for observed symptoms of the allergic reaction (Eckl-Dorna et al, 2019). 

Patients produce specific IgE as a result of food proteins or peptides penetrating through the gut, 

respiratory tract or skin. As presented in Figure 3, the antigen is processed by antigen presenting cells 

such as dendritic cells, macrophages or B cells which present the antigen in a major histocompatibility 

complex-dependent manner to T cells (Valenta et al, 2015). Activation of the T cell receptor (TCR) leads 

to cross-talk between T and B cells leading to the production of specific IgE antibodies.  

 

Figure 3 – Primary sensitisation, the first step in the development of IgE-associated food allergies. Allergen contact through 
the gastrointestinal tract, respiratory tract or skin induces IgE production (Valenta et al, 2015). 

The gastrointestinal tract main function is to process ingested food and transform it into a form that 

can be absorbed, providing nutrients and energy, necessary for the growth and survival of the 

organism. On the other side, penetration of harmful pathogens in the body has to be prevented. Oral 

tolerance depends on an intact and immunologically active gastrointestinal barrier. This barrier 

includes physico-chemical means such as a thick mucus layer, luminal and brush border enzymes, bile 

salts, and the gastric acidic pH, which contribute to make antigens less immunogenic. In addition, 

innate immunity involving mainly natural killer cells, polymorphonuclear leukocytes, macrophages, 

epithelial cells, and toll-like receptors) and adaptive immunity (involving intraepithelial and lamina 

propria lymphocytes, Peyer’s patches, IgA, and cytokines) provide an active barrier to foreign antigens 

(Cianferoni & Spergel, 2009).  

Despite this enteric protective strategy, about 2 % of ingested food antigens are absorbed and 

transported throughout the body in an “immunologically intact” form (Husby et al, 1987). The mucosal 

immune system encounters therefore enormous quantities of antigen and must suppress immune 

reactivity to harmless food components, in other words, to develop oral tolerance. Antigen-presenting 

cells, including intestinal epithelial cells and dendritic cells, and regulatory T cells play a central role in 

the development of oral tolerance. The latter results from multiple mechanisms and one of the prime 

determinants is the dose of ingested antigen (Commins, 2015). Low doses favour the activation of 

regulatory T cells, components of the immune system that suppress immune responses and 

proliferation of conventional T helper cells controlling adaptive immunity (Corthay, 2009). Higher 
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doses favour the induction of clonal deletion and anergy, processes that result in the physical 

elimination or functional inactivation of lymphocytes, respectively (Ramsdell & Fowlkes, 1990). Food 

allergy occurs when oral tolerance fails to develop normally or breaks down.  

During the first years of life, various components of the gut barrier and immune system are immature, 

reducing their efficiency, which plays a major role in increasing the prevalence of gastrointestinal 

infections and food allergy in young children (Sicherer & Sampson, 2010). Similarly, intrinsic factors 

(like genetic factors) and exogenous factors (like alcohol, anti-inflammatory drugs, pathogens or 

stress), which can potentially reduce the barrier function of the intestinal epithelium, are factors 

facilitating primary sensitisation. 

Alternatively, sensitisation can be facilitated, when the gastrointestinal barrier is bypassed by the 

presentation of proteins by alternative routes, such as the respiratory tract or skin (Cianferoni & 

Spergel, 2009).  

Oral tolerance loss due to sensitisation through the respiratory tract is known as pollen-food-related 

syndrome. Food allergy is triggered by the cross-reactivity between some pollen allergens and 

allergens contained in fruits. A well described example is food allergy to apple in patients sensitized to 

Bet v 1, the major birch pollen allergen (Olcese et al, 2019). Mal d 1, the major allergen of apple, and 

Bet v 1 are homologous proteins of the PR-10 family (pathogenesis-related protein group 10). The PR-

10 proteins (16–18 kDa) defend plants against fungi and other microorganisms, and they share a 

common tertiary structure (Scala et al, 2017). Each specific domain of an antigenic molecule 

recognized by an antibody or a T cell receptor defines an epitope. Epitopes have approximately 15 

amino acids when defined by spatial contact between antibody and epitope during binding 

(Frank, 2002). The high degree of sequence identity between Bet v 1 and Mal d 1 leads to IgE cross-

reactivity (Fritsch et al, 1998). Moreover, Mal d 1 is usually well tolerated when digested, due to its 

instability in the presence of digestive enzymes. As described below, the allergen itself and its structure 

and properties have an influence on sensitisation through the gastrointestinal tract.  

For a long time eczema has been known  to be a major risk factor for food allergies (Abernathy-Carver 

et al, 1995). But in recent years, skin was found to be an important route of food allergen sensitization 

(Tordesillas et al, 2017). For example, the use in infants of diaper cream containing peanut oil or the 

use of facial soap containing wheat proteins were identified as risk factors for peanut and wheat 

allergies, respectively (Fukutomi et al, 2014; Lack et al, 2003). Epidemiologic evidence shows that an 

environmental exposure to peanut proteins present in house dust is a risk factor for the development 

of peanut allergy, particularly in those with filaggrin mutations, a protein essential to maintain the 

epidermis barrier (Brough et al, 2014). Moreover, in several mouse models, the putative role of skin 

sensitisation was demonstrated (Navuluri et al, 2006; Strid et al, 2004). 

IgE antibodies resulting from primary sensitization circulate and bind to the IgE receptors on the 

surfaces of effector cells (mast cells and basophils). This step is called the secondary response  

(Figure 4). A second exposure to the allergen leads to the degranulation of these effector cells and the 

release of proinflammatory mediators including preformed granule products, newly synthesized 

arachidonic acid derived products and cytokines (He et al, 2013). These mediators are circulating in 

the bloodstream to distant tissues and have the ability to induce immediate reactions such as 

vasodilatation or mucous secretion as well as late-phase and chronic inflammation with influx of other 

inflammatory cells such as eosinophils and basophils. These phenomena are responsible for local or 

systemic manifestations, called anaphylaxis, of food allergy (Figure 4).  

The most prevalent symptoms are cutaneous manifestations, including urticaria, flushing, generalized 

pruritus or angio-oedema (Ho et al, 2014). Other manifestations can affect respiratory system with 
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symptoms such as bronchoconstriction, dyspnoea, laryngeal oedema, cough, wheeze and/or 

hoarseness, rhinorrhoea and/or sneeze, periocular, nasal and/or oropharyngeal pruritus or mucus 

production (James, 2003). The gastrointestinal system can also be affected with throat discomfort, 

mouth and tongue itchiness, nausea, vomiting, abdominal cramps, and diarrhoea (Vighi et al, 2008). 

Finally, severe and potentially fatal manifestations of food allergy affect the cardiovascular system 

with symptoms including hypotension, vascular collapse or arrhythmia (Triggiani et al, 2008). All these 

manifestations of allergic reactions can be presented singly or in combination up to the anaphylactic 

shock, the most severe form that is life-threatening (Mali & Jambure, 2012). 

 

Figure 4 – Repeated allergen contacts activate allergen-specific T cells and induce IgE-mediated responses  
during the secondary immune response. Degranulation of effector cells such as mast cells and basophils and  
release of mediators induce local or systemic manifestations/symptoms of food allergy (Valenta et al, 2015). 

Even if, in theory, any food protein can trigger an allergic response (Sicherer & Sampson, 2006), in 

practice, relatively few protein families account for the vast majority of allergic reactions (Sicherer & 

Sampson, 2010). This observation suggests that the allergen itself and its properties play a crucial role 

in the development of food allergy. Indeed, several shared characteristics were identified among 

major food allergens. They are usually water-soluble glycoproteins, 10 to 70 kDa in size and relatively 

stable to heat, acid, and protease treatments. Food processing is also believed to have an important 

effect on protein allergenicity (Sicherer & Sampson, 2010). For example, protein modifications such as 

Maillard reactions generating many different products of non-enzymatic reactions between reducing 

sugars and amino groups of proteins at high temperatures, are known to increase protein stability 

(de Oliveira et al, 2016). The complex structure of protein polysaccharides may cause steric hindrance 

preventing the digestive enzymes from reaching the binding sites. Maillard reactions are also known 

to induce changes in protein surface charge, hydrophobicity, tertiary structure, cross-linking, and 

polymerization (Lund & Ray, 2017). Thermal treatment can also lead to protein denaturation resulting 

in modifications of conformational epitopes (epitopes resulting from protein conformation, by 

opposition to linear epitopes). Hence, some patients are able to tolerate food products when they are 

heated but develop an allergic reaction to unheated product, as observed for some egg allergies  

(Ho et al, 2014). 

Pathogenesis of non-IgE-mediated food allergy is less described in the literature and is still currently 

relatively poorly understood (Ho et al, 2014). However, an allergen-specific T cell-mediated process, 

activated by IgE-independent pathways, is strongly hypothesised (Carrard et al, 2015). Clinical 

symptoms are subacute or chronic in nature and usually displayed with isolated gastrointestinal 
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symptoms. Food protein-induced enterocolitis (inflammation of the digestive tract, involving enteritis 

of the small intestine and colitis of the colon), proctitis (inflammation of the anus and the lining of the 

rectum), proctocolitis (inflammation of the rectum and colon), celiac disease (long-term immune 

disorder caused by a reaction to gluten, that primarily affects the small intestine), dermatitis 

herpetiformis (chronic, intensely itchy, blistering skin manifestation), and Heiner’s syndrome 

(pulmonary hemosiderosis) are forms of food allergy with a non-IgE-mediated immunological basis  

(Ho et al, 2014). 

1.3. Food allergy treatment and management 

In some cases, time allows to manage food allergy as many allergic patients naturally outgrow it over 

time (Renz et al, 2018). It has been shown that the ability to develop tolerance is related to the 

causative allergen. Egg and milk allergies are, for example, frequently outgrown whereas allergy to 

tree nuts or peanut tends to persist for life (Jo et al, 2014). The EuroPrevall birth cohort study evaluated 

the frequency of food allergies in 2049 children from 9 European countries from birth until 2 years of 

age (Schoemaker et al, 2015). The authors showed that 1 year after egg and milk allergy diagnosis, half 

and more than half of the allergic children developed tolerance, respectively. By contrast, the 

Australian study HealthNuts showed that only 22 % of children diagnosed with peanut allergy at 1 year 

of age, developed tolerance when they were 4-year-old (Peters et al, 2015). 

Allergen immunotherapy or desensitization is already applied to treat venom allergy and allergic 

rhinitis and conjunctivitis caused by inhalant allergens (Arshad, 2016). This strategy is currently under 

development to treat food allergy. The objective is to induce tolerance to specific allergens and is 

based on a two-step process. Patients are first desensitized by regular administration of the allergen. 

The goal is to reduce or eliminate responses of effector cells involved in the specific immune response. 

Then, tolerance, in which the nonreactive state permanently remains, is established. Once a state of 

tolerance is achieved, the patient can consume the food infrequently without eliciting a response 

(Beyer, 2012). Different administration routes are explored, including oral, sublingual, subcutaneous 

and epicutaneous routes (De Silva et al, 2014).  

While promising, allergen immunotherapy applied to food allergy is not successfully accomplished, 

yet. Indeed, not all studies have shown a benefit of this approach and the risk of adverse reactions 

such as anaphylaxis has to be considered (Carrard et al, 2015). Moreover, induced tolerance may only 

be transient. Some patients were found to lose their tolerance after discontinuation of a maintenance 

dose of the allergen (Mota et al, 2018). Consequently, the current approach to food allergy 

management mainly relies on allergen avoidance and preparation to promptly treat allergic reactions. 

Administration of adrenaline/epinephrine by intramuscular injection is the standard treatment for 

systemic reactions (McLean-Tooke et al, 2003). Adrenaline can rapidly (within minutes) reverse 

oedema, urticaria, bronchospasm, hypotension and gastrointestinal symptoms. Administration timing 

is a crucial factor notably in preventing death from anaphylactic shock (Yu et al, 2016). The more rapid 

the injection after allergen exposure, the more efficient the treatment. Other pharmaceuticals, such 

as anti-histaminic drug, are also used to treat localized food allergy symptoms (Randall & 

Hawkins, 2018). 

In the absence of recognised and accepted treatments, food allergy management is based on dietary 

management with the exclusion of the offending allergenic food. To efficiently implement this 

strategy, the allergic consumer has to be able to easily identify the presence of the allergenic ingredient 

in a given food product. In this regard, many jurisdictions have introduced labelling requirements for 
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substances causing allergies and intolerance reactions in sensitive individuals (Popping & Diaz-

Amigo, 2018).  

The first European allergen-labelling directive was passed in 2003. The directive No. 2003/89/EC 

amended the directive No. 2000/13/EC with regards to the indication of the ingredients present in 

foodstuffs. Annex IIIa was added to the directive No. 2000/13/ EC to include a list of allergenic 

ingredients and substances causing intolerances that required labelling. This first directive included a 

list of 12 allergens and products thereof without any exemptions. However, some derived materials 

are known not to contain food-allergy-triggering proteins. Food products containing such materials are 

therefore harmless for allergic consumers. The restrictiveness of this first directive adversely affected 

the economy of the food industry and the quality of life of affected individuals alike. 

In 2005, a temporary exception list was published in the directive No. 2005/26/EC. A series of materials 

derived from allergenic ingredients, such as wheat-based glucose syrups, nuts used in distillates for 

spirits or fully refined soybean oil were temporary exempted to the amended labelling directive. The 

final list of permitted exemptions was published in 2007 in the directive No. 2007/68/EC (9), amending 

aforementioned Annex IIIa of the directive No. 2000/13.  

In 2011, after multiple corrections and amendments and the addition of two new allergenic ingredients 

(lupine and molluscs), the directive No. 2000/13/EC was repealed by the Consumer Information 

Regulation (EC) 1169/2011. This new regulation includes the list of allergenic ingredients and 

substances causing intolerances that required labelling and permitted exemptions in Annex II (detailed 

in Table 1). 

This regulation was positively considered by consumer and patient advocacy groups. However, this 

regulation is limited to food ingredients, meaning foods or substances that are voluntarily 

incorporated to the food products, that are part of the recipe. Consequently, this regulation does not 

address a major problem in food allergy management, cross-contamination. A cross-contamination 

corresponds to the inadvertent introduction of an allergen into a product that would not intentionally 

contain that allergen as an ingredient, and therefore not labelled as containing the allergen. Cross-

contamination may result when multiple foods are produced in the same facility or on the same 

processing line, through the misuse of rework, as the result of ineffective cleaning, or may result from 

customary methods of growing and harvesting crops, as well as from the use of shared storage, 

transportation, or production equipment (Figure 5). Numerous allergic reactions were identified to be 

triggered by cross-contaminated food products (Gendel et al, 2008). Much cross-contamination can be 

avoided by controlling the production environment. 

 

 

Figure 5 – Schematic of stages involved in food production and manufacturing process. Cross-contaminations can occur at 
any point in the process such as the use of contaminated seeds in the next planting season or through rework, and the 

incorporation of pre-worked packaged food into new production batches (Alvarez & Boye, 2012) 
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Table 1 - List of allergenic ingredients and substances causing intolerances that require labelling and permitted exemptions 
from Annex II of Consumer Information Regulation (EC) 1169/2011 

1. Cereals containing gluten, namely: wheat, rye, barley, oats, spelt, kamut or their hybridised 

strains, and products thereof, except: 

(a) wheat based glucose syrups including dextrose1 

(b) wheat based maltodextrins1 

(c) glucose syrups based on barley 

(d) cereals used for making alcoholic distillates including ethyl alcohol of agricultural origin 

2. Crustaceans and products thereof 

3. Eggs and products thereof 

4. Fish and products thereof, except: 

(a) fish gelatine used as carrier for vitamin or carotenoid preparations 

(b) fish gelatine or Isinglass used as fining agent in beer and wine 

5. Peanuts and products thereof 

6. Soybeans and products thereof, except: 

(a) fully refined soybean oil and fat1 

(b) natural mixed tocopherols (E306), natural D-alpha tocopherol, natural D-alpha 

tocopherol acetate, and natural D-alpha tocopherol succinate from soybean sources 

(c) vegetable oils derived phytosterols and phytosterol esters from soybean sources 

(d) plant stanol ester produced from vegetable oil sterols from soybean sources 

7. Milk and products thereof (including lactose), except: 

(a) whey used for making alcoholic distillates including ethyl alcohol of agricultural origin 

(b) lactitol 

8. Nuts, namely: almonds (Amygdalus communis L.), hazelnuts (Corylus avellana), walnuts 

(Juglans regia), cashews (Anacardium occidentale), pecan nuts (Carya illinoinensis (Wangenh.) 

K. Koch), Brazil nuts (Bertholletia excelsa), pistachio nuts (Pistacia vera), macadamia or 

Queensland nuts (Macadamia ternifolia), and products thereof, except: 

(a) nuts used for making alcoholic distillates including ethyl alcohol of agricultural origin 

9. Celery and products thereof 

10. Mustard and products thereof 

11. Sesame seeds and products thereof 

12. Sulphur dioxide and sulphites at concentrations of more than 10 mg/kg or 10 mg/L in terms of 

the total SO2 which are to be calculated for products as proposed ready for consumption or as 

reconstituted according to the instructions of the manufacturers 

13. Lupine and products thereof 

14. Molluscs and products thereof 

 

                                                           
1 And the products thereof, in so far as the process that they have undergone is not likely to increase the level of allergenicity 

assessed by the Authority for the relevant product from which they originated. 
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Given the multiple potential sources of cross-contamination and the risk posed to allergic individuals 

by even very low residual amounts of allergens, many food manufacturers provide advice related to 

the potential of unintentional contamination with allergens during manufacture in the form of 

precautionary allergen labelling (PAL), also known as “may contain” statements. However, except in 

South Africa and Switzerland, the use of PAL is not regulated by legislation, and it is suspected that in 

many cases, a formal risk assessment is not performed to guide the use of PAL (Allen et al, 2014). The 

widespread use of PAL has even negative effects on allergic consumers as the use of different wording 

on PAL statements is confusing and can lead to miss the proper ingredient-based allergy warning. A 

survey even indicated that more than 40 % of young American adults with food allergy simply ignore 

PAL (Sampson et al, 2006). The loss of trust in PAL thus reduces the ability of consumers with food 

allergies to make informed choices leading to reduced avoidance, reduced quality of life and increased 

risk-taking by consumers ignoring PAL. 

All contributing stakeholders (including clinicians, patients, food industry and regulators) agree that 

PAL must reflect the actual risk. The use of PAL should be based on a risk assessment and should 

indicate the possible, unintended presence of an allergen in a consumed portion of a food product at 

or above any proposed action level (DunnGalvin et al, 2015). This approach involves numerous 

concepts and requires the collaboration of all stakeholders. 

The Voluntary Incidental Trace Allergen Labelling (VITAL) initiative developed by the Australian food 

industry’s Allergen Bureau represented a first attempt to introduce a formal and transparent basis for 

risk assessment by manufacturers in the application of PAL (Koplin et al, 2010). The objective of this 

VITAL initiative is to exclusively identify the need of PAL using a validated risk assessment tool.  

VITAL approach is based on the evaluation of the putative presence of allergen residues arising from 

cross contact and the calculation of the resulting final allergen content. This calculation integrates a 

product information form of all raw materials to evaluate the risk of allergen contamination of each 

ingredient. Production lines and manufacturing environment are also reviewed to identify potential 

cross-contact during the manufacturing process. The VITAL calculator determines the final allergen 

content which is compared to Reference Doses defined for major allergenic foods. These Reference 

Doses are based on clinical data related to the minimal allergen protein quantity/amount triggering 

an allergic reaction. Since these doses might vary for different patients, the selected thresholds are 

deemed to be tolerated by 99 % (ED01) of the allergic population. Until the end of 2019, thresholds for 

the less common foods such as celery or cashew with sparser clinical data were deemed to be tolerated 

by 95 % (ED05) of the allergic population. However, the VITAL expert panel now recommends the 

adoption of ED01 values as the Reference Doses for VITAL 3.0 (Hawkes, 2019). Reference Doses for the 

14 allergenic ingredients considered in VITAL 3.0 program are listed in Table 2. 

Reference Doses correspond to protein amounts whereas the VITAL allergen content calculator 

evaluates allergen concentrations. To be able to compare these different values, the “serving size” 

concept was introduced. It corresponds to the maximum amount of a food eaten in a typical eating 

occasion. For this conversion, the VITAL organization recommends to apply serving size principles of 

the Australian Food and Grocery Council (AFGC). 
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Table 2 – Comparison of Allergen Reference Doses between VITAL 3.0, provisional doses proposed by SciCom of FASFC in 
Belgium in 2017 and preliminary doses proposed by NVWA in The Netherlands in 2016. The doses are corresponding to the 
minimal allergen protein quantity (expressed in mg) triggering an allergic reaction in 5 % (Belgium) or 1 % (VITAL and The 
Netherlands) of the allergic population. 

Allergen 
Reference Dose (mg protein) 

VITAL 3.0 SciCom, FASFC (BE) NVWA (NL) 

Egg 0.2 0.3 0.0043 

Hazelnut (and Tree Nut default) 0.1 0.5 0.011 

Lupin 2.6 4.5 0.83 

Milk 0.2 1.2 0.016 

Mustard 0.05 0.1 0.022 

Peanut 0.2 1.1 0.015 

Sesame 0.1 0.4 0.10 

Shrimp 25 12.1 3.7 

Soy (milk + flour) 0.5 2.9 0.078 

Wheat 0.7 1.3 0.14 

Cashew (and Pistachio) 0.05 0.6 1.4 

Walnut (and Pecan) 0.03 0.5 / 

Celery 0.05 / / 

Fish (finfish) 1.3 / / 

Using VITAL calculator, serving size and Reference Doses as references, decisions on the use of PAL for 

allergen cross contamination can be made. There are two possible situations defined as action levels. 

When the calculated allergen content is below the threshold, it corresponds to Action Level 1 where a 

precautionary cross contact statement is not required. In other words, the food is considered as safe 

to eat by the allergic consumers. On the contrary, when the calculated allergen content is above the 

threshold, a precautionary cross contact statement is required, corresponding to Action Level 2. 

With the peanut example below (peanut Reference Dose = 0.2 mg), we see that serving size directly 

affects Action Levels: 

5 𝑔 𝑠𝑒𝑟𝑣𝑖𝑛𝑔 𝑠𝑖𝑧𝑒 

𝐴𝑐𝑡𝑖𝑜𝑛 𝑙𝑒𝑣𝑒𝑙 1: < 40 𝑝𝑝𝑚 

𝐴𝑐𝑡𝑖𝑜𝑛 𝑙𝑒𝑣𝑒𝑙 2: ≥ 40 𝑝𝑝𝑚 

50 𝑔 𝑠𝑒𝑟𝑣𝑖𝑛𝑔 𝑠𝑖𝑧𝑒 

𝐴𝑐𝑡𝑖𝑜𝑛 𝑙𝑒𝑣𝑒𝑙 1: < 4 𝑝𝑝𝑚 

𝐴𝑐𝑡𝑖𝑜𝑛 𝑙𝑒𝑣𝑒𝑙 2: ≥ 4 𝑝𝑝𝑚 

Importantly, under the VITAL approach, only a single distinct precautionary statement “may be 

present” is to be used, in order to avoid the confusion which has resulted from multiple phrases used 

in PAL. 

However, VITAL proposed thresholds have no legal status. Based on the same methodology, different 

countries proposed allergen reference doses to manage the risk that may arise from the presence of 

allergens in foods. The problem is that these thresholds differ greatly from country to country, even in 

Europe.  

In Belgium, the scientific comity of the Federal Agency for the Safety of the Food Chain (SciCom of 

FASFC) proposed, in 2017, provisional allergen reference doses based on reported scientific literature 

data (not only VITAL). These reference doses are mainly based on the  lower  limit of  the  95 %  
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confidence  interval  of  the  dose  that  elicits  an  allergic reaction in 5 % of the susceptible population 

(ED05) (SciCom, 2017). 

The Netherlands Food and Consumer Product Safety Authority (NVWA) proposed, in 2016, preliminary 

reference doses relying on published data in the literature (NVWA, 2016). These reference doses are 

based on the lowest ED01 value of the models used (Remington, 2013).  

Belgian and Dutch reference doses are exposed in Table 2, highlighting the differences between 

countries. This situation is complicated for food industrials and products exportation. A harmonized 

regulatory framework for managing hidden allergens or action thresholds, at the European level is 

therefore strongly requested by food producers and control laboratories. 

Food allergen analysis is an essential tool in the development of a risk-based approach to allergen 

management. Food allergen analysis is necessary for the testing of a material or a surface to detect, 

identify and quantify the presence of food allergens. Test results can provide assurance and verification 

of critical controls within a comprehensive allergen management plan and assist the implementation 

of quantitative risk assessment.  

The following section is dedicated to the different aspects of different methods developed for food 

allergen analysis and will discuss the encountered challenges, advantages and limitations. A particular 

attention will be devoted to possibilities of allergen identification and quantification by mass 

spectrometry, as the development of such methods for routine analytical laboratories was the primary 

objective of this thesis. 

 

2. Food allergen analysis: An essential tool towards safe food products 

2.1. Challenges in food allergen analysis 

The analysis of food allergens is a challenging task. Traditionally, in residues analysis, a defined 

compound or a derived molecule is targeted by the analysis method and a maximum residue level 

(MRL) is defined by the legislation. This is the case for many types of contaminants analysed in food 

including veterinary drugs, pesticides, toxins (mycotoxins, phycotoxins or plant toxins), food dyes or 

heavy metals. In food allergen analysis, the European legislation states:  

Regulation (EU) No 1169/2011 of the European Parliament  

“When used in the production of foods and still present therein, certain ingredients or other substances 

or products (such as processing aids) can cause allergies or intolerances in some people, and some of 

those allergies or intolerances constitute a danger to the health of those concerned. It is important that 

information on the presence of food additives, processing aids and other substances or products with 

a scientifically proven allergenic or intolerance effect should be given to enable consumers, particularly 

those suffering from a food allergy or intolerance, to make informed choices which are safe for them.” 

In other words, the presence of the allergenic ingredient in a given food product has to be 

communicated to the consumer, through food labelling for prepacked food. Consequently, the 

objective of food allergen analysis is to detect and eventually quantify the presence of the allergenic 

ingredient in a given sample, regardless of the chosen analyte. 

In general, it is preferable to employ analytical methods that target the hazard; hence, methods able 

to determine the presence of allergenic proteins per se should be used in preference to others (Muraro 

et al, 2014a). However, European legislation requires the labelling of the ingredient and not the 
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allergenic proteins. Therefore, the majority of current methods do not target allergens but are, instead, 

based on the detection of indicator proteins, peptides or nucleic acids. Indeed, the three main 

methods employed for food allergen analysis are DNA-based methods, immunological methods and 

mass spectrometry-based methods. Principles, advantages and drawbacks of these three techniques 

are developed in the following sections with a particular attention and focus on mass spectrometry-

based methods and their potential quantitative application justified by the objectives of our work. 

Even if multiple components are targeted for food allergen analysis, a crucial aspect in food allergen 

management is the use of harmonized reporting units. As developed in the previous section, there are 

currently no harmonized legal thresholds for allergen contamination. Analysis laboratories therefore 

consider VITAL achievements or country specific proposed thresholds as in Belgium. Defined Reference 

Doses are based on clinical data and are related to the minimal allergen protein quantity triggering an 

allergic reaction. These Reference Doses are expressed in total protein amount from the allergenic 

ingredient. Using the “Serving Size” concept, this protein amount is transformed in concentration 

expressed in ppm or mg total protein from the allergenic ingredient per kg of food matrix.  

Another main issue in food allergen analysis is the complexity and diversity of food matrices that can 

be encountered and their associated matrix effects impacting/affecting/altering the performance of 

the different analytical methods. To develop further the importance of the interfering effect of the 

matrices, one can mention that the analyte has to be detected at a trace level, in the order of ppm (mg 

per matrix kg), in an environment that can contain multiple protein and DNA sources and other 

interfering components. Moreover, food products are rarely consumed in their raw form. Applied food 

processes (such as cooking, pasteurization, sterilization, drying, evaporation, distillation, chilling, 

freezing, etc.) may have an impact as they can physically or chemically modify the targeted molecules  

that could affect their extractability and detectability (Walker et al, 2016). 

2.2. DNA-based methods 

DNA-based methods rely on the detection of specific DNA sequences coding for the allergenic protein, 

or other DNA sequences specific for the allergenic food of interest. Polymerase Chain Reaction (PCR) 

is the dominant DNA-based technique used for the detection of allergenic ingredients (Nollet & van 

Hengel, 2010).  

General PCR analysis consists of three main steps (Figure 6): 

- DNA extraction from food samples and purification involving cell lysis, DNA solubilisation and 

chemical or enzymatic methods to remove macromolecules, lipids, RNA, or proteins. 

- Amplification of a specific DNA sequence through a repetition of thermocycles alternating 

(1) DNA melting (denaturation of the double-stranded DNA template by breaking the 

hydrogen bonds between complementary bases, yielding two single-stranded DNA 

molecules), (2) primers annealing (binding of DNA primers to DNA template) and (3) DNA 

polymerization (synthesis of a new DNA strand complementary to the DNA template strand by 

DNA polymerase). 

- Detection of the generated PCR products. 

Several methods exist to detect the PCR products. 

Agarose gel electrophoresis was historically used to detect the PCR products according to size, in the 

“classic PCR” technique. However, the specificity of this technique merely relies on the primer 

selection, and the electrophoretic separation of DNA bands. Moreover, this technique is generally not 

26



 
 

suitable for quantitative analysis because the amount of PCR products is formed up to a plateau of 

maximum product accumulation, independently of the starting amount of DNA (Holzhauser & 

Röder, 2015). 

For an advanced sequence verification of the PCR product, sequence-specific DNA probes are 

additionally applied. These probes are applied after the amplification in the case of post-PCR detection 

or during the amplification in real-time PCR. 

An example of post-PCR detection is PCR-ELISA where the amplified DNA is detected by an ELISA-like 

technique that involves binding of the PCR products to the surface of a microplate and its subsequent 

detection by enzyme conjugated sequence-specific probes (see section 2.3 on page 29 for detailed 

description of the ELISA technique). Holzhauser and co-workers developed a PCR-ELISA method to 

detect hazelnut in processed food products at a level below 0.001 % (w/w) (Holzhauser et al, 2002). 

               

 

Figure 6 - A simplified scheme of PCR analysis from Romer Labs website (Brunner, 2016) and work of Issa (Issa, 2013).  
DNA specific amplification is performed by the repetition of thermocycles comprising three steps:  

(1) DNA melting, (2) primers annealing and (3) DNA polymerization. 

Real-time PCR is the most widely applied PCR technique to detect food allergens (Linacero et al, 2016) 

with commercial kits available for the detection of several food allergens including celery, gluten, 

lupine, milk, peanut, sesame, soya and tree nuts (almond, brazil nut, cashew, hazelnut, macadamia, 

27



 
 

pecan, pine nut, pistachio and walnut) (Poms et al, 2004; Linacero et al, 2020; Słowianek & 

Majak, 2011). Using specific oligonucleotide probes carrying a reporter dye, the amount of amplified 

DNA is recorded within each amplification cycle. The gain of detectable fluorescence is directly 

proportional to the increased amount of amplified DNA. On the basis of suitable calibrants, the amount 

of target DNA or food can be quantified. 

The first and critical step in the development of a PCR analysis method is the selection of the targeted 

DNA sequence. In principle, any nucleotide sequence from the target species that can be specifically 

discriminated from nucleic acid sequences of other food components is suitable for specific detection 

by PCR (Holzhauser & Röder, 2015). For example, Röder and co-workers were able to specifically detect 

almond allergen and discriminate it from other phylogenetically closely related foods of the 

Prunoideae family, such as peach, apricot, and plum (Röder et al, 2011). It was achieved on the basis 

of only two differing nucleotides within the amplified gene sequence coding for a non-specific lipid 

transfer protein. 

This characteristic gives a high specificity to DNA-based food allergen detection methods. However, 

targeting DNA can be a severe drawback in the case of milk and egg analysis. Both ingredients are 

recognized as allergenic foods. The main issue is that milk and eggs share identical DNA sequences 

with beef and chicken, respectively. Therefore, they cannot be differentiated from their respective 

meat which is not considered as allergenic food (Flanagan, 2014). Moreover, the abundance of DNA in 

milk and egg is very low, which can lead to sensitivity issues (Köppel et al, 2010). DNA-based methods 

are therefore not suitable for the detection of two major allergenic food ingredients, egg and milk. 

In the case of celery, the opposite situation is encountered. According to relatively recent literature, 

no specific antibody has successfully been developed for the immunological detection methods. All 

attempts to produce reliable antibodies have failed due to the cross-reactivity of the antibodies raised 

against celery proteins and proteins from other plants such as parsley, carrot, coriander or fennel 

(Flanagan, 2014). These aspects of antibody cross-reactivity are more extensively described in the next 

section dedicated to immunological methods. To overcome these limitations, PCR is currently used to 

specifically detect celery (Hupfer et al, 2007). 

In terms of sensitivity, PCR for the detection of food allergens has a method detection limit of less 

than 10 mg/kg. This value is expressed in mg total ingredient per kg matrix and is in the range of VITAL 

requirements (Kirsch et al, 2009). Theoretically, under optimal conditions, one single copy of the 

targeted DNA sequence per PCR reaction should be sufficient for a successful detection (Holzhauser & 

Röder, 2015). However, in practice, multiple factors, detailed in the next paragraph, are known to 

influence PCR analysis performance. In addition, the choice of the targeted nucleotide sequence can 

influence the sensitivity of this method. A 10 to 100 times more sensitive detection may be achieved 

when targeting a multi-copy sequences (a repeated sequence) from organelles such as mitochondria 

or chloroplasts (Holzhauser & Röder, 2015). However, higher sensitivity may be impaired by lower 

specificity if the multi-copy sequences are highly conserved throughout evolution. In any case, the 

specificity needs to be verified experimentally with the analysis of related species. 

DNA is generally more stable than proteins and thus should be more suitable for the use of harsher 

extraction conditions (Walker, 2018). However, matrix impurities can significantly affect/lower the 

efficiency of the detection and the presence of these impurities have been described as being more 

critical to DNA than to protein analysis (Flanagan, 2014). Components such as fats, polysaccharides or 

minerals can also inhibit polymerization reaction (Schrader et al, 2012). The impact of food processing 

on protein is detailed in sections dedicated to immunological and mass spectrometry-based methods. 
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Even if often described as more stable than protein, it was demonstrated that DNA detection by real-

time PCR can also be impacted by food processing (Platteau et al, 2011). 

However, DNA-based methods offer the possibility for simultaneous detection of multiple allergenic 

food ingredients (multiplexed analyses). DNA extraction is independent of the target and any target 

gene can, in principle, be amplified from one single DNA preparation. In a method published by Ehlert 

and co-workers, up to 10 allergenic food ingredients (peanut, cashew, almond, brazil nut, hazelnut, 

pecan, pistachio, macadamia nut, walnut and sesame) were simultaneously detected in different 

matrices (chocolate, cookie and pesto) at a 5 ppm contamination level (expressed here in mg total 

ingredient per matrix kg) (Ehlert et al, 2009).  

Quantitative methods are possible with DNA-based methods but the main problem is the absence of 

certified reference material (CRM). The European Standard EN 15634-1:2009 relative to the detection 

of allergenic ingredients in foodstuffs by molecular biology methods based on DNA analysis establishes 

that the method detection limit (MDL) and the method quantification limit (MQL) must be expressed 

as the number of copies of DNA equivalent to a total quantity of the allergenic ingredient per kilogram 

of food (mg/kg). The equivalence should be based on CRM, but these are not available yet. Reference 

materials (not certified) developed by different producers are commercially available for most major 

food allergens, but the results obtained with different quantification kits may not be comparable 

(EFSA, 2014). 

Considering practical aspects, DNA-based PCR methods require a dedicated laboratory space and 

trained personnel. The required financial investment can be relatively important for multiplexing 

quantitative instruments and complete analysis, from sample reception to final result, can be 

performed within a working day (Brežná et al, 2006). 

In conclusion, DNA-based methods display a high sensitivity and specificity for the analysis of food 

allergens with possibilities of multiplexing and quantification. However, their use remains questionable 

since the targeted analyte, DNA, is not directly responsible for food allergy health risk. The absence 

of allergenic ingredient specific DNA does not necessarily mean the absence of risk for sensitized 

consumer. Appropriate detection methods must be carefully considered depending on sample type 

and analysis objective. 

2.3. Immunological methods 

Immunological methods are the most widely used techniques by the food industry to detect the 

presence of food allergens (Picó et al, 2012). These protein-based methods rely on the utilization of 

antibodies, raised to specific allergenic proteins or peptides which serve as markers for the detection 

of the allergenic food. Allergen detection is based on the quantitative measurement of the specific 

binding of an antigen, the allergenic protein or protein sequence, to an antibody (Flanagan, 2014). 

Given their lower production costs, polyclonal antibodies are typically used for detection kit 

manufacturing (Picó et al, 2012). Polyclonal antibodies recognize multiple epitopes on the protein and 

are opposed to monoclonal antibodies, with higher production costs, that are suited to the recognition 

of one epitope along the allergen moiety. Immunological methods can adopt different forms including 

enzyme-linked immunosorbent assays (ELISA), lateral flow devices (LFD) and dipsticks. 

The detection of allergens by ELISA is mainly performed with two techniques. One is the so called 

‘sandwich’ ELISA technique and the other is the ‘competitive’ format (Figure 7). The format used 

depends on the size of the target molecules. In the case of most allergen ELISAs, the sandwich format 

can be used to quantify intact allergenic proteins or polypeptides. However, the competitive format is 
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mandatory in certain circumstances, for example, for the analysis of small peptides which contain only 

one binding site for the antibody (Flanagan, 2014). 

 
Figure 7 – The two ELISA formats, sandwich and competitive, used for food allergen detection (Budhathoki, 2018) 

In the sandwich ELISA format, a capture IgG antibody (hereafter just called antibody) is immobilized 

onto the surface of a solid phase, typically a polystyrene microtiter plate. The extracted sample is 

loaded in the microwell and any allergenic protein, specific to the capture antibody, will bind to it. 

After a certain incubation time, the microwell is washed to remove unbound components. Then, two 

detection methods are possible. In the case of direct sandwich ELISA, an enzyme-conjugated antibody 

(for example, conjugated to horseradish peroxidase or alkaline phosphatase) or a secondary antibody 

is added and directly reacts with the capture antibody–antigen complex. In the case of an indirect 

sandwich ELISA (as shown in Figure 7), the secondary antibody is not labelled with an enzyme. A third 

antibody, conjugated with an enzyme, is used to detect the capture antibody–antigen-secondary 

antibody complex. This third antibody is specific to the secondary antibody (for example, if the 

secondary antibody is a goat antibody, the third antibody will be an anti-goat antibody). After a further 

washing step, a substrate is added and the enzyme bound to the secondary (direct) or third (indirect) 

antibody converts the colourless substrate into a coloured product, indicating the presence of the 

capture antibody–antigen-secondary antibody (direct) or capture antibody–antigen-secondary 

antibody-third antibody (indirect) complex. The optical density of the solution in a spectrophotometer 

at a particular wavelength is thus proportional to the abundance of the targeted analyte. The amount 

of a particular component in an unknown sample can be determined using a calibration curve 

performed with a suitable standard (Herman et al, 2008). 

In the competitive ELISA format, the targeted compound is immobilized on the surface of the 

microwell. The extracted allergen is loaded in the microwell as well as a fixed amount of enzyme-

conjugated antibody. After a certain incubation time, the solution is discarded, the wells are washed 

and the appropriate substrate is added. The enzyme-conjugated antibody, bound to the target on the 

surface of the microwell, catalyses the enzymatic reaction. The more target in the solution, the less 

enzyme-conjugated antibody can bind to the targeted compound immobilized on the surface of the 

microwell. The colour development is thus inversely proportional to the amount of analyte of interest. 

An indirect format of competitive ELISA is also possible when no enzyme-conjugated antibody specific 

for the analyte is available. In this case an enzyme-labelled species-specific antibody is used to detect 

the antigen-antibody complex (Clemente et al, 2004). 

Lateral flow devices and dipsticks are simplified versions of ELISA. In LFDs, the sample flows along a 

polyvinylidene difluoride membrane by capillarity to reach a line where the antibody has been 

adsorbed, giving rise to a coloured antigen-antibody complex (Rudolf et al, 2012). Dipsticks are based 

on the same principle but do not have a mobile phase moving up along the strip. LFDs and dipsticks 
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are mainly used for on-site screening since they are inexpensive, quick, portable and easy to use. 

However, the obtained information is only qualitative and they suffer from the same limitations 

described below for immunological methods (EFSA, 2014). 

In the food industry, because of its high level of sensitivity, ease of use and limited cost, ELISA 

methods have become the standard method for the qualitative detection and semi-quantitative 

determination of specific proteins from allergenic sources (Baumert, 2014). The MDL of food allergen 

ELISA methods is typically in the range of ppm (0.1 to 1.5 ppm depending on the allergenic ingredient 

and food matrix (EFSA, 2014)), which is in accordance to current VITAL Reference Doses.  

However, immunological methods suffer from several limitations that we will now rapidly discuss. The 

sensitivity and specificity of the method is highly dependent on the biophysical and chemical properties 

(e.g., solubility, structure, conformation, and chemical alterations) of targeted allergens (Sharma et 

al, 2017). In addition, food processing may cause allergen conformational changes, denaturation, 

aggregation, chemical modifications of epitopes, or interactions with food matrix components. These 

changes affect protein extractability and antibody recognition of allergenic proteins. Heat processing 

induces phenomena such as protein aggregation or chemical reaction (i.e. Maillard reactions) 

rendering proteins less soluble (Albillos et al, 2011). Non-thermal processing, such as hydrolysis, can 

also alter the epitope-binding region of target proteins, reducing the antibody interaction necessary 

for accurate detection and quantification. In this case, the food cannot be considered to be free of 

allergenicity because partially hydrolysed proteins may still retain allergenic potential (Picó et al, 2012). 

Moreover, cross-reactivity with similar proteins from different sources can also affect the specificity 

of the method (Koeberl et al, 2018; Costa et al, 2016a) and lead to false-positive results. ELISA allows 

for the measurement of only one analyte at a time in a given sample. As a result, when testing food 

for multiple food allergens and gluten, it becomes necessary to perform multiple analytical tests, a 

time-consuming and expensive process (Cho et al, 2015). Multiplexed immunological methods were 

recently developed but are associated to more expensive equipment (Black et al, 2019). 

In conclusion, immunological methods and more particularly ELISA methods, are the most widely used 

approach to detect and quantify allergens because they are sensitive and specific for the detection of 

allergenic proteins, cost effective and easy to use. However, cross-reactivity with other proteins that 

display high homology sequences and false negative results induced by food processing remain the 

major limitations of these methods. 

2.4. Mass spectrometry-based methods 

As we have seen, immunological and DNA-based methods for the detection and quantification of food 

allergens present a series of limitations. During the last decade, alternative methods have been 

developed with a particular emphasis placed on various mass spectrometry approaches. Coupled to 

liquid chromatographic separation, mass spectrometry was successfully used for food allergen 

identification/characterization, and more recently in allergen quantification as well (Monaci et 

al, 2018; Planque et al, 2019). 

Mass spectrometry can be used for two main tasks related to food allergen analysis: 

characterization/identification and detection/quantification (Figure 8). These two tasks are closely 

related and are both required for the development of quantitative analysis methods.  

31



 
 

 

Figure 8 - Summary of the different MS-based analytical approaches available for food allergen  
identification, characterization, and quantitative detection (adapted from Monaci et al, 2018).  

Abbreviations: MS = mass spectrometry; SIM = selected ion monitoring; MS/MS = tandem mass spectrometry;  
HPLC = high-performance liquid chromatography; DDA = data dependent analysis; DIA = data independent analysis;  

HR-FS/AIF = high resolution full scan/all-ion fragmentation. 

Food allergen characterization and identification are essential preliminary steps in the development of 

analysis methods. Food ingredient proteome, protein sequences and structures, different proteoforms 

and isoforms for a given protein, post-translational modifications or parameters of food processing-

induced modifications are examples of information that can be gathered (Andjelković et al, 2017). 

These aspects are essential for biomarker selection, the targets of the analysis method. This question 

of biomarker selection is extensively described in a dedicated section in this document (see page 43, 

“Identification of peptide biomarkers for the detection and quantification by UHPLC-MS/MS of four 

allergenic ingredients (egg, milk, peanut and hazelnut) in processed food products”).  

The detection and quantification of food allergens can be achieved with a protein-based (top-down) 

or a peptide-based (bottom-up) approach.  

Food allergen quantification with a protein-based approach may be obtained by directly spraying the 

protein solution using electrospray. Potentially, a protein solid phase extraction and separation by 

liquid chromatography can also be implemented before as in the work of Monaci and Van Hengel 

(Monaci & Van Hengel, 2008). These authors developed a method to quantify cow’s milk proteins in 

mixed fruit juice samples with estimated MDL and MQL of 1 and 4 µg/ml respectively. Immunocapture 

with magnetic particles covered with specific antibody is another approach to purify proteins before 

mass spectrometry analysis. Schneider and co-workers developed a method to detect lysozyme, a hen 

egg with protein, in cheese at a level of 5 mg/kg (Schneider et al, 2010).  

Despite the good results obtained in these studies (in terms of sensitivity in the order of the ppm and 

recovery), the quantification of intact proteins in complex matrices such as processed food is extremely 
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complicated and suffers from several limitations. Indeed, ion suppression (competition for ionisation 

efficiency in the ionisation source) or high complexity and superposition of numerous peaks in the 

mass spectra in the presence of different proteins are limiting the sensitivity of top-down methods 

(Monaci et al, 2018). Moreover, the related spectra are highly complex and characterized by a wide 

distribution of the multiple charge states of the protein of interest. This characteristic multi-charge 

cluster can be influenced by food processing (such as thermal treatment or the presence of other 

matrix compounds), affecting therefore accuracy of quantitative methods (Pilolli et al, 2020). Finally, 

the protein-based approach is also limited by the commercial availability of specific purified protein 

standards and internal standards. For these reasons, mass spectrometry-based methods for the 

detection and quantification of food allergens are using a bottom-up approach, targeting specific 

peptide biomarkers obtained from protein enzymatic digestion (Monaci et al, 2018). 

As presented in Figure 9, the development of a mass spectrometry-based method using the bottom-up 

approach for the quantification of food allergens can be divided in a succession of different steps. 

The first step in the development of a mass spectrometry-based method is the identification and 

further selection of possible peptides and thus, proteins, specific to the studied species (i.e., 

biomarkers). This selection is particularly important when developing a quantitative method since 

quantifying the allergenic ingredient will be directly linked to quantifying the selected biomarkers. 

Therefore, the overall accuracy, robustness, and precision of the method rely on this selection. Two 

potential strategies can be implemented for peptide biomarkers selection.  

The first strategy is based on an in silico peptide selection (Figure 9 Route A) combining the search in 

protein databases such as UniProt (http://www.uniprot.org/) using a software such as Skyline 

(MacLean et al, 2010) to perform in silico peptide digestion and work out a mass spectrometry method 

(Planque et al, 2017a). The main advantage of this strategy is that it can be performed on triple 

quadrupole mass spectrometers and does not require a high-resolution mass spectrometer which is 

more expensive and rather designed for research instead of routine analyses. However, this strategy 

is dependent on the availability of the information in protein databases and is time consuming when 

numerous peptides have to be screened. However, this strategy is dependent on the availability of the 

information in protein databases and is time consuming when numerous peptides have to be screened. 

The second strategy is based on an instrumental approach with high resolution mass spectrometry 

(HRMS). The sample is analysed with an untargeted approach (Figure 9 Route B). Acquired data are 

processed with an algorithm (MASCOT, X!Tandem, SEQUEST) to be assigned to peptides obtained from 

a protein database. This strategy is also dependent on the availability of information in protein 

databases but has the advantage to characterize the global peptide and protein profiles for a given 

sample in a single analysis.  
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Figure 9 - Workflow in the development of mass spectrometry based-method for the detection  
of food allergens using a bottom-up strategy (Monaci et al, 2018). 

These two strategies allow the identification of potential peptide biomarkers but the selection of ideal 

peptide biomarkers is based on several criteria to guaranty the performance of the quantitative 

method. Criteria such as resistance to food processing, specificity of the peptides for a considered food 
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ingredient, effects of amino acid modifications, peptide length or enzymatic digestion efficiency also 

need to be considered. The application of these criteria for the selection of peptide biomarkers for 

egg, milk, peanut and hazelnut is extensively described in a dedicated section on page 43 

(“Identification of peptide biomarkers for the detection and quantification by UHPLC-MS/MS of four 

allergenic ingredients (egg, milk, peanut and hazelnut) in processed food products”). 

The second step in the development of mass spectrometry-based methods for allergen quantification 

is the instrumental liquid chromatographic separation and mass spectrometry analysis for the 

previously identified peptides biomarkers. Given the high complexity of the various and different 

samples, peptides need first to be separated before mass spectrometry analysis, to decrease 

competition between peptides during ionization and to reduce the likelihood of ion suppression, 

increasing the possibility for the detection of low-abundance peptides (Di Palma et al, 2012). The 

common approach is based on reversed-phase chromatography with a separation of peptides based 

on their hydrophobicity.  

Although several quantitative proteomic techniques have been reported (Monaci et al, 2018), the most 

extensively used targeted technique is selected reaction monitoring (SRM), also known as multiple 

reaction monitoring (MRM) when applied to multiple product ions from one or more precursor ions 

(Croote & Quake, 2016). In this technique, tens to hundreds of peptides can be quantified with a high 

sensitivity (ppm level, comparable to ELISA). The triple quadrupole mass spectrometer underlies SRM, 

where the first and last quadrupoles act as static mass filters for a precursor and product ions, 

respectively, and the second quadrupole functions as a collision cell to fragment the precursor ion into 

product ions (Figure 10).  

Each target in an SRM assay is known as a transition and consists in the mass-to-charge ratio (m/z) of 

a precursor ion and one of its product ions. The combination of chromatographic retention time, 

quadrupole resolution (ability to distinguish two ion species, typically m/z = 1 for quadrupoles) and the 

use of multiple transitions confer a high specificity to these analytical methods (Kushnir et al, 2005). 

 

Figure 10 – Schematic visualization of SRM analysis of peptides 
 in a triple quadrupole mass spectrometer (Schmidt et al, 2008) 

The optimization of the different steps of the sample preparation is another critical feature in the 

development of detection and quantitative methods. These steps include at least protein extraction 

and their enzymatic digestion. Trypsin is by far the preferred enzyme in proteomics due to its high 

catalytic activity, its specificity and the ideal average mass range for mass spectrometry analysis and 

good ionization properties of generated peptides (Bunkenborg et al, 2013). Denaturation of the 

proteins with the reduction and alkylation of disulfide bridges is often performed before the digestion 

step to increase enzyme accessibility to the digestion sites. Finally, purification steps at the protein 

and/or peptides levels are most of the time required for successful analysis and to eliminate interfering 

components (from sample preparation buffers and food matrix) (Planque et al, 2017a). 
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The approach used for the sample preparation directly affects the detection of the selected peptide 

biomarkers. In the case of multiple food allergen detections, it is inconceivable that a single sample 

preparation protocol (extraction, digestion and purification) could be optimized for the detection of 

multiple peptides from multiple proteins, characterized by specific and different extractability and 

digestibility (Johnson et al, 2011). For multiple allergens analysis, a compromise on method 

performance (sensitivity and accuracy) for the different peptides must necessarily be considered. A 

compromise and potential strategy is thus to identify and preselect numerous potential peptide 

biomarkers. Sample preparation optimization is evaluated based on this preselection and only the best 

performer peptide biomarkers are kept in the final analysis method. 

The last step in the development of a method for food allergen analysis is the validation. This step is 

required to assure that the method is suitable for its intended purpose and that the same method will 

perform equally in all laboratories trying to repeat the analysis. For that purpose, the Association of 

Official Analytical Chemists, AOAC International, published a document in 2016 entitled “Standard 

Method Performance Requirements (SMPRs®) for Detection and Quantitation of Selected Food 

Allergens” (Paez et al, 2016). This document describes the minimum recommended performance 

characteristics to be achieved for the detection and quantification by mass spectrometry of egg, milk, 

peanut, and hazelnut food allergens in finished food products and ingredients. Required values for 

analytical parameters including method quantification limit (MQL), method detection limit (MDL), 

repeatability with a repeatability relative standard deviation (RSDr), reproducibility with a 

reproducibility relative standard deviation (RSDR) and recovery are defined in the document (see 

Table 3).  

However, the complete validation of a method for multiple allergen quantification is currently hard to 

achieve in the absence of proper reference materials. Specific allergenic ingredients and incurred 

matrices, supplied with characterization of total protein content, allergen profiling, homogeneity and 

stability tests are needed for coherent method validation taking the impact of food processing into 

account. Indeed, food processing and food matrix are known to modify food allergen detection as 

they affect, for example, the protein extractability and/or digestibility (Korte et al, 2019). The different 

strategies to compensate for these matrix effects and develop absolute allergen quantification 

methods are discussed in the next section, especially the use of stable isotope-labelled internal 

standards. 

Table 3 – Standard method performance requirements for detection and quantification of selected food allergens by mass 
spectrometry (AOAC SMPR 2016.002) 

 Target allergen 

Parameter Whole egg Milk Peanut Hazelnut 

Analytical range (ppm) 10-1000 10-1000 10-1000 10-1000 

MQL (ppm) ≤ 5 ≤ 10 ≤ 10 ≤ 10 

MDL (ppm) ≤ 1.65 ≤ 3 ≤ 3 ≤ 3 

Recovery (%) 60 - 120 60 - 120 60 - 120 60 - 120 

RSDr (%) ≤ 20 ≤ 20 ≤ 20 ≤ 20 

RSDR (%) ≤ 30 ≤ 30 ≤ 30 ≤ 30 

 

36



 
 

In conclusion, mass spectrometry-based methods are very powerful techniques for food allergen 

analysis with high accuracy, sensitivity, specificity and reproducibility. Additionally, this technology is 

not dependent on biological interactions between an antibody and the allergen potentially affected by 

food processing-induced protein denaturation and/or cross-reactivity with other protein issues. The 

current limitations of mass spectrometry-based methods are the need of highly trained technicians 

and expensive equipment. Analysis delay is also longer compared to immunological and DNA-based 

methods, but potentially counterbalanced by the multiplex analysis. 

Two main strategies are possible for food allergen quantification by mass spectrometry, label-free or 

isotopic dilution. 

The label-free quantification strategy is based on the comparison of peptide signal intensity between 

different samples by using a calibration curve (Mattarozzi et al, 2012). This approach requires a 

calibration curve for each matrix to be analysed and is particularly well adapted when a limited number 

of matrices are encountered, which is not the case in food allergen analysis. Other label-free 

quantification alternatives, based on modified synthetic peptides (Zhang et al, 2012) or on standard 

addition (Posada-Ayala et al, 2015), are found in the literature but as anecdotal evidence.  

Isotope dilution mass spectrometry is, most likely, one of the best analytical techniques to provide 

reliable MS-derived absolute quantitative data (Villanueva et al, 2014). The isotopically labelled 

analogue to the targeted compounds, namely the internal standard, is added to the sample and 

simultaneously analysed with the analyte of interest. This internal standard is used to correct for 

variability generated by the analysis procedure itself, from sample preparation to LC-MS/MS analysis. 

The internal standard is also used to minimise changes in the analytical performance over time and 

between laboratories. 

Food matrix and production history are also known to affect peptide detectability (Korte et al, 2019) 

as they affect, for example, the protein extractability and might interfere with enzymatic digestion. 

The amino acid protein sequence is also known to influence kinetics of tryptic digestion and some of 

them (such as two consecutive arginine or lysine residues) can lead to low rate or incomplete digestion 

(Villanueva et al, 2014). Another example of the impact of food matrix is the ionization suppression 

effect resulting from competition for ionisation efficiency in the ionisation source between the analyte 

and co-eluting compounds (Rodríguez-González & Ignacio García Alonso, 2019). All these matrix 

effects could lead to biased allergen quantifications and isotopically labelled internal standard is used 

to correct for variability, depending on the selected form, some of these effects. 

In food allergen analysis, the initial analytes are the proteins of the allergenic ingredient. However, 

with the SRM approach, food allergens are detected through signature peptides. Different forms of 

isotope labelled internal standards are possible and proposed in the literature (Planque et al, 2017a). 

The gold standard for the absolute food allergen quantification is the use of the isotopically labelled 

version of the analysed protein. In this approach, the internal standard accounts for variations during 

the whole sample preparation and LC-MS/MS analysis. This technique was used by Newsome and 

Scholl to quantify allergenic bovine milk αS1-casein in baked goods (Newsome & Scholl, 2013). The use 

of such internal standards increases the accuracy of the allergen concentration measured in baked 

goods by correcting for extraction recovery. However, these authors found that the SRM assay 

underestimated concentrations because the allergen protein was transformed by food processing that 

altered peptide detection. This approach is limited by the fact that labelled proteins are very often not 

commercially available and custom synthesis is financially unaffordable for routine laboratories 

(Planque et al, 2017a). 
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An alternative and relatively affordable approach described in most of the studies relies on isotopically 

labelled synthetic peptides. However, synthetic peptides are not part of all the steps of the sample 

preparation, as they escape to the enzymatic digestion and are, therefore, not able to correct for the 

variability introduced at this step of the procedure (Planque et al, 2017b).  

The use of “winged peptides” or “long peptides” was proposed to circumvent the “digestion” 

limitations of isotopically labelled synthetic peptides. In this strategy, the internal standard is 

composed of the isotopically labelled analogue of the peptide biomarker flanked at each end by a 

couple of amino acid residues of the corresponding natural protein sequence. With this approach, the 

internal standard, as the analyte, needs to be digested. This strategy, correcting for digestion-step-

related effects, improves allergen quantification when compared to the use of classical synthetic 

peptides (Chen et al, 2016; Zhang et al, 2014b). 

Another strategy, known for more than a decade in the proteomic field but never applied to food 

allergen analysis, is the use of concatemer (Pratt et al, 2006) also known as QconCAT. This strategy is 

based on the use of an isotopically labelled artificial/chimeric protein, recombinantly produced, and 

composed of concatenated peptide biomarkers. In this approach, the variability of the enzymatic 

digestion is thus taken in to account since this type of internal standards needs to be digested to 

release its constituting peptides (Brownridge et al, 2012). The advantage of this method is that a single 

concatemer can contain peptides belonging to different proteins or allergens and can therefore be 

used as a single internal standard for multiple food allergen analysis. With this multiplexed property, 

the use of concatemer is cost-effective when compared to synthetic peptides. This approach was 

implemented in this thesis and is extensively described in a dedicated chapter (see page 

127:”Development, production, characterization and evaluation of the performance of the analytical 

method developed using stable isotope-labelled internal standards (15N concatemer and 
15N β-lactoglobulin)”). 

2.5. Conclusion 

The statements of Holzhauser and Röder in 2015 and Walker and co-workers in 2016 mentioned 

hereunder, remain timely, providing appropriate perspectives for food allergen analysis and they 

highlight the main challenges that analytical chemists will face in the future. 

“Market requirements and operator demands will largely define the future of allergen detection. One 

conclusion is, however, clear: There will not be one single type of method that combines all economic 

and analytical demands – an easy-to-use, rapid, sensitive, specific, quantitative, on-site, multi-target 

and cheap allergen detection for any allergenic food component in any analytical environment” 

(Holzhauser & Röder, 2015). 

“Legislation, risk assessment and risk management of food allergens show a high dependency on the 

ability to detect food allergens and quantitatively determine them. All current analytical approaches 

exhibit described deficiencies that jeopardise accurate results and risk false positives and false 

negatives. If we fail to realise the promise of many strands of risk assessment and risk management of 

food allergens through lack of the ability to measure food allergens reproducibly and with traceability, 

the analytical community will have failed a significant societal challenge” (Walker et al, 2016). 

It is in this context that the PhD thesis undertaken during the “Allersens” project was designed and 

implemented. More specifically, the aim of this project was to develop and validate a multi-allergen 

mass spectrometry-based method targeting 4 priority allergens (peanut, hazelnut, egg and milk) and 
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being robust to food processing. We will now rapidly describe the different tasks and work packages 

of this research project in which the PhD thesis work was done. 

 

3. The “Allersens” project  

This thesis was part of the “Allersens” project, a thematic call project funded by the Federal Public 
Service Health, Food Chain Safety and Environment (FPS Health). This project involves different 
partners, the University of Namur and two research centres, CER Groupe and ILVO. We were two PhD 
students in charge of the implementation of this project with complementary tasks. The present 
manuscript is focused on development and results obtained by myself at the University of Namur and 
at CER Groupe. However, for reasons of consistency, results obtained by both PhD students will be 
presented. Results obtained at ILVO by Kaatje Van Vlierberghe, the other PhD student, will always be 
clearly referenced. 

The “Allersens” project is entitled “Development and validation of a quantitative LC-MS/MS method 
as a reference for the detection of multiple allergens (hazelnuts, peanuts, milk, and eggs) in processed 
food products – Comparison with existing methods (ELISA, PCR,…) and new technologies  (flow 
cytometry, droplet PCR, …)”. The project is divided in five interconnected work packages (WP), 
corresponding to well defined tasks (Figure 11). 

 

Figure 11 - Schematic overview of the “Allersens” project and work packages (WP) distributions  
between the different institutions (University of Namur, CER Groupe and ILVO)  

3.1. Production of test material (WP1) 

It is known that different food processing conditions and matrix interactions have effects on the 

detectability and/or recovery of target molecules during the analysis (Korte et al, 2019). To include 

these aspects in the development of the method, different food matrices, containing hazelnut, peanut, 

milk or egg, were produced under well-defined and controlled conditions. The food matrices and 

processing conditions were selected in function of representativeness for real food products and in 

function of processing conditions that are applied nowadays in the food industry. The matrices and 

test materials were produced during the “Allersens” project by Kaatje Van Vlierberghe in the Food Pilot 

unit of ILVO, a semi-industrial environment, with well-defined and monitored conditions. Produced 

test materials were used for several tasks in the project, including selection of peptide biomarkers, 

development and validation of the quantitative UHPLC-MS/MS method and for the comparison of the 

developed method with existing methods. 
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3.2. Identification of peptides/proteins robust to food processing by HRMS (WP2) 

The first step in the development of a MS-based method is the identification of biomarkers, which are, 

in the case of food allergens, peptides. The objective of this work package was to identify, through an 

empirical approach based on HRMS, potential peptide biomarkers for the detection and quantification 

of food allergens in processed food products. Food processing and matrix interactions were considered 

with the analysis of test materials, separately containing one allergenic ingredient and submitted to 

different food processing techniques.  

The four allergenic ingredients considered in this project were separated between the two PhD 

students. Kaatje Van Vlierberghe was in charge of the identification of potential peptide biomarkers 

for milk and hazelnut whereas I worked on egg and peanut. 

3.3. Production of internal standards (WP3) 

Mass spectrometry quantification is mostly performed with the stable isotope dilution method. In this 

method, a stable isotope-labelled internal standard is spiked in the sample to compensate for the loss 

of analyte and matrix effects during sample preparation and MS analysis (Villanueva et al, 2014). The 

ideal internal standard for mass spectrometry is a stable isotope-labelled analogue of the quantified 

analyte. 

The common approach is based on the use of isotopically labelled synthetic peptides. Although easily 

available from commercial providers, relatively cheap and easy to use, synthetic peptides suffer from 

several limitations since the initial analyte is the protein from the allergenic ingredient. Therefore, 

synthetic peptides do not compensate for protein loss during extraction and clean-up or for 

uncomplete enzymatic digestion. Another, and theoretically, ideal strategy is based on the use of 

isotopically labelled proteins, compensating for the different steps of the sample preparation and MS 

analysis. However, beside technical limitations, this solution is currently inconceivable for routine 

laboratories due to the cost of this technology and the need for at least one isotopically labelled 

protein per analysed allergenic ingredient. 

The strategy considered in this thesis is based on the use of stable isotope-labelled concatemers. A 

concatemer is an artificial/chimeric protein, recombinantly produced in an environment that allows 

labelling with stable isotopes, and composed of several concatenated peptide biomarkers for the four 

targeted allergenic ingredients. This technology is known for more than a decade in the proteomic area 

but has never been applied to food allergen analysis. In contrast to synthetic peptides, concatemers 

need to be proteolytically digested to release their peptides, and thus, this peptide release is also 

affected by the interference caused by the matrix during the digestion step, in a manner similar to the 

analyte of interest. Another advantage of concatemers is their potential for multiplexing. A single 

concatemer can be composed of numerous proteotypic peptides and can therefore be used for 

multiplexed allergen analysis and be cost-effective when compared to synthetic peptides. 

Based on peptide biomarkers selected in WP2, the concatemer design and production was entirely 

performed at CER Groupe by myself. 

3.4. Development and validation of the LC-MS/MS method (WP4) 

The goal of this work package was to develop and validate a quantitative UHPLC-MS/MS method for 

the 4 targeted allergenic ingredients (egg, milk, peanut and hazelnut). The development of the method 

included optimization of both sample preparation protocol (extraction/purification/digestion) and 
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UHPLC-MS/MS parameters. This work package gathered outcomes of the three first ones. The 

UHPLC-MS/MS method was developed and optimized with the samples produced in WP1, with the 

targeted peptide biomarkers selected in WP2 and was worked out as quantitative thanks to the use of 

the isotopically labelled internal standard produced in WP3. 

Sample preparation optimization was already addressed for peptide biomarkers identification in WP2 

and was complementary accomplished by both Kaatje Van Vlierberghe and myself. Performance of the 

developed method was further evaluated through a complete validation in both, ILVO and CER Groupe 

laboratories. This validation was based on AOAC guidelines for food allergen quantification by mass 

spectrometry (Paez et al, 2016). 

3.5. Evaluation of existing methods (WP5) 

The goal of this last work package is to compare the developed LC-MS/MS method with other food 

allergens analysis methods including ELISA, PCR and flow cytometry. This task will be performed by 

Kaatje Van Vlierberghe, in the second half of 2020 and will not be part of this thesis. 

 

4. Objectives of the thesis 

As described in the previous section, this thesis was included in the “Allersens” project, aiming to 

develop and validate a quantitative LC-MS/MS method for the detection of multiple allergens 

(hazelnuts, peanuts, milk, and eggs) in processed food products. Three main tasks of this project were 

addressed in this thesis. 

The first one was the identification of potential peptide biomarkers for the detection and 

quantification of egg and peanut by mass spectrometry in processed food products.  The identification 

of these potential peptide biomarkers was performed using an empirical approach based on HRMS and 

the analysis of test materials, separately containing one allergenic ingredient, and prepared by Kaatje 

Van Vlierberghe at ILVO. Different food processing techniques (cooking and induction of Maillard 

reactions) and matrix composition and properties (fatty rich, low pH or complex as chocolate with the 

presence of tannins and polyphenols) were investigated to consider their impact on allergen 

detectability. 

The second addressed task was the development and the production, as a recombinant protein, of a 

stable isotope labelled concatemer used as internal standard in the quantitative UHPLC-MS/MS 

method. The proof of concept and several optimisations were performed with concatemers composed 

of egg peptides. The pursued objectives are a sufficient expression yield to be cost effective compared 

to traditionally used synthetic peptides and a sufficient isotopic enrichment to avoid the introduction 

of false positive results with the use of the concatemer in routine analysis. The optimized protocol was 

finally applied to produce a concatemer containing peptide biomarkers from the four considered 

allergenic ingredients (egg, milk, peanut and hazelnut). 

The final task of the thesis was the complete validation of the quantitative UHPLC-MS/MS method 

targeting the four allergenic ingredients. The method was developed by Kaatje Van Vlierberghe and 

based on the HRMS selected peptide biomarkers. The method was validated combining the use of the 
15N stable isotope-labelled concatemer as internal standard and standard addition method for 

quantification. The validation was based on AOAC guidelines for food allergen quantification by mass 

spectrometry (Paez et al, 2016).  
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RESULTS 

PART I 

Identification of peptide biomarkers for the detection and quantification by UHPLC-MS/MS of four 

allergenic ingredients (egg, milk, peanut and hazelnut) in processed food products 

1. Objectives 

The overall aim of this project was to develop and validate a quantitative UHPLC-MS/MS method for 
the detection of multiple allergenic ingredients (hazelnuts, peanuts, milk, and eggs) in processed food 
products. As already mentioned, the first step in the development of any mass spectrometry-based 
method is to identify the targets of the analysis. In the case of food allergen detection by MS, the 
analytes are constitutive peptides derived from proteins present in these food ingredients. The 
objectives of this first task was thus to identify peptides that can be potential biomarkers for the 
quantitative analysis of the four allergenic ingredients. This selection is particularly important when 
developing a quantitative method as the quantification of the allergenic ingredients will be directly 
and positively correlated to the quantification of the selected biomarkers. Therefore, the method 
overall performance, including specificity, accuracy and robustness, relies on this selection. 

To identify potential peptide biomarkers, a bottom-up empirical approach using HRMS was chosen. 
Such a bottom-up proteomic strategy consists usually in extracting the proteins from the matrix 
followed by a protein digestion using enzymes such as trypsin. The resulting peptides are then 
separated by liquid chromatography and analysed by mass spectrometry. With the data obtained, 
Mascot search engine is used in order to identify the detected peptides (Figure 12). To increase the 
robustness of the peptide biomarker selection and take into account food processing, different food 
matrices, separately containing hazelnut, peanut, milk or egg, were produced under well-defined and 
controlled conditions. 

 

Figure 12 - Bottom-up proteomic approach used to identify peptide biomarkers. Proteins of the allergenic 
 ingredient are extracted from the matrix and enzymatically digested into peptides. The resulting peptides  

are analysed by HPLC-HRMS and identified with the use of Mascot search engine. 

Sample preparation is the starting point of the analysis. There is no one standard method for sample 
preparation. Protocols differ according to the sample types and experimental goals such as peptide 
identification. An efficient identification is only possible if proteins are correctly extracted and 
enzymatically digested. The optimization of a protocol was therefore a preliminary step in the selection 
of peptide biomarkers. Starting from literature analysis and previous experience of the different 
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partners, especially from the CER/UNamur “Allermass” project (M. Planque et al., 2016), a sample 
preparation protocol was developed and optimized for HRMS analysis. This protocol was finally 
systematically applied to all food matrices to identify potential peptide biomarkers for the quantitative 
analysis of egg, milk, peanut and hazelnut in processed food products. 

 

2. Production of test matrices (entirely done by Kaatje Van Vlierberghe at ILVO) 

As mentioned, different food processing conditions and matrix interactions may have an impact on the 
detectability and/or recovery of target molecules during the analysis. To include this variability in the 
selection of peptide biomarkers and identify the robust ones, several test matrices were produced.  
These matrices separately contained each one of the four allergenic ingredients (egg, milk, peanut and 
hazelnut) and were subjected to four different processing techniques. In addition, the unprocessed 
form of these allergenic ingredients was also analysed. Processing conditions that were applied on the 
allergenic ingredients are: roasting/heating, induction of Maillard reactions (chemical reactions 
between amino acids and reducing sugars at high temperature), mixing in a fatty rich matrix or in a 
matrix with low pH. The food matrices and processing conditions were selected according to their 
representativeness for “real” food products and in function of processing conditions that are currently 
applied in the food industry (Fellows, 2009) (see Figure 13 for egg, Figure 14 for milk and Figure 15 for 
peanut and hazelnut).  

To include potential variability in protein content and protein distribution due to growing conditions 
and origin, peanut and hazelnut from two distinct geographical growing locations were considered for 
the production of test materials. Hazelnuts from Italy and Turkey were selected. Peanuts 
corresponding to two market types, the common peanut classification, were selected and were 
originating from China and Israel. Consequently, each test matrix was produced in duplicate, one for 
each peanut and hazelnut origin. 

 

Figure 13 - Schematic overview of processing conditions applied to egg to include the associated  
variability in the identification of peptide biomarkers 
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Figure 14 - Schematic overview of processing conditions applied to milk to include the  
associated variability in the identification of peptide biomarkers 

 

 

Figure 15 - Schematic overview of processing conditions applied to peanut and hazelnut to include the associated  
variability in the identification of peptide biomarkers. Each matrix was produced in duplicate since peanut and 
 hazelnut from two geographical origins were considered to evaluate potential variation at the protein level. 

All processing was carried out by Kaatje Van Vlierberghe in the Food Pilot with amounts that allowed 
producing homogenous testing samples which were representative for real live products. During 
processing, all relevant processes (temperature, cooking time, pH) and product quality parameters 
(origin, purity) were constantly monitored. This detailed monitoring of the production process allowed 
us to guarantee the composition of the reference material and enables, when needed, the production 
of new batches of the reference material under exactly the same conditions to assure 
homogeneity/quality and standardization of the reference material production. The resulting products 
were packaged under vacuum and stored in the dark at -80 °C until use. 
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3. Sample preparation optimization 

Food allergen bottom-up proteomic approach is based on the analysis of specific peptides obtained 

from enzymatic digestion of proteins of the allergenic ingredient of interest. The two main steps in the 

sample preparation are the extraction of proteins from the matrix and the enzymatic digestion of these 

proteins to generate peptides. Purification steps, at the protein and the peptide levels, can also be 

necessary. Indeed, the enzymatic digestion requires specific conditions for optimal enzyme activity 

(respect of optimal enzyme pH, low level of denaturing agents,…), and some components can interfere 

or are not compatible with mass spectrometry analysis (the presence of non-volatile salts, some 

detergents such as Triton X-100 or NP-40). All these criteria were evaluated and optimized based on 

measurable parameters such as the protein extraction yield, the number of identified peptides and 

proteins by HRMS and/or the signal intensities associated with the identified peptides. Practical 

criterions such as duration and cost of the sample preparation protocol were also considered to ensure 

its transferability to a routine method. 

3.1. Optimization of the protein extraction protocol (by Kaatje Van Vlierberghe at ILVO) 

Optimization of protein extraction and of sample purification at the protein level was performed by 

Kaatje Van Vlierberghe at ILVO based on the protocol developed during the “Allermass” project 

(Planque et al., 2016). Here is the summary of obtained results: 

 The extraction buffer developed in the “Allermass” project (2 M Urea in 50 mM Tris-HCl; 

pH 9.2) presented optimal extraction yields when compared to extraction buffers employed in 

partner laboratories and food allergen extraction buffers identified in the literature  

(Figure 16). 

 The protein precipitation by methanol/chloroform used to purify the proteins resulted in a 

significant protein loss and was not retained for future analysis (Figure 16). 

 

Figure 16 - Example of comparison of protein recovery, in raw peanut and hazelnut sample, using different extraction buffers 
(“Allermass” project buffer (2 M Urea in 50 mM Tris-HCl; pH 9.2) and “sucrose” buffer form ILVO (30 % sucrose, 0,1 M KCl,  

50 mM Tris-HCl, 5 mM EDTA, 1 mM DTT; pH 8)), with (in orange) and without (in blue) methanol/chloroform protein 
precipitation. Results are expressed as protein recovery and represent the means ± 1 S.D. for 3 independent experiments. 

Proteins were measured by monitoring the absorbance at 280 nm and protein recovery was calculated  
based on the theoretical protein content of peanut (25 %) and hazelnut (15 %). 
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 The extraction procedure developed in the “Allermass” project, combining 30 min of agitation 

and 15 min sonication, showed optimal performance when compared to longer extraction 

procedures (Figure 17). 

 A sample defatting step (with three repetitions of 20 ml of n-hexane addition followed by 

centrifugation and removal of the supernatant) prior to the protein extraction is a time and 

reagent consuming step. No significant effect on protein and peptide identification (Figure 18) 

or on peptide MS signal intensity was observed (Figure 19). This step was therefore not 

retained in our future analyses. 

 The urea concentration needs to be reduced to ensure efficient tryptic digestion. This can be 

achieved by sample desalting or dilution. Sample desalting by gel filtration resulted in a 

significant quantitative loss of protein (Figure 17). However, qualitatively, the same major 

proteins and peptides were identified when compared to the diluted extract (Figure 18). When 

performing trypsin digestion on the same amount of protein in both protocols, the desalting 

resulted in higher intensities of peaks for the identified peptides (Figure 19). The sample 

desalting was therefore considered and included in the protocol of sample preparation 

established for the identification of peptide biomarkers by HRMS. 

 
Figure 17 - Comparison of the impact of the extraction procedure (30 min agitation followed by 15 min sonication 
 and 16 h agitation) and urea concentration reduction (desalting or dilution) on protein recovery of unprocessed 

 hazelnut. Results are expressed as protein recovery and represent the means ± 1 S.D. for 3 independent  
experiments. Proteins were measured by monitoring the absorbance at 280 nm and protein recovery was  

calculated based on theoretical protein content of hazelnut (15 %). 

 
Figure 18 - Comparison of the impact of the extraction procedure (30 min agitation followed by 15 min sonication  

and 16 h agitation) and urea concentration reduction (desalting or dilution) on the number of identified peptides for four 
 hazelnut proteins (denominated with their UniProt identifier) from unprocessed hazelnut extract. Results are expressed  

as the number of identified peptides and represent the means ± 1 S.D. for 3 independent experiments. 
Statistical significance was evaluated with Student’s T-test (* = p < 0.05, ** = p < 0.01) 
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Figure 19 - Comparison of the impact of the extraction procedure (30 min agitation followed by 15 min sonication  
and 16 h agitation) and urea concentration reduction (desalting or dilution) on MS signal intensity for different  

peptides of four hazelnut proteins (denominated with their UniProt identifier) from unprocessed hazelnut extract. Results 
are expressed as Log2 of the MS signal intensity and represent the means ± 1 S.D. for 3 independent experiments.  

Statistical significance was evaluated with Student’s T-test (* = p < 0.05, ** = p < 0.01, *** = p < 0.001) 

3.2. Optimization of the enzymatic digestion (by Maxime Gavage) 

The enzymatic digestion of the extracted proteins is the second main step of sample preparation that 

needs to be optimized in the preparation of the sample. This step was optimized to achieve an optimal 

number of proteins and peptides that can be identified by HRMS. The decision on criteria to 

adopt/implement in the protocol was based on both the number of identified peptides (and thus 

proteins) and the MS signal intensity associated with the identified peptides. 

The optimization of the digestion protocol was performed on unprocessed and roasted peanut and 

hazelnut extracts as the test matrices for these ingredients were the first to be generated (Figure 15). 

The main parameters to be optimized for the enzymatic digestion are the choice of the enzyme, the 

enzyme/protein ratio and the duration of the digestion. 
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The initial digestion protocol was: 

- Protein extract desalted with 50 mM TetraEthylAmmonium Bicarbonate (TEAB); pH 9.2 

- Protein concentration measurement based on absorbance at 280 nm 

- Dilution of the sample to 1 mg/ml protein concentration in 50 mM TEAB 

- Digestion (approximatively 16 h) at 37 °C under 300 rpm agitation with Trypsin Gold (Promega) 

(trypsin:protein ratio 1:20) 

The digestion was stopped by the addition of trifluoroacetic acid (TFA, 1 % final concentration). The 

peptides resulting from the digestion were then purified using C18 solid phase extraction (SPE) 

cartridges (Waters) and analysed by HPLC-HRMS (maXis Impact UHR-TOF (Bruker) coupled to a Dionex 

UltiMate 3000 Standard LC Systems (Thermo Fisher Scientific) equipped with a reverse-phase liquid 

chromatography Acclaim PepMap100 C18 column (3 µm, 100 Å, 1 mm × 15 cm nanoViper, Thermo 

Fisher Scientific)). The same SPE purification protocol, HRMS analysis parameters and peptide 

identification criteria were used for each analysis and are extensively described in the different 

research articles exposed in section 4 (page 58): “Potential peptide biomarker identification” 

Trypsin is well known for its highly specific activity (Olsen et al, 2004). Proteins are cleaved at the 

carboxy-terminal domain (C-term) after arginine and lysine except when these two amino acids are 

followed by a proline (Rodriguez et al, 2008). However, under the initial digestion conditions exposed 

above, it was observed that around 20 % of peptides obtained were not the result of a specific trypsin 

digestion (without arginine or lysine as C-term amino acid) and these were called “non-tryptic 

peptides”. 

These non-tryptic peptides are a problem since they make the sample more complex and so, more 

difficult to identify by algorithm search. Moreover, non-tryptic peptides reduced the amounts of 

tryptic peptides reaching the MS detector, leading to a loss of sensitivity of the method. 

Several hypotheses were then tested to determine the origin of the formation of “non-tryptic 

peptides”. 

The first one was the putative presence of another digestive enzyme that could come from a 

contamination of the trypsin or the presence of enzymes from the sample itself. Mass spectrometry 

grade trypsin (Gold Trypsin from Promega) was used for robust peptide identification. Indeed, “low 

grade” trypsin is known for chymotrypsin contamination and thus, a part of the enzymatic activity is 

not related to the specific activity of trypsin (Burkhart et al, 2012). To evaluate this hypothesis, the 

relative cleavage frequency of every possible pair of amino acids was measured. This relative frequency 

was standardized by the frequency of each pair of amino acids in the identified sequences. With this 

approach, the presence of another enzyme, with a specific activity, could be identified. Chymotrypsin 

is for example known to preferentially cleave peptide bonds at C-term position of amino acids with 

large hydrophobic side chain such as tyrosine, tryptophan, and phenylalanine (Bender et al, 1973). 

Results, gathering eight independent HRMS analyses of samples prepared with the initial digestion 

protocol described above, are presented in Table 4. The trypsin activity is clearly visible with a high 

relative cleavage frequency at the C-term position of lysine and arginine. No other specific cleavage 

was observed and so, no other specific enzymatic activity could be detected. Based on these results, 

the hypothesis supposing that trypsin could be contaminated with chymotrypsin was therefore 

rejected. 
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Table 4 – Analysis of the relative cleavage frequency (%) of every possible pair of amino acids in order to identify the presence 
of a putative other digestive enzyme than trypsin with a different activity. The frequency of occurrence of each amino acid at 
N-term and C-term extremity of each identified peptide is normalized for the frequency of each pair of amino acids in the 
corresponding protein sequences. 

 
 

A second hypothesis we tested was the potential fragmentation of the peptides in the ionisation 

source. Indeed, the energy transmitted to the peptides can be sufficient to induce the break of peptide 

bonds and so, could generate non-tryptic peptides (Kim et al, 2013). This kind of fragmentation can be 

identified by the retention time of the peptides coming from a same parent peptide. Indeed, since the 

parent peptide is fragmented in the ionisation source, the fragmented peptides reach the mass 

spectrometer detector at the same time (neglecting the time of flight in the mass spectrometer). So, 

peptides coming from the same parent peptide are characterised by the same retention time in the 

liquid chromatography column (Kim et al, 2013). 

In this case, observed retention times for peptides coming from the same parent peptides were 

variable and so, the in-source fragmentation was excluded. To illustrate this, a relevant example of a 

peptide from Arachin Ahy-3 peanut protein is presented in Figure 20.  

Another hypothesis was the presence of pseudo-trypsin. Pseudo-trypsin or ψ-trypsin has a less specific 

activity when compared to trypsin and is a product of trypsin autolysis by the cleavage of the 

Lys176-Asp177 bond (Perutka & Sebela, 2018). The “Promega Gold Trypsin – Mass Spectrometry Grade”, 

used for the enzymatic digestion is supposed to be protected against autolysis by a reductive 

methylation of lysine side-chain. However, if the reductive methylation is not total, autolysis can occur 

(Rice et al, 1977). Trypsin autolysis can be modelled as a second order kinetic rate reaction (Sriram et 

al, 1996). In other words, a longer digestion duration or a higher trypsin concentration promote 

ψ-trypsin formation and therefore non-tryptic peptides generation.  
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Figure 20 – Comparison of the liquid chromatography retention times of non-tryptic peptides coming  
from the same parent peptide, highlighted in colour (peptide from Arachin Ahy-3, a peanut protein). 

To test this hypothesis, different times of digestion (2, 5 and 16 h) and two trypsin:protein ratios (1:20 

and 1:50) were tested (Figure 21). The digestion conditions influenced the proportion of non-tryptic 

peptides in identified peptides. A longer digestion duration or a higher enzyme:protein ratio 

significantly (in most of the cases) increased the proportion of non-tryptic peptides. As expected, the 

proportion of non-tryptic peptides negatively influences the identification of tryptic peptides and thus 

proteins (Figure 22). 

In conclusion for this non-specific digestion problematic, the solution to reduce the proportion of non-

tryptic peptides and obtain an optimal number of protein and tryptic peptide identifications was to 

use a short digestion time or a low trypsin concentration. This second strategy was implemented and 

we adopted, for practical reasons, an overnight digestion (16 h) and a 1:50 enzyme:protein ratio. 

 
Figure 21 – Effects of digestion conditions (incubation time with trypsin and enzyme:protein ratio (1:50 in blue and  

1:20 in orange)) on the proportion of non-tryptic peptides in identified peptides in unprocessed peanut samples.  
Results are expressed as the proportion of non-tryptic peptides in identified peptides and represent the means ± 1 S.D.  

for 3 independent experiments (separate digestions and HRMS analysis of the same unprocessed peanut extract).  
Statistical significance was evaluated with Student’s T-test (* = p < 0.05) 

 

Retention 

time (min)

25,76 I F P G C P S T Y E E P A Q E G R

31,26 R P F Y S N A P L E I Y

31,97 R P F Y S N A P L E I Y V Q Q G

32,01 Y S N A P L E I Y

32,01 R P F Y S N A P L E I Y V Q Q G S

33,14 R P F Y S N A P L E I Y V Q Q G S G Y

33,75 F G L I F P G C P S T Y E E P A Q E G R

35,96 V Q Q G S G Y F G L I F P G C P S T Y E E P A Q E G R

36,11 R P F Y S N A P L E I Y V Q Q G S G Y F

38,23 Y S N A P L E I Y V Q Q G S G Y F

38,53 R P F Y S N A P L E I Y V Q Q G S G Y F G L

39,07 R P F Y S N A P L E I Y V Q Q G S G Y F G L I F P G C P S T Y E E P A Q E G R

40,61 S N A P L E I Y V Q Q G S G Y F G L I F P G C P S T Y E E P A Q E G R

41,11 Y S N A P L E I Y V Q Q G S G Y F G L I F P G C P S T Y E E P A Q E G R

41,46 Y S N A P L E I Y V Q Q G S G Y F G L

        Peptide sequence
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Figure 22 – Effects of digestion conditions (incubation time with trypsin and enzyme:protein ratio (1:50 in blue  

and 1:20 in orange)) on the number of identified proteins and peptides in unprocessed peanut samples.  
Results are expressed as the number of identified proteins and peptides and represent the means ± 1 S.D. for 3  

independent experiments (separate digestions and HRMS analysis of the same unprocessed peanut extract).  
Statistical significance was evaluated with Student’s T-test (* = p < 0.05) 

Effects of digestion conditions were also observed on the completeness of protein digestion.  

As we can observe in Figure 23, some proteins are resistant to trypsin digestion. Unprocessed peanut 

protein extract was digested under different conditions (several digestion times and two different 

enzyme:protein ratios) and their abundance was analysed by sodium dodecylsulfate polyacrylamide 

gel electrophoresis (SDS-PAGE) and Coomassie blue staining. One can observe that no matter the 

digestion duration (2 or 16h) or the enzyme:protein ratio (1:20 or 1:50), some bands, corresponding 

to undigested proteins or part of proteins remained present/intact (indicated with arrows on 

Figure 23). 

            

Figure 23 – SDS-PAGE with Coomassie blue staining analysis of the different tryptic digestion conditions (digestion 
 time of 2 or 16 h and enzyme:protein ratios 1:20 and 1:50) of unprocessed peanut protein extract. Samples corresponding  

to 5 µg of proteins were loaded on an SDS-PAGE gel (12 %) and the electrophoresis was run under 150 mV. 

  

Caption: 

(1): Undigested extract 

(2): Molecular weight marker 

(3): 2 h digestion (1:20) 

(4): 2 h digestion (1:50) 

(5): 16 h digestion (1:20) 

(6): 16 h digestion (1:50) 
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Peanuts are composed of 25 % of proteins and some of them such as conglutins, are well known, due 

to their conformational stability, to be resistant to digestive enzymes like trypsin (Apostolovic et 

al, 2016). The resistance to enzymatic digestion is an issue in the development of a method to quantify 

allergens because it reduces the number of potential peptide biomarkers and thus introduces a bias in 

the quantification.  

Different approaches were then tested to improve the digestion yield.  

Digestion resistant proteins were first identified through the combination of SDS-PAGE resolution and 

HRMS. Bands corresponding to trypsin digestion resistant proteins were cut out of the gel and placed 

in separated containers. Protein contained in these bands were then digested within the gel (see 

Annex 1 on page 213 for UNamur in-gel protein digestion protocol) and the obtained peptides were 

analysed by HRMS. The second digestion is supposed to be more efficient as the proteins are totally 

denatured in the gel (Huynh et al, 2009). This procedure was applied to digestion resistant proteins 

observed on SDS-PAGE analysis of trypsin digested unprocessed peanut extract. 

As observed in Figure 23, for peanut protein sample digestion, two bands corresponding to digestion 

resistant proteins were cut out of the gel and analysed by HRMS. The first one corresponds to the 

major resistant band observed in trypsin-digested extract with a molecular weight around 22 kDa. The 

second one was a less abundant fragment band characterized by a molecular weight around 30 kDa. 

These two bands are indicated with an arrow on Figure 23. 

The 30 kDa band was identified as a galactose-binding lectin (P02872 Uniprot identifier). According to 

identification acceptance criteria detailed in the published research articles presented in section 4 

(page 58), the 5 identified peptides corresponded to this protein (Figure 24). It is known that lectins 

are described in the literature as proteins that are resistant to heat and digestive enzymes (Romano & 

Castagna, 2016). 

 

Figure 24 – HRMS analysis of the 30 kDa trypsin digestion resistant protein band. Identified peptides are highlighted in 
yellow in the peanut galactose binding lectin (P02872 UniProt identifier) protein sequence. Scaffold proteomic software was 

used to analyse and visualise HRMS analysis results (Searle, 2010). 

The 22 kDa band was identified as a part of Ara h 3, a major peanut allergen (Koppelman et al, 2010). 

This seed storage protein is composed of 2 subunits linked by a disulphide bond (cleaved during the 

reduction/alkylation reaction preceding the enzymatic digestion) (Koppelman et al, 2003). The first 

subunit is located at the N-terminus of the protein sequence and is identified as “acidic subunit” with 

a molecular weight of 45 kDa. The second one is located at the C-terminus of the protein sequence 

and is identified as “basic subunit” with a molecular weight of 23 kDa (Figure 25). 
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Figure 25 – Amino acid sequence of the two subunits (acidic and basic)  
in the Ara h 3 protein sequence (from Scaffold software) 

In addition, nine out of the ten identified peptides for the 22 kDa band were situated in the basic 

subunit of Ara h 3 protein sequence (Figure 26). Moreover, the molecular weight of the band on the 

gel and the theoretical/predicted molecular weight of the basic subunit are comparable.  

 

Figure 26 – HRMS analysis of the 22 kDa trypsin digestion resistant protein band. Identified peptides are highlighted in 
yellow in the peanut Ara h 3 (Q0GM57 UniProt identifier) protein sequence (from Scaffold software). Amino acids 

highlighted in green were found as modified amino acids (methionine oxidation and cysteine carbamidomethylation) 

As we have seen, with the combined approach of SDS-PAGE resolution and HRMS analysis, peanut Ara 

h 3 and galactose-binding lectin were identified as proteins that are resistant to trypsin digestion and 

were considered as good markers for the optimization of enzymatic digestion.  

Resistance to enzymatic digestion might be due to the protein conformation leading to inaccessible 

cleavage sites (Koppelman et al, 2010). The putative effect of protein denaturation was therefore 

tested in order to improve the enzymatic digestion of these resistant proteins.  

The effect of a mass spectrometry friendly ionic detergent such as sodium deoxycholate (SDC), was 

first analysed.  The use of SDC for in-solution digestion is indeed described in proteomic literature to 

enhance the activity of trypsin and increase the recovery of hydrophobic peptides and the number of 

identified proteins. Wang and co-workers demonstrated that the use of SDC for in-solution digestion 

had a positive effect on the detection of membrane proteins of barley leaf (Wang et al, 2018). SDC is 

also cheaper than RapiGest, a characteristic which has to be taken into account in the perspective of 

the development of a routine method.  

The effect of 1 % SDC, an optimal concentration according to Lin and co-workers (Lin et al, 2008), on 

the digestion was evaluated on raw peanut protein extracts.  As presented in Figure 27, the presence 

of 1 % SDC does not strongly improve the digestion of resistant proteins by trypsin. The 22 kDa band 

was present with comparable intensities between samples digested by trypsin in the presence or not 

of 1 % SDC. 
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Figure 27 – Evaluation of the effect of 1 % SDC on the trypsin digestion efficiency of unprocessed  
peanut protein extracts. Samples corresponding to 5 µg of proteins were loaded on an SDS-PAGE gel (12 %),  

the electrophoresis was run under 150 mV and the gel stained with Coomassie blue. 

The second strategy we tested to improve protein digestion was the sequential combination of two 

different enzymes (Endoproteinase Lys-C and trypsin) and the use of a higher urea concentration. 

Endoproteinase Lys-C is a serine endoproteinase which cleaves peptide bonds at the C-term part after 

lysine residues (Raijmakers et al, 2010). Its specificity is therefore compatible with trypsin. However, 

unlike trypsin, Lys-C is still active under high urea concentrations (6−8 M) (Glatter et al, 2012). To 

improve protein digestion, a two-step digestion was evaluated.  

The use of a gel filtration column before the enzymatic digestion step (see protein extraction 

optimization section above, Paragraph 3.1 page 46), allowed the exchange of the protein extract buffer  

for 50 mM TEAB containing 6 M urea. According to Lys-C provider recommendations (Wako Pure 

Chemical Industries, Osaka, Japan), a Lys-C pre-digestion step was carried out during 5 h at 37 °C with 

a 1:50 enzyme:protein ratio. Samples were then diluted with 50 mM TEAB to reduce urea 

concentration to 1 M, a concentration that is compatible with trypsin activity (according to Promega). 

Enzymatic digestion was pursued with the addition of trypsin (1:20) and an incubation of 2 h at 37°C. 

The complete/detailed protocol can be found in the published research articles exposed in section 4 

(page 58). 

                     

Figure 28 – Effects of the addition of a Lys-C pre-digestion step (5 h at 37°C in 6 M urea) on the trypsin 
 digestion of unprocessed peanut protein extracts. Samples corresponding to 5 µg of proteins were loaded on  
a SDS-PAGE gel (12 %), the electrophoresis was run under 150 mV and the gel stained with Coomassie blue. 

Caption: 

(1): 2 h digestion (1:20 – 0 % SDC) 

(2): Undigested extract (0 % SDC) 

(3): Molecular weight marker 

(4): 2 h digestion (1:20 – 1 % SDC) 

(5): Undigested extract (1 % SDC) 

 

Caption: 

(1): Trypsin digestion (2h – 1:20) 

(2): Undigested extract  

(3): Molecular weight marker 

(4): Tandem Lys-C (5h – 1:50) 

and trypsin (2h – 1:20) digestion 

 

(Normalized protein loading) 
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The effect of the digestion with the sequential combination of Lys-C/trypsin was compared to the 

digestion efficacy by trypsin alone (digestion time: 2 h – enzyme:protein ratio 1:20). Digested products 

were analysed with SDS-PAGE stained with Coomassie blue and by HRMS analysis a particular focus on 

peptides obtained from the digestion of resistant proteins (Ara h 3 and galactose-binding lectin) 

(Figure 28). The results show that the Lys-C/trypsin digestion is able to improve the trypsin digestion 

for resistant proteins when compared to the digestion by trypsin alone. Next, the staining intensity of 

the bands observed on the SDS gel was also analysed with ImageJ, an image analysis software. This 

analysis revealed that the 22 kDa band intensity was reduced by 80 % for the sample digested by the 

combination of Lys-C and trypsin when compared to the sample digested by trypsin only. 

 

Ara h 3 acidic subunit Ara h 3 basic subunit Galactose-binding lectin 
P1: FYLAGNQEQEFLR 

P2:GDEQENEGSNIFSGFAQEFLQHAFQVDR 

P3:IESEGGYIETWNPNNQEFQCAGVALSR 

P4: RPFYSNAPLEIYVQQGSGYFGL 

       IFPGCPSTYEEPAQEGR 

P1: AQSENYEYLAFK 

P2: NAMFVPHYTLNAHTIVVALNGR 

P3: SSNPDIYNPQAGSLR 

P4: SVNELDLPILGWLGLSAQHGTIYR 

P5: TDSRPSIANLAGENSIID 

       NLPEEVVANSYR 

P6: VYDEELQEGHVLVVPQNFAVAAK 

P1: VLYAMPVR 
P2: DYDPADGIIFFIAPEDTQIPA 

       GSIGGGTLGVSDTK 

P3: TLSVAVTNENGDITTIAQVVDLK 

P4: SWSFTSTLITTTR 

Figure 29 – HRMS analysis of the effect the two digestion protocols (sequential Lys-C/trypsin treatment (in blue) and trypsin 
alone (in orange)) applied on unprocessed peanut extract on the digestion efficiency. Two resistant protein markers (Ara h 3 
and galactose-binding lectin) are considered. Peptides of Ara h 3 are separated between acidic and basic subunit. Results are 

expressed as the peptide MS signal intensity and represent the means ± 1 S.D. for 3 independent experiments. Statistical 
significance was evaluated with Student’s T-test (* = p < 0.05).  

These results were confirmed by the HRMS analysis. As presented in Figure 29, the signal intensity 

associated with peptides from trypsin-resistant proteins was higher in samples digested with the two 

enzymes. This observation is particularly true for the digestion of the galactose-binding lectin with a 

signal intensity that is statistically significantly higher for the four identified peptides obtained when 

the samples are digested by both enzymes when compared to the digestion by trypsin only. Results 

are less clear for Ara h 3 and its two subunits, as the signal intensity is only statistically significantly 

higher for a few peptides when the sample was digested by both enzymes.  

The comparison of the two digestion protocols was also performed on raw hazelnut protein extracts 

(Figure 30). One can observe that the digestion of trypsin resistant proteins is also improved with the 

use of the sequential Lys-C/trypsin digestion protocol. 
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Figure 30 - Effects of the addition of a Lys-C pre-digestion step (5 h at 37°C in 6 M urea) on the trypsin  
digestion of unprocessed hazelnut protein extract. Samples corresponding to 5 µg of proteins were loaded  

on a SDS-PAGE (12 %), run under 150 mV and stained with Coomassie blue. 

In conclusion, the combined optimisation of protein extraction and enzymatic digestion conditions 

resulted in a complete sample preparation protocol presented in Figure 31. Both digestion protocols 

were applied in parallel to each test matrix to obtain a more complete peptide identification and allow 

the identification of proteins that are resistant to digestion by trypsin alone.  

 

Figure 31 - Sample preparation flowchart. Proteins from a 1 g sample were extracted with 10 mL extraction buffer.  
The proteins were then reduced and alkylated. The buffer was exchanged with an appropriate buffer depending  

on the subsequent proteolytic digestion (trypsin alone or tandem Lys-C/trypsin). The resulting peptides were purified  
with the SPE before HRMS analysis was performed. 

 

Caption: 

(1): Molecular weight marker  

(2): Undigested extract  

(3): Trypsin digestion (2h – 1:20) 

(4): Tandem Lys-C (5h – 1:50) 

and trypsin (2h – 1:20) digestion 

 

(Normalized protein loading) 
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4. Potential peptide biomarker identification 

The developed and optimized sample preparation protocol was systematically applied to the different 

test matrices produced for each of the four allergenic ingredients. Resulting samples were analysed by 

HRMS to identify potential peptide biomarkers for the quantification of food allergens in processed 

food products. 

The obtained results are now presented in the different published articles or in manuscript in 

preparation for the different allergenic ingredients tested. The article on eggs was published in Journal 

of Chromatography A. The articles on peanuts and hazelnuts were published in Food Chemistry Journal. 

At the time of writing this thesis, the fourth and last manuscript focusing on milk peptides was 

submitted to Food Analytical Methods Journal. 

4.1. “Selection of egg peptide biomarkers in processed food products by high resolution mass 

spectrometry” (Gavage et al, 2019) 

The developed peptide biomarkers identification strategy was first applied to egg. Egg allergy is one of 

the most common food allergies, especially in children (Eggesbø et al, 2001; Sicherer & 

Sampson, 2006). In addition, egg and its derived components are abundantly used by the food 

industry, thus making the complete avoidance of eggs difficult. 

The developed and optimized sample preparation protocol was applied to processed egg matrices: 

freeze-dried whole liquid egg as unprocessed matrix, freeze-dried pasteurized whole liquid egg as 

heated matrix, mayonnaise as fat-rich matrix, mayonnaise containing vinegar as a fat-rich and low pH 

matrix and chocolate as a complex and fat-rich matrix. Resulting peptides were analysed by 

HPLC-HRMS.  

The identified peptides were filtered using a series of criteria to ensure method specificity, sensitivity 

and robustness. To summarize, peptides must be specific for the allergenic ingredient, be robust to 

food processing, have originated from abundant proteins, be size-compatible with triple quadrupole 

mass spectrometry analysis, and not be prone to amino acid modifications or missed cleavages by the 

protease(s) used. The use of a tandem Lys-C/trypsin enzymatic digestion improved the digestion of 

some of the proteins as compared to the digestion with trypsin alone.  

Considering these criteria, a list of 16 robust potential peptide biomarkers was obtained, allowing for 

the detection of the egg yolk and egg white proteins for eggs from hens and other farm birds (goose, 

duck, turkey, quail, and guinea fowl).  

The 16 identified potential peptide biomarkers were considered for the development of the 

quantitative UHPLC-MS/MS analysis method. 

The research article was published in Journal of Chromatography A. 
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a b s t r a c t

Food allergy is a growing health problem worldwide; thus, there is an urgent need for robust, specific, and
sensitive analytical methods for detecting allergens. Mass spectrometry is an alternative to the existing
methods, and it can overcome their limitations. One of the first steps in the development of any analytical
method is the identification of the analytes to be further studied. In the case of allergen detection by mass
spectrometry, the analytes are peptides. In this study, a strategy was developed for identifying potential
peptide biomarkers in processed food products. This strategy was applied to processed egg matrices,
and 16 potential peptide biomarkers were identified for the further detection and quantification of egg
by means of mass spectrometry. With an empirical approach based on dedicated sample preparation,
gg
rocessed food products
eptide biomarker selection

including tandem Lys-C/trypsin enzymatic digestion and high-resolution mass spectrometry analysis,
hundreds of peptides from egg proteins were identified. This list of peptides was further refined with a
series of criteria, obtained from empirical evidence, to identify the ideal biomarkers for the development
of a quantitative method. These criteria include the resistance to food processing and the specificity of

also t
the peptides for eggs but

. Introduction

Food allergy is defined by the National Institute of Allergy
nd Infectious Diseases (NIAID) as “an adverse health effect aris-
ng from a specific immune response that occurs reproducibly on
xposure to a given food.” It is a major global issue, and chil-
ren, in particular, are being affected in increasing numbers [1].
ymptoms can affect multiple biological systems like the skin
hives), or the gastrointestinal (vomiting and/or stomach cramps)
r respiratory (wheezing, hoarse throat) systems. They can become
ife-threatening in the case of anaphylaxis simultaneously affect-
ng different systems [2]. Because there is no cure yet, the only

olution for allergic patients is strict avoidance of exposure to food
llergens [3]. To protect consumers, 14 ingredients that have the
otential to cause allergic reactions are required by European leg-

∗ Corresponding author at: CER Groupe, Rue du Point du Jour, 8, 6900, Marloie,
elgium.

E-mail address: n.gillard@cergroupe.be (M. Gavage).

ttps://doi.org/10.1016/j.chroma.2018.11.036
021-9673/© 2018 Elsevier B.V. All rights reserved.
he effects of amino acid modifications and enzymatic digestion efficiency.
© 2018 Elsevier B.V. All rights reserved.

islation (Regulation 1169/2011/CE) to be included in food labelling.
Unfortunately, the incidental presence of allergens in food is pos-
sible, e.g., through cross-contamination, and this is not covered by
legislation. Hence, specific and sensitive methods for the routine
detection of food allergens are needed.

Some detection methods are commercially available, and they
are based mainly on immunological methods targeting specific
proteins, such as enzyme-linked immunosorbent assays (ELISA).
Other methods rely on polymerase chain reactions (PCRs) targeting
specific DNA molecules. However, such methods have limitations.
For instance, with the PCR method, milk cannot be distinguished
from cattle products nor egg from other chicken parts because
they share the same DNA sequence. Furthermore, while the DNA
is targeted, the proposed thresholds are expressed as total pro-
tein quantities; thus, the identification of the required conversion
factor could be challenging [4]. The antibodies used in immuno-

logical methods recognize epitopes. One drawback, however, is
the possible recognition by the antibodies of similar structures in
non-allergenic ingredients, thus generating false positive results.
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n contrast, protein denaturation upon food processing can modify
he conformation of the targeted proteins or epitopes, leading to
alse negative results [5].

Mass spectrometry (MS)-based methods may overcome these
rawbacks. Typically, proteins are detected and quantified through
heir constitutive peptides, which are obtained after proteolytic
igestion. Such an analysis is therefore based on peptide sequences
ather than protein structures. Thus, MS-based methods are more
obust than other methods. However, MS may be subject to matrix
ffects, defined as the combined effects of all the components of the
ample other than the analyte on the measurement of the quantity
f this specific analyte [6]. These matrix effects have to be mini-
ized by dedicated sample preparation. The overall specificity of
S-based methods is ensured by the specificity of both the selected

eptides and the multiple-reaction monitoring (MRM) transitions
7]. In addition, MRM is highly sensitive, and it is compatible with
he detection of multiple analytes in a single experiment. There-
ore, with MRM, multiple allergenic ingredients can be detected
nd quantified in a single analysis for a particular sample [8,9].

As was mentioned, with MS-based methods, the detection and
he quantification of allergenic ingredients are performed by ana-
yzing the constitutive peptides of the proteins from these food
ngredients. The selection of these peptides is the first step in the
evelopment of the analytical method. This can be done with an

n silico approach using software, e.g., Skyline®, to generate MRM
ransitions that will be assessed by analyzing the samples with a
riple quadrupole mass spectrometer (QqQ) [10].

In this study, peptides were selected with an empirical approach
ased on high-resolution mass spectrometry (HRMS). Such an
ntargeted approach allowed for the selection of the peptides, tak-

ng into account peptide-related information such as natural and
rtificial amino acid modifications, and proteolytic digestion effi-
iency through the detection of incompletely digested peptides.
his important information was not readily available with the in sil-

co approaches mentioned above. In practice, proteins are extracted
rom matrices that may or may not be contaminated with allergenic

aterial. After proteolytic digestion, the resulting peptides are ana-
yzed by HRMS. The obtained data are then used to select peptide
iomarkers for the development of the actual quantitative detec-
ion method. To achieve this goal, a digestion protocol combining
wo enzymes, Lys-C and trypsin, was implemented because it was
bserved in preliminary tests that digestion using only trypsin was
nefficient for some egg proteins.

It is clear that peptide selection is a crucial step in the devel-
pment of a quantitative MS-based method. These peptides have
o fulfil a series of criteria to ensure method accuracy, robustness,
nd precision [11–13]. Ideal peptide biomarkers have to be specific
or the allergenic ingredient, robust to food processing, derivable
rom abundant proteins, size-compatible with m/z-analyzers (8–25
mino acids), and not prone to amino acid modifications or missed
leavages by the protease(s) used.

This study is part of a larger project aimed at developing MS-
ased methods for the quantification of four main allergens—egg,
ilk, peanut and hazelnut—in processed food products. This partic-

lar study was focused on egg, but the developed strategy should
e applicable for detecting any allergenic ingredient. However,
his strategy depends on the availability of protein databases. This
ould be a limitation for less studied allergenic ingredients like
ecan (Carya illinoinensis) with only 45 entries in UniProt protein
atabase, for the moment.

Egg allergy is one of the most common food allergies, especially
n children [14,15]. In addition, egg and its derived components

re used a great deal by the food industry, thus making the com-
lete avoidance of eggs difficult. To identify robust and specific
eptides for egg, egg-based reference materials were prepared in
standardized way. The analytical criteria were also identified
. A 1584 (2019) 115–125

and applied to the final selection of egg peptides by UHPLC-
HRMS.

2. Material and methods

2.1. Reagent and materials

Urea, tris(hydroxymethyl)aminomethane (Tris−HCl), tris(2-
carboxyethyl)phosphine hydrochloride (TCEP), iodoacetamide
(IAA), tetraethylammonium bicarbonate (TEAB), and NAP-10
columns (GE Healthcare) were purchased from Sigma-Aldrich
(Bornem, Belgium). Trifluoroacetic acid (TFA) was obtained from
Thermo Fisher Scientific (Waltham, Massachusetts, USA), and solid
phase extraction cartridge (SPE) Pak C18 1 cc Vac Cartridge from
Waters (Milford, Massachusetts, USA). Enzymatic digestion was
performed with Trypsin Gold, Mass Spectrometry Grade from
Promega (Madison, Wisconsin, USA), and Lysyl Endopeptidase,
Mass Spectrometry Grade (Lys-C) from Wako Pure Chemical Indus-
tries, Ltd (Osaka, Japan). The water, acetonitrile, methanol absolute,
2-propanol (ULC/MS grade for all solvents), and formic acid were
from Biosolve (Valkenswaard, the Netherlands). ESI-L Low Con-
centration Tuning Mix was purchased from Agilent Technologies
(Santa Clara, California, USA)

2.2. Food product preparation

Processed egg matrices were produced in the Food Pilot unit
of the Flanders Research Institute for Agriculture, Fisheries and
Food (ILVO). The preparation of the egg matrices started with
homogenized raw liquid whole egg (12.49% protein content) or
homogenized pasteurized liquid whole egg (12.49% protein con-
tent). Neither egg product contained any additives. The eggs were
purchased from chicken farms engaged in cage farming (Lodewi-
jckx NV, Veerle, Belgium, egg code 3).

2.2.1. Preparation of a raw egg matrix
Raw whole liquid egg was freeze-dried upon arrival (freeze

dryer Epsilon 2–10 D LSC, Martin-Christ, Osterode am Harz,
Germany), vacuum packed (vacuum packaging machine KN5,
VC999, North Kansas City, Missouri, USA), and stored at 4 ◦C in the
dark.

2.2.2. Preparation of a heated egg matrix
Pasteurized whole liquid egg was freeze-dried upon arrival

(freeze dryer Epsilon 2–10 D LSC), vacuum packed (vacuum pack-
aging machine KN5, VC999), and stored at 4 ◦C in the dark. Egg
pasteurization fulfils USDA requirements indicating that whole
eggs must reach a minimum temperature of 60 ◦C for 3.5 min [16].

2.2.3. Preparation of fatty rich environment egg matrix: type
1 = mayonnaise

A volume of 450 mL sunflower oil (Carrefour, Boulogne-
Billancourt, France) was added slowly to 100 g raw liquid whole egg
while being mixed (Bosch immersion blender MSM67170—750 W,
Stuttgart, Germany) until a smooth mayonnaise was formed. The
mayonnaise was divided into 50 g aliquots, vacuum packed (vac-
uum packaging machine KN5, VC999), and stored at 4 ◦C in the
dark.

2.2.4. Preparation of fatty rich environment egg matrix: type
2 = chocolate
First, a fine egg powder was produced by mixing 10 g freeze-
dried raw egg powder into a fine powder (Kenwood Mini Chopper
Mill Attachment AT320B [Hampshire, United Kingdom], pulsing
speed 3 min) followed by the sieving of this powder (Retsch test
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ig. 1. Sample preparation flowchart. Proteins from a 1 g sample were extracted wi
xchanged with an appropriate buffer depending on the subsequent proteolytic dig
he SPE before HRMS analysis was performed.

ieve [Haan, Germany], pore size 500 �m). Chocolate was then pre-
ared. First, a “conche” was made from chocolate refiner flakes
90%) and cacao butter (10%). An equivalent of 450 g chocolate
efiner flakes (Callebaut, Lebbeke, Belgium) and 50 g cacao butter
Callebaut) were warmed in a double boiler in separate bowls until
temperature of 40–45 ◦C was reached. The temperature was con-

rolled with a food thermometer. The melted butter was then added
lowly to the melted chocolate refiner flakes, and the mix was
tirred for 3 min with a spoon. Next, 1.2% ammonium phosphatide
Palsgaard A/S; Juelsminde, Denmark) was added, and the mixture
as stirred for 3 more minutes. Finally, a chocolate incurred with

gg (45,454 ppm egg proteins in matrix) was produced by adding
0 g egg powder to the liquid chocolate and stirring again for 3 min
hile maintaining the temperature of the chocolate at 42 ◦C. The

hocolate was subsequently poured into sterile chocolate molds,
overed with plastic foil, and left to cool at room temperature. Once
t had cooled, the chocolate was kept overnight at 4 ◦C to cool fur-
her, to set, and to solidify. The next day, the chocolate bars were
asped manually into chocolate flakes in 50 g aliquots to avoid the
elting of the chocolate. Chocolate flakes were kept in plastic jars in

0 g aliquots and stored at 4 ◦C in the dark. A proper blank choco-
ate was prepared following the same procedure without adding
he egg powder.

.2.5. Preparation of a fatty and low pH egg matrix: mayonnaise
ontaining vinegar

A volume of 450 mL sunflower oil (Carrefour, Boulogne-
illancourt, France) was slowly added to 100 g raw liquid whole egg
hile being mixed (Bosch immersion blender MSM67170—750 W)
ntil a smooth mayonnaise was formed. Next, 50 g vinegar (De

lauwe Hand, Puurs, Belgium) was mixed with the mayonnaise for
min (Bosch immersion blender MSM67170—750 W). The may-
nnaise was divided into 50 g aliquots, vacuum packed (vacuum
ackaging machine KN5, VC999), and stored at 4 ◦C in the dark.
L extraction buffer. The proteins were then reduced and alkylated. The buffer was
(trypsin alone or tandem Lys-C/trypsin). The resulting peptides were purified with

2.3. Sample preparation

The sample preparation protocol was based partly on the pro-
tocol of Planque et al. [10]. In short, proteins were extracted from
food matrices, purified, and proteolytically digested. Two digestion
protocols were compared for each processed food product. In the
first protocol, the proteins were digested with trypsin alone. In the
second, a tandem Lys-C/trypsin digestion was used. For each com-
bination of digestion protocol and processed food product, three
biological replicates were prepared and analyzed by UHPLC-HRMS
(Fig. 1).

2.3.1. Protein extraction
The proteins from a 1 g sample were extracted in 50 mL conical

centrifuge tubes with 10 mL extraction buffer (2 M urea, 200 mM
Tris−HCl; pH 9.2) by shaking at 20 ◦C for 30 min (Agitelec, Toule-
monde, Mery-sur-Oise, France) followed by sonication (Elmasonic
S 70, Elma Schmidbauer GmbH, Singen, Germany) for 15 min at
4 ◦C. The samples were centrifuged at 4660 g for 10 min at 4 ◦C. The
middle liquid phase was then collected, and its protein concentra-
tion was measured using the Pierce 660 nm Assay (Thermo Fisher
Scientific, Waltham, Massachusetts, USA).

2.3.2. Protein reduction, alkylation and purification
The samples were diluted to a 4 mg/mL protein concentra-

tion with extraction buffer. The proteins from a 1 mL aliquot
were reduced and alkylated using TCEP (15 mM final concentra-
tion) and IAA (30 mM final concentration); they were then mixed
(500 rpm) for 15 min at 37 ◦C in the dark. The samples were desalted
and buffer-exchanged by gel filtration chromatography (NAP-10
columns, GE Healthcare, United Kingdom). The protease used for

protein digestion in the next step determined the nature of the
exchange buffer. A 50 mM TEAB buffer was employed for trypsin
only digestion; 6 M urea and 50 mM TEAB were employed for the
tandem Lys-C/trypsin digestion. The protein concentration of the
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Table 1
Unique proteins and number of unique peptides for these proteins identified with HRMS analysis of egg samples (raw egg, heated egg, fatty rich environment, and low
pH matrix). These unique peptides and proteins are identified in at least one sample using the following search parameters: “trypsin digestion”, “allow up to three missed
cleavages”, “masses of monoisotopic peptide ions with a tolerance of 7 ppm”, and “a fragment tolerance of 0.05 Da.” Carbamidomethylation of the cysteines was set as a fixed
modification. Oxidation of the methionine, conversion of the N-terminal glutamine into pyroglutamate, and deamidation of the asparagine and glutamine were allowed as
variable modifications. The MS/MS-based protein and peptide identifications were validated using Scaffold 4.8. The peptide identification was accepted if a peptide could be
established at >95% probability by the Peptide Prophet algorithms. The proteins were identified assuming a false discovery rate of 1% and accepted if they contained at least
two identified peptides.

Allergenic ingredient Identified protein UniProt entry identifier Number of identified unique peptides Coverage

Egg white Alpha-1-acid glycoprotein A7UEB0 6 27%
Clusterin Q9YGP0 6 10%

Hep21 protein Q8AV77 3 34%
Lysozyme C (Gal d 4) P00698 22 81%

Mucin-5B Q98UI9 24 12%
Ovalbumin (Gal d 2) P01012 36 59%

Ovalbumin-related protein X R9TNA6 14 34%
Ovalbumin-related protein Y P01014 24 34%

OvoglobulinG2 I0J170 6 10%
Ovomucoid (Gal d 1) P01005 5 41%

Ovostatin P20740 6 3%
Ovotransferrin (Gal d 3) P02789 86 71%

Egg yolk Apolipoprotein B F1NV02 166 27%
Apovitellenin-1 P02659 4 33%

Ig lambda chain C region P20763 4 20%
P1912
P8749
P0284
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Serum albumin (Gal d 5)
Vitellogenin-1 (Gal d 6)

Vitellogenin-2

.5 mL volume samples was again measured with the Pierce 660 nm
ssay.

.3.3. Proteolytic digestion
Two types of proteolytic digestion were used. For the trypsin-

nly digestion, the samples were diluted with 50 mM TEAB buffer
o a 0.33 mg/mL protein concentration, and 300 �L of these samples
as transferred to a 1.5 mL microcentrifuge tube. A 16 h diges-

ion at 37 ◦C under 300 rpm agitation (Stuart® Microtiter plate
haker incubator SI505, Bibby Scientific, Stone, United Kingdom)
as performed after 1 �g of trypsin (protein:trypsin ratio 1:100)
as added. For the tandem Lys-C/trypsin digestion, the samples
ere diluted with 6 M urea and 50 mM TEAB buffer to 2 mg/mL
rotein concentration; 50 �L was transferred to a 1.5 mL micro-
entrifuge tube. A first 5 h digestion was performed at 37 ◦C under
00 rpm agitation by adding 2 �g of Lys-C. The samples were then
iluted to a 300 �L final volume (to reduce the urea concentra-
ion to 1 M). A second 16 h digestion was performed at 37 ◦C under
00 rpm agitation by adding 1 �g of trypsin. For both digestion
ypes, the reaction was stopped by the addition of 10 �L of 33% TFA.

To minimize potential carbamylation of proteins and peptides,
rea solutions were freshly prepared. Extraction and digestion
teps were also performed during the same day.

.3.4. SPE purification
The peptides resulting from the digestion were purified using

18 SPE cartridges. The cartridges were first washed with 1 mL
cetonitrile/water (50/50, v/v) and equilibrated with 1 mL wash
olvent (acetonitrile/water/TFA, 2/97.9/0.1, v/v/v). The samples
ere diluted 10 times with water, loaded onto the cartridges,

nd washed with 1 mL wash solvent. The peptides were eluted
ith 2 mL acetonitrile/water (80/20, v/v). The samples were subse-

uently evaporated under a nitrogen flow at 40 ◦C. The pellets were
issolved in 500 �L of 0.1% formic acid and concentrated approxi-
ately 10 times with a vacuum concentrator (Heto, Denmark).

.4. Mass spectrometry
The peptides were analyzed using an ESI-MS/MS maXis Impact
HR-TOF (Bruker, Billerica, Massachusetts, USA) coupled to a
ionex UltiMate 3000 Standard LC Systems (Thermo Fisher Scien-
1 38 33%
8 81 33%
5 144 54%

tific, Waltham, Massachusetts, USA). The peptide concentrations
were measured using NanoDrop ultra-violet absorbance [17]
(Thermo Fisher Scientific, Waltham, Massachusetts, USA). Each
injected sample volume was adapted such that each time, 3 �g pep-
tides were analyzed. The peptides were separated by reverse-phase
liquid chromatography on an Acclaim PepMap100 C18 column
(3 �m, 100 A◦, 1 mm × 15 cm nanoViper, Thermo Fisher Scientific,
Waltham, Massachusetts, USA) using the Dionex UltiMate 3000
liquid chromatography system. The column temperature was
set at 40 ◦C A and B mobile phases were water and acetonitrile,
respectively, each containing 0.1% formic acid. The solvent gradient
and the flow rate (FR) were set as follows: 0–3 min: FR 30 �L/min
and 5% B; 3–40 min: FR 30 �L/min and 5%–40% B; 40–45 min: FR
40 �L/min and 40%–95% B; 45–50 min: FR 50 �L/min and 95% B;
50–50.1 m in. FR 30 �L/min and 95% to 5% B; and 50.1–60 min: FR
30 �L/min and 5% B. After each sample analysis, stringent washing
was performed using water/acetonitrile/methanol/2-propanol
(1/1/1/1) for 20 min to elute the residual components. Peptides of
interest are mainly eluted within the 3%–40% acetonitrile gradient.
But, to avoid contamination between the different samples, this
strategy, including variable flow rate and stringent wash, was
developed to elute the stickier peptides that remained on the
liquid chromatography column.

The column effluent was connected to an electrospray ioniza-
tion source. The MS and MS/MS data acquisition was carried out
through 3 s cycles. Each cycle started with a 0.5 s survey scan during
which MS spectra were acquired in a mass-to-charge (m/z) range of
150–2200. The most intense peptide ions containing 2–4 positive
charges were selected for fragmentation during the remaining 2.5 s.
The collision-induced dissociation (CID) energy was automatically
set according to the m/z ratio and the charge state of the precursor
ion. Dynamic exclusion is used in the acquisition method: after a
first spectrum acquisition, the ion is excluded during 2 min except
if its intensity increases 3 times. The mass spectrometer and liq-
uid chromatography systems were piloted by Compass Hystar 3.2
(Bruker, Billerica, Massachusetts, USA).
2.5. Data analysis

The peak lists were generated using DataAnalysis 4.2 (Bruker,
Billerica, Massachusetts, USA). They were saved as MGF files. To
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mprove mass accuracy, the data were processed with a lock mass
alibration [hexakis(1 h,1 h,4h-hexafluorobutyloxy)phosphazine,
rincipal positive ion at m/z = 1221.9906]. The MGF files were then
reated with ProteinScape 3.1 (Bruker, Billerica, Massachusetts,
SA) and Mascot 2.5 (Matrix Science, London, United Kingdom) as

he search engine. The peak lists were searched against a home-
ade protein database downloaded from UniProt (uniprot.org).

his database contains hen’s proteome (Gallus gallus) and some
ossible contaminants (cacao, human keratin, trypsin and Lys-C) to
void misidentification for a total of 77,682 entries (36,371 entries
or hen, 40,959 for cacao, and 350 for human keratin). The follow-
ng search parameters were used: “trypsin digestion”, “allow up
o three missed cleavages”, “masses of monoisotopic peptide ions
ith a tolerance of 7 ppm”, and “a fragment tolerance of 0.05 Da.”
arbamidomethylation of the cysteines was set as a fixed modifi-
ation. Oxidation of the methionine, conversion of the N-terminal
lutamine into pyroglutamate, and deamidation of the asparagine
nd glutamine were allowed as variable modifications. Last, the
eak lists were searched against the homemade database with an
utomatic decoy database search.

The MS/MS-based protein and peptide identifications were val-
dated using Scaffold 4.8 (Proteome Software, Portland, Oregon,
SA). The peptide identification was accepted if a peptide could be
stablished at >95% probability by the Peptide Prophet algorithms
18,19]. The proteins were identified assuming a false discovery
ate of 1% and accepted if they contained at least two identified
eptides.

In parallel, the ProfileAnalysis (Bruker, Billerica, Massachusetts,
SA) software was used to align the UHPLC-MS/MS raw data to
ompare the presence and the intensity of the peptides through
he various samples. Using the “find molecular features” algorithm,
he ions belonging to the same compound were combined into
ne feature (e.g., isotopes and charge states). The retention times
f the obtained features were then aligned to rectify any potential
etention shift that could appear during the run. Buckets were
reated, and a quantile normalization was applied. These buckets
orresponded to the pairs of feature masses and the retention
imes. Comparable results were built by combining the list of
eptides identified and validated by Scaffold and the buckets
enerated by ProfileAnalysis. The signal intensity linked to the
dentified peptides obtained this way was the basis for the results
iscussed below.

. Results and discussion

.1. Global strategy

Given the urgent need for a reference method for detecting and
uantifying allergens in food [20], the objective of this study was
o identify robust and specific egg peptide biomarkers that can be
urther used in a UHPLC-MS/MS method to quantify egg in pro-
essed food products. With the HRMS-based discovery proteomics
pproach used in this study, more than 600 egg peptides were iden-
ified in the samples. Unique identified proteins and the number
f unique peptides for these proteins are listed in Table 1. The
omplete list of peptides associated with their intensity in each
gg matrix can be found in Supplementary material 1. To ensure
he sensitivity, specificity, robustness, and trueness of the future

ethod, it was necessary that the selected analytical targets fulfil
series of criteria detailed in the following sections. The strategy
as thus to filter, using these criteria, all of the identified peptides

nd to withhold the ideal biomarkers for the quantitative method.
.2. Selection criterion 1: protein distribution in the egg

Eggs are composed of three main parts: egg white or albumen,
olk, and eggshell, which includes egg membrane. These three parts
. A 1584 (2019) 115–125

are used together by the food industry, but they can also be found
individually in some recipes. To be able to detect egg in any sit-
uation, this issue needed to be considered in the selection of the
biomarkers. Eggshell, generally considered a waste product, can be
used as a food additive because of its high calcium content (>90%)
[21]. Eggshell also contains about 6% protein. These proteins corre-
spond to eggshell-specific proteins and to proteins found in egg
white. The eggshell membrane is composed mainly of collagen
and egg white proteins [22–24]. Because both the eggshell and the
eggshell membrane contain egg white proteins, such as ovalbumin
or lysozyme, and no specific allergen has been identified in these
parts [25], the selected biomarkers in this study did not include
shell-specific peptides. In contrast, both the egg white and the yolk,
which can be used individually by the food industry, contain spe-
cific allergens [26]; thus, the peptide biomarkers had to be selected
from these two parts.

3.3. Selection criterion 2: the amino acid composition of targeted
peptides

For the quantitative UHPLC-MS/MS method, the peptide
biomarker selection has to comply with specific rules to ensure
method trueness. Indeed, the total egg protein quantification
is directly linked to the concentration of the selected peptides
through their respective protein quantities in the egg. The tar-
geted peptides should therefore be found in a single form: a single
mass. Thus, the peptides containing amino acids that are prone to
modification needed to be omitted because such peptides could
be present in non-modified or modified versions in not very pre-
dictable proportions. Based on a review of the literature, potential
modifications were empirically identified using Mascot’s “error
tolerant search.” The identified modifications are summarized in
Supplementary material 2.

Cysteine modification is intentionally introduced by the sample
preparation. Indeed, cysteine are reduced and alkylated to dis-
rupt disulfide bridges and increase protein denaturation before the
enzymatic digestion step. TCEP and IAA used for this purpose induce
cysteine carbamidomethylation. This modification was set as a
fixed modification for peptide identification in the data analysis.
This was done because of the observed high modification rate and
the need to limit the number of modifications set as a variable. This
in turn increased the database search time and reduced its speci-
ficity [27]. Nevertheless, the decision was made to reject peptides
containing cysteine to prevent the effects of possible incomplete
carbamidomethylation, which could induce a bias in the additional
quantitative method.

The other possible amino acid modifications that were identified
were methionine oxidation, asparagine and glutamine deami-
dation and N-terminal glutamine-to-pyroglutamate conversion.
Therefore, the peptides containing cysteine, methionine, or N-
terminal glutamine were systematically rejected.

Deamidation was treated differently, given the high occurrence
of asparagine and glutamine [28]. Deamidation is typically a spon-
taneous reaction converting asparagine (Asn) to aspartic acid or
isoaspartic acid and glutamine (Gln) to glutamic acid. The reac-
tion rate is influenced by temperature and pH and also by the
nature of the amino acid on the carboxyl side adjacent to either the
asparagine or glutamine [29–32]. The fastest reaction occurs when
this carboxyl side adjacent amino acid is a glycine (Gly). For other
amino acids, the reaction rates are at least 10 times slower [29,31];
thus, only the peptides containing Asn-Gly or Gln-Gly sequences

were rejected. Last, post-translational modifications must also be
taken into account. For example, serine phosphorylation occurs
in egg proteins, such as ovalbumin. The peptides known to con-
tain such modified amino acids were rejected. This information
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as been documented in proteomics databases, such as UniProt
uniprot.org).

To assess the importance of considering these peptide modifi-
ations for the MS quantitative analysis, a systematic analysis of
he signal intensity of the vitellogenin-2 peptides either unmodi-
ed (hereafter called native peptides) or modified by methionine
xidation, glutamine-to-pyroglutamate conversion, or glutamine
nd asparagine deamidation was performed. As was shown in the
raph in Supplementary material 3, the proportion of native and
odified peptides was hardly predictable. Variations were also

bserved among the different modifications, and food processing
lso seemed to have an effect. For example, methionine oxidation
as observed in mayonnaise more than in unprocessed eggs. How-

ver, no general trend was identified. Peptide modifications were
bserved in the various egg proteins and for the different food pro-
esses considered in this study without predictable ratios between
he native and modified peptides. Therefore, the peptides contain-
ng the methionine, cysteine, N-terminal glutamine, or Asn-Gly or
ln-Gly sequences were systemically rejected to ensure method

rueness.

.4. Selection criterion 3: protease(s) used and cleavage site
omposition

In the protocol of Planque et al., as in many other studies, the
roteins were enzymatically digested with trypsin. To improve the
igestion of the trypsin-resistant proteins, the use of Lys-C in com-
ination with trypsin was tested. Trypsin is the most used protease

n bottom-up mass spectrometry-based proteomics [33,34]. The
eason is its high catalytic activity and specificity in peptide bonds
ydrolysis at the C-terminal side of the arginine and lysine residues.
ryptic peptides are ideal for mass spectrometry analysis (length,
ydrophobicity and ionization). Lys-C can be used in combination
ith trypsin, given their partly overlapping specificities (cleavage

t the Cterminal side of lysine). One interesting advantage of Lys-
is that it works efficiently under highly denaturing conditions,

hus also limiting the risk of missed cleavages that otherwise form
source of the underestimation of the peptide quantitation [35,36].

As was described in the material and methods section, the pro-
eins were extracted and digested with trypsin alone or with a
ys-C/trypsin combination. Both digestion protocols were applied
arallel to each sample. As is shown in Fig. 2, the improvement asso-
iated with Lys-C/trypsin digestion varied according to the specific
rotein being considered. The peptide MS signal intensity follow-

ng the tandem Lys-C/trypsin digestion was significantly higher
compared to the trypsin alone) for most of the proteins from the
gg white (ovalbumin [Fig. 2A], ovomucoid, ovotransferrin [Supple-
entary material 1]), and for the egg yolk proteins (Apolipoprotein

, Apovitellenin-1 [Supplementary material 1]). For some proteins,
owever, the digestion efficiency improvement was less obvious.
o improvement was observed for lysozyme (Fig. 2B); however, for
ther proteins, such as vitellogenin-1 or vitellogenin-2 (Fig. 2C), an
mprovement was observed only for select peptides.

On the contrary, the food processing applied to the samples had
limited effect on the efficiency of the enzymatic digestion. The
roteins that were resistant to trypsin digestion but were more effi-
iently digested with the tandem Lys-C/trypsin exhibited the same
ehavior independent of the food processing. The same observation
as reported for the proteins without trypsin digestion resistance,

uch as lysozyme, or for the partly resistant proteins (Supplemen-
ary material 1).

According to the classic rules for trypsin and Lys-C proteolysis,

rypsin cleaves at the carboxyl side of lysine and arginine whereas
ys-C cleaves only after lysine unless a proline immediately follows
he cleavage site for both enzymes [37,38]. Additional factors are
nown to affect the digestion efficiency and the missed cleavage
. A 1584 (2019) 115–125

probability of a particular cleavage site. Because of the goal of using
a quantitative UHPLC-MS/MS method, the cleavage of the selected
peptide biomarkers had to be as complete as possible. Indeed, if
a selected peptide is subjected to a higher possibility of missed
cleavages, its absolute quantification will be biased, and the egg
protein concentration will be underestimated.

Assuming optimized digestion conditions (pH, temperature,
duration, etc.), the amino acid sequence surrounding the cleavage
site has been found to affect peptide bond hydrolysis efficiency
[37–41]. This information has to be taken into account for the
peptide selection, and, whenever possible, peptides containing or
surrounded by a resistant sequence have to be avoided. These
sequences are described, using the nomenclature formulated by
Schechter and Berger [42], as P4-P3-P2-P1-P1′-P2′-P3′, in which
cleavage of the peptide bond occurs between P1 and P1′. As was
previously mentioned, both proteases had a lower digestion rate
for sequences with a proline at position P1′. Lysine (K) and arginine
(R) also had a negative effect on cleavage efficiency when present at
position P1′. In other words, R R, R K, K–R and K K were prone to
missed cleavage events. Finally, the negatively charged amino acid
residues, aspartate (D) and glutamate (E) or phosphorylated serine
(pS) and threonine (pT) had a negative influence when present close
to the cleavage site. The amino acid residues affecting digestion
efficiency are summarized in Table 2.

Whereas P, K, and R at the P1′ positions can be easily avoided
without too much interference of the overall sensitivity of the
method, totally avoiding D and E in the surrounding of the cleavage
site is more cumbersome given their relatively high natural occur-
rence. This criterion was taken into account for peptide selection
but not as an exclusive rule, otherwise too many peptides would be
rejected. The peptides under consideration (i.e., those containing D
and/or E in the area surrounding the cleavage site) were treated on
a case-by-case basis, with the importance of the potential result-
ing missed cleavage evaluated. A peptide was rejected when the
MS signal intensity of the associated peptide containing a missed
cleavage exceeded 10% of the MS signal of the fully tryptic peptides.

3.5. Selection criterion 4: robustness of peptides to food
processing

Eggs are usually consumed in the form of processed products.
It is known that food processing conditions and matrix interac-
tions affect the recovery and/or the further detectability of target
molecules [43,44]. Such adverse conditions include heat treatment,
the pH of the matrix, its fat content, and the presence of tannins. To
ensure the robustness and the accuracy of the method, the effect of
food processing was taken into account for the peptide biomarker
selection. The matrices and the food processing applied to the sam-
ples containing egg were selected to represent the conditions found
in everyday food products. Ideally, the peptides selected for quan-
titative UHPLC-MS/MS should not be affected.

The food processing effect was evaluated by comparing the
MS signal intensity of the peptides under the various test con-
ditions. Examples of vitellogenin-1 and ovotransferrin, egg yolk
and egg white proteins, respectively, are shown in Fig. 3. In the
case of vitellogenin-1 (Fig. 3A), some peptides, such as ATAVS-
LLEWQR or NVNFDGEILK, seemed resistant to the selected food
processes. These peptides are thus ideal biomarkers for the quan-
titative UHPLC-MS/MS method. In contrast, other peptides are
affected by the food processing like low pH for peptides ALLSEIR
or YLLDLLPAAASHR. The situation is different for ovotransferrin
(Fig. 3B). This protein seems to be unaffected by food process-

ing investigated in this study. All of the peptides were detected
at comparable intensities; thus, they could be potential biomark-
ers. In this case, the selected peptide biomarkers are those with the
highest signal intensity to ensure an overall high sensitivity of the
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Fig. 2. Peptide MS signal intensity comparison between the two digestion protocols (tandem Lys-C/trypsin and trypsin alone) in unprocessed eggs for 3 proteins (A: ovalbumin;
B: lysozyme; C: vitellogenin-2). Results are expressed as the means of the peptide MS signal intensity ± 1 SD for 3 independent replicates.

Table 2
Summary of amino acids favoring missed cleavages by trypsin and Lys-C. The relative position of these amino acids to the cleavage site is shown using Schechter and Berger’s
nomenclature [46].

Relative position to cleavage site

P4 P3 P2 P1 P1′ P2′ P3′

D E
pS pT

D E
pS pT

D E
pS pT

– D E K P R
pS pT

D E
pS pT

D E
pS pT
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Fig. 3. Effect of food processing on a protein from egg yolk (A - Vitellogenin-1) and a protein from egg white (B - Ovotransferrin). Five matrices containing egg are compared.
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HPLC-MS/MS method. This should therefore allow the detection
f low(er) amounts of egg proteins in processed food products.

Finally, the signal intensities of the peptides identified in the
hocolate matrix were observed to be globally lower than those
dentified in the other matrices. This might be explained by matrix
ffects, such as the presence of tannins, which can interfere with
ample preparation and HRMS analysis [9,45] or, simply, by the
resence of cacao proteins. Indeed, proteins were extracted from
he samples and digested, and 3 �g of the obtained peptides were
nalyzed by HRMS without consideration of their origin. Because
he chocolate matrix was the only matrix containing endogenous
roteins, the signals associated with the egg peptides were lower.
his assumption was strengthened by the identification of peptides
rom cacao proteins, such as Vicilin-A and the 21 kDa seed protein.

.6. Final selection of egg peptide biomarkers

Starting from more than 600 egg peptides identified by HRMS,
he selection criteria discussed in the previous sections were sys-
ematically applied to identifying the ideal biomarkers. A list of 16

eptides from 6 proteins (3 from egg white and 3 from egg yolk)
as obtained (Table 3). These peptides are potential biomarkers

nd will be used to develop a UHPLC-MS/MS method to quantify
gg in processed food products.
ironment (mayo + vinegar), and the presence of tannins (chocolate). The comparison
the figure. The results are expressed as the means of the peptide MS signal intensity

3.7. Peptide specificity

Egg is one of the most important components in the human
diet. Usually, it is hen eggs that are consumed; however, 7% of the
entire egg production is from other poultry species [46], such as
goose, duck, turkey, quail, and guinea fowl. Serologic and clinical
cross-reactivity between hen eggs and other poultry eggs have been
reported [47,48]. Thus, patients with hypersensitivity to hen eggs
may also react allergically to other poultry eggs. The main goal of
the method used in this study was to detect hen eggs, but there is
also a need to detect eggs from other farm birds. Indeed, the Euro-
pean legislation regarding labelling clearly states that “egg” refers
to eggs from all farm birds (Commission Notice of 13 July 2017
relating to the provision of information on substances or products
causing allergies or intolerances as listed in Annex II to Regulation
[EU] No 1169/2011 of the European Parliament and of the Council
on the provision of food information to consumers). On the con-
trary, the selected peptides may not be identified in the proteins
of other food ingredients otherwise, false positive results could be
obtained. The sequences have to be specific to hen eggs, but they
could possibly be extended to the eggs of other farm birds.
Given the empirical approach used in this study, it can be
asserted that the selected peptide sequences are found in hen egg
proteins. Indeed, the selection of egg peptides was based on the
hen’s proteome. The specificity of these sequences to the eggs
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Table 3
List of egg peptide biomarkers that fulfil the above-mentioned criteria. The peptides are linked to their respective proteins (with their positions in the protein sequences)
and egg part (white or yolk). The protein accession numbers in the UniProt database have been placed in brackets.

Allergenic ingredient Protein Selected egg peptide biomarkers

Egg White Lysozyme (P00698) 52 FESNFNTQATNR 63

Ovalbumin
(P01012)

128 GGLEPINFQTAADQAR 143

371 HIATNAVLFFGR 382

Ovotransferrin
(P02789)

141 SAGWNIPIGTLIHR 154

155 GAIEWEGIESGSVEQAVAK 173

279 VEDIWSFLSK 288

680 FYTVISSLK 688

Egg Yolk

Apolipoprotein
B (F1NV02)

257 HLFLPSSYK 265

432 ASFYGLSHAVTK 443

725 ALFDYFGYSHDGK 737

840 FALSGIVTPGAK 851

942 TEEIPPLIENR 952

Apovitellenin 1 (P02659) 75 NFLINETAR 83

Vitellogenin 1
(P87498)

1745 TVIVEAPIHGLK 1756

1757 NVNFDGEILK 1766

1874 ATAVSLLEWQR 1884

Table 4
Poultry inter-species homology of selected egg peptide biomarkers using BLAST analysis with the UniProtKB database from UniProt and the non-redundant protein sequence
database from NCBI. “X” indicates that the peptide was sequenced in the species, and X* that the sequence was predicted in the species.

Hen
(Gallus gallus)

Goose
(Anser cygnoides
domesticus)

Duck
(Anas platyrhynchos)

Turkey
(Meleagris gallopavo)

Quail
(Coturnix japonica)

Guinea fowl
(Numida meleagris)

GGLEPINFQTAADQAR X
HIATNAVLFFGR X
FYTVISSLK X
GAIEWEGIESGSVEQAVAK X
SAGWNIPIGTLIHR X X* X X
VEDIWSFLSK X
FESNFNTQATNR X X
ATAVSLLEWQR X X X X* X*
NVNFDGEILK X X
TVIVEAPIHGLK X
ALFDYFGYSHDGK X X X*
ASFYGLSHAVTK X X X* X
FALSGIVTPGAK X X* X

X
X

o
h
(
r
G
h
w
t
d
fi
t
P
g
c
s
I
b

3

fi
l
p
b

HLFLPSSYK X X*
TEEIPPLIENR X X*
NFLINETAR X

f farmed birds and the identification of inter-poultry species
omologies were assessed using Basic Local Alignment Search Tool
BLAST) analyses using the UniProt and NCBI protein databases. The
esults obtained for the poultry species are shown in Table 4. The
GLEPINFQTAADQAR peptide from the ovalbumin was specific for
en egg whereas the ATAVSLLEWQR peptide from vitellogenin 1
as found in several poultry species. This information allows for

he development of methods specific to hen eggs or methods for
ifferentiating the eggs of poultry species. Concerning the speci-
city to poultry egg, none of the selected peptides was found in
he sequence of proteins of other food ingredients. For example,
eptide HLFLPSSYK has been identified in the protein of turtle, alli-
ator, and snake eggs; however, because these eggs are not usually
onsumed, this has not been a problem. Thus, the procedure in this
tudy ensures specificity, with regard to the databases considered.
ndeed, all of the proteins in potential food ingredients have not yet
een sequenced.

.8. Comparison of selected peptide biomarkers with literature

The 16 egg peptides selected with our empirical approach were

nally compared with egg peptide biomarkers described in the

iterature. In the table placed in Supplementary material 4, our
otential biomarkers are highlighted in bold. The matrices used
y authors are also referenced in this table.
X* X* X
X* X*

A total of 54 egg peptides were identified in the literature, 44
from egg white proteins and 10 from egg yolk proteins. This ten-
dency for peptides from egg white proteins is partially due to
methods detecting egg white used for some winemaking tech-
niques. But, as explained above, peptide biomarkers have to be
selected from both egg white and egg yolk proteins to be able to
detect egg in any situation.

Out of these 54 peptides from the literature, 44 were identi-
fied with our HRMS based method. Many of them would have been
rejected by our selection criteria. For example, ovalbumin peptide
LTEWTSSNVMEER is considered as egg biomarker in 11 publica-
tions. But, since it contains a potentially modified methionine, it
was rejected for our future quantitative method. In contrast, 9 pep-
tides of our final biomarkers selection aren’t considered in other
publications. The majority of them (8/9) are coming from egg yolk
proteins.

4. Conclusions

Food allergy is a growing health problem; thus, there is an
urgent need for accurate detection and quantification methods of

the allergenic ingredients in processed food. Mass spectrometry-
based methods are promising. They can overcome the limitations
of classic detection methods, such as ELISA or PCR. The proteins
of allergenic ingredients are detected and quantified through their
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onstitutive peptides, and the selection of these peptides is the first,
nd crucial, step in method development.

This study presented an empirical approach for identifying
otential peptide biomarkers to detect and to quantify egg in pro-
essed food. The approach was based on the analysis of processed
gg matrices (raw egg, heated egg, fatty rich environment, and low
H matrix) with HRMS. The identified peptides were filtered using a
eries of criteria to ensure method specificity, trueness, and robust-
ess. Thus, peptides must be specific for the allergenic ingredient,
e robust to food processing, have originated from abundant pro-
eins, be size-compatible with QqQ, and not be prone to amino acid

odifications or missed cleavages by the protease used. The use of
tandem Lys-C/trypsin enzymatic digestion improved the diges-

ion of some of the proteins as compared to digestion with trypsin
lone.

Considering these criteria, a list of 16 robust potential peptide
iomarkers was obtained, allowing for the detection of the egg yolk
nd egg white proteins for eggs from hens and other farm birds
goose, duck, turkey, quail, and guinea fowl). In future research,
hese peptides will be used as targets in a quantitative UHPLC-

S/MS method for detecting food allergens.
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4.2. “High-resolution mass spectrometry-based selection of peanut peptide biomarkers 

considering food processing and market type variation” (Gavage et al, 2020b) 

The strategy to identify potential peptide biomarkers was then applied to peanut. Peanuts are among 

the most common food ingredients that induce severe allergic reactions and the most frequent cause 

of food-induced anaphylaxis, the most severe form of allergic reaction, that is life-threatening (Husain 

& Schwartz, 2012).  

Peanut are commonly classified into four market types (Runner, Spanish, Virginia and Valencia) 

corresponding to different botanical varieties. The relative abundance of peanut allergens has been 

shown to vary depending on the growing conditions (Walczyk et al, 2013), as well as the specific 

cultivar (Wu et al, 2016). Moreover, some of these allergens do not correspond to unique protein 

sequences but include several protein isoforms (Palladino, 2018). Multiple protein isoforms and origin 

variation issues were considered by analysing peanuts from two geographical regions corresponding 

to two market types (Spanish and Virginia). 

The developed and optimized sample preparation protocol was applied to processed peanut matrices: 

ground peanuts as unprocessed matrix, oven roasted ground peanuts as heated matrix, fermented 

peanut milk as low pH matrix, caramelised ground peanuts as a matrix subjected to Maillard reactions 

and chocolate incurred with peanuts as fat-rich and complex matrix. Resulting peptides were analysed 

by HPLC-HRMS. Each peanut matrix was produced and analysed in duplicate, one for each peanut 

market type. 

Identified peptides were filtered using a set of selection criteria to ensure method specificity, 

sensitivity, and robustness. Ideal peptide biomarkers must be specific to peanuts, belong to abundant 

proteins, be size-compatible with triple quadrupole mass spectrometry analysis, and be robust to food 

processing but not prone to missed cleavages by the protease(s) used or to amino acid modifications. 

This approach led to the identification of 16 potential peanut peptide biomarkers from two peanut 

allergens Ara h 1 and Ara h 3. No significant differences were observed between the two market types 

concerning the amount of Ara h 1 and its three isoforms. On the contrary, the abundance of some of 

the 12 Ara h 3 isoforms was found to vary according to the peanut market types. Our selection included 

peptides covering all protein isoforms of Ara h 1 and Ara h 3. 

The 16 identified potential peptide biomarkers were considered for the development of the 

quantitative UHPLC-MS/MS analysis method. 

The research article was published in Food Chemistry Journal. 

 

  

70



Contents lists available at ScienceDirect

Food Chemistry

journal homepage: www.elsevier.com/locate/foodchem

High-resolution mass spectrometry-based selection of peanut peptide
biomarkers considering food processing and market type variation

Maxime Gavagea,b, Kaatje Van Vlierberghec, Christof Van Pouckec, Marc De Loosec,
Kris Gevaertd,e, Marc Dieub,f, Patsy Renardb,f, Thierry Arnouldb, Nathalie Gillarda,⁎

a CER Groupe, Rue du Point du Jour 8, 6900 Marloie, Belgium
b Laboratory of Biochemistry and Cell Biology (URBC)-Namur Research Institute for Life Sciences (NARILIS), University of Namur, 61, Rue de Bruxelles, 5000 Namur,
Belgium
c Flanders Research Institute for Agriculture, Fisheries and Food (ILVO), Brusselsesteenweg 370, 9090 Melle, Belgium
d VIB Center for Medical Biotechnology, Albert Baertsoenkaai 3, B9000 Ghent, Belgium
e Department of Biomolecular Medicine, Ghent University, Albert Baertsoenkaai 3, B9000 Ghent, Belgium
fMaSUN, Mass Spectrometry Facility, University of Namur, 61, Rue de Bruxelles, 5000 Namur, Belgium

A R T I C L E I N F O

Keywords:
High-resolution mass spectrometry
Peptide biomarker selection
Processed food products
Multiple allergen isoforms
Peanut origin

A B S T R A C T

To protect allergic patients and guarantee correct food labeling, robust, specific and sensitive detection methods
are urgently needed. Mass spectrometry (MS)-based methods could overcome the limitations of current detection
techniques. The first step in the development of an MS-based method is the identification of biomarkers, which
are, in the case of food allergens, peptides. Here, we implemented a strategy to identify the most salient peptide
biomarkers in peanuts. Processed peanut matrices were prepared and analyzed using an untargeted approach via
high-resolution MS. More than 300 identified peptides were further filtered using selection criteria to strengthen
the analytical performance of a future, routine quantitative method. The resulting 16 peptides are robust to food
processing, specific to peanuts, and satisfy sequence-based criteria. The aspect of multiple protein isoforms is
also considered in the selection tree, an aspect that is essential for a quantitative method’s robustness but seldom,
if ever, considered.

1. Introduction

Food allergies are a global health problem. Several recent studies
have indicated that the prevalence of food allergies has increased in the
last few decades, and they primarily affect populations in industrialized
countries. Children seem to be affected more often than adults as it is
estimated that immunoglobulin-E (IgE)-associated food allergies affect
3–8% of children and 1–3% of adults (De Silva et al., 2014; Longo,
Berti, Burks, Krauss, & Barbi, 2013; Sicherer & Sampson, 2014). Peanuts
(Arachis hypogaea) are among the most common foods that induce se-
vere allergic reactions and the most frequent cause of food-induced
anaphylaxis (Husain & Schwartz, 2012). Sixteen protein allergens have
been identified in peanuts and termed Ara h 1–17 according to the
systematic allergen nomenclature approved by the World Health Or-
ganization and the International Union of Immunological Societies’
Allergen Nomenclature Sub-committee; Ara h 3 and Ara h 4 were a
posteriori considered to be the same allergen and are both referred to as
Ara h 3 (Pomés et al., 2018). The most common peanut allergens

recognized by the serum IgE of more than 50% of allergic patients are
Ara h 1–3 and Ara h 6. These four allergens are also the most abundant
proteins in peanuts and are all seed storage proteins (Schmidt et al.,
2009). Some of these 16 Ara h allergens do not correspond to unique
protein sequences but include several protein isoforms. These multiple
isoforms are expressed from different genes or are the result of different
types of post-translational proteolytic processing of the same protein
(Palladino, 2018).

Peanut species are classified into two subspecies, which are further
classified into six botanical varieties based on morphology and growth
habits (Moretzsohn et al., 2004). However, they are more commonly
classified into four market types, including Runner, Spanish, Virginia
and Valencia. The relative abundance of peanut allergens has been
shown to vary depending on the growing conditions (Walczyk et al.,
2013), as well as the specific cultivar (Wu et al., 2016). One study
quantified the major allergen content of peanuts from different market
types (Koppelman et al., 2016). In this report, the proportion of dif-
ferent Ara h allergens in peanuts was measured, and it was found that
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Ara h 1, 2, 3 and Ara h 6 account for 17.1 ± 3.4%, 6.2 ± 1.3%,
70.6 ± 8.6%, and 5.8 ± 1.8% of the total of extracted protein, re-
spectively. The extraction yield of the 20 peanut samples analyzed in
that study was 74.7 ± 8.5%.

Strict peanut avoidance remains the best option for allergic patients,
despite progress being made in desensitization therapy (Bégin et al.,
2014). This avoidance strategy requires rigorous and accurate food
labeling and, consequently, sensitive and reliable detection methods to
exclude/identify unintentional contamination. Commercially available
detection methods are mainly based on immunological methods tar-
geting specific proteins, such as enzyme-linked immunosorbent assays
(ELISA). Other methods rely on polymerase chain reactions (PCRs)
targeting allergen-specific DNA molecules. Despite their high sensi-
tivity, both methods have their limitations. The antibodies used in
immunological methods recognize epitopes. One drawback is the pos-
sible recognition by the antibodies of similar structures in non-aller-
genic ingredients, thus generating false positive results. In contrast,
protein denaturation upon food processing can modify the conforma-
tion of the targeted proteins or the targeted epitopes, leading to false
negative results (Van Hengel, 2007). Due to technical advances, MS-
based methods have become the methods of choice for allergen detec-
tion (Monaci, Pilolli, De Angelis, & Mamone, 2015; Popping &
Godefroy, 2011). Multi-allergen detection and quantification methods,
including those for peanuts, were recently proposed (Boo, Parker, &
Jackson, 2018; Henrottin et al., 2019; Planque et al., 2019). Studies on
allergen detection by MS-based methods report detection limits in the
same range (0.1–5mg of allergenic ingredient protein per kg of matrix)
as ELISAs (Croote & Quake, 2016). Lastly, the high specificity of MS-
based methods is ensured by different technical elements including
BLAST query of the selected peptides to public databases, chromato-
graphic retention time or the analysis of multiple transitions.

The first step in the development of an MS-based method is the
identification and further selection of possible peptides and, thus,
proteins specific to the studied species (i.e., biomarkers). This selection
is particularly important when developing a quantitative method since
quantifying the allergenic ingredient will be directly linked to quanti-
fying the selected biomarkers. Therefore, the method’s overall accu-
racy, robustness, and precision rely on this selection. In a previous
study (Gavage et al., 2018), we developed a strategy for identifying
potential peptide biomarkers in processed food products. Our strategy,
based on an untargeted approach using high-resolution mass spectro-
metry (HRMS), was applied to processed egg-containing matrices and
allowed us to identify 16 potential egg peptide biomarkers.

The aim of the present study was to apply the same approach to
identifying potential biomarkers of peanut peptides. Modifications
needed to be implemented to adjust our approach to address peanuts
and consider relevant food matrices that best represent processed foods
that potentially contain peanuts. To include potential peanut origin
variability, peanuts from two distinct geographical regions corre-
sponding to two different market types were analyzed. We identified
more than 300 peptides, which were further filtered using a series of
selection criteria to ensure the adequate performance of a future, rou-
tine ultra-high-performance liquid chromatography (UHPLC)-MS/MS
analytical method. These criteria include sequence-based features, as
well as robustness to food processing, and address the issue of multiple
protein isoforms. The latter is crucial in the development of a robust
quantitative method but is seldom, if ever, considered in published
studies. Eventually, 16 peanut peptide biomarkers were retained, cov-
ering all protein isoforms of Ara h 1 and Ara h 3, the two most abundant
peanut allergens.

2. Material and methods

2.1. Reagent and materials

Urea, tris(hydroxymethyl)aminomethane (Tris-HCl), tris(2-

carboxyethyl)phosphine hydrochloride (TCEP), iodoacetamide (IAA),
tetraethylammonium bicarbonate (TEAB), and NAP-10 columns (GE
Healthcare) were purchased from Sigma-Aldrich (Bornem, Belgium).
Trifluoroacetic acid (TFA) was obtained from Thermo Fisher Scientific
(Waltham, Massachusetts, USA), while Sep-Pak C18 1 cc Vac solid-
phase extraction (SPE) cartridges were purchased fromWaters (Milford,
Massachusetts, USA). Enzymatic digestion was performed with MS-
grade Trypsin Gold from Promega (Madison, Wisconsin, USA), and
Lysyl Endopeptidase (Lys-C) was obtained from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). Water, acetonitrile, methanol absolute,
2-propanol (ULC/MS-grade for all solvents), and formic acid were
purchased from Biosolve (Valkenswaard, the Netherlands). ESI-L Low
Concentration Tuning Mix was purchased from Agilent Technologies
(Santa Clara, California, USA).

2.2. Food product preparation

Peanuts from two geographical regions and corresponding to two
different market types were purchased from two providers. The first
type of peanuts, provided by Quality Nuts BVBA (Zandhoven, Belgium),
was cultivated in China and corresponds to the Spanish market type.
The second type, provided by Versenoten.nl (Waddinxveen, The
Netherlands), was cultivated in Israel and corresponds to the Virginia
market type. Peanuts were purchased in an unprocessed, in-shell form
and then shelled at the Food Pilot unit of the Flanders Research Institute
for Agriculture, Fisheries, and Food (ILVO), producing five peanut
matrices. Each peanut matrix was produced in duplicate, one for each
peanut market type.

2.2.1. Preparation of a raw peanut matrix
Raw, whole peanuts were ground using a Kenwood AT286 Glass

mini chopper/mill attachment KW714229 (Kenwood, New Hampshire,
UK) for 20 s on pulsing mode using the maximum speed, vacuum-
packed (vacuum packaging machine KN5, vc999, Missouri, USA), and
stored at 4 °C in the dark.

2.2.2. Preparation of a heated peanut matrix
Raw, whole peanuts were roasted in batches of 500 g in an oven

(baking oven condo CO 6.0608, Miwe, Germany) at 180 °C for 18min.
The peanuts were spread in a single layer on a baking plate and stirred
with a spoon every 5min to ensure homogenous roasting. The roasted
peanuts were allowed to cool down at room temperature, ground into a
peanut powder using ThermoResist Glazen Blender AT358 (Kenwood,
New Hampshire, UK), vacuum-packed, and stored at 4 °C.

2.2.3. Preparation of a low-pH peanut matrix: fermented peanut milk
This matrix was produced by fermenting peanut milk. Peanut milk

was produced by soaking the peanuts in reverse osmose water over-
night, followed by blending (Blixer 4VV -, 4.5 Liter, 1100W, Variable
Velocity: 300–3500 TPM, Robot Coupe, Vincennes Cedex, France) for
8min at the maximum speed, resulting in a milky substance. The
peanut milk was subsequently sieved (Retsch Test Sieve, 250 µm pore
size, Retsch, Aartselaar, Belgium) and then transferred to a sterile
Erlenmeyer flask of 1 L, and a bacterial culture (nu-trish® BY-Mild,
which contains Bifidobacterium species, Lactobacillus delbrueckii subsp.
Bulgaricus, and Streptococcus thermophilus, CHR Hansen, Hørsholm,
Denemarken) was added (4 g of frozen culture for 600mL of peanut
milk). The flasks were aseptically sealed and incubated in a warm water
bath (42 °C). Every 30min, a sub-sample of the yogurt was checked for
pH until a pH of 4.2 was reached. The yogurt was next divided into 20 g
portions and stored at 4 °C in the dark. Given the lack of data con-
cerning the stability of the produced yogurt, the analyses were per-
formed within a month following the matrix production.
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2.2.4. Preparation of a matrix subjected to the maillard reactions:
Caramelized peanuts

An amount corresponding to 250 g of raw, whole peanuts was
chopped (Blixer 4VV -, 4.5 Liter, 1100W, Variable Velocity: 300–3500
TPM, Robot Coupe, Vincennes Cedex, France) 3 times for 5 s duration at
the maximum speed, and 200 g lactose (D-Lactose monohydrate, Sigma-
Aldrich, Bornem, Belgium) was mixed with 100mL reverse osmose
water to a smooth paste. The chopped peanuts were subsequently
stirred into the lactose paste until all the peanut material was covered
with the lactose paste. This peanut-lactose mixture was then spread
over an oven plate and placed in a pre-heated (160 °C) convection oven
for 15min. Now, every 5min, the mixture was stirred on the plate with
a spoon to obtain homogeneous caramelization. The plate was left at
room temperature to cool down for 16 h and, subsequently, ground into
a fine powder (Kenwood Mini Chopper Mill Attachment AT320B). The
caramelized peanut powder was divided into portions of 50 g, vacuum-
packed (vacuum packaging machine KN5, vc999, Missouri, USA), and
stored at 4 °C in the dark until use.

2.2.5. Preparation of a complex and fatty-rich peanut matrix: Chocolate
incurred with peanuts

A peanut powder with particle sizes< 500 µm in diameter was
produced by grinding raw peanuts (Kenwood Mini Chopper Mill
Attachment AT320B, pulsing speed, 3min, Kenwood, New Hampshire,
UK), resulting in a slushy substance. This peanut mash was then de-
fatted by pressing the material between extra-thick cotton cloths, re-
sulting in dry peanut powder. The peanut mash and powder were
weighed before and after defatting, and the loss in mass was docu-
mented to determine the amount of weight lost during defatting. The
fine, dry peanut powder was then sieved with a Retsch test sieve (pore
size 500 µm). Then, chocolate was prepared. First, a ‘conche’ was used
to mix and smooth chocolate refiner flakes (90%) and cacao butter
(10%). The refiner flakes (Callebaut, Lebbeke, Belgium) and cacao
butter (Callebaut) were then warmed in a water bath in separate bowls
until a temperature of 40–45 °C was reached. Next, the melted butter
was slowly added to the warmed refiner flakes, and the mix was stirred
for 3min, followed by adding 1.2% ammonium phosphatide. This
mixture was stirred for an additional 3min. Finally, the chocolate in-
curred with peanuts (38,178 ppm [mg peanut proteins/kg chocolate]
for Spanish and 36,792 ppm for Virginia market type peanuts) was
produced by adding 70 g of defatted peanut powder to the liquid cho-
colate and stirring for 3min while maintaining the temperature of the
chocolate at 42 °C. The liquid chocolate was subsequently poured into
sterile chocolate molds, covered with plastic foil, and left to cool and
solidify overnight at 4 °C. The following day, the chocolate bars were
rasped into chocolate flakes, which were then separated into aliquots of
50 g and stored at 4 °C in the dark. A proper control/blank chocolate
material was prepared without peanut powder.

2.3. Sample preparation, mass spectrometry analysis and data treatment

The protocol used to prepare the samples is comparable to the
method described in our previous study dedicated to eggs (Gavage
et al., 2018). Briefly, proteins were extracted from food matrices, pur-
ified, and proteolytically digested. Two digestion protocols were com-
pared for each processed food product. In the first protocol, the proteins
were digested with trypsin alone. In the second protocol, tandem en-
doproteinase Lys-C/trypsin digestion was used. For each combination
of digestion protocol and processed food product, three biological re-
plicates were prepared and analyzed via HPLC-HRMS.

Mass spectrometry analysis and obtained data treatment were also
performed as described in our previous article. For each sample, 3 µg of
peptides were analyzed using an ESI-MS/MS maXis Impact UHR-TOF
(Bruker, Billerica, Massachusetts, USA) coupled to a Dionex UltiMate
3000 Standard LC Systems (Thermo Fisher Scientific, Waltham,
Massachusetts, USA). Peptides were separated by reverse-phase liquid

chromatography on an Acclaim PepMap100 C18 column (3 μm, 100 Å,
1mm×15 cm nanoViper, Thermo Fisher Scientific, Waltham,
Massachusetts, USA) with a 60min gradient elution with a mixture of
water/acetonitrile, each containing 0.1% formic acid. The data were
processed using Mascot 2.5 (Matrix Science, London, United Kingdom)
as the search engine and a homemade protein database, adapted to
peanut samples, and downloaded from UniProt (uniprot.org). This da-
tabase contains the Arachis genus proteome (which includes peanuts
[Arachis hypogaea]) and some possible contaminants (i.e., cacao, bac-
teria from Nu-trish® BY-Mild [Bifidobacterium animalis subsp. lactis,
Lactobacillus delbrueckii subsp. Bulgaricus, and Streptococcus ther-
mophilus] used for yogurt preparation, human keratin, trypsin, and
Lys-C) to avoid misidentification. In total, this database contains 78,112
entries (1846 entries for the Arachis genus [1492 for peanut Arachis
hypogaea], 34,951 for bacteria from Nu-trish® BY-Mild, 40,956 for
cacao, and 350 for human keratin). Peptide and protein identifications
were validated using Scaffold 4.8 (Proteome Software, Portland,
Oregon, USA). Combination of the list of validated peptides and buckets
generated by ProfileAnalysis (Bruker, Billerica, Massachusetts, USA)
software allowed the generation of comparable results. Findings dis-
cussed below are based on signal intensities linked to the identified
peptides and were obtained using this method.

2.4. Multiple sequence alignments and principal component analysis

Multiple sequence alignments were performed on the UniProt
website (uniprot.org/align/) using Clustal Omega software (Sievers
et al., 2011). Obtained alignments were transferred to Jalview software
(Waterhouse, Procter, Martin, Clamp, & Barton, 2009) for analysis.
Jalview was notably used to perform principal component analysis
(PCA) on protein sequence alignments by selecting the BLOSUM62
scoring matrix.

3. Results

3.1. General strategy

Food allergies are an increasing problem not only for allergic pa-
tients and their social networks but also for the food industry and
regulators. Undeclared allergens are, indeed, the primary cause of food
product recalls and alerts in Western countries (Bucchini, Guzzon,
Poms, & Senyuva, 2016). Therefore, an urgent need exists for reference
methods to detect and quantify allergens in food products (Walker,
Burns, Elliott, Gowland, & Mills, 2016).

The objective of this study was to identify potential peanut peptide
biomarkers using an HRMS-based discovery proteomics approach. More
than 300 peanut peptides were identified in the analyzed samples
(Table 1), and a complete list of these peptides and their intensity in
each peanut matrix can be found in Supplementary Material 1. The
potential peanut peptide biomarkers were then used to develop a
UHPLC-MS/MS method for quantifying peanuts in processed food
products in routine settings.

Samples were prepared according to the procedure developed in a
previous study for the identification of peptide biomarkers in eggs
(Gavage et al., 2018). In that study, some egg proteins, such as oval-
bumin, were found to be resistant to proteolytic digestion using a
trypsin-only protocol. Therefore, we implemented a digestion protocol
combining two enzymes, endoproteinase Lys-C and trypsin, which im-
proved the digestion of resistant proteins as evident from the sig-
nificantly higher MS signal intensities of peptides originating from such
proteins. The two digestion protocols (i.e., trypsin-only and tandem
Lys-C/trypsin) were applied in parallel to all peanut samples. Unlike
egg proteins, no proteins appeared to be resistant to proteolytic diges-
tion using only trypsin as only minor differences were observed on the
peptide signal intensities when peanut samples digested with trypsin
alone were compared to those digested with tandem Lys-C/trypsin. The
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results discussed below in further detail correspond to samples digested
with trypsin alone; however, both digestion protocols’ results are in-
cluded in Supplementary Material 1.

To ensure the robustness, specificity, sensitivity and trueness of a
future quantitative method, selected peptide biomarkers have to fulfill
several criteria. The peptides have to be specific to peanuts, robust to
food processing, derived from abundant proteins, size-compatible with
m/z analyzers (i.e., 8–25 amino acids), not prone to missed cleavages by
the protease(s) used or to amino acid modifications, and present at
comparable levels regardless of the peanut market type. Thus, to
identify ideal peanut peptide biomarkers, the detected peptides were
further filtered using these criteria as detailed in the following sections.

3.2. Peanut protein composition

Peanuts are seeds and, therefore, the vast majority of proteins re-
covered/extracted from them are seed storage proteins. These proteins
serve as a reserve of amino acids for the growing embryo upon ger-
mination. The most relevant peanut allergens are storage proteins, in-
cluding the four most abundant: Ara h 1 (17.1 ± 3.4% of total ex-
tracted protein), Ara h 2 (6.2 ± 1.3% of total extracted protein), Ara h
3 (70.6 ± 8.6% of total extracted protein) and Ara h 6 (5.8 ± 1.8% of
total extracted protein) with an extraction yield of 74.7 ± 8.5% for the
20 analyzed peanut samples (Koppelman et al., 2016). As the ultimate
aim of this study was to develop a sensitive, quantitative UHPLC-MS/
MS-based detection method, the method, logically, must target these
abundant proteins. This aspect was demonstrated here because, in the
60 analyses performed (i.e., 5 peanut food products, 2 market types, 2
digestion protocols, and 3 biological replicates), over 95% of the total
MS signal intensities measured are associated with identified peanut
peptides belonging to these 4 proteins. In fact, Ara h 1 peptides ac-
counted for 21% of the signal, while Ara h 2, Ara h 3, and Ara h 6
peptides accounted for 1%, 74%, and 0.5%, respectively. Given these
results, only peptides from Ara h 1 and Ara h 3 were further considered
as potential peptide biomarkers for the remainder of this study.

3.3. Peptide sequence-based criteria

With the goal of developing a quantitative UHPLC-MS/MS method,

total peanut protein will be quantified through peanut peptides. To
ensure method trueness, the quantification of these peptides should
directly correlate with the protein amount. The ideal case would be a
stoichiometric ratio between a given peptide and its corresponding
protein, for example, x mole(s) of a given peptide corresponding
to×mole(s) of its corresponding protein. To achieve this goal, peptides
carrying amino acids that can potentially be modified or are subject to
incomplete enzymatic digestion should be discarded (Gavage et al.,
2018).

Potential amino acid modifications were first evaluated using a
literature review (Reimer et al., 2011) and then empirically confirmed
using Mascot’s ‘error-tolerant search’. The observed modifications are
cysteine carbamidomethylation, methionine oxidation, N-terminal
glutamine to pyroglutamate conversion and, asparagine and glutamine
deamidation. Cysteine carbamidomethylation, inevitably, results from
the reduction and alkylation step during sample preparation using
TCEP and IAA. The other modifications are spontaneous and un-
controlled reactions. Therefore, peptides containing cysteine, methio-
nine, or N-terminal glutamine were systematically discarded. Deami-
dation was treated differently, given the high occurrence of asparagines
and glutamines (Andersen, Hill, Gorbet, & Brodbeck, 1998). Although
both amino acids are prone to deamidation, the rate of glutamine
deamidation was reported to be much lower than that of asparagine
(Robinson et al., 2004). Glutamine deamidation was, therefore, not
further considered. Moreover, no experimental evidence of glutamine
deamidation was observed in our data. Deamidation is influenced by
the nature of the amino acid at the carboxyl side of asparagine (Asn).
The fastest reaction occurs when this amino acid is glycine (Gly),
whereas for other amino acids, the reaction rates are at least 10-times
lower (Kosky, Dharmavaram, Ratnaswamy, & Manning, 2009;
Robinson & Robinson, 2004). Thus, only peptides containing Asn-Gly
were discarded. Finally, post-translational modifications documented in
databases, such as UniProt, were also considered. Glycosylation on
Asn521 is, for example, documented for Ara h 1. We decided to reject
peptides holding this glycosylation site to prevent that incomplete post-
translational modification would negatively influence further results.

The types of amino acids surrounding the proteolytic recognition
site are known to affect the efficiency of peptide bond hydrolysis
(Siepen, Keevil, Knight, & Hubbard, 2007). Sequences that have a

Table 1
Unique proteins and number of unique peptides for these proteins identified following HRMS analysis of peanut samples (raw peanuts, heated peanuts, low pH
matrix, caramelized peanuts and fatty rich environment).

Identified protein UniProt entry identifier(s) Number of identified unique
peptides

Coverage

Ara h 1 B3IXL2, E5G076, N1NG13, P43237, P43238, Q6PSU3 67 61.4%
Ara h 2 Q6PSU2 12 41.9%
Ara h 3 A1DZF0, B5TYU1, E5G077, Q0GM57, Q5I6T2, Q6T2T4, Q647H2, Q647H3,

Q647H4, Q8LKN1, Q9FZ11, Q9SQH7
127 83.2%

Ara h 6 A1DZE9 5 24.8%
Ara h 8 B0YIU5, B1PYZ4, Q6VT83 6 31.4%
Ara h 10 Q647G5 3 23.1%
Ara h 13 C0HJZ1 4 36.1%
11S arachin E9LFE8 7 30.8%
11S seed storage globulin B1 A1E2B0 6 25.9%
Annexin A0A0F6VX63, F6KLJ6 7 23.2%
Bowman-Birk trypsin inhibitor P01066, Q0PKR5, Q7X973 2 40%
Conarachin Q647H1 10 33.9%
Galactose-binding lectin A0A089ZXL7, Q38711 14 55%
Glyceraldehyde-3-phosphate dehydrogenase C2 A0A0A6ZDP1, A0A0A6ZDT0 4 38.2%
Late embryogenesis abundant protein 3 A0A1L5JJI4 2 7.0%
Late embryogenesis abundant protein group 5

protein
E5FHZ2 5 21.1%

Lipoxygenase Q4JME6, Q4JME7 24 27.2%
Ribulose bisphosphate carboxylase large chain A0A191UJ50, O20356 4 11.8%
Seed maturation protein N1NKG9 2 23.4%
Steroleosin-A A7LB60 6 16.6%
Steroleosin-B A7LB59 8 18.1%
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negative effect on this efficiency must, therefore, be avoided. Protease
recognition sites are described using the Schechter and Berger no-
menclature (Schechter & Berger, 1967), in which amino acids sur-
rounding the cleavage site are indicated as P4-P3-P2-P1-P1′-P2′-P3′,
where the peptide bond between P1 and P1′ is the cleaved bond. Ar-
ginine, lysine, and proline negatively affect digestion when present at
P1′. Peptides with one of these amino acids in P1′ were also discarded.
The acidic amino acids aspartate and glutamate also negatively influ-
ence digestion when they are present near the cleavage site. Given the
relatively high occurrence of such amino acids, systematically dis-
carding possibly-affected peptides is too restrictive. Peptides containing
aspartate or glutamate close to the cleavage site were treated on a case-
by-case basis, evaluating the importance of the potentially-missed
cleavage. A peptide was rejected when the MS signal intensity of the
associated peptide containing the missed cleavage exceeded 10% of the
MS signal of the fully tryptic peptide.

3.4. Robustness to food processing

Peanuts are consumed in many forms, such as boiled, roasted, or
added to snack foods. However, food processing and matrix interactions
are known to affect the recovery and subsequent detectability of tar-
geted compounds (Khuda, Jackson, Fu, & Williams, 2015; Sayers et al.,
2016). To ensure the accuracy and robustness of our quantitative
UHPLC-MS/MS method, the effects of food processing were considered
when selecting peptide biomarkers. Matrices and processing conditions
applied to peanut samples were selected to represent the conditions of
daily food products. Selected peptide biomarkers should, ideally, not be
affected in these conditions.

Matrix and food processing effects were evaluated comparing the
MS signal intensities of the identified peptides under the five processing
conditions assessed. Unaffected peptides should have comparable MS
intensities in different conditions. Results for Ara h 1 and Ara h 3 are
shown in Fig. 1. Only peptides fulfilling sequence-based criteria are
displayed in this figure for both peanut market types, Spanish and
Virginia. Some peptides, such as GTGNLELVAVR from Ara h 1 and
SQSENFEYVAFK from Ara h 3, seem to be largely resistant to the food
processes selected in this study (i.e., heat treatment, caramelization, a
low-pH matrix, and a complex matrix). Conversely, the intensity of
some peptides depends on the food processing method, with sig-
nificantly lower MS intensities under some conditions. For example, the
intensity of the peptide IPSGFISYILNR from Ara h 1 was significantly
lower in samples corresponding to the heat treatment, low pH matrix,
and complex matrix (chocolate) conditions when compared to un-
processed samples (Student’s t-test, p < 0.05). Potential peptide bio-
markers have, thus, been refined based on these results as the detection
of the selected peptides must be robust, even when various food pro-
cessing methods are used, to ensure the future quantitative UHPLC-MS/
MS method is robust.

3.5. Market type variation and protein isoforms

Differences in protein content and protein relative-abundance were
shown to vary among the tested peanut varieties (Kottapalli et al.,
2008; Schmidt et al., 2009). Moreover, for some allergens, Ara h cor-
responds to multiple protein isoforms with sequence variations, and the
relative abundance of the different allergen isoforms is also likely to
vary depending on the variety (Jin, Guo, Chen, Howard, & Zhang,
2009). To consider this potential variability in our peptide biomarkers
selection, peanuts from two market types (i.e., Spanish and Virginia)
were analyzed.

Peanut detection methods identified in other studies have rarely
included aspects of market type variation and protein isoforms
(Johnson et al., 2016). However, this additional degree of complexity
must be taken into account when developing absolute quantification
methods. Indeed, proposed thresholds for food allergens are expressed

as total protein quantities. Based on these thresholds, or reference doses
(e.g., those proposed by VITAL® 2.0), most (i.e., 95–99%) of the allergic
population should be protected, and appropriate measures may be
taken when undeclared allergens are detected. Peptide-based ap-
proaches, therefore, require a conversion factor to translate results
expressed in peptide quantities into total protein amounts. This con-
version factor undeniably needs to include the proportion of the protein
corresponding to the targeted peptide, compared to the total ingredient
protein. Variability, in the proportion of a protein of interest based on
the market type, increased the quantification method’s inaccuracy in
this study. Ideal peptide biomarkers should, thus, be present at a con-
stant concentration, irrespective of the peanut variety, and include all
protein isoforms.

Possible variation due to the peanut’s origin was also evaluated by
comparing peptide MS intensities. A comparison of the peptides ful-
filling the sequence-based criteria is presented in Fig. 2. No significant
differences are observed for peptides from Ara h 1, but the results are
more complex for Ara h 3. While some peptides, TANDLNLLILR and
WLGLSAEYGNLYR, have comparable intensities when the two market
types are compared, other peptides are present in higher levels in one of
the market types. This was the case for SQSENFEYVAFK and VYDEE-
LQEGHVLVVPQNFAVAGK, for which peak intensities are higher in the
Spanish market type, whereas the peak intensities of other peptides
(e.g., FYLAGNQEQEFLR and VYDEELQEGHVLVVPQNFAVAAK) are
more intense in the Virginia market type.

Allergens Ara h 1 and Ara h 3 do not necessarily correspond to
unique proteins but, rather, to groups of protein isoforms. The UniProt
database contains six entries (i.e., B3IXL2, E5G076, N1NG13, P43237,
P43238, and Q6PSU3) corresponding to Ara h 1. These entries corre-
spond to three isoforms as some have identical protein sequences (e.g.,
B3IXL2/P43237/Q6PSU3 and N1NG13/P43238). Concerning Ara h 3,
12 entries corresponding to 12 isoforms with different protein se-
quences can be found. The protein sequences of the different isoforms
of Ara h 1 and Ara h 3 are not fully identical. Some sequence-based
selected peptides were found to be specific to one or several of these
isoforms. These peptides’ specificity for the different isoforms is shown
in Table 2 for Ara h 1 and Ara h 3. Some of the sequence-based selected
peptides of Ara h 1, DQSSYLQGFSR and GTGNLELVAVR, are common
to all three Ara h 1 isoforms. However, other peptides, such as EHV-
QELTK and SSENNEGVIVK, are specific to one or two of these isoforms.
As previously mentioned, no significant differences in peptide MS signal
intensity were observed between the two peanut market types, which
means the abundance of Ara h 1 is comparable in Spanish and Virginia
market type peanuts, considering the samples used in this study.
Moreover, the abundance of each isoform seems to be similar in both
market types.

Given the higher number of isoforms, the case of Ara h 3 is more
complex. None of the 32 sequence-based selected peptides are common
to all Ara h3 isoforms. Thus, to cover all these isoforms and quantify the
total abundance of this allergen, multiple peptides must be considered.
The different isoforms were gathered in groups based on sequence si-
milarities. Principal component analysis (PCA) was performed on the
sequence alignment of the 12 protein isoforms of Ara h 3, which gen-
erated a spatial representation of the sequences’ similarities. The two-
dimensional PCA (Fig. 3) indicates the presence of three isoform groups
arbitrarily called Group 1, Group 2 and Group 3. The selection of
peptides should, therefore, contain peptides from each group. These 3
groups can be correlated to the variation observed in Fig. 2. Indeed,
since the sequences of different isoforms of Ara h 3 are not fully iden-
tical, some peptides are specific to particular isoforms or groups of
isoforms. The complete peptide distribution among the different iso-
forms and groups is displayed in Table 2.

Of the 32 selected peptides of Ara h 3, 5 peptides are specific to
Group 3, which is composed of the sole Q647H2 isoform of Ara h 3.
These peptides display weak MS signal intensities when compared to
the intensity of other Ara h 3 peptides, such as AQSENYEYLAFK and
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Fig. 1. Effect of food processing on Ara h 1 and Ara h 3. Exposed peptides fulfil the sequence based criteria. For each market type (Spanish and Virginia), five peanut
matrices are compared. From left to right: no process, heated peanut, low pH matrix (yoghurt), caramelized peanut and fatty rich and complex environment
(chocolate). The comparison is based on the MS signal intensity. The results are expressed as the means of the peptide MS signal intensity ± 1 SD for 3 independent
replicates. In each histogram, peptides are separated in two intensity-based groups with different axis scales to improve low intensity peptides visualisation.
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TANDLNLLILR, which may be due to a lower abundance of this isoform
or, potentially, to technical effects (e.g., incomplete digestion or poor
ionization). Given their very low MS intensities, these peptides were not
considered as interesting biomarkers. However, the Q647H2 isoform of
Ara h 3 could be present at higher levels in other peanut varieties or
under different growth conditions. Therefore, at least one peptide of
this isoform was considered in our selection. Based on its robustness to
food processing and its MS signal intensity, TVNELDLPILNR seems the
best candidate to represent this isoform by our selected peptides.

MS signal intensities associated with peptides from Group 2 seem to
be higher in the Virginia market type samples. This Group 2 is com-
posed of 2 protein isoforms, and 7 sequence-based selected peptides are
specific to them. Among these peptides, 4 have a significantly higher
MS signal intensity or are only detected in samples from the Virginia
market type. In this case, since samples were prepared with the same
protocol, the only different parameter is the peanut market type. It
could, therefore, be concluded that protein isoforms from Group 2 are
more abundant in Virginia market type peanuts.

Group 1 corresponds to 9 protein isoforms and 20 sequence-based
selected peptides specific to this group. Two peptides (i.e., FNLAGN-
HEQEFLR and WLGLSAEYGNLYR) are found in all 9 isoforms, whereas
others are specific to protein isoforms, display equivalent MS signal
intensities in both market types (e.g., FNLAGNHEQEFLR and TANDL-
NLLILR), or display a higher intensity in Spanish market type peanut
samples (e.g., TANELNLLILR and VYDEELQEGHVLVVPQNFAVAGK).
None of the peptides in Group 1 are significantly more intense in
Virginia market type samples. It can, therefore, be concluded that some
protein isoforms of Group 1 are more abundant in Spanish market type
peanuts.

Based on these considerations, peptides from Ara h 1 seem to be the

best potential biomarkers. Indeed, no variation between the two con-
sidered market types was observed. Moreover, the number of isoforms
is limited, and some sequence-based selected peptides are well con-
served in all isoforms. However, Ara h 3 is the most abundant protein in
peanuts and, hence, a suitable target to ensure high sensitivity in a
quantitative method. A combination of peptides could allow coverage
of all Ara h 3 isoforms, as well as the global quantification of Ara h 3, so
at this stage, peptide biomarker selection should not be limited to Ara h
1 peptides. Because of the high abundance of Ara h 3, peptides from this
allergen were also selected despite the observed variabilities.

At this stage, considering sequence-based criteria, robustness to
food processing, and the multiple isoforms, 17 peptides were pre-se-
lected (i.e., 5 from Ara h 1 and 12 from Ara h 3). With this pre-selection,
all isoforms of both Ara h 1 and Ara h 3 are covered, ensuring method
robustness. The final selection of biomarkers will be performed during
the development of the quantitative UHPLC-MS/MS method.

3.6. Specificity of selected peptide biomarkers and comparison with the
literature

Via an empirical approach using HRMS, more than 300 peanut
peptides were identified in the various peanut-based test materials.
Applying the criteria extensively described in the previous sections,
these peptides were refined to obtain a selection of potentially salient
peptide biomarkers in peanuts. The last step involves assessing the se-
lected peptides’ specificity to peanuts. This verification was performed
using basic local alignment search tool (BLAST) analyses considering
the UniProt and NCBI protein databases. The selected peptides must be
specific to peanuts and not found in the protein sequences of other food
ingredients because, otherwise, false-positive results could occur.

Fig. 2. Peptide MS signal intensity comparison between the two peanut market types (Spanish and Virginia) for Ara h 1 and Ara h 3. Only peptides fulfilling sequence
based criteria were selected. Exposed results correspond to analysis of unprocessed peanuts and are expressed as the means of the peptide MS signal intensity ± 1 SD
for 3 independent replicates. In each histogram, peptides are separated in two intensity-based groups with different axis scales to improve low intensity peptides
visualisation. Statistical significance is evaluated with Student’s T-test (* = p < 0.05 and ** = p < 0.01).
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Among the 17 pre-selected peptides, only the peptide FYLAGNQEQE-
FLR from Ara h 3 was rejected based on BLAST results as this peptide is
also present in faba beans (Vicia faba var. minor) protein. Since this
bean is used not only in animal feed but also in human food (Crépon
et al., 2010; Smith & Hardacre, 2011), this peptide was rejected because
of its lack of specificity to peanuts. The final selected peptide bio-
markers (Table 3) contain 16 peptides from the two most abundant
proteins in peanuts, Ara h 1 (5 peptides) and Ara h 3 (11 peptides). In
the future, these peptides will be used to develop a UHPLC-MS/MS
routine method to quantify peanuts in processed food products.

The 16 selected peanut peptides were, finally, compared with bio-
markers described in the literature. The literature review is summarized

in Supplementary Material 2, where our potential peptide biomarkers
are highlighted in bold, and the matrices used in the different papers
are indicated. A total of 30 peanut biomarkers were identified from the
literature, and most of them (28 out of 30) are from Ara h 1, Ara h 2, or
Ara h 3. Some of our selected peptides, such as GTGNLELVAVR (Ara h
1) and WLGLSAEYGNLYR (Ara h 3), appear to be recurrent biomarkers.
However, some cited peptides do not meet our selection criteria and
were not considered as potential biomarkers in this study. For example,
peptide CMCEALQQIMENQSDR, which was found in 3 publications,
contains potentially modified cysteines and methionines. Furthermore,
some of our selected peptides (3 from Ara h 1 and 3 from Ara h 3) were
not identified as biomarkers in the considered literature. These peptides

Table 2
Specificity of the sequence based selected peptides to the different protein isoforms of Ara h 1 and Ara h 3 identified in UniProt database (uniprot.org). Isoforms of
Ara h 3 are separated in the 3 artificial groups highlighted by the PCA performed on the protein sequences alignment.

Ara h 1 peptides B3IXL2/P43237/Q6PSU3 N1NG13/P43238 E5G076

DGEPDLSNNFGR X
DQSSYLQGFSR X X X
EGEPDLSNNFGK X
EGEQEWGTPGSEVR X
EGEQEWGTPGSHVR X X
EHVEELTK X X
EHVQELTK X
EQEWEEEEEDEEEEGSNR X X
GSEEEDITNPINLR X
GSEEEGDITNPINLR X X
GTGNLELVAVR X X X
HDNQNLR X X
IPSGFISYILNR X X
NNPFYFPSR X X X
NTLEAAFNAEFNEIR X X X
SFNLDEGHALR X X
SSDNEGVIVK X
SSENNEGVIVK X
VLLEENAGGEQEER X X X
WGPAEPR X

Ara h 3 peptides Group 1 Group 2 Group 3

A1DZF0 B5TYU1 Q5I6T2 Q6T2T4 Q647H3 Q647H4 Q8LKN1 Q9FZ11 Q9SQH7 E5G077 Q0GM57 Q647H2

AQSENYEYLAFK X X
FFVPPFQQSPR X X
FFVPPSEQSLR X X X
FFVPPSQQSLR X
FFVPPSQQSPR X X
FNLAGNHEQEFLR X X X X X X X X X
FQGQDQSQQQQDSHQK X X X
FQVGQDDPSQQQQDSHQK X X
FYLAGNQEQEFLR X X
GADEEEEYDEDEYEYDEEDR X X X
GENESDEQGAIVTVR X X X X
GENESEEEGAIVTVK X
GENESEEEGAIVTVR X X
GGLSILVPPEWR X
ILSPDEEDESSR X X
LGLSAEYGSIHR X
NALFVPHYNTNAHSIIYALR X X X X X X X X X
SPDEEEEYDEDEYAEEER X
SPDIYNPQAGSLK X X X X X X X X
SQSDNFEYVAFK X X X X
SQSEHFLYVAFK X
SQSENFEYVAFK X X X X X
SSNPDIYNPQAGSLR X X
SVNELDLPILGWLGLSAQHGTIYR X X
TANDLNLLILR X X X
TANELNLLILR X X X X
TVNELDLPILNR X
VFDEELQEGHVLVVPQNFAVAGK X X X
VFDEELQEGQSLVVPQNFAVAAK X
VYDEELQEGHVLVVPQNFAVAAK X X
VYDEELQEGHVLVVPQNFAVAGK X X X X X X
WLGLSAEYGNLYR X X X X X X X X X
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are DQSSYLQGFSR, GSEEEDITNPINLR, and GSEEEGDITNPINLR for
Ara h 1, and NALFVPHYNTNAHSIIYALR, SQSDNFEYVAFK, and TVN-
ELDLPILNR for Ara h 3. Hence, they could be considered as new peptide
biomarkers for peanuts as they meet our established selection criteria.
We noticed that none of the 15 Ara h 3 peptide biomarkers identified in
the literature are present in the Q647H2 Ara h 3 isoform sequence. This
omission could lead to bias and total Ara h 3 under-estimation in a
future quantitative method.

4. Conclusions

An allergic reaction to peanuts is one of the most serious types of
food allergies, considering their prevalence and the potential severity of
this reaction, which can lead to anaphylactic shock. To provide more
protection for allergic patients via improved food labeling, accurate
detection and quantification methods are needed for peanuts and, more
broadly, all food allergens. Mass spectrometry-based methods are pro-
mising and can overcome the limitations of existing methods.

Identifying potential allergen biomarkers is the first step in the
development of a mass spectrometry-based method. Using an empirical
approach based on high-resolution mass spectrometry, this study pre-
sents the identification of potential peptide biomarkers to detect and
quantify peanuts in processed food.

More than 300 peptides were identified during the analysis of var-
ious processed peanut matrices (i.e., raw peanuts, heated peanuts, a
low-pH peanut matrix, caramelized peanuts, and peanuts in a fat-rich

environment). These peptides were filtered using a set of selection
criteria to ensure method specificity, sensitivity, trueness, and robust-
ness. Ideal peptide biomarkers must be specific to peanuts, belong to
abundant proteins, and be robust to food processing but not prone to
missed cleavages by the protease used or to amino acid modifications.
Multiple protein isoforms and origin variation issues were also con-
sidered by analyzing peanuts from two geographical regions corre-
sponding to two market types. Ara h 1 includes 3 isoforms with rela-
tively close sequences and several common tryptic peptides. No
significant differences were observed between the two market types
(i.e., Virginia and Spanish) concerning the amount of Ara h 1. However,
Ara h 3 corresponds to 12 protein isoforms with more significant se-
quence variations, and no tryptic peptide was found conserved between
these 12 isoforms. The abundance of some Ara h 3 isoforms was found
to vary by peanut market type. These aspects are hardly considered in
peanut peptide biomarkers identification studies or in detection and
quantification method development. They are, however, essential to
ensure the robustness of the corresponding method. Our selection in-
cludes peptides covering all protein isoforms of Ara h 1 and Ara h 3.
Our approach led to the identification of 16 potential peanut peptide
biomarkers. These peptides will be used as targets in the future devel-
opment of a routine UHPLC-MS/MS method to detect and quantify al-
lergens in processed food products.
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4.3. “Selection of universal peptide biomarkers for the detection of the allergen hazelnut in food 

through a comprehensive, high resolution mass spectrometric (HRMS) based approach” (Van 

Vlierberghe et al, 2020) 

The strategy to identify potential peptide biomarkers was applied to hazelnut by Kaatje Van 

Vlierberghe at ILVO.  

Allergies to tree nuts are frequent and among the latter, hazelnut continues to be globally one of the 

most common food allergens with an estimated prevalence of up to 4.9 % of the general population 

(Costa et al, 2016b; McWilliam et al, 2015). Because of their organoleptic properties, hazelnuts are not 

only consumed raw, but are widely used in the food industry in chocolate, confectionery, baking, ice 

cream and dairy products. 

The developed and optimized sample preparation protocol was applied to processed hazelnut 

matrices: ground hazelnuts as unprocessed matrix, oven roasted ground hazelnuts as heated matrix, 

fermented hazelnut milk as low pH matrix, caramelised ground hazelnuts as a matrix subjected to 

Maillard reactions and chocolate incurred with hazelnut as fat-rich and complex matrix. Resulting 

peptides were analysed by HPLC-HRMS.  

As for peanuts, hazelnuts from two distinct geographical origins (Turkey and Italy) were considered to 

evaluate the potential effect on protein content and allergen relative abundance. Each hazelnut matrix 

was produced and analysed in duplicate, one for each geographical origin. 

Identified peptides were filtered using a set of selection criteria to ensure method specificity, 

sensitivity, and robustness. Ideal peptide biomarkers must be specific to hazelnut, belong to abundant 

proteins, be size-compatible with triple quadrupole mass spectrometry analysis, and be robust to food 

processing but not prone to missed cleavages by the protease(s) used or to amino acid modifications. 

A total of eight peptides from three major hazelnut proteins (allergens Cor a 8, Cor a 9 and Cor a 11) 

were identified as potential peptide biomarkers.  

Compared to egg or peanut, hazelnut protein databases are rather limited (around 500 entries for 

hazelnut compared to 10 000 for peanut in the UniProt database). No data are currently available 

concerning multiple protein isoforms. The list of selected peptides should be updated once more 

information becomes accessible in the literature. Differences in protein abundance between the two 

hazelnut geographical origins were however observed for protein Cor a 9. 

The eight identified potential peptide biomarkers were considered for the development of the 

quantitative UHPLC-MS/MS analysis method. 

The research article was published in Food Chemistry Journal. 
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A R T I C L E I N F O
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A B S T R A C T

The interest of using LC-MS/MS as a method for detection of allergens in food is growing. In such methods,
peptides are used as biomarkers for the detection and quantification of the allergens. The selection of good
biomarker peptides is of high importance to develop a specific, universal and sensitive method. Biomarkers
should, for example, be robust to food processing. To evaluate robustness, test material incurred with hazelnut
having undergone different food processing techniques was produced. Proteins of these materials were ex-
tracted, digested and further analyzed using HRMS. After peptide identification, selection was carried out using
several criteria such as hazelnut specificity and amino acid composition. Further selection was done by com-
paring peptide MS intensities in the different food matrices. Only peptides showing processing robustness were
retained. Eventually, eight peptides coming from three major hazelnut proteins were selected as the best bio-
markers for hazelnut detection in processed foods.

1. Introduction

Food allergies – immunological reactions to a certain component,
mostly proteins, from a certain food – form a growing health problem
around the world, especially in industrialized countries (Costa, Mafra,
Carrapatoso, & Oliveira, 2016). Indeed, an estimated 17 million Eur-
opean individuals suffer from food allergy, which is twice as much as
10 years ago (Manea, Ailenei, & Deleanu, 2016). Allergies to tree nuts,
among which hazelnut, continues to be globally one of the most
common food allergens with an estimated prevalence of up to 4.9% of
the general population (Costa et al., 2016; McWilliam et al., 2015).
Because of its organoleptic properties, hazelnuts are not only consumed
raw, but are widely used in the food industry in chocolate, confec-
tionary, baking, ice cream and dairy products. Furthermore, given their
nutritional and nutraceutical benefits, there is a rise in consumption of

hazelnuts in the western countries, which leads to an increase in ha-
zelnut allergy incidence (Özenç & Özenç, 2015).

Allergic patients sensitive to hazelnuts can, after consumption,
suffer from rather mild symptoms (hives, dizziness, and/or shortened
breath) to very serious and even life-threatening symptoms such as an
anaphylactic shock (Özenç & Özenç, 2015). As until today no cure is
available to treat food allergies, patients can only protect themselves by
avoiding consumption of culprit foods (Popping & Diaz-Amigo, 2017).
Therefore, European legislation (Regulation 1169/2011/CE) dictates
the declaration of hazelnut and other foods with known allergenic
potential when deliberately used as an ingredient, regardless of the
concentration or form (Popping & Diaz-Amigo, 2017). However, this is
not a complete solution as unintentional presence of trace amounts of
hazelnut often occurs, by cross contamination in factories, the use of
contaminated ingredients or other causes (Monaci & Visconti, 2010).
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Since a very small dose of hazelnut can already elicit a reaction in al-
lergic individuals (a few milligrams are enough to cause a severe re-
action), this unintentional presence poses a high risk for patients.

To improve protection of patients, accurate, sensitive and reliable
analytical methods for the detection and quantification of allergens in
food are thus required (Prado et al., 2016). The detection techniques
currently applied can generally be divided into two main categories:
DNA-based detection (quantitative Polymerase Chain Reaction (qPCR),
digital PCR), by which food allergens are detected through amplifica-
tion of allergen-specific DNA or DNA fragments, and protein-based
detection (e.g., Enzyme-Linked Immuno Sorbent Assay (ELISA)), in
which detection is based on the binding of a specific protein of the food
allergen to a specific receptor (i.e., an antibody) (Prado et al., 2016).
Although these techniques are very sensitive and fast, they display some
drawbacks, especially for the detection of allergens in processed foods.
Indeed, most of the foods consumed in modern developed societies are
processed (Sathe, Teuber, & Roux, 2005) and the applied techniques
may alter a protein’s structure/conformation through denaturation
and/or modifications. They could also influence their extractability by
formation of protein aggregates. Altering of a protein’s structure can
thus result in a loss of conformational epitopes, destroying recognition
sites used in ELISA detection and thus generate false negative results
(Prado et al., 2016). Moreover, cross reactivity of the antibody in the
ELISA test with unknown substances can’t be fully excluded, giving rise
to false positive results (Wei, Sathe, Teuber, & Roux, 2003). DNA-based
detection techniques on the other hand do not detect the elicitor (thus
the protein) of the allergic reaction itself, which is thus less informative
for patients (Poms, Klein, & Anklam, 2004). Indeed, food containing the
allergen DNA can be harmless for patients if no allergen proteins are
present, while the absence of allergen DNA cannot exclude the presence
of allergen proteins.

Another technique that can be used for the detection of allergens in
food and which is gaining in popularity is liquid chromatography
coupled to tandem mass spectrometry (LC-MS/MS) (Pilolli, De Angelis,
& Monaci, 2017). This technique is based on the detection of so-called
proteotypic peptides, peptides that uniquely match to the ingredient
specific protein of interest. These MS-based methods hold particular
advantages including the possibility of multiplexing, high sensitivity
and specificity, minimization of cross reaction and are qualitative as
well as quantitative (Pilolli et al., 2017). Another advantage is the
possibility to develop a detection method that is robust to processing
techniques, thus universalizing the use of the method. However, in
order for the method to be robust to food processing, a proper selection
of proteotypic peptides is required. Such peptides have to fulfill several
criteria in addition to being specific for the allergen of interest: they
have to be stable during food processing and preferably should not
contain any amino acids prone to (post-translational) modifications.

In this study we describe a comprehensive approach for the iden-
tification and selection of proteotypic peptides robust to food proces-
sing that can later be used as analytes for the development of an MS
based method for the detection of hazelnut in food. Although several
studies based on proteotypic peptides for the detection of hazelnut in
food already have already been published (Ansari, Stoppacher, &
Baumgartner, 2012; Bignardi et al., 2013; Costa et al., 2016; Cucu,
Meulenaer, & Devreese, 2012; Heick, Fischer, Kerbach, Tamm, &
Popping, 2011; Pilolli et al., 2017; Pilolli, De Angelis, & Monaci, 2018;
Planque et al., 2017, 2019; Sealey-Voyksner, Zweigenbaum, &
Voyksner, 2016), to the best of our knowledge, the peptides identified
in these studies were not checked for food processing robustness. In the
report by Pilolli and collaborators, peptide profiles generated from
different food matrices having undergone several processing techniques
would need to be compared. However, these matrices should be in-
curred (incorporation of raw ingredients before food processing), and
not spiked (incorporation of extracted proteins from raw ingredients
after processing of the matrix). Preferably, production of these matrices
can be fully controlled, with exact knowledge of production

circumstances, recipe and ingredients, and keeping cross-contamination
events as low as possible. This approach will render trustworthy results,
but requires an agreed science based selection of proteotypic peptides.

We tackled this problem by producing five different hazelnut-in-
curred food matrices. Four different processing conditions (heating,
induction of the Maillard reaction, low pH environment and fatty rich
environment) were chosen based on techniques that are often used in
modern food industry, and material was produced using semi-industrial
equipment to mimic realistic conditions of food processing as much as
possible. Raw material was self-selected ensuring traceability, and these
raw ingredients were used as blank (no processing) samples. These test
materials were used for the generation of tryptic peptide profiles by
ultra high-performance liquid chromatography coupled to high re-
solution mass spectrometry (UHPLC-HRMS). Proteotypic peptides were
subsequently selected based on multiple selection criteria such as in-
gredient specificity, amino acid composition and robustness towards
food processing. Eventually, we were able to identify eight peptides,
originating from two hazelnut proteins – vicilin cor a 11 and legumin
cor a 9, two major hazelnut allergens – suitable as good biomarkers for
the detection of hazelnut in food.

2. Experimental

2.1. Material

All reagents and chemicals were of analytical grade unless stated
otherwise.

Urea, tris(hydroxymethyl)aminomethane (Tris-HCl), tris(2-carbox-
yethyl)phosphine hydrochloride (TCEP), iodoacetamide (IAA), tetra-
ethylammonium bicarbonate (TEAB) and NAP-10 columns (GE
Healthcare) were purchased from Sigma-Aldrich (Bornem, Belgium).
Trifluoroacetic acid (TFA) was obtained from Thermo Fisher Scientific
(Waltham, Massachusetts, USA), and solid phase extraction cartridge
(SPE) Pak C18 1 cc Vac Cartridge from Waters (Milford, Massachusetts,
USA). Enzymatic digestion was performed with Trypsin Gold, Mass
Spectrometry Grade from Promega (Madison, Wisconsin, USA), and
Lysyl Endopeptidase, Mass Spectrometry Grade (Lys-C) from Wako Pure
Chemical Industries, Ltd (Osaka, Japan). Acetonitrile, methanol abso-
lute, 2-propanol (ULC/MS grade for all solvents), and formic acid were
from Biosolve (Valkenswaard, the Netherlands). Ammonium phospha-
tide was kindly provided by Palsgaard A/S (Juelsminde – Denmark).

2.2. Production of test materials

Processed hazelnut matrices were produced in the Food Pilot unit of
ILVO. All hazelnut matrices were prepared starting from raw hazelnuts
from either Turkish origin (Versenoten, Alphen aan den Rijn, The
Netherlands) or Italian origin (Quality Nuts BVBA, Zandhoven,
Belgium). Both types of purchased hazelnut were dehulled and vacuum
packed. Total nitrogen content was determined by the Kjeldahl assay.
These values were multiplied with a value of 5.3 (AOAC factor for nuts)
(Mariotti, Tomé, & Mirand, 2008) to calculate the protein content in
both nut types. This resulted in 14.8% and 14.5% proteins for hazelnuts
originating from Turkey and Italy respectively. Production of all test
material was done in duplicate, once using hazelnut originating from
Turkey and once using hazelnuts originating from Italy.

2.2.1. Preparation of a raw (=unprocessed) hazelnut matrix
Raw whole hazelnuts were grounded using a Kenwood AT286 Glass

mini chopper/mill attachment KW714229 (Kenwood, New
Hamphshire, UK) for 20 s at pulsing mode using maximum speed, va-
cuum packed (vacuum packaging machine KN5, vc999, Missouri, USA)
and stored at 4 °C in the dark.

2.2.2. Preparation of a heated hazelnut matrix
Raw whole nuts were roasted in batches of 500 g in an oven (baking
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oven condo CO 6.0608, Miwe, Germany) at 180 °C for 18min. Nuts
were spread in one layer on a baking plate, and each 5min, nuts were
stirred with a spoon to ensure homogenous roasting. Roasted nuts were
left to cool down at room temperature, mixed into a nut powder, va-
cuum packed and stored at 4 °C.

2.2.3. Preparation of a hazelnut matrix subjected to the Maillard reaction
(=caramelized nuts)

250 g raw whole nuts were chopped (Blixer 4VV -, 4,5 Liter,
1100W, Variable Velocity: 300–3.500 TPM, Robot Coupe, Vincennes
Cedex, France) for 3 times 5 s at maximum speed. An amount corre-
sponding to 200 g lactose and 100mL reverse osmose water were mixed
into a smooth paste. The chopped nuts were subsequently stirred into
the lactose paste until nut parts were all covered with the lactose
substance. This nut-lactose mixture was spread over an oven plate and
placed in a convectional pre-heated (160 °C) oven for 15min. Every
5min, the mixture on the plate was stirred with a spoon to obtain equal
caramelization. The plate was left at room temperature to cool down
overnight, and subsequently mixed into a fine power (Kenwood Mini
Chopper Mill Attachment AT320B). The caramelized nut powder was
divided into portions of 50 g, vacuum packed and stored at 4 °C in the
dark.

2.2.4. Preparation of a low pH hazelnut matrix (=fermented hazelnut
milk)

This matrix was produced by fermenting nut milk using a “set yo-
ghurt” procedure. Nut milk was produced by soaking the nuts in reverse
osmose water overnight, followed by mixing the substance (Blixer 4VV
-, 4.5 Liter, 1100W, Variable Velocity: 300–3.500 TPM, Robot Coupe,
Vincennes Cedex, France) for 8min at maximum speed upon which a
milky substance was reached. Nut milk was subsequently sieved (Retsch
Test Sieve, 250 µm pore size, Retsch, Aartselaar, Belgium). Sieved milk
was then transferred to a sterile Erlenmeyer of 1 L, and a bacterial
culture (nu-trish® BY-Mild – containing the following bacteria:
Bifidobacterium species, Lactobacillus delbrueckii subsp. Bulgaricus and
Streptococcus thermophiles, CHR Hansen, Hørsholm, Denemarken) was
added (4 g of frozen culture for 600mL of nut milk). Erlenmeyer re-
cipients were aseptically sealed and incubated in a warm water bath
(42 °C). Every 30min, a sub-sample of the yoghurt was checked for pH
until a pH of 4.2 was reached. The yoghurt was subsequently divided
into 20 g portions and stored at 4 °C in the dark.

2.2.5. Preparation of a fatty rich hazelnut matrix (=chocolate incurred
with hazelnut)

A nut powder was produced by first mixing raw nuts (Kenwood Mini
Chopper Mill Attachment AT320B, pulsing speed, 3min, Kenwood,
New Hamphshire, UK), resulting in a slushy substance. Nut mash was
then defatted by pressing it between extra thick kitchen towels, re-
sulting in a dry nut powder. The defatting step was done to obtain a
very fine grain size to ensure a homogenous chocolate after mixing it in.
Nut mash and powder was weighed before and after defatting, and loss
in mass was documented to determine how much weight was lost
during defatting. This fine, dry nut powder was then sieved through a
pore size of 500 µm. Secondly, chocolate was prepared: first, a “conche”
was made from chocolate refiner flakes (90%) and cacao butter (10%).
450 g refiner flakes (Callebaut, Lebbeke, Belgium) and 50 g cacao butter
(Callebaut) were therefore warmed in a water bath in separate bowls
until a temperature of 40–45 °C was reached. The temperature was
controlled with a food thermometer. Then, the melted butter was
slowly added to the melted refiner flakes, and the mix was then stirred
for 3min before addition of 1.2% ammonium phosphatide. The mixture
was then stirred for an extra 3min. Finally, a chocolate incurred with
hazelnut (40,207 ppm total hazelnut proteins in matrix for hazelnut
origin Italy and 41,046 ppm for hazelnut origin Turkey) was produced
by adding 99.996 g of defatted hazelnut powder (containing 24.63 g
proteins for hazelnut origin Turkey and 24.12 g proteins for hazelnut

origin Italy) to the liquid chocolate and stirring again for 3min while
keeping the temperature of the chocolate at 42 °C. Ppm levels are
mentioned as mg total hazelnut proteins/kg final chocolate product.
Liquid chocolate was subsequently poured into chocolate molds, cov-
ered with plastic foil and left to cool down. Chocolate was kept over-
night at 4 °C to cool further, set and solidify. The next day, chocolate
bars were rasped into chocolate flakes. Chocolate flakes were kept in
aliquots of 50 g and stored at 4 °C in the dark. A proper blank chocolate
was prepared following the same procedure, without adding the ha-
zelnut powder.

2.3. Sample preparation

Sample preparation was similar to the protocol described in our
previous study (Gavage et al., 2019). Briefly, proteins were extracted
from food matrices, purified and proteolytically digested. From each
matrix of both hazelnut origins, three biological repeats were prepared
and analyzed by LC-HRMS.

2.3.1. Protein extraction
An amount of 1 g of matrix material was extracted with 10mL ex-

traction buffer (2M urea, 200mM Tris-HCl, pH 9.2) by shaking at 20 °C
for 30min at 300 rpm, followed by 15min sonication on ice at 100%
ultrasound power. The samples were centrifuged at 4600g for 10min at
4 °C after which the middle liquid phase was transferred to a new tube.
The protein concentration of the extract was subsequently determined
with A280 ultra-violet absorbance protein assay (NanoPhotometer®
N60, Westburg, Leusden, Nederland) (Desjardins, Hansen, & Allen,
2009).

2.3.2. Protein reduction, alkylation and purification
Samples were diluted with extraction buffer to a protein con-

centration of 4mg of proteins per mL. Next, proteins were reduced and
alkylated (for 15min at 37 °C in the dark) with TCEP-HCl (15mM final
concentration) and IAA (30mM final concentration) under agitation at
500 rpm. The samples were desalted and buffer-exchanged by gel fil-
tration chromatography (NAP-10 columns, GE Healthcare, United
Kingdom). Proteins were eluted in 1.5mL 6M urea in 50mM TEAB.
The protein concentration was measured with the A280 ultra-violet
absorbance protein assay.

2.3.3. Enzymatic digestion
An amount corresponding to 100 µg of proteins was transferred to a

new micro centrifuge tube and diluted with 6M urea in 50mM TEAB to
a final volume of 50 µL before addition of 2 µg of Lys-C, and digestion
was performed for 2 h at 37 °C under 300 rpm agitation. The samples
were diluted with 50mM TEAB to a final volume of 300 µL, and 1 µg of
trypsin was then added. Tryptic digestion was subsequently performed
for 16 h digestion at 37 °C under 300 rpm agitation. Digestion was
stopped by adding TFA until a pH of≤ 3 was reached.

2.3.4. Peptide purification
Peptides were purified with C18 SPE cartridges. The cartridges were

first washed with 1mL acetonitrile/water (50/50, v/v) and equilibrated
with 1mL wash solvent (acetonitrile/water/TFA, 2/97.9/0.1, v/v/v).
Samples were diluted 10 times with water, loaded onto the cartridges
and washed with 1mL of wash solvent. Peptides were eluted with 2mL
acetonitrile/water (80/20, v/v) and subsequently evaporated under a
nitrogen flow at 40 °C. Peptide pellets were dissolved in 200 µL 0.1%
formic acid and filtered (centrifugal filter unit 0.22 µm, Merck-
Millipore, Carrigtwohill, Ireland).

2.4. Mass spectrometry

Solubilized peptides from a digest of 100 µg proteins were analyzed
by high performance liquid chromatography coupled to high resolution

K. Van Vlierberghe, et al. Food Chemistry 309 (2020) 125679

84



mass spectrometry using a Waters Acquity UPLC® (Waters, Milford, MA
VS) coupled to a SYNAPT G2-S High Definition Mass Spectrometer
(TOF) (Waters). Tryptic peptides were chromatographically separated
on a ACQUITY UPLC Peptide BEH C18 column (300 Å, 1.7 µm,
2.1 mmX 150mm) (Waters) protected by an ACQUITY UPLC Peptide
BEH C18 VanGuard Precolumn (300 Å, 1.7 µm, 2.1mmX 5mm)
(Waters). Mobile phase A was 0.1% formic acid (solvent A) and mobile
phase B was 0.1% formic acid in acetonitrile (solvent B). The solvent
gradient was set as follows: initial: 99% solvent A; 60min: 60% solvent
A; 61min: 15% solvent A; 65min: 99% solvent A. The injection volume
was set at 5 µL, the flow rate at 0.200mL/min. Peptides were ionized in
positive electrospray (ESI+ ) with the following instrument settings:
capillary voltage 0.80 kV, sample cone voltage: 80 V, source tempera-
ture 120 °C and desolvation temperature: 400 °C. Data acquisition was
done in continuous full scan mode in MSE mode (data independent
acquisition) and the m/z range was 50–2,000. Fragmentation was done
with collision induced dissociation, with a low trap collision energy for
precursor ions of 4 eV and high collision energy ramping from 20 to
40 eV. Recording was done in resolution mode (20 k FWHM). Prior to
analysis, the HRMS was calibrated with sodium formate. Leucine en-
ckephalin (200 pg/µL, mass 556.2771 Da, Waters) was used as lock
mass and was acquired (scan time of 0.2 s) with an interval of 30 s, but
not yet applied for mass correction. Mass correction using lock mass
acquisitions is intrinsically imbedded in the ProteinLynx data analysis
algorithm.

2.5. Data analysis

Raw HRMS data were analyzed with ProteinLynx Global ServerTM

(PLGS, Waters). Raw data were first automatically mass corrected using
the lock mass recordings. Identified peaks were searched against a
database containing the hazelnut proteome stored in Uniprot.org
(Corylus avellana, 474 entries), added with the 192 reviewed human
keratin entries from Uniprot.org, the cationic bovine trypsin sequence,
the Lysyl endopeptidase sequence from Lysobacter enzymogenes and the
possible protein contaminants from cacao and bacteria from Nu-trish®
BY-Mild (Bifidobacterium animalis subsp. lactis, Lactobacillus delbrueckii
subsp. bulgaricus and Streptococcus thermophilus). Search parameters
were as follows: trypsin was chosen as the primary digestion enzyme
and carbamidomethylation of cysteine residues was set as a fixed
modification. Oxidation of methionine residues, conversion of N-term-
inal glutamine to pyroglutamate, and deamidation of asparagine and
glutamine were set as variable modifications and 3 missed cleavages
were allowed.

3. Results and discussion

3.1. Test material and hazelnut origin

Our main goal was to identify peptides originating from hazelnut
proteins that are robust towards food processing and could thus serve as
universal/excellent biomarkers for the detection of hazelnut in food.
Therefore, we extracted peptide profiles from different hazelnut-con-
taining food matrices that underwent various processing techniques.
Through comparison of these profiles, we expected to identify peptides
robust to processing. To obtain these peptide profiles, food matrices
needed first to be selected. However, when purchasing such materials
from supermarkets, one can never be sure about the raw material that
was used, recipes, food processing conditions, and/or putative cross
contamination. Therefore, test material was produced in-house using
modern food processing techniques and equipment. The four well-
controlled processing conditions were heating of the ingredient, in-
duction of the Maillard reaction, incurring hazelnut in a low pH en-
vironment or in a fatty rich environment. This generated the following
test materials: roasted hazelnuts, caramelized hazelnuts, fermented
hazelnut milk and chocolate incurred with hazelnut, and raw hazelnuts

as a non-processed matrix.
A universal detection method for hazelnut implicates that this

method should be able to detect hazelnut irrespective of the processing
technique the food has undergone, but also irrespective of the origin of
hazelnut. However, numerous hazelnut cultivars exist and different
cultivars may have different protein profiles and, subsequently, dif-
ferent peptide profiles. Indeed, Garino and collaborators have recently
shown that gene transcript levels of known allergenic proteins Cor a 8
and Cor a 11 in hazelnut differ between cultivars and also between year
of harvest (Garino et al., 2013). To counter this issue at least partially,
all test matrices were produced in “duplo” using hazelnut from two
different origins. Based on worldwide production, 70% of all hazelnuts
come from Turkey and the second largest producer, counting for 12% of
worldwide production, is Italy (Özenç & Özenç, 2015). Hazelnuts from
these two origins were therefore used for the production of test mate-
rial.

3.2. Protein selection

The first step in selecting suitable biomarker peptides is the in silico
selection in the UniProt database of the proteins from which peptides
can be derived. In this study, we initially focused on all known hazelnut
proteins, not only on proteins known to cause allergic reactions as this
could lead to excluding potentially good biomarkers from high abun-
dant proteins. The full UniProt database for Corylus avellana containing
474 entries was therefore used. This is a relatively low amount of en-
tries, considering the 28,255 transcript contigs – of which 93.3% en-
code proteins – in the hazelnut genome (Rowley et al., 2012). However,
hazelnut kernels consist of about 15% proteins, of which 87% are seed
storage proteins (Bonvehí, 1995). Of these seed storage proteins in
hazelnut, the globulins Cor a 9 (11S globulin, primary accession
number Q8W1C2) and Cor a 11 (7S globulin, Q8S4P9), and the albumin
Cor a 14 (2S albumin, D0PWG2) are the major ones. Given their high
abundance, these proteins were expected to provide the most abundant
peptides. Indeed, the high abundance of these proteins was evident
after data analysis as identified peptides mainly came from these three
proteins in all conditions tested and in hazelnuts of both origins (Table
S1). A fourth protein that was also always identified is the lipid transfer
protein Cor a 8 (Q9ATH2). Therefore, while present in a lower abun-
dance in the hazelnut kernel (Bonvehí, 1995), this protein was also kept
for further peptide selection. All four proteins are known as allergenic
proteins and have been used for developing LC-MS/MS methods for the
detection of hazelnut in food (Ansari et al., 2012; Bignardi et al., 2013;
Costa et al., 2016; Cucu et al., 2012; Heick et al., 2011; Pilolli et al.,
2017; Sealey-Voyksner et al., 2016).

3.3. Peptide selection

For LC-MS/MS analysis, peptides are required. Usually, trypsin is
the protease of choice because it cuts peptide bonds C-terminal to lysine
and arginine with high specificity (Hustoft et al., 2012). As such,
trypsin also yields basic peptides of a suitable length (on average 10–20
amino acids) and mass for LC-MS/MS analyses. For each of the hazelnut
matrices that underwent the different processing techniques, tryptic
peptide profiles were generated upon analysis of the HRMS data. Pep-
tides were considered identified if they were detected in all three bio-
logical repeats and in extracts of both origins with high confidentiality
(score 2 in ProteinLynx, as analysed with ProteinLynx GlobalSERVER
v3.0.3 (Waters Corporation). Parallel to this, theoretical tryptic peptide
profiles for the four identified proteins were generated by in silico
tryptic digestion using PeptideMass (Wilkins et al., 1997), avoiding any
missed cleavages and only considering peptides longer than 6 amino
acids to ensure specificity. HRMS results from raw hazelnut extracts
were compared with this list of peptides. We were able to detect 21 out
of the possible 24 peptides for Cor a 9, 19 out of 24 for Cor a 11, 5 out of
7 for Cor a 14 and 7 out of 9 potential peptides for Cor a 8 (Table S1).
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3.3.1. Specificity to hazelnut
As the peptide biomarkers for detection of hazelnut in food should

only mark the presence of hazelnut proteins, the specificity for hazelnut
proteins of each peptide was first checked by performing a Basic Local
Alignment Search Tool (BLAST) analysis with the peptide sequence
against the full UniProt database. Peptides were considered to be spe-
cific to hazelnut only if they showed full identity to only Corylus avel-
lana, and not to any other organism. Implementing this criterion re-
sulted in the exclusion of 2 out of the 21 identified peptides for Cor a 9,
among which the peptide 364Trp-Arg371, used as a biomarker for de-
tection of hazelnut in previous studies (Ansari et al., 2012; Costa,
Ansari, Mafra, Oliveira, & Baumgartner, 2014; Gu et al., 2018), 2 out of
19 identified peptides from Cor a 11, and 2 peptides out of the 7
identified peptides from Cor a 8. All identified peptides from Cor a 14
were retained (Table S1).

3.3.2. Amino acid composition
In a second selection step, peptides containing certain amino acids

such as methionine, cysteine and N-terminal glutamine were excluded.
Indeed, we hypothesized that quantification of hazelnut in food pro-
ducts should be reflected by the intensity of the peptide biomarkers
used. Thus, these peptides should be ideally present in one form with
thus one particular mass. As amino acid modifications alter the mass of
peptides, these may result in inaccurate quantification as such mod-
ifications can alter both the retention time of the affected peptide as
well as precursor and fragment ion masses (Fig. 1B). Thus, we at-
tempted to avoid peptides that were prone to modifications. For ex-
ample, methionines in the peptide 105Gln-Arg115 from Cor a 14 can
have multiple oxidation states (each with a mass shift of+ 15.995 Da).
Indeed, we detected multiple forms of this peptide in all matrices
(Fig. 1A). Moreover, these results show that the intensities of the pep-
tides with such different oxidation states vary depending on the pro-
cessing techniques applied, implying that quantification cannot be only
based on the intensity of the non-oxidized peptide. Thus, peptides
containing methionine were therefore excluded.

Along this line, we also decided to exclude cysteine-containing
peptides. Although cysteines are modified by carbamidomethylation,
there is a possibility that, depending on the food matrix, some cysteines
are not fully reduced and modified. In addition, peptides starting with
glutamine were also excluded due to the possibility of this N-terminal
glutamine to convert to pyroglutamic acid (mass shift of −17.027 Da)
(Neta, Pu, Kilpatrick, Yang, & Stein, 2007). In fact, pyroglutamic acid
was also shown to hamper peptide fragmentation, which might nega-
tively influence the overall performance of the LC-MS/MS detection
method (Godugu, Neta, Simón-Manso, & Stein, 2010). The peptide
418Gln-Lys432 for example, cited in several studies as a biomarker
(Ansari et al., 2012; Costa et al., 2014; Heick et al., 2011; Pilolli et al.,
2018; Planque et al., 2017, 2019), was therefore excluded. Further-
more, we selected against KP or RP motifs in peptides as trypsin might
cleave such motifs, albeit with a lower efficiency. Peptides carrying
other types of missed cleavages (KK, KR, RR or RK at the beginning or
end of their sequence) were also excluded. The sequence motif NG was
also avoided, based on the findings that the asparagine (N) in such a
motif is susceptible to deamination (Jia & Sun, 2017). Finally, peptides
containing the N-terminus of a protein were also excluded as those
peptides often comprise signal peptides, which are cleaved off once the
protein has reached its proper cellular location. This results in both the
presence and the absence of these sequences in the extracted proteins,
again leading to biased quantification. Also, N-terminal acetylation
(Ree, Varland, & Arnesen, 2018) and excision of the N-terminal initiator
methionine (iMet) residue from nascent peptide chains (Jonckheere,
Fijałkowska, & Van Damme, 2018) can influence the detection of these
peptides, thus making them unsuitable as biomarkers.

Applying these exclusion criteria withheld 10 peptides for Cor a 11,
7 for Cor a 9, 0 for Cor a 14 and 2 for Cor a 8 (Table S1). Hence, these
criteria exclude a large number of identified peptides, resulting in the

complete loss of Cor a 14, as well as some peptides with high intensities
that could, if withheld, strengthen the power of the detection method.
Indeed, an LC-MS/MS diagnostic method is preferably based on mul-
tiple peptides from multiple proteins of the ingredient. A solution to
keep more proteins and peptides for final selection is to chemically
induce protein modifications during sample preparation. For example,
one could use hydrogen peroxide to oxidize methionines. However,
such chemical modifications are only useful if they completely and
specifically convert the targeted amino acids.

3.3.3. Selection based on protein specific properties and observations
Additional selection was done based on protein-specific properties

and experimental observations. Each protein was surveyed for se-
quence-specific knowledge, focusing on sequence conflicts in the da-
tabase, known isoforms and known natural variants. To ensure the
robustness of the method, there should be no variations present in the
selected peptides. For example, as Cor a 14 has two known isoforms
(48Arg ↔ 48Ser) (Pfeifer et al., 2015), the tryptic peptide 44Gly-Arg53

was excluded. As another example, Cor a 11 has two known potential
glycosylation sites (Asn85 and Asn301). Due to the uncertainty of these
asparagine residues being glycosylated, peptides containing them were
excluded (Lauer et al., 2004). Information directly extracted from the
experimental data was also used for peptide selection. For example,
peptides present in a sequence stretch prone to missed cleavages were
excluded. The sequence 395Gly-Arg419 in Cor a 11 is expected to yield
only two fully tryptic peptides larger than 6 amino acids: 395Gly-Arg403

and 407Glu-Arg415. However, after HRMS analysis, various peptides
were observed containing missed cleavages (Fig. 2). Again, quantifi-
cation of hazelnut in food cannot be directly based on the intensity of
the two fully tryptic peptides, as their true intensities are the sum of
their intensities and those of all peptides that embed them. Such pep-
tides are therefore also excluded. For example, the peptides 464Ala-
Arg478 (Ansari et al., 2012; Costa et al., 2014; Heick et al., 2011; Pilolli
et al., 2017, 2018; Planque et al., 2017, 2019) and 407Glu-Arg415

(Ansari et al., 2012; Costa et al., 2014) although often used as bio-
markers in several studies, lie within a sequence stretch prone to missed
cleavages. Since there is a known potential isoform (although partially
sequenced, and not yet registered) for Cor a 9 (Nitride et al., 2013), the
peptides 351Ile-Arg363, 446Thr-Arg458 and 464Ala-Arg478 should also be
excluded from selection since they lie in a non-conserved sequence
region. These three peptides are also often cited as biomarker peptides
for the detection of hazelnut (Ansari et al., 2012; Costa et al., 2016;
Heick et al., 2011; Pilolli et al., 2017, 2018; Planque et al., 2017, 2019;
Sealey-Voyksner et al., 2016). Applying these criteria led to the ex-
clusion of another 2 peptides from Cor a 11 and 3 peptides from Cor a 9
(Table S1). Applying these selection steps eventually resulted in 2 po-
tential good biomarkers for Cor a 8, 4 for Cor a 9 and 8 for Cor a 11.

3.3.4. Selection based on food process robustness
Further selection of peptides was done by comparing peptide in-

tensities obtained in the five food matrices, and thus, controlling the
peptide robustness towards the different food processing techniques. As
already emphasized, peptide biomarkers that could be used for detec-
tion of hazelnut in food have to be robust to food processing, and thus,
the amino acid sequence of this peptide should remain stable during the
various processing steps. Also, the intensity of the peptides should be
comparable under different circumstances in order to consider the
peptides as good biomarkers. Sensitivity to modifications introduced by
food processing can vary depending on the protein and on the peptides
contained in the protein.

3.3.4.1. Robustness towards roasting and caramelization. In case of
roasted and caramelized nuts, peptide intensities can be directly
compared as no proteins other than hazelnut proteins are present in
the matrix. From each extract, 100 µg of proteins were digested and
peptide intensities were compared to the intensities observed for
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peptides generated from the raw sample. These peptide intensities were
thus used to select biomarkers robust to processing. Peptide intensities
from chocolate and yogurt carry some uncertainty as will be explained
later, and will therefore only serve as an indication to the processing

robustness of the selected biomarkers.
At the end of the selection steps, only 2 (81Gly-Lys96 and 52Ala-

Arg63) out of the 8 peptides initially identified for Cor a 8 were re-
tained. The peptide 81Gly-Lys96 proved to be sensitive towards

Fig. 1. Methionine oxidation variation. A) MS in-
tensities of the peptide (R)QAVMQQQGEMR(G)
from Cor a 14 (D0PWG2) showing different me-
thionine oxidation states after different processing
techniques. MS signal intensities are depicted for
non-processed hazelnut, roasted hazelnuts, hazel-
nuts that have undergone induction of Maillard re-
action, hazelnuts incurred in a low pH environment
(yoghurt) and hazelnuts incurred in a fatty rich en-
vironment (chocolate). In each matrix, the in-
tensities of three forms of the peptide are given. In
light blue, the native (non-oxidized) peptide, in grey
the peptide where the first methionine oxidized
(M*) and in dark blue the peptide where the second
methionine is oxidized (M*). Results are expressed
as the means of the peptide MS signal intensity ± 1
SD for 3 biological replicates. B) Selected ion chro-
matograms of the three variants (oxidized and re-
duced) of the peptide (R)QAVMQQQGEMR(G)
identified in roasted hazelnuts, which illustrate the
difference in retention time of the different forms.
Masses are shown for the single charged peptide ion
[M+H]+, peak intensities are shown as relative
intensity with 100%=peak area of highest peak for
each given mass (9.27e4 for MH+=1321.599 Da,
1.15e6 for MH+=1305.604 Da). (For interpreta-
tion of the references to colour in this figure legend,
the reader is referred to the web version of this ar-
ticle.)

Fig. 2. Comparison of MS intensities of different
peptides in a missed cleavage sensitive sequence
stretch GNIVNEFERDAKELAFNLPSREVER from Cor
a 11 (Q8S4P9). Tryptic peptides without missed
cleavage are depicted in red (GNIVEFER and ELAF-
NLPSR). MS signal intensities are shown for raw
hazelnut and results are expressed as the means of
the peptide MS signal intensity ± 1 SD for 3 bio-
logical replicates. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the web version of this article.)
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processing, showing significantly lower peptide intensity in both pro-
cessed matrices when compared to the intensity in raw hazelnut, and
this in nuts of both origins (Fig. 3). The peptide 52Ala-Arg63, although
showing an apparent decrease in intensity in processed matrices when
compared to the raw matrix in hazelnut from Turkey, this decrease was
not significant. No significant difference in intensity between processed
and raw hazelnut matrices in hazelnuts from Italy was observed.

Cor a 11 holds both food processing sensitive as well as robust
peptides. Three peptides were robust towards roasting and the Maillard
reaction: 92Leu-Arg100, 175Ile-Arg201 and 241Ala-Arg251. For these pep-
tides, no significant difference in intensity was observed between the
raw, roasted and caramelized hazelnut matrices (Fig. 4). Of these,
92Leu-Arg100 and 175Ile-Arg201 are the most intense peptides, and con-
sidering the intensities in the chocolate and fermented nut milk matrix,
form the most promising biomarker candidates for this protein. The
same trend was observed in samples from both nut origins. Interest-
ingly, the peptide 202Ala-Lys213, often cited as a biomarker (Ansari
et al., 2012; Costa et al., 2014), was excluded from selection because of
its sensitivity towards roasting and caramelizing hazelnut.

Selected peptides for Cor a 9 generally showed good robustness
towards both roasting and caramelization. No negative significant dif-
ferences in intensity were observed in peptide intensity between the
three matrices (Fig. 5). Some peptides display a higher peak intensity in
processed matrices when compared to the raw hazelnut, but this is not a
problem for the peptide to serve as a biomarker. Cor a 9 shows overall
the highest robustness across all processing techniques when compared
to the other proteins. This is in line with the intrinsic properties of this
protein being a legumine, and therefore very stable against thermal
processes. The secondary structures of these proteins largely remain
unchanged and have only minor modifications, even after heating at
94 °C (Costa et al., 2016). This while Cor a 11, a vicilin is less ther-
mostable, showing already structural changes at 70 °C, and is known to
form gellish aggregates at high temperatures, making it harder to ex-
tract the proteins and thus more difficult to detect the peptides (Sathe
et al., 2005).

3.3.4.2. Robustness towards mixing into a fatty rich environment
(chocolate matrix) and in a low pH background (fermented nut
milk). When yoghurt and chocolate samples are considered, intrinsic
to the recipe, non-hazelnut proteins are also present in the matrix.
These proteins are co-extracted during sample preparation, digested,
and their peptides are also analyzed by HRMS. Thus, in these matrices,
only a fraction of the injected peptides comprises hazelnut peptides.
This fraction can be theoretically calculated in the case of chocolate.
The produced hazelnut incurred chocolate contains 491,099 ppm total
chocolate proteins per kg chocolate, 40,708 ppm or 39,860 ppm total
hazelnut proteins for Turkey or Italy hazelnut origin, respectively.

Purified proteins extracted from this matrix thus comprises 55.6%
cacao proteins and 44.4% hazelnut proteins, assuming cacao proteins
and hazelnut proteins are extracted with the same efficiency. Peptide
intensities of hazelnut peptides are therefore expected to be around
55.6% lower when compared to the peptide intensities from the same
amount of extracted proteins from raw hazelnut. However, when
comparing intensities from raw extracts and chocolate extracts, none
of the identified peptides showed intensities in this range. On the
contrary, intensities were only a fourth of the intensities in the raw
sample, or even lower (Fig. S1a). An explanation could be that cacao
proteins are more efficiently extracted from the chocolate matrix,
enlarging the ratio cacao/hazelnut proteins in the extract. Excluding
the possibility that the lower intensities are due to wrong estimation of
protein content in the chocolate (indeed, polyphenols residues can
influence the nanodrop results), or that protein loss during the desalting
step (using NAP-10 column) is the reason for this lower abundancy, a
different extraction protocol, adapted from Planque and collaborators
(Planque et al., 2016) was used, where no correction for protein
abundance or a desalting step is done. This resulted again in lower
intensities than expected, indicating that it might be hard to detect
these peptides in fatty rich environments (Fig. S1b). For the yoghurt,
the theoretical ratio of hazelnut proteins to bacterial proteins is not so
straightforward to calculate, due to the uncertainty on the bacterial
growth rate in the fermented nut milk, and thus the uncertainty on the
bacterial protein content. As could be expected, lower peptide
intensities compared to the intensities from raw hazelnut were
identified, but a comparison of intensities from these two matrices
can thus indicate robustness to these food processing techniques, but
these results should be taken with caution and are only indicative.

3.3.5. Selection based on robustness to origin variation
Finally, all peptides were checked on similarity of performance in

the two hazelnut origins. Robustness towards genetic variations and
cultivars strengthens the power of the detection method. Although in
general, the same peptides showing the most promising results to serve
as good biomarkers were identified in both types of hazelnut, there
were some differences in peptide intensity detection. Interestingly,
peptides from Cor a 9 usually display a higher intensity in Turkish
hazelnuts when compared to Italian hazelnuts (Fig. S2). This trend was
visible in all matrices but was more pronounced in roasted hazelnuts.
This implies that the protein Cor a 9 was relatively more abundant in
the Turkish hazelnuts. Also striking was that peptide intensities from
roasted Turkish hazelnut were for the three proteins overall sig-
nificantly higher compared to peptide intensities from roasted Italian
hazelnuts, even when there was no significant difference in intensities
from raw nuts (Fig. S2). Peptides from Turkish hazelnuts thus seemed to
be more robust towards roasting of the nuts. This was not apparent for

Fig. 3. Comparison of MS intensities of tryptic peptides that were retained after several selection criteria from Cor a 8 (Q9ATH2) in three different test materials
(non-processed hazelnut (Raw hazelnut), heated hazelnuts (Roasted hazelnut) and hazelnuts that have undergone induction of Maillard reaction (Caramelized
hazelnut). MS signal intensities are expressed as the means of the peptide MS signal intensity ± 1 SD for 3 biological replicates. Significance levels were calculated
by Student’s t-test, comparing values from raw hazelnut to processed hazelnut. (*= p < 0.05; **= p < 0.01, **= p < 0.001).
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caramelization of nuts.

4. Conclusions

Based on the above selection steps we were able to select 8 peptides
from 3 major hazelnut proteins that are suitable to function as bio-
markers for detection of hazelnut in food, among which, 5 have not
been published yet (Table 1).

These peptides were selected to perform good as universally

applicable biomarkers, robust against multiple processing techniques
and matrix effects, and insensitive to post-translational modification of
amino acids occurring during production of food or during sample
preparation for analysis. Of these 8 peptides, some seem to be more
preferred than others. Indeed, in general, the three selected peptides
from Cor a 11 are the most suitable for the development of an LC-MS/
MS method for the detection of hazelnut in food in terms of similarity in
peptide intensity between different matrices and different hazelnut
origins. However, peptides from Cor a 9 generally show a higher

Fig. 4. Comparison of tryptic peptides that were retained after several selection criteria from Cor a 11 (Q8S4P9) in three different test materials (non-processed
hazelnut (Raw hazelnut), heated hazelnuts (Roasted hazelnut) and hazelnuts that have undergone induction of Maillard reaction (Caramelized hazelnut). A)
Comparison of MS signal intensities. Intensities are expressed as the means of the peptide MS signal intensity ± 1 SD for 3 biological replicates. Significance levels
were calculated by Student’s t-test, comparing values from raw hazelnut to processed hazelnut (*= p < 0.05; **= p < 0.01, **= p < 0.001). B) Exemplary
selected ion chromatograms of a peptide showing significant difference in intensity in the different test materials ((R)AFSWEVLEAALK(V)), and a peptide showing no
significant difference in intensity in the different test materials ((R)ALSQHEEGPPR(I)). Masses are shown for the single charged peptide ion [M+H]+, peak
intensities are shown as relative intensity with 100%=peak area of highest peak for the given mass in the three test materials (1.18e5 for (R)AFSWEVLEAALK(V),
6.43e4 for (R)ALSQHEEGPPR(I)).
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absolute intensity, and thus, this protein is expected to be detectable in
lower concentration of hazelnut in food compared to Cor a 11. Indeed,
when developing highly sensitive tandem mass spectrometry detection
methods, clearly those peptides giving the highest signals are prefered,
this to reach the lowest limit of detection, which will be determined
during validation of the method. Secondly, an LC-MS/MS method
preferably contains multiple peptides per protein, and multiple proteins
of the allergenic ingredient to strengthen reliability of the method. This
implicates that the peptide from Cor a 8 on its own would not be ideal
as biomarker being the only suitable peptide from this protein, and
showing a low absolute intensity. Combining this peptide with peptides
from Cor a 9 and Cor a 11 for developing an LC-MS/MS method will
higher the confidence of the method. Because of the lack of research
into hazelnut protein isoforms, and the small database of known ha-
zelnut proteins, the list of selected peptides should be updated once
more information is accessible in literature. Finally, the need of
checking the performance of these peptides in different food matrices
remains important.
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4.4. “Using High Resolution Mass Spectrometry for selecting peptide markers for the detection of 

the food allergen milk in food products” (Van Vlierberghe et al, manuscript submitted to 

Food Analytical Methods) 

The strategy to identify potential peptide biomarkers was finally applied to milk by Kaatje Van 

Vlierberghe at ILVO.  

Milk allergy is one of the most reported food allergies in Europe, especially in children (Schoemaker et 

al, 2015). Due to their high nutritional value and diverse functional properties, milk and milk proteins 

are used in multiple applications in modern food industry such as in meat product as meat protein 

substitutes or as fining agent in winemaking (Jana, 2017). 

The developed and optimized sample preparation protocol was applied to processed milk matrices: 

freeze-dried whole milk as unprocessed matrix, freeze-dried Ultra High Temperature (UHT) treated 

milk as heated matrix and matrix subjected to Maillard reactions, fermented milk as low pH matrix and 

chocolate incurred with freeze-dried milk as fat-rich and complex matrix. Resulting peptides were 

analysed by HPLC-HRMS.  

The identified peptides were filtered using a series of criteria to ensure method specificity, sensitivity 

and robustness. Thus, peptides must be specific for the allergenic ingredient, be robust to food 

processing, have originated from abundant proteins, be size-compatible with triple quadrupole mass 

spectrometry analysis, and not be prone to amino acid modifications or missed cleavages by the 

protease(s) used. 

Considering these criteria, a list of 8 robust potential peptide biomarkers was obtained, allowing for 

the detection of the both whey and casein milk fractions. These peptide biomarkers were considered 

for the development of the quantitative UHPLC-MS/MS analysis method. 

At the time of writing this thesis, the manuscript was submitted to Food Analytical Methods Journal.  
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1. Abstract 

Cow�s milk allergy (CMA) is one of the most reported food allergies in Europe. To help patients suffering 

from food allergies, European legislation dictates the obligatory labeling of (derivatives of) 14 

ingredients, among which is milk. Detection of milk in food is predominantly done by Enzyme Linked 

Immunosorbent Assay (ELISA) tests. Although sufficiently sensitive, such tests can be subjected to 

effects of food processing. An analytical method that is gaining interest in the field of allergen detection 

is Ultra-High Performance Liquid Chromatography (UHPLC) coupled to tandem Mass Spectrometry 

(MS), where the analyte is a target peptide. When such peptide biomarkers are selected with care, a 

food processing robust detection method can be developed. In this study, we produced milk-incurred 

food materials that underwent several processing techniques. For this, we carefully selected raw start 

material, worked in a fully controlled production setting and had exact knowledge of the food 

processing circumstances to ensure the trueness of processing applied to the material. This was 

followed by establishing tryptic peptide profiles from each matrix using UHPLC coupled to high 37 

resolution mass spectrometry (UHPLC-HRMS). Finally, a careful comparison of peptide profiles and 38 

intensities resulted in the selection of eight peptide biomarkers suitable for application in LC-MS/MS 39 

based milk detection methods, among which a !-lactalbumin specific peptide, which, for the first time, 40 

was determined to be stable in different incurred materials. 41 
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2. Introduction 

Food allergies are an important and a growing health problem worldwide, especially in industrialized 

countries (Costa et al. 2016). These immune-mediated responses to certain components (mostly 

proteins) of certain foods affect 17 million Europeans, which represents a doubling compared to 10 

years ago (Manea et al. 2016). Cow�s milk allergy (CMA) is one of the most reported food allergies in 

Europe (Schoemaker et al. 2015). In CMA, an immune reaction starts after consumption of milk or milk 

proteins in an IgE-mediated or a non-IgE-mediated manner, or a combination of both (Flom and 

Sicherer 2019). IgE-mediated reactions have an acute and rapid onset, while non-IgE mediated 

reactions are mostly long-term responses (Lifschitz and Szajewska 2015). The prevalence of CMA is 

age-dependent. Indeed, while 2-6% of young children are affected by CMA, only 0.1-0.5% of the adult 

population suffers from this condition (Flom and Sicherer 2019). Typical symptoms of IgE-mediated 

reactions to milk can be mild, such as vomiting and hives, but life-threatening responses such as an 

anaphylactic shock are also possible (Prasad et al. 2018). It is thus important to protect patients 

suffering from CMA. Since no cure for food allergy is currently available, complete avoidance of 

consuming milk or milk proteins is essential (Sicherer and Sampson 2014).  

To help patients suffering from food allergies, European legislation dictates the obligatory labeling of 

(derivatives of) 14 ingredients (Popping and Diaz-Amigo 2017). Milk is one of these regulated culprit 

foodstuffs when used as an ingredient through regulation 1169/2011/CE. In modern food industry, 

milk and milk proteins are used in multiple applications because of their high nutritional value and 

diverse functional properties (Jana 2017). In fact, nothing is as widely used as a source of ingredients 

as dairy products (Fox 2001). Milk and milk proteins are for example often used in baked foodstuff and 82 

desserts, but also in meat product as meat protein substitutes. Indeed, given the higher nutritional 83 

value and lower energy content when compared to fat, dairy products made it to be ideal substituents 84 

in modern times in western countries where meat consumption tends to be reduced (Królczyk et al. 85 

2016). Also, their ability to bind phenolic compounds makes them excellent fining agents for 86 

winemaking (Tolin et al. 2012). The use of milk derivatives and proteins in foods is also enhanced by 87 

the low cost for production companies (Liu et al. 2000). Hence, complete avoidance of milk is difficult 88 

in modern societies, which again highlights the need for accurate and correct labeling. In fact, not only 89 

patients suffering from CMA would benefit from correct labeling but patients with other pathologies 90 

that seem to have a link with milk intake such as diarrhea in patients suffering from irritable bowel 91 

syndrome, could benefit from milk (protein) avoidance (Cozma-Petru" et al. 2017).  92 

When deliberately added to food, labeling foods for the presence of milk (proteins) is obligated 93 

however, when the presence of milk (proteins) is accidental, clearly, this cannot be indicated. Through 94 

cross-contamination of shared equipment, during material handling and others, minute amounts of 95 
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milk can enter the final product (Taylor and Baumert 2010). As even trace amounts of milk (in the range 96 

of mg of milk proteins per kg of food matrix) can elicit a reaction in allergic individuals, such an 97 

accidental presence of milk (proteins) forms a health risk. Thus, to completely protect the allergic 98 

population, the presence of trace amounts of milk (proteins) should also be indicated. To achieve this, 99 

reliable methods for detecting milk or milk proteins in food are essential. Such methods must detect 100 

trace amounts of milk material to cover both deliberate and accidental presence of milk in food (Prado 101 

et al. 2016). Voluntary Incidental Trace Allergen Labelling (VITAL) has established a reference dose, 102 

defined as milligram protein level (total protein from an allergenic food) below which only the most 103 

sensitive individuals (1%) in an allergic population will experience an adverse reaction to 0.2 mg of 104 

total protein for milk (Westerhout et al. 2019), a value which should be reached by these detection 105 

methods. Detection of milk in food is predominantly done by Enzyme Linked Immunosorbent Assay 106 

(ELISA) tests, which are based on the recognition of an epitope present on a milk protein by an epitope-107 

specific antibody. Although and sufficiently sensitive (up to < 0.3 ppm (Monaci et al. 2011a)), such tests 108 

can be subjected to effects of food processing. Indeed, proteins can undergo various modifications 109 

during food processing, such as denaturation and aggregation, and post-translational modifications 110 

(Taylor et al. 2009; Taylor and Baumert 2010; Prado et al. 2016). If the epitope recognized in an ELISA 111 

test is lost or altered during such food processing, underestimations of quantification or false negative 112 

results will be unavoidable. Another disadvantage of routine ELISA for detecting food allergens in 113 

general is the lack of a multiplexing ability (Cho et al. 2015). In terms of cost- and time-efficiency, 114 

methods that can detect multiple allergens during one analysis are thus desirable. In addition, as ELISA 115 

is based on epitope recognition, a risk of cross-reaction with an unknown substance remains, opening 116 

up the possibility for false positive results (Wei et al. 2003). 117 

An analytical method that is gaining interest in the field of allergen detection is Ultra High Performance 118 

Liquid Chromatography (UHPLC) coupled to tandem Mass Spectrometry (MS/MS) (Pilolli et al. 2017). 119 

Here, the analyte is a protein- and ingredient-specific peptide, often derived through tryptic digestion 120 

of extracted proteins from the foodstuff. This method has several advantages, such as the possibility 121 

of multiplexing and higher accuracy. It also produces qualitative as well as quantitative results and 122 

gives exact information on the allergen. Another major advantage is its ability to be robust against 123 

modifications introduced by food processing when the peptide is selected with care. This particular 124 

advantage is essential for the purpose of a standardized test for a wide range of foodstuffs, since most 125 

food products in modern western countries are processed (Sathe and Sharma 2009). The peptides that 126 

are suitable to serve as biomarkers in a food processing-resistant and universally applicable detection 127 

method should meet several criteria. Such peptides are by high preference present in the digested 128 

protein extract in just one chemical form, thus containing no amino acids sensitive to processing-129 
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induced, thus artificial post-translational modifications. Although some of these modifications can, at 130 

least to some extent, be predicted or anticipated (for example lysine glycation during heating of milk, 131 

and oxidation of methionine residues), it remains most efficient to experimentally determine those 132 

peptides that remain robust towards food processing.  133 

This study aimed to identify and select suitable peptide markers robust toward food processing for the 134 

UHPLC-MS/MS based detection of milk allergens in food. To reach this objective, we produced in-house 135 

food materials incurred with milk that underwent several processing techniques. For this, we carefully 136 

selected raw start material, worked in a fully controlled production setting and had exact knowledge 137 

of the food processing circumstances to ensure the trueness of processing applied to the material. This 138 

step was followed by establishing tryptic profiles from each matrix using UHPLC-HRMS. Finally, a 139 

careful comparison of peptide profiles and intensities resulted in the selection of eight peptide 140 

biomarkers suitable for application in LC-MS/MS based milk detection methods. 141 
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3. Methods and Materials 

3.1 Materials 

All reagents and chemicals were of analytical grade unless stated otherwise. 

Urea, tris(hydroxymethyl)aminomethane (Tris), tris(2-carboxyethyl)phosphine hydrochloride (TCEP-

HCl), iodoacetamide (IAA), tetraethylammonium bicarbonate (TEAB) and NAP-10 columns (GE 

Healthcare) were purchased from Sigma-Aldrich (Bornem, Belgium). Trifluoroacetic acid (TFA) was 

obtained from Thermo Fisher Scientific (Waltham, Massachusetts, USA), and solid-phase extraction 

cartridge (SEP) SEP-Pak C18 1 cc Vac Cartridge from Waters (Milford, Massachusetts, USA). Enzymatic 

digestion was performed with Trypsin Gold, Mass Spectrometry Grade from Promega (Madison, 

Wisconsin, USA), and Lysyl Endopeptidase, Mass Spectrometry Grade (Lys-C) from Wako Pure 

Chemical Industries, Ltd (Osaka, Japan). Acetonitrile, absolute methanol, 2-propanol (ULC/MS grade 

for all solvents), and formic acid were from Biosolve (Valkenswaard, the Netherlands). Ammonium 

phosphatide was kindly provided by Palsgaard A/S (Juelsminde � Denmark).  

3.2 Production of test materials 

Milk or processed milk incurred matrices were produced in the Food Pilot unit of ILVO. A batch of 100 

L of raw whole cow�s milk from ILVO dairy farm was used as start material. For storage and shelf-life 

purposes, 5 L of this raw whole milk was freeze-dried upon arrival, vacuum packed and stored for 

further use, and served as the unprocessed milk matrix. Total nitrogen content of this raw whole milk 

was determined by the Kjeldahl assay (Kjeldahl 1883). These values were multiplied with a value of 

6.38 (Association of Official Analytical Chemists (AOAC) factor for milk) (Mariotti et al. 2008) to 161 
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estimate the protein content of this freeze-dried raw whole milk, resulting in a protein content of 162 

24.73% . 163 
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Preparation of a milk matrix subjected to heat treatment and Maillard reaction (Ultra High 

Temperature (UHT) milk): 

To induce the Maillard reaction (only occurring in the presence of reducing sugar, amino acids and 

heat), two types of Ultra High Temperature (UHT) treatments were applied on raw milk, namely direct 

steam infusion and indirect tubular heat exchange (UHT installation SPP, APV-SPX FLOW, Erpe-Mere, 

Belgium). For storage and shelf-life purposes, 5 L of each type of UHT milk was immediately freeze-

dried and vacuum-packed upon further use. 

Preparation of fermented milk as a low pH milk matrix: 

This matrix was produced by fermenting milk using a �set yoghurt� procedure. Raw whole milk was 

homogenized using a high-pressure homogenizer (Geo Niro, Hertogenbosch, The Netherlands) and 

heated to 45°C. Homogenized milk was then inoculated with yoghurt cultures (YO-MIX� 860, St. 

thermophiles and Lb. bulgaricus, Danisco,) in a dosage of 200 CFU/1000 L. The inoculated milk was 

poured into plastic jars (100 g, DECA TP 69-155, DECA TP, Belgium), which were subsequently closed 

and incubated at 43°C. The pH was checked periodically until a pH of 4 was reached. The resulting 

yoghurt was stored at 4°C upon analysis, which was done within 10 days after production. 

Preparation of chocolate incurred with milk as a fatty rich milk matrix: 

Freeze-dried raw milk was milled and sieved into a fine powder (RETSCH sieve 500 µm).  Secondly, 

chocolate was prepared analogous to chocolate production in previous work (Gavage et al. 2019, 2020; 

Van Vlierberghe et al. 2019). In brief, cacao butter and refiner flakes were melted and mixed with each 

other, after which 1.2% ammonium phosphatide was added. This mixture was stirred and, finally, to 

produce the milk-incurred chocolate, freeze-dried raw whole milk powder was mixed into the molten 

chocolate, resulting in a 38,500 ppm (mg milk proteins/kg chocolate) matrix. Liquid incurred chocolate 

was poured into chocolate molds, covered with plastic foil and left to cool down. Chocolate was kept 

overnight at 4 °C to cool further, set and solidify. The next day, chocolate bars were rasped into 

chocolate flakes. Chocolate flakes were kept in aliquots of 50 g and stored at 4°C in the dark. A proper 

blank chocolate was prepared following the same procedure, without adding the milk powder. 

3.3 Sample preparation 

Sample preparation is identical to the protocol described in our previous study (Van Vlierberghe et al. 

2019). In short, proteins were extracted from food matrices, purified and digested with trypsin, after 

which peptides were purified. Each matrix was analyzed in biological triplicate.  193 
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Protein extraction 

An amount of 1 g of matrix material was extracted with 10 mL extraction buffer (2 M urea, 200 mM 

Tris-HCl, pH 9.2) by shaking at 20 °C for 30 min at 300 rpm (Shaker plate SM 30 B, EDMUND 

BÜHLERBodelshausen, Germany) followed by 15 min sonication on ice at 100 % ultrasound power. The 

samples were centrifuged at 4,600 g for 10 min at 4 °C after which the middle liquid phase was 

transferred to a new tube. The protein concentration of the extract was subsequently determined with 

an A280 ultra-violet absorbance protein assay (NanoPhotometer® N60, Westburg, Leusden, The 

Netherlands) (Desjardins et al. 2009).  

Protein reduction, alkylation and purification 

Samples were diluted with extraction buffer to a protein concentration of 4 mg of proteins per mL. 

Next, proteins were reduced and alkylated (for 15 min at 37 °C in the dark) with TCEP-HCl (15 mM final 

concentration) and IAA (30 mM final concentration) under agitation at 500 rpm. The samples were 

desalted and buffer-exchanged by gel filtration chromatography (NAP-10 columns, GE Healthcare, 

United Kingdom). Proteins were eluted in 1.5 mL 6 M urea in 50 mM TEAB. The protein concentration 

was measured with the A280 ultra-violet absorbance protein assay. 

Enzymatic digestion 

An amount corresponding to 100 µg of proteins was transferred to a new micro centrifuge tube and 

diluted with 6 M urea in 50 mM TEAB to a final volume of 50 µL before addition of 2 µg of Lys-C, and 

digestion was performed for 2 h at 37 °C under 300 rpm agitation. The samples were diluted with 50 

mM TEAB to a final volume of 300 µL, and 1 µg of trypsin was then added. Tryptic digestion was 

subsequently performed for 16 h at 37 °C under 300 rpm agitation. Digestion was stopped by adding 

TFA until a pH # 3 was reached.  

Peptide purification 

Peptides were purified with C18 SPE cartridges. The cartridges were first washed with 1 mL 

acetonitrile/water (50/50, v/v) and equilibrated with 1 mL wash solvent (acetonitrile/water/TFA, 

2/97.9/0.1, v/v/v). Samples were diluted 10 times with water, loaded onto the cartridges and washed 

with 1 mL of the same wash solvent. Peptides were eluted with 2 mL acetonitrile/water (80/20, v/v) 

and subsequently evaporated under a nitrogen flow at 40 °C. Peptide pellets were dissolved in 200 µL 

0.1% formic acid and filtered (centrifugal filter unit 0.22 µm, Merck-Millipore, Carrigtwohill, Ireland).  

3.4 Mass spectrometry 

Solubilized peptides from a digest of 100 µg proteins were analyzed by high performance liquid 

chromatography coupled to high resolution mass spectrometry using a Waters Acquity UPLC® (Waters, 

Milford, MA VS) coupled to a SYNAPT G2-S High Definition Mass Spectrometer (TOF) (Waters). Tryptic 

peptides were chromatographically separated on an ACQUITY UPLC Peptide BEH C18 column (300 Å, 228 
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1.7 µm, 2.1 mm X 150 mm) (Waters) protected by an ACQUITY UPLC Peptide BEH C18 VanGuard 

Precolumn (300 Å, 1.7 µm, 2.1 mm X 5 mm) (Waters). Mobile phase A was 0.1% formic acid (solvent 

A) and mobile phase B was 0.1% formic acid in acetonitrile (solvent B). The solvent gradient was set as 

follows: initial: 99% solvent A, 1% solvent B; 60 min: 60% solvent A, 40% solvent B; 61 min: 15% solvent 

A, 85% solvent B, 65 min: 99% solvent A, 1% solvent B. The injection volume was set at 5 µL, the flow 

rate at 200 µL/min. Peptides were ionized in positive electrospray (ESI+) with the following instrument 

settings: capillary voltage 0.80 kV, sample cone voltage: 80 V, source temperature 120 °C and 

desolvation temperature: 400 °C. Data acquisition was done in continuous full scan mode in MSE mode 

(data independent acquisition) and the m/z range was 50-2,000. Fragmentation was done with 

collision induced dissociation, with a low trap collision energy for precursor ions of 4 eV and high 

collision energy ramping from 20 to 40 eV for fragment ions. Recording was done in resolution mode 

(20k FWHM). Prior to analysis, the HRMS was calibrated with sodium formate. Leucine enkephalin (200 

pg/µL, mass 556.2771 Da, Waters) was used as lock mass, continuously infused and acquired (scan 

time of 0.2 s) with an interval of 30 s, but not yet applied for mass correction.  

3.5 Data analysis 

Raw HRMS data were analyzed with ProteinLynx Global ServerTM (PLGS, Waters). Raw data were first 

automatically mass corrected using the lock mass recordings. Identified peaks were searched against 

a database containing the bovine proteome stored in Uniprot.org (Bos Taurus, 6909 reviewed entries), 

added with the 192 reviewed human keratin entries from Uniprot.org, the cationic bovine trypsin 

sequence, the Lysyl endopeptidase sequence from Lysobacter enzymogenes and the possible protein 

contaminants from cacao and bacteria from the fermentation culture YO-MIX� 860 (St. thermophiles 

and Lb. bulgaricus). Search parameters were as follows: trypsin was chosen as the primary digestion 

enzyme and carbamidomethylation of cysteine residues was set as a fixed modification. Oxidation of 

methionine residues, conversion of N-terminal glutamine to pyroglutamate, and deamidation of 

asparagine and glutamine were set as variable modifications and 3 missed cleavages were allowed. 

4. Results and discussion
4.1 Material selection and production

In order to select peptide biomarkers robust towards food processing, test materials containing milk 

that underwent multiple processing techniques are needed as the bases to finally yield peptide 

profiles. These materials were produced in-house, to have full control over the raw material, 

processing steps, cleanness of the equipment, environment and handling. The fact that materials are 

incurred is essential for the selection of peptide biomarkers, as in spiked processed material, proteins-

of-interest are only added after processing, and will thus not have been subjected to any processing 

effects. Further, it is known that the milk protein content and distribution can vary depending on the 262 
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276 

lactation stage, cattle breed, feed, individual animal genetics and other factors (Ng-Kwai-Hang et al. 

1987; Heck et al. 2009; Franzoi et al. 2019). To have representative start material for producing all 

different milk matrices, we used a raw milk mixture from one milking day of several Holstein-Friesian 

breed animals of the ILVO dairy farm. By using this milk, we have full knowledge of feed, handling of 

the milk during milking and transport, cleanness of transportation vessels and others. We selected the 

Holstein-Friesian breed as it is the most used breed in Europe, outnumbering all other milk cattle 

breeds ([CSL STYLE ERROR: reference with no printed form.]). The preference for this breed is due to 

its large dairy production and has, in its liquid form, a typical protein content of 3.1% (Products 1988). 

To analyze the effect of processing on the peptide profiles, different processed milk-containing test 

materials were produced using modern equipment on a semi-industrial scale. This resulted in the 

representative food matrices raw freeze-dried whole milk, freeze-dried UHT treated whole milk with 

the direct infusion technique, freeze-dried UHT treated whole milk with the indirect tubular exchange 

technique, yoghurt made from raw whole milk and chocolate incurred with freeze-dried raw whole 

milk.  

4.2 Protein selection277 

Although total milk protein content is influenced by multiple factors, the protein percentage is 278 

generally considered to be 3.1% (Products 1988) This protein fraction can be divided into the casein 279 

proteins, accounting for 80% of the protein content and milk serum or whey proteins, accounting for 280 

about 20% of protein content (Davoodi et al. 2016). In this study, we focused on the most abundant 281 

milk proteins to select peptide biomarkers as these proteins are likely to yield the most intense peptide 282 

signals. Indeed, highly abundant peptides should contribute to higher sensitivities of detection when 283 

developing an LC-MS/MS method for detecting milk proteins in food. Although the full UniProtKB 284 

database for milk from Bos taurus (bovine) contains 99 entries, 95% of the true milk protein fraction is 285 

represented by just 6 proteins, of which 4 are casein proteins (!-S1-casein, !-S2-casein, $-casein and 286 

%-casein), and two are major whey proteins (!-lactalbumin and %-lactoglobulin) (Wal 2002). After 287 

analysis of the HRMS data from digested protein extracts of freeze-dried raw whole milk powder, the 288 

6 proteins resulting in the most intense peptides were the same as the 6 most abundant proteins in 289 

milk, presenting a first quality check on the data. These proteins were also found in all the processed 290 

test materials. 291 

4.3 Peptide biomarker selection292 

When detecting food allergens using LC-MS/MS, the target analytes are peptides derived from 293 

extracted proteins through digestion by a protease, mostly trypsin. Trypsin hydrolyzes peptide bonds 294 

C-terminal to arginine and lysine residues (except when these residues are followed by a proline or295 

when lysine has undergone some post-translational modifications) with high specificity (Hustoft et al. 296 
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2012), and therefore renders many peptides of an ideal length (thus, on average 10-20 amino acids),297 

basicity and hydrophobicity for LC-MS/MS. The lysine and arginine side-chains indeed makes most 298 

tryptic peptides rather basic, thus perfect for ionization in the ion source of the mass spectrometer. 299 

For each of the milk matrices, tryptic peptide profiles were created by analysis of HRMS data. Peptides 300 

were considered identified when they were detected in all three biological repeats with high 301 

confidence (score 2 in ProteinLynx, as analysed with ProteinLynx GlobalSERVER V3.0.3 (Waters 302 

Corporation)). Parallel to this, an in silico tryptic digestion using PeptideMass ([CSL STYLE ERROR: 303 

reference with no printed form.]) rendered theoretical tryptic peptide profiles for the 6 proteins 304 

selected. Here, no missed cleavages were allowed because in further downstream selection, only 305 

peptides without missed cleavages will be withheld, this to eliminate the chance of underestimation 306 

of the true peptide intensity because of possible multiple chemical forms of the peptide. Peptides 307 

minimally consisting of 7 amino acids were considered for specificity reasons. This criterium is also 308 

applied by the Allergen Peptide Browser, a database for LC-MS/MS based food allergen detection 309 

publications and peptide biomarkers used in those studies (Croote and Quake 2016). HRMS results 310 

from milk extracts were compared with this theoretical, in silico generated list of peptides. In freeze-311 

dried raw whole milk, we were able to detect 8 out of 10 possible peptides for !-S1-casein, 10 out of 312 

13 for !-S2-casein, 5 out of 7 for %-casein, 4 out of 5 for $-casein, 4 of 5 for !-lactalbumin and 9 out of 313 

10 possible peptides for %-lactoglobulin (Table 1). 314 
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4.3.1 Peptide specificity to bovine milk

Suitable peptide biomarkers for detection of milk in food should be specific for milk from the mammary 

gland of farmed animals as stated in the European legislation. The general description of milk from 

multiple farmed animals arises from the fact that milk proteins from different animals show large 

homology, and that patients suffering from cow�s milk allergy are often also susceptible towards other 

animal milks (Restani et al. 1999). To check specificity, each peptide was analyzed by BLAST (Basic Local 

Alignment Search Tool) by searching the sequence against the full UniProtKB database. To be specific, 

in previous works, we used the criterion that a peptide could only fully match to the sequence of the 

corresponding proteins from the allergen itself (Gavage et al. 2019, 2020; Van Vlierberghe et al. 2019). 

However, the large homology was also reflected in this search results, as all detected milk peptides 

showed full identify to proteins from animal species as well. Based on the large amount of matched 

peptides to other organisms, we used the criteria for specificity applied on the allergen peptide 

browser site, thus not matching to any other allergens included in European legislation (Croote and 

Quake 2016), and to no other food ingredients . From the 6 proteins included in our selection, no 

peptide fully matched to other food allergens and thus were considered milk-specific.   329 
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4.3.2 Peptide sequence-based selection330 

Common amino acid modifications 331 

In order to maximize the accuracy when using the selected peptide biomarkers, peptides containing 332 

certain amino acids were excluded, being methionine, cysteine and N-terminal glutamine. Indeed, for 333 

quantification purposes, the signal intensities of the biomarker peptides should reflect the abundance 334 

of milk proteins in the food product. Such a statement can only be fulfilled when only one chemical 335 

form of the peptide is present in the digested protein extract of the food sample. Multiple forms of a 336 

peptide can occur when amino acids prone to modifications are present in the peptide sequence. Such 337 

modifications are for example methionine oxidation and cysteine carbamidomethylation, resulting in 338 

a mass shift of +15.995 Da and +57.0520 Da respectively. Methionine oxidation is an artificial 339 

modification that readily occurs in an uncontrollable manner when proteins are exposed to air. 340 

Although one reduces and alkylates cysteine residues during sample preparation, depending on the 341 

food matrix, this reaction can be suboptimal, resulting in a risk of erroneous quantification of the 342 

peptide when using it as a biomarker, resulting in erroneous quantification of the allergen itself. In 343 

addition, the N-terminal glutamine to pyroglutamic acid conversion (mass shift of -17.027 Da) also 344 

occurs, again resulting in multiple forms of a given peptide (Neta et al. 2007). Moreover, pyroglutamic 345 

acid is known to negatively affect peptide fragmentation, and sub-efficient fragmentation could reduce 346 

detectability of the peptide in LC-MS/MS detection methods (Godugu et al. 2010) (Table 1). 347 

Motifs and sequences 348 

Based on the intrinsic properties of trypsin, peptides containing KP or RP motifs are avoided. Although 349 

trypsin is known not to cleave the peptide after K or R if followed by a P residue, this occasionally does 350 

happen (Rodriguez et al. 2008). Peptides carrying other types of missed cleavages were also excluded. 351 

For example, the motifs KK, KR, RR or RK at the beginning or end of a peptide sequence often result in 352 

two detected types of the peptide as peptides can be cleaved both after the first as well as after the 353 

second K or R. Further, it is known that the immediate proximity of a negatively charged residue (e.g. 354 

D or E) can result in partial proteolysis by trypsin (Boyle et al. 1991). Indeed, this is what we observed 355 

in 6 peptides (Figure 1). 356 

One should also consider that motifs such K/R � X � pSer/pThr can also result in suboptimal tryptic 357 

digestion and, this especially for caseins, which are known to hold multiple phosphoserines. Such 358 

missed cleavages however, were not detected in our data. 359 

The peptide HPHPHLSFMAIPPK from $-casein was excluded because of the F119M132 motif known to be 360 

cleaved in vivo through chymosin activity (Reid et al. 1997). This occurs for example during cheese 361 

making, forming again multiple variants of the peptide and thus potentially diminishing the intensity 362 

of the tryptic peptide. 363 
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Other motifs and sequences that were avoided are the NG-motif, because of the tendency of N 364 

becoming deaminated (Jia and Sun 2017), and sequences at the N-terminus of the protein because of 365 

the risk of holding a signal peptide which is cleaved from the proteins destined for the secretory 366 

pathway. Moreover, protein N-termini can undergo excision of the N-terminal initiator methionine 367 

(iMet) residue in nascent polypeptide chains (Jonckheere et al. 2018) and N-terminal acetylation(Ree 368 

et al. 2018), influencing detection of these peptides (Table 1).   369 

Phosphorylation or serine residues in caseins 370 

After synthesis of !-S1-casein, !-S2-casein, %-casein, $-casein in the Golgi apparatus, different serine 371 

residues can be phosphorylated by protein kinases (Bingham et al. 1972). These phosphorylation 372 

events are required for the formation of casein micelles through interaction with calcium phosphate, 373 

important for the calcium binding property of milk and the health benefits associated to it (Li et al. 374 

2012). Different phosphorylation proteoforms can exist for each casein protein: for $-casein, 3 375 

isoforms are known: $-casein 1P, 2P and 3P, on residues S148,170 and 187. %-caseins are commonly found 376 

in 2 phosphorylation isoforms, %-casein 4P, phosphorylated on S30, 32,
 

33 and 34 and %-casein 5P, 377 

additionally phosphorylated on S50, which is only found in certain genetic variants. Phospho-isoforms 378 

of !-S1-casein vary between 8P and 9P, on S56, 61, 63, 79, 81, 82, 83, 90 and 130. !-S2-casein is present in 379 

phosphorylation isoforms from 10P to 13P S23,24,25,28,46,71,72,73,76,144,145,150 and 158 (Fang et al. 2016). 380 

However, these degrees of casein phosphorylations can vary, even between individual cows (Poulsen 381 

et al. 2016). Since multiple phosphorylation proteoforms can be present, the true abundance of a given 382 

peptide cannot simply be derived from one peptide intensity when a phosphorylated serine is located 383 

in this peptide sequence. Moreover, the acidic phosphate groups are known to interfere with peptide 384 

ionization and fragmentation, resulting in suboptimal detection and thus an underestimation of the 385 

peptide (Paradela and Albar 2008), clearly undesirable for quantification purposes. To select peptide 386 

biomarkers that are fully robust and resistant to any form of variation, peptides containing serine 387 

residues that can be phosphorylated should therefore be excluded. For $-casein, no peptides were 388 

excluded as the three serines that are potentially phosphorylated were not covered by the tryptic 389 

peptides (Table 1).   390 

Glycosylations of milk proteins 391 

Some milk proteins have known glycosylation sites, for example the glycosylation of N64 and N90 in !-392 

lactalbumin (Hochwallner et al. 2010). However, these sites are not always glycosylated. Indeed, N64 393 

of !-lactalbumin is known to be glycosylated in only 10% of all !-lactalbumin present in milk (Slangen 394 

and Visser 1999). Also, $-casein has multiple glycosylation sites in its C-terminal part, but only 40% of 395 

the $-casein present in milk is known to be glycosylated (Holland et al. 2004). Again, the abundance of 396 
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a peptide cannot be correctly estimated if this peptide contains (a) possible glycosylation site(s). 397 

Therefore, peptides containing such sites were also excluded (Table 1). 398 

After applying the above selection criteria, the following number of peptides were retained for further 399 

selection: 4 peptides from !-S1-casein, 4 peptides for !-S2-casein, 3 peptides for %-casein, 2 for $-400 

casein, 1 for !-lactalbumin and 2 for %-lactoglobulin (Table 1, rows in bold). 401 

4.3.4 Selection based on robustness during food processing402 

Up to this stage, peptides were selected based on their composition and thus intrinsic properties, and 403 

our experimental observations. Further selection of peptide biomarkers was based on their robustness 404 

towards food processing. Therefore, absolute peptide intensities were compared between the 405 

different milk-containing matrices. A peptide is considered stable and thus robust towards food 406 

processing when its intensity in the different matrices is not significantly different. However, this can 407 

only be evaluated if equal amounts of milk proteins are digested and equal amounts of milk peptides 408 

are analyzed by HRMS. Since milk yoghurt and milk-incurred chocolate also contain bacterial and 409 

chocolate proteins, the true amount of milk proteins digested and the true amount of peptides 410 

analyzed with HRMS remain elusive. We therefore first evaluated peptide detection robustness 411 

towards heating and the Maillard reaction, after which the influence of low pH and a fatty rich 412 

environment was also evaluated. 413 

Robustness towards heat treatment 414 

Heat treatment of milk will induce the Maillard reaction with proteins, a non-enzymatic glycation 415 

between an amino group and a carbonyl group, mostly from a reducing sugar present in the food 416 

(Choudhary et al. 2017). Reducing sugars are always present in milk in the form of lactose. The most 417 

susceptible groups to undergo glycation are lysine side-chains, followed by arginine side-chains 418 

(Münch et al. 1999). Through such glycation, occurring during heat treatment of milk, trypsin will no 419 

longer recognize these modified lysine and arginine residues as cleavage sites, resulting in a suboptimal 420 

digestion. As a heating process, two types of UHT treatment often applied to sterilize milk in western 421 

countries were chosen. These being direct UHT in which milk is heated for a short time by injection of 422 

a heat steam, and indirect UHT during which milk is heated for a longer time through indirect heat 423 

exchange, for example from parallel tubes. The heat load is higher in indirect UHT, with a heat transfer 424 

time of 10 s and more, compared to direct UHT, where the heat transfer time is less than 1 s, and 425 

protein modifications are expected to be more pronounced with higher heat loads (Datta et al. 2002). 426 

Next to the heat load dependency, glycations are also protein dependent, where whey proteins are 427 

much more susceptible for the Maillard reaction compared to caseins (Cardoso et al. 2018). Two 428 

peptides from %-lactoglobulin (a whey protein) and 3 peptides from caseins (%-casein and !-S1-casein) 429 

showed missed cleavages, and when the percentages of the missed cleaved versions of these peptides 430 
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were compared over freeze-dried whole milk (unprocessed milk), freeze-dried UHT milk in a direct 

(steam injection) and indirect (tubular heat exchange) way, the whey proteins showed a significant 

difference in missed cleaved portion when heat was applied over a longer period of time compared to 

the raw milk or a short application of heat, while in the case of caseins, there was no significant 

difference (Figure 2). In the end, 8 of the 13 peptides were found to be robust against UHT treatment 

(Figure 3).  

Robustness in a low pH or in a fat-rich environment 

Robustness towards incurring in chocolate (fat-rich environment) and fermentation (to yoghurt, low 

pH environment) could only be evaluated by visual comparison of absolute intensities. Indeed, the 

presence of chocolate or bacterial proteins would result in a lower estimated peptide intensity when 

equal amounts of extracted proteins are digested and analyzed.  Thus, a lower peptide intensity does 

not directly correlate with sensitivity towards food processing. To give an overview of the influence of 

fat-rich environment and low pH, Figure 4 shows the absolute peptide intensities of the UHT robust 

selected peptides in all four materials. In general, the !-casein peptides and the peptide from %-

lactoglobulin show good robustness towards a fat-rich environment, while the $-casein peptides and 

the peptide from !-lactalbumin were found to be more sensitive. Incurring the milk in a low pH 

environment (whole milk fermentation into yoghurt) seems to strongly affect the detectability of 

peptides in general, resulting in relatively very low intensities or even no detection. This could partially 

be explained by the fact that at low pH, milk proteins denature and aggregate, and thus become more 

difficult to extract and subsequently digest. However, it is also known that the bacteria used as starters 

for milk fermentation hydrolyze the milk proteins, resulting in lower amounts of proteins, and thus 

lower peptide intensities (Pescuma et al. 2007; Paul and Somkuti 2009).   

5. Discussion

Based on our findings, 8 peptides robust towards the induction of the Maillard reaction and heat 

treatment were identified, 5 of which showed good stability in chocolate as well. To our knowledge, 

this is the first systematic and experimentally based approach for the selection of suitable milk peptide 

biomarkers robust towards multiple, often applied food processing techniques. The use of in-house 

produced, incurred test material combined with the full scan analysis by high resolution mass 

spectrometry are major advantages with regards to building peptide databases for each type of milk-

containing food matrix.  

The identified candidate peptides are, as expected, all previously reported as biomarker in other LC-

MS/MS based milk detection methods. Indeed, a recent comprehensive review on proteotypic peptide 

markers for detection of six major food allergens showed that milk as an allergen is the most 

investigated source of food allergen, and more importantly, has the highest consensus in selected 464 
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signature peptides across different works ([CSL STYLE ERROR: reference with no printed form.]). Many 465 

of these markers have already been validated in several food materials, but often in spiked material, 466 

and no other paper reported on the use of such a comprehensive and standardized approach for a 467 

selection of robust peptides in multiple matrices simultaneously.  468 

Strikingly, some peptides that are very frequently used as marker for milk detection are excluded from 469 

our selection. For example, the most cited peptide, FFVAVPFPEVFGK, cited in 25 publications (Monaci 470 

et al. 2010a, b, 2011b, 2013, 2014; Ansari et al. 2011; Heick et al. 2011b, a; Newsome and Scholl 2013; 471 

Losito et al. 2013; Pilolli et al. 2014, 2017, 2018; Parker et al. 2015; Lamberti et al. 2016; Planque et al. 472 

2016, 2017b, a, 2019; Ke et al. 2017; De Angelis et al. 2017; Boo et al. 2018; Groves et al. 2018; Gu et 473 

al. 2018; Montowska and Fornal 2019; Qi et al. 2019), in fact comes with the risks of underestimating 474 

milk in food given the negatively charged glutamic acid residue close to its terminal lysine, potentially 475 

hindering cleavage at this site (Boyle et al. 1991). Other frequently cited peptides excluded based on 476 

sequence specific properties were DMPIQAFLLYQEPVLGPVR (Monaci et al. 2010a, 2013; Cereda et al. 477 

2010; Tolin et al. 2012; Chen et al. 2015; Montowska and Fornal 2018) from %-casein and the peptides 478 

VLVLDTDYK (Figeys et al. 1996; Lutter et al. 2011; Parker et al. 2015; Planque et al. 2016, 2017a, 2019), 479 

LSFNPTQLEEQCHI (Parker et al. 2015; Ke et al. 2017; Planque et al. 2017a; Montowska and Fornal 2018) 480 

and VYVEELKPTPEGDLEILLQK (Figeys et al. 1996; Planque et al. 2016, 2017a; Montowska and Fornal 481 

2018) from %-lactoglubulin, of which the reason for exclusion is given in Table 1. However, some 482 

frequently cited peptides were excluded based on their susceptibility towards food processing as well, 483 

being the peptides HQGLPQEVLNENLLR (Lee and Kim 2010; Monaci et al. 2010a, 2011b, 2013; Cereda 484 

et al. 2010; Tolin et al. 2012; Newsome and Scholl 2013; Mattarozzi et al. 2014; Gomaa and Boye 2015; 485 

Parker et al. 2015; Planque et al. 2016, 2017a; Montowska and Fornal 2018; Gu et al. 2018) from !-S1-486 

casein and GPFPIIV (Monaci et al. 2010a, 2011b, 2013; Cereda et al. 2010; Ansari et al. 2011; Tolin et 487 

al. 2012; Losito et al. 2013; Chen et al. 2015), VLPVPQK (Monaci et al. 2010a; Ansari et al. 2011; Tolin 488 

et al. 2012; Losito et al. 2013; Mattarozzi et al. 2014; Chen et al. 2015; Gu et al. 2018) and AVPYPQR 489 

(Cereda et al. 2010; Lutter et al. 2011; Tolin et al. 2012; Losito et al. 2013; Mattarozzi et al. 2014; Chen 490 

et al. 2015; Gu et al. 2018) from %-casein. On the contrary, the peptide VGINYWLAHK from !-491 

lactalbumin seems a good candidate, showing certain robustness towards matrices containing high 492 

amounts of fats and polyphenols. However, this peptide has only been used in two other studies 493 

(Ansari et al. 2011; Zhang et al. 2012), of which none analyzed its behavior in detail in both incurred 494 

thermally processed and complex fatty rich matrix. The work of Zhang et al. describes the use of a 495 

synthetic version of a marker peptide as an internal standard for LC-MS/MS based quantification, and 496 

the availability of such an internal standard could be an additional advantage for further development 497 

of an LC-MS/MS based detection method. The fact that the peptide in this work showed excellent 498 
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robustness towards denaturation of !-lactalbumin, combined with our findings of robustness towards 

the Maillard reaction and the presence of polyphenols and fats, strengthens the choice of this peptide 

as a possible biomarker for detection of milk. Moreover, as most milk detection methods use peptides 

from highly abundant caseins, products contaminated with only whey proteins might be identified as 

false negatives. In fact, not a single peptide from !-lactalbumin has been proven to be stable in 

thermally processed or chocolate-based incurred matrices, so we here propose the first experimentally 

determined peptide in this manner. As !-lactalbumin is known for its various physiologic and 

nutritional functionalities, and its well-balanced supply of essential amino acids, isolates of this protein 

are indeed frequently used in the food industry (Layman et al. 2018), inherently forming a risk for cross 

contamination.  The importance of including peptide biomarkers from this protein in a milk detection 

method are thus evident.  

A low pH environment (yoghurt samples) was found to significantly influence peptide intensities 

however, care should be taken given the uncertainty of bacterial proteins that were co-extracted and 

digested, which can reduce the intensity of the milk peptides. Further, fermenting bacteria may also 

hydrolyze and thus reduce the levels of milk proteins.  

The 8 peptides showed overall good intensities, except for one peptide from !-s2-casein. However, 

they were not the most intense peptides identified. Multiple peptides with higher absolute intensities 

were excluded from the final selection based on their intrinsic properties, amino acid composition 

and/or experimental findings. In fact, when considering the peptides showing the highest intensity for 

each milk-containing matrix, only 3 of 8 selected peptides make it to the top 20 (Figure 5). Four 

peptides in particular were the most intense in all materials, being (R)DMPIQAFLLYQEPVLGPVR(G), 

(R)GPFPIIV(-), (R)FFVAPFPEVFGK(E) and (K)HQGLPQEVLNENLLR(F). Strikingly, the absolute intensities

of the 3 peptides from our selection included in the top 20 represent only 20-30% of the absolute 

intensity of the four high abundant, but non-selected peptides, and this trend was pronounced in all 

matrices. We propose therefore to keep these 4 highly intense peptides as adequate candidates for 

screening indication of milk in (processed) food, and use the 8 stable peptides we selected for 

quantification.  

6. Conclusion

In this work, we describe the systematic and experimentally based approach for the selection of 

suitable milk peptide biomarkers robust towards multiple, often applied food processing techniques, 

making use of in-house produced, incurred test material combined with full scan analysis by high 

resolution mass spectrometry. Eventually 8 peptides robust towards the induction of the Maillard 

reaction and heat treatment were identified, 5 of which showed good stability in chocolate as well.  531 
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Fig 1: Tryptic peptides with observed missed cleavage in a lysine-glutamic acid motif.  6 tryptic peptides from 3 major milk proteins were found to contain missed cleavages. 

Results are expressed as the means of the peptide absolute MS signal intensity ± 1 SD for 3 biological replicates in raw freeze dried whole milk 
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Fig 2: Comparison of % missed cleaved peptides in freeze-dried whole milk (unprocessed milk) and freeze-dried UHT milk in an direct (steam injection) and indirect (tubular 

heat exchange) way. Percentage of missed cleaved peptides was calculated by the ratio the MS signal intensity of the missed cleaved version of the peptide to the total MS 

signal intensity for that peptide, considering all version of the peptide, expressed as the mean percentage ± 1 SD for 3 biological replicates. Significance levels were calculated 

by Student�s t-test, comparing values from freeze-dried whole milk to freeze-dried UHT milk in an indirect way (black) and freeze-dried UHT milk in an direct way to freeze-

dried UHT milk in an indirect way (red) (*=p<0.05; **=p<0.01, ***=p<0.001). Other comparisons showed no significance 

 

. 
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Fig 3: Comparison of absolute MS intensities of tryptic peptides that were retained after several selection criteria 

(table 1) from major milk proteins  -S1-casein,  -S2-casein, !-casein, "-casein,  -lactalbumin and !-lactoglobulin 

in freeze-dried whole milk (unprocessed milk) and freeze-dried UHT milk (heat treated and induction of the 

Maillard reaction). MS signal intensities are expressed as the means of the peptide MS signal intensity ± 1 SD for 

3 biological replicates. Significance#levels#were#calculated#by#Student�s#t-test, comparing values from freeze-dried 

whole milk to freeze-dried UHT milk (*=p<0.05; **=p<0.01, ***=p<0.001) 
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Fig 4: Comparison of absolute MS intensities of tryptic peptides that were retained after several selection criteria 

from the major milk proteins  -S1-casein,  -S2-casein, !-casein,  -lactalbumin and "-lactoglobulin in freeze-dried 

whole milk (unprocessed milk), freeze-dried UHT milk (heat treated and induction of the Maillard reaction), 

chocolate incurred with freeze-dried raw milk (fat-rich environment) and yoghurt (fermented milk, low pH 

environment). MS signal intensities are expressed as the means of the peptide MS signal intensity ± 1 SD for 3 

biological replicates 
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Protein Peptides (>6 AA, <30 AA) Position Detected 
AA 

composition 
Motifs and sequences 

Post-translational 

modifications 

 -S1-casein 

FFVAPFPEVFGK 38-49 Yes - Observed missed cleavage through KE motif - 

YLGYLEQLLR 106-115 Yes - - - 

HQGLPQEVLNENLLR 23-37 Yes - - - 

VPQLEIVPNSAEER 121-134 Yes - - Potential S-phosphorylation 

EPMIGVNQELAYFYPELFR 148-166 Yes Methionines - - 

EGIHAQQK 140-147 Yes - Observed missed cleavage through KE motif - 

DIGSESTEDQAMEDIK 58-73 Yes Methionines - Potential S-phosphorylation 

EDVPSER 99-105 Yes - Observed missed cleavage through KE motif - 

LLILTCLVAVALARPK 
2-18 No Cysteines Part of sequence lies within 20 first amino 

acids of the protein 

- 

QMEAESISSSEEIVPNSVEQK 
74-94 No Methionines, 

N-terminal Q 

- Potential S-phosphorylation 

 -S2- casein 

NAVPITPTLNR 130-140 Yes - KR motif at N-terminus - 

FALPQYLK 189-196 Yes - - - 

ALNEINQFYQK 96-106 Yes - - - 

ENLCSTFCK 48-56 Yes Cysteines - - 

TVDMESTEVFTK 153-164 Yes Methionines Flanked by KK motif at N- and C-terminus Potential S-phosphorylation 

TVYQHQK 197-203 Yes - - - 

FPQYLQYLYQGPIVLNPWDQVK 107-128 Yes - KR motif at C-terminus - 

NMAINPSK 40-47 Yes Methionines Observed missed cleavage through KE motif - 

NANEEEYSIGSSSEESAEVATEEVK 61-85 No - - Potential S-phosphorylation 

EQLSTSEENSK 141-152 No - KK motif at C-terminus Potential S-phosphorylation 

FFIFTCLLAVALAK 
3-16 No Cysteines Part of sequence lies within 20 first amino 

acids of the protein 

- 

NTMEHVSSSEESIISQETYK 
17-36 Yes Methionines Part of sequence lies within 20 first amino 

acids of the protein 

Potential S-phosphorylation 

AMKPWIQPK 204-212 Yes Methionines KP motif - 

!-casein GPFPIIV 218-224 Yes - - - 
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VLPVPQK 185-191 Yes - - - 

AVPYPQR 192-198 Yes - - - 

DMPIQAFLLYQEPVLGPVR 199-217 Yes Methionines - - 

FQSEEQQQTEDELQDK 48-63 Yes - - Potential S-phosphorylation 

VLILACLVALALAR 
3-16 No Cysteines Part of sequence lies within 20 first amino 

acids of the protein 

- 

ELEELNVPGEIVESLSSSEESITR 
17-40 No - Part of sequence lies within 20 first amino 

acids of the protein 

- 

"-casein 

YIPIQYVLSR 45-55 Yes - - - 

SPAQILQWQVLSNTVPAK 90-107 Yes - - - 

SFFLVVTILALTLPFLGAQEQNQEQPIR 
4-31 No - Part of sequence lies within 20 first amino 

acids of the protein 

- 

SCQAQPTTMAR 
108-118 Yes Methionines, 

cysteines 

- - 

HPHPHLSFMAIPPK 119-132 Yes Methionines Potential cleavage by chymosin (FM motif) - 

 -lactalbumin 

VGINYWLAHK 118-127 Yes - - - 

MMSFVSLLLVGILFHATQAEQLTK 
1-24 No Methionines Part of sequence lies within 20 first amino 

acids of the protein 

- 

DDQNPHSSNICNISCDK 82-98 Yes Cysteines - Potential N-glycosylayion 

FLDDDLTDDIMCVK 
99-112 Yes Methionines, 

cysteines 

KK motif at C-terminus - 

LDQWLCEK 134-141 Yes Cysteines - - 

!-lactoglubulin 

VLVLDTDYK 108-116 Yes - KK motif at C-terminus - 

TPEVDDEALEK 141-151 Yes - - - 

LSFNPTQLEEQCHI 165-178 Yes Cysteines - - 

VYVEELKPTPEGDLEILLQK 57-76 Yes - KP motif - 

VAGTWYSLAMAASDISLLDAQSAPLR 31-56 Yes Methionines - - 

IDALNENK 100-107 Yes - - - 

CLLLALALTCGAQALIVTQTMK 
3-24 No Methionines, 

cysteines 

Part of sequence lies within 20 first amino 

acids of the protein 

- 

WENGECAQK 77-86 Yes Cysteines KK motif at C-terminus - 
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ALPMHIR 158-164 Yes Methionines - - 

YLLFCMENSAEPEQSLACQCLVR 
118-140 Yes Methionines, 

cysteines 

KK motif at C-terminus - 

 

Table 1: Biomarker peptide selection for detection of milk protein in food, based on peptide detectability (column 4; yes = detected in all 3 biological replicates 

in freeze-dried raw whole milk and freeze-dried indirect UHT treated whole milk, No = not detected in all 3 biological replicates),  amino acid composition 

(column 5, exclusion based on presence of certain amino acids such as prone to artificial and post-translational modifications), motifs and sequences (column 

6, exclusion based on the presence of certain motifs and sequences that would result in multiple chemical forms of the peptide) and known site-specific post-

translational modifications (column 7, potential of multiple variants of the peptide). Peptides in bold fulfill all criteria of potential peptide biomarkers for 

detection of milk proteins in food. These were used in a further selection based on food processing robustness. 
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Protein Peptide References 

 -S1-casein (R)YLGYLEQLLR(L)* (2,12,62�82) 

 -S2-casein 

(K)ALNEINQFYQK(F)* (64,66,68,80,83,84) 

(K)FALPQYLK(T)* (64�66,68,80,84,85) 

(K)TVYQHQK(A)* 85 

!-casein 
(K)YIPIQYVLSR(Y) (64,70,80,83,84) 

(R)SPAQILQWQVLSNTVPAK(S) (64,70,80,82) 

 -lactalbumin (K)VGINYWLAHK(A)* (62,86) 

"-lactoglobulin (R)TPEVDDEALEK(F)* (72,74,75,84,87) 

 

Table 2: Selected peptide biomarkers robust to heat treatment for milk. Peptides with star also show 

good robustness towards a fat-rich environment. 
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5. Conclusion 

The analyte selection is one of the first steps in the development of any analytical method. The proteins 

of allergenic ingredients are detected and quantified through their constitutive peptides. In this work, 

the identification of peptide biomarkers was based on an empirical approach with the HRMS analysis 

of various processed test matrices containing either egg, milk, peanut or hazelnut.  

With this approach, hundreds of peptides were identified for each allergenic ingredient tested. These 

peptides were further filtered based on several criteria to ensure performance of the analytical 

method. Indeed, a peptide needs to be specific for the allergen of interest, robust to food processing 

and not subjected to amino acid modifications or missed enzymatic cleavages to be considered as a 

good biomarker for the detection and quantification of an allergen. Specificities of each allergenic 

ingredient were thus considered in the peptide selection. As egg yolk and white can be used separately 

in food industry, peptide biomarkers from both parts have therefore to be selected. Multiple protein 

isoforms and origin variation issues were also considered for peanut and hazelnut.  

Based on HRMS analysis and selection criteria, around ten peptides per allergenic ingredient were 

identified as potential biomarkers for the development of a quantitative method. These peptides and 

the related proteins are listed in Table 5. 

Table 5 – List of peptide biomarkers that fulfil the selection criteria (specificity for the allergenic ingredient, robust to food 
process and not prone to amino acid modifications or missed enzymatic cleavages). The peptides are listed in front of their 
respective proteins and allergenic ingredient. The protein accession numbers in the UniProt database have been placed in 
brackets except for Ara h 1 and Ara h 3 as they correspond to multiple isoforms as detailed in the section 4.2 (page 70). 

  Protein Peptide biomarkers 

Milk 

Casein 

Alpha-S1-casein (P02662) FFVAPFPEVFGK, YLGYLEQLLR, HQGLPQEVLNENLLR, EGIHAQQK 

Alpha-S2-casein (P02663) NAVPITPTLNR, ALNEINQFYQK, FALPQYLK 

Kappa casein (P02668) YIPIQYVLSR, SPAQILQWQVLSNTVPAK 

Whey 
Alpha lactalbumin (P00711) VGINYWLAHK 

Beta lactoglobulin (P02754) TPEVDDEALEK, VYVEELKPTPEGDLEILLQK, IDALNENK 

Egg 

White 

Lysozyme (P00698) FESNFNTQATNR 

Ovalbumin (P01012) GGLEPINFQTAADQAR, HIATNAVLFFGR 

Ovotransferrin (P02789) SAGWNIPIGTLIHR, GAIEWEGIESGSVEQAVAK, VEDIWSFLSK, FYTVISSLK 

Yolk 

Apolipoprotein B (F1NV02) 
HLFLPSSYK, ASFYGLSHAVTK, ALFDYFGYSHDGK, FALSGIVTPGAK, 

TEEIPPLIENR 

Apovitellenin 1 (P02659) NFLINETAR 

Vitellogenin 1 (P87498) TVIVEAPIHGLK, NVNFDGEILK, ATAVSLLEWQR 

Peanut 

Ara h 1 (multiple isoforms) 
DQSSYLQGFSR, GTGNLELVAVR, GSEEEDITNPINLR, GSEEEGDITNPINLR, 

NNPFYFPSR 

Ara h 3 (multiple isoforms) 

AQSENYEYLAFK, NALFVPHYNTNAHSIIYALR, SQSDNFEYVAFK, 

SQSENFEYVAFK, TANDLNLLILR, TANELNLLILR 

VYDEELQEGHVLVVPQNFAVAAK, VYDEELQEGHVLVVPQNFAVAGK, 

WLGLSAEYGNLYR, FNLAGNHEQEFLR, TVNELDLPILNR 

Hazelnut 

Cor a 8 (Q9ATH2) AVNDASR 

Cor a 9 (Q8W1C2) 
ADIYTEQVGR, ALPDDVLANAFQISR, LNALEPTNR,  HFYLAGNPDDEHQR, 

TNDNAQISPLAGR, EGLYVPHWNLNAHSVVYAIR 

Cor a 11 (Q8S4P9) LLSGIENFR, ALSQHEEGPPR, ILQPVSAPGHFEAFYGAGGEDPESFYR 

 

The identification of potential peptide biomarkers was the first step in the development of a method 
devoted to the quantitative analysis of allergens in food. This list of potential peptide biomarkers was 
also refined during the development of the UHPLC-MS/MS method and only the best performers in 
terms of sensitivity and specificity were kept in the final method to quantify multiple allergens.  
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Part II 

Development, production, characterization and evaluation of the performance of the analytical 

method developed using stable isotope-labelled internal standards (15N concatemer and 
15N β-lactoglobulin) 

1. Objectives 

As already mentioned, food allergen analysis by mass spectrometry is predominantly performed by 

specific analysis of peptides obtained by an enzymatic digestion of the proteins of the sample (Monaci 

et al, 2018). Targeted proteomics is often used for absolute peptide quantification in combination with 

isotope dilution, a technique based on the use of an internal standard corresponding to the stable 

isotope-labelled version of the analyte (Villanueva et al, 2014). Isotope-labelled internal standard is 

used to correct for variability and matrix effects during the analysis (notably for ion suppression 

effects) (Villanueva et al, 2014). As discussed in the section 2.5 of the introduction, depending on the 

type of internal standard (a peptide, a protein or a concatemer), matrix effects and analyte loss during 

sample preparation can also be corrected using these internal standards (Planque et al, 2017a). 

The strategy implemented in this project is based on the use of isotope-labelled concatemers as 

internal standards. This technique is known for more than a decade in the proteomic field as applied 

to human drug metabolizing studies (Russell et al, 2013) or as a calibrator of mass spectrometry 

systems (Chawner et al, 2012). To the best of our knowledge, this technique has never been applied in 

food allergen analysis or, more broadly, in food analysis. The objective of this second task was to 

design, produce, purify and characterize an isotope-labelled concatemer that can be used as an 

internal standard for the simultaneous quantitative analysis of four allergenic ingredients (egg, milk, 

peanut and hazelnut). Performance of this recombinant concatemeric protein was evaluated by the 

analysis of three uncontaminated food matrices spiked with increasing and well-defined 

concentrations (2.5 ppm to 50 ppm) of the selected allergen extracts. In addition, the potential 

benefit/power of the concatemer was compared with five synthetic peptides corresponding to tryptic 

peptides originating from the four considered allergens as well as with β-lactoglobulin, a bovine milk 

protein that was 15N isotopically labelled. We thus also designed, produced, purified and characterized 

this isotope-labelled protein. 

From a practical point of view, the design of the concatemer composed of concatenated peptides from 
the four allergenic ingredients required the identification of these “final” biomarkers. A relatively long 
list of potential peptide biomarkers was identified with HRMS analysis (see previous chapter). 
However, this list needed first to be refined to keep only the best peptides in terms of sensitivity 

detection and specificity. This task was performed by Kaatje Van Vlierberghe (ILVO) during the 
development of the UHPLC-MS/MS method and is briefly summarised in the next chapter. At the 
same time, a proof of concept was established with a series of concatemers, only composed of 
different selected egg peptides. These concatemers were designed, produced, purified and 
characterized to identify critical parameters and optimal production conditions in order to obtain a 
high level of expression with a sufficient labelling yield. A high level of expression is essential to ensure 
the cost-effectiveness of this strategy when compared to synthetic peptides (100 €/mg on average) 
while a sufficient labelling yield is necessary to avoid any potential risk of false positive analysis. These 
aspects and the choice of the labelling strategy, a 15N uniform labelling, is extensively described in a 
research article published in Food Chemistry (Gavage et al, 2020a). 
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2. Materials and methods 

2.1. Introduction 

Isotope-labelled concatemers were produced as a recombinant protein. A DNA sequence coding for a 

protein assembling the selected peptide biomarkers was designed, cloned in an expression vector 

(pET-17b) and expressed in transformed E. coli host cells. Stable isotope-labelling was achieved thanks 

to the use of isotope-labelled growth medium (Bioexpress Cell Growth Media (U-15N, 98%). Host cells 

were grown in this culture medium and used isotope-labelled nutrients to express the concatemer, 

ensuring its uniform 15N isotope labelling. Given the cost of this labelled growth medium (1000 €/L), 

bacteria cell culture and expression conditions were first optimized in classical unlabelled growth 

medium. 

Preliminary tests were first performed with identified and selected egg peptides. Several DNA 

sequences were designed and expressed in E. coli host cells. The egg peptides used for these 

preliminary tests are listed in Table 6. 

Table 6 - Egg peptides identified as potential biomarkers and used for preliminary tests of concatemer internal standard 
production. An identifier (EWx or EYx) is used to simplify concatemer writing. Hydrophobicity of each peptide was evaluated 
based on their grand average of hydropathy (GRAVY) parameter score. 

 
Protein Id. Peptide sequence GRAVY  

Egg 

White 

Ovalbumin (P01012) 
EW1 GGLEPINFQTAADQAR -0.538 

EW2 HIATNAVLFFGR 0.783 

Ovotransferrin (P02789) EW3 SAGWNIPIGTLIHR 0.221 

Lysozyme (P00698) EW4 FESNFNTQATNR -1.400 

Egg  

Yolk 

Vitellogenin 1 (P87498) 
EY1 ATAVSLLEWQR 0.136 

EY2 NVNFDGEILK -0.300 

Apolipoprotein B (F1NV02) EY3 HLFLPSSYK -0.133 

Apovitellenin 1 (P02659) EY4 NFLINETAR -0.311 
 

As extensively described in the next chapter, 19 peptide biomarkers were considered in the final 

UHPLC-MS/MS using an associated concatemer internal standard. These peptides are obtained from 

the digestion with trypsin of several proteins from the four considered allergenic ingredients (egg, milk, 

peanut and hazelnut). These 19 peptides are listed in Table 7. 
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Table 7 – Peptide biomarkers considered for the final UHPLC-MS/MS method and for the associated concatemer internal 
standard. An identifier is used to simplify concatemer writing. Hydrophobicity of each peptide was evaluated based on their 
GRAVY parameter score. 

  Protein Id. Peptide sequence GRAVY 

Milk 

Casein Alpha-S1-casein (P02662) 

P1 FFVAPFPEVFGK 0.867 

P2 HQGLPQEVLNENLLR -0.753 

P3 YLGYLEQLLR 0.070 

Whey Beta lactoglobulin (P02754) 

P4 IDALNENK -0.975 

P5 TPEVDDEALEK -1.264 

P6 VYVEELKPTPEGDLEILLQK -0.315 

Egg 

White 

Ovalbumin (P01012) 
P7 GGLEPINFQTAADQAR -1.200 

P8 HIATNAVLFFGR 0.342 

Ovotransferrin (P02789) 
P9 FYTVISSLK 0.867 

P10 SAGWNIPIGTLIHR 0.221 

Yolk Vitellogenin 1 (P87498) 
P11 NVNFDGEILK -0.300 

P12 TVIVEAPIHGLK 0.808 

Peanut Ara h 1 (multiple isoforms) 

P13 GSEEEDITNPINLR -1.157 

P14 GSEEEGDITNPINLR -1.107 

P15 GTGNLELVAVR 0.436 

Hazelnut Cor a 9 (Q8W1C2) 

P16 ADIYTEQVGR -0.690 

P17 ALPDDVLANAFQISR 0.240 

P18 LNALEPTNR -0.878 

P19 TNDNAQISPLAGR -0.777 

2.2. DNA sequence design 

DNA sequences based on amino acid sequences were designed with Vector NTI Software (Thermo 

Fisher Scientific). Visual Gene Developer Software (University of California-Davis) was used for mRNA 

secondary structure visualisation and optimization. Hydrophobicity of each peptide was evaluated 

based on their grand average of hydropathy (GRAVY) parameter score (Kyte & Doolittle, 1982). The 

GRAVY value is calculated by adding the hydropathy value for each residue and dividing the sum by 

the length of the sequence. Positive values indicate hydrophilicity whereas negative values indicate 

hydrophobicity. 

Designed DNA constructs were composed of several regions as illustrated in Figure 32. The constructs 

were surrounded by two enzymatic restriction sites (NdeI and XhoI) to be sub-cloned in the expression 

vector in a directional-dependent manner. The constructs were composed of: 

- A priming sequence to enhance mRNA translation. This priming sequence is composed of 36 

nucleotides corresponding to the N-term sequence of glutathione S-transferase (GST) or green 

fluorescent protein (GFP), depending on the constructs. An arginine codon was added to this 

priming sequence in order to separate the priming sequence from the N-term peptide of the 

concatenated peptide biomarker during trypsin digestion. 

- The concatenated peptide biomarkers (selected egg peptides for preliminary tests or the 

19 peptides biomarkers considered in the UHPLC-MS/MS method). 

- The GFP (Green Fluorescent Protein) sequence was inserted in some constructs to easily and 

rapidly control for protein expression and solubility. The GFP is fluorescent under UV light if 

the protein is expressed and in a soluble form (Waldo et al, 1999). DNA sequence encoding 

GFP was surrounded/flanked by two EcoRV restrictions sites. 
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- A poly-histidine tag (Poly-H) for concatemer purification using metal affinity chromatography. 

 

Figure 32 – Schematic composition of the different designed DNA constructs  

Several important points need to be considered for the design of the concatemer: 

1) Peptide hydrophobicity 

Hydrophobic and hydrophilic peptides were alternated in the concatemer sequence to obtain a 

concatemer with a relatively homogenous hydrophobicity and avoid potential high hydrophobicity 

clusters that could impact concatemer solubility. 

2) Translation-associated aspects such as tRNA-mediated codon usage bias and mRNA 

secondary structures 

These aspects are known to impair the translation efficiency (Gorochowski et al, 2015). Indeed, a 

secondary structure with strong interactions as hairpins or loops can have a negative impact on mRNA 

translation. For a given DNA sequence, the software Visual Gene Developer allows to calculate the 

secondary structure of the associated mRNA. This secondary structure is expressed as a Gibb’s free 

energy (G) profile expressed in kcal/mol/nt (nt=nucleotide). The value of G is inversely proportional to 

the strength of the interaction (Shabalina et al, 2006). Using peptides permutation (conserving 

hydrophobic/hydrophilic alternation) and silent mutations, the concatemer DNA sequence was 

optimized to obtain an associated mRNA without intense interaction (G < -0.2 kcal/mol/nt). This 

optimization was applied to “Construct 2-1” and following constructs.  

Several concatemers were designed and produced to identify critical parameters and optimal 

production conditions. The composition and characteristics of the different DNA constructs is 

summarized in Table 8. The complete nucleotide sequence of each construct is presented in Annex 2 

on page 215. 

  

NdeI
Priming 

sequence + R
Concatenated peptide 

biomarkers
(GFP) Poly-H XhoI
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Table 8 – Composition and characteristics of the different DNA constructs for concatemer production 

 
Priming 

sequence 
Concatenated peptide biomarkers 

GFP 

expression 

and solubility 

indicator 

Optimized 

mRNA 

secondary 

structure 

Expected 

MW 

Construct 1-1 

(C 1-1) 

Construct not coding for any peptide biomarker  

GST / Yes No 30 kDa 

Construct 1-2 

(C 1-2) 

Construct containing one copy of the 8 egg peptide biomarkers 

GST EW1-EW2-EW4-EW3-EY2-EY1-EY3-EY4 Yes No 41 kDa 

Construct 1-3 

(C 1-3) 

Construct containing egg white peptide biomarkers in natural abundance 

GST 

EW1-EW2-EW4-EW1-EW2-EW4-EW1-EW2-

EW3-EW1-EW2-EW1-EW2-EW1-EW2-EW1-

EW2-EW1-EW2 

Yes No 59 kDa 

Construct 1-4 

(C 1-4) 

Construct containing egg yolk peptide biomarkers in natural abundance 

GST EY3-EY2-EY1-EY2-EY1-EY3-EY3-EY4-EY3-EY3 Yes No 42 kDa 

Construct 2-1 

(C 2-1) 

Construct containing the 8 egg peptide biomarkers with first mRNA secondary structure optimization 

GST EW3-EW1-EW2-EW4-EY1-EY4-EY3-EY2 Yes Yes 41 kDa 

Construct 2-2 

(C 2-2) 

Construct similar to Construct 2-1 with N-term ATG methionine codon of GFP expression and solubility 

indicator replaced by TTA leucine codon  

GST EW3-EW1-EW2-EW4-EY1-EY4-EY3-EY2 Yes Yes 41 kDa 

Construct 2-3 

(C 2-3) 

Construct similar to Construct 2-1 with deletion of GFP, expression and solubility indicator sequence  

GST EW3-EW1-EW2-EW4-EY1-EY4-EY3-EY2 No Yes 14 kDa 

Construct 3-1 

(C 3-1) 

Construct containing one copy of the 19 final peptide biomarkers 

GST 
P13-P4-P1-P5-P2-P8-P16-P18-P3-P7-P12-

P14-P11-P10-P6-P17-P9-P15-P19 
No Yes 29 kDa 

Construct 3-2 

(C 3-2) 

Construct containing one copy of the 19 final peptide biomarkers 

GST 
P14-P7-P3-P5-P18-P9-P4-P17-P10-P2-P1-

P16-P15-P12-P6-P19-P8-P11-P13 
No Yes 29 kDa 

Construct 3-3 

(C 3-3) 

Construct containing one copy of the 19 final peptide biomarkers 

GFP 
P11-P6-P8-P7-P2-P10-P19-P14-P3-P18-P9-

P13-P15-P12-P17-P16-P1-P4-P5 
No Yes 29 kDa 

Construct 3-4 

(C 3-4) 

Construct containing one copy of the 19 final peptide biomarkers 

GFP 
P11-P17-P1-P14-P7-P9-P19-P16-P10-P13-P8-

P15-P18-P12-P4-P6-P3-P5-P2 
No Yes 29 kDa 

2.3. Protein production 

Two commercial E. coli BL21 (DE3) strains were selected to express the sequence of interest of the 

different DNA constructs. The first one is One Shot™ BL21(DE3) (Thermo Fischer Scientific) and the 

second one corresponds to a mutated version of this cell line, One Shot® BL21 Star™ (DE3) (Thermo 

Fischer Scientific). This second cell line is mutated in the RNaseE gene and is reported to enhance 

mRNA stability (according to the cell provider (Invitrogen, 2010)). 

As extensively described below, bacteria were transformed with the different plasmids by heat shock 

procedure. Transformed cells were then selected thanks to an ampicillin resistance gene present in 

the pET-17b expression vector (Figure 33).  
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Figure 33 – Schematic overview of the pE-17b expression vector from Addgene (from Addgene website).  
The ampicillin resistance gene and other generic features are highlighted in red, the promoters, primers and  

terminator in green, the origin of replication in light blue and the restriction sites in dark blue. 

As presented in Figure 34, the identification of critical parameters such as expression yield or protein 

solubility and the setup of optimal production conditions (bacteria strain, induction time and 

temperature) were established by comparing two methods of concatemer production.  

In the first one, bacteria were seeded on petri dishes to easily observe fluorescence of expressed and 

soluble GFP. In the second approach, cells were grown in batch mode and the abundance of expressed 

protein (in total fraction (TF) and soluble fraction (SF)) was evaluated by both SDS-PAGE and Western-

Blot (WB) analysis.  
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Figure 34 – Bacteria transformation, cell culture using solid and liquid media. Protein expression analysis was performed 
directly on cells cultured in petri dishes, by monitoring the GFP associated fluorescence or by SDS-PAGE and WB analyses 

from cell lysates prepared from bacteria grown in batch mode. 

Below, are the detailed protocols of the different steps in recombinant protein/concatemer 

production: 

a) Bacteria transformation 

- 4 µl of pET-17b plasmid (0.1 µg/µl) are added to 100 µl of host cells (One Shot™ BL21(DE3) or 
One Shot™ BL21 Star™ (DE3)). 

- Incubation for 10 min on ice 
- Heat-shock of 1 min at 42°C 
- Addition of 500 µl of S.O.C. medium (Thermo Fischer Scientific) 
- Incubation during 1 h at 37°C under 250 rpm orbital agitation 
- Spreading of 100 µl of culture on a petri dish filled with 20 ml of lysogeny broth (LB) medium 

with agar containing 100 µg/ml ampicillin (Sigma-Aldrich) 
- Incubation for 16 h at 37°C incubator 

 

b) Petri dish culture for GFP fluorescence observation 

- A petri dish filled with 20 ml of LB agar containing 100 µg/ml ampicillin is spread with 100 µl 
of 0.2 mM IPTG (Isopropyl β-D-1-thiogalactopyranoside) to induce protein expression 

- The petri dish is divided in 5 circular sectors 
- Transformed colonies are collected from the petri dish used for cell transformation and spread 

in each circular sector 
- Incubation for 16 h in 30°C or 37°C incubator 
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c) Batch mode culture: 100 ml 

- A colony is collected on the petri dish and seeded in 5 ml of LB medium containing 100 µg/ml 
ampicillin 

- Incubation for 16 h at 37°C under 300 rpm orbital agitation 
- Transfer of 2 ml of this first culture in 100 ml of terrific broth (TB) medium (Sigma-Aldrich) 

containing 100 µg/ml ampicillin placed in a 500 ml Erlenmeyer flask 
- Incubation at 37°C under 300 rpm orbital agitation with regular growth control of light 

absorbance at 660 nm  
- When the absorbance between 0.6 and 0.8 is reached, IPTG is added to the medium at a 1 mM 

final concentration 
- Incubation during 4 h at 30° or 37° C or for 16 h at 18°C under 300 rpm orbital agitation 
- Harvest 5 ml of cell culture for analysis 

d) Batch mode culture: 1000 ml  

- A colony is collected on the petri dish and seeded in 5 ml of LB medium containing 100 µg/ml 
ampicillin 

- Incubation for 8 h at 37°C under 300 rpm orbital agitation  
- Transfer of 500 µl of this first culture in 25 ml LB medium containing 100 µg/ml ampicillin 

placed in a 100 ml Erlenmeyer flask 
- Incubation for 16 h at 37°C under 300 rpm orbital agitation 
- Transfer of 10 ml of this second culture in 500 ml of TB medium containing 100 µg/ml ampicillin 

placed in a 2000 ml Erlenmeyer flask (operation performed in duplicate) 
- Incubation at 37°C under 300 rpm orbital agitation with regular growth control of light 

absorbance at 660 nm  
- When the absorbance between 0.6 and 0.8 is reached, IPTG is added to the medium at a 1 mM 

final concentration 
- Incubation during 4 h at 30° or 37° C or for 16 h at 18°C under 300 rpm orbital agitation 
- Harvest 5 ml of cell culture for analysis 
- Centrifugation (5000 g for 10 min) and conservation of the pellet at -70°C until protein 

purification 

e) Batch mode culture 1000 ml with 15N labelled medium  

- Labelled cell growth medium corresponds to “Bioexpress Cell Growth Media (U-15N, 98 %) 
(10x concentrate)” from Cambridge Isotope Laboratories (CGM-1000-N) 

- The 100 ml concentrate labelled medium is first diluted with 900 ml autoclaved water  
- A colony is collected on the petri dish and seeded in 5 ml of labelled medium containing 

100 µg/ml ampicillin 
- Incubation for 8 h at 37 °C under 300 rpm orbital agitation 
- Transfer of 250 µl of this first labelled culture in 25 ml labelled medium containing 100 µg/ml 

ampicillin placed in a 100 ml Erlenmeyer 
- Incubation for 16 h at 37°C under 300 rpm orbital agitation 
- Transfer of 5 ml of this second labelled culture in 485 ml labelled medium containing 100 µg/ml 

ampicillin placed in a 2000 ml Erlenmeyer (operation performed in duplicate) 
- Incubation at 37°C under 300 rpm orbital agitation with regular growth control of light 

absorbance at 660 nm  
- When the absorbance between 0.6 and 0.8 is reached, IPTG is added to the medium at a 1 mM 

final concentration 
- Incubation for 4 h at 37° or 16 h at 25°C under 300 rpm orbital agitation 
- Harvest 5 ml of cell culture for analysis 

- Centrifugation (5000 g for 10 min) and conservation of the pellet at -70°C until protein 
purification 
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2.4. Protein expression analysis 

The analysis of the recombinant protein production was performed using 3 techniques.  

First, for the petri dish culture, the evaluation of the production was done by the observation of the 

GFP fluorescence under UV light. An observed fluorescence indicates the presence of the protein and 

its expression in a soluble form. The absence of fluorescence indicates the absence of the protein or 

its presence under an insoluble form (inclusion bodies). 

For batch culture and control during protein purification, the proteins were detected using Western-

blot or SDS-PAGE followed by a Coomassie blue staining.  

At the end of the induction period, a 5 ml aliquot of the culture was collected and its optical density 

(OD) at 660 nm was measured in a spectrophotometer (Ultrospec 10, Biochrom). The 5 ml aliquot was 

centrifuged (5000 g for 10 min in an Allegra X-12R centrifuge, Beckman Coulter) and the supernatant 

was discarded. The pellet was next resuspended with 20 mM Tris buffer pH 8, in a volume 

corresponding to 0.25 ml multiplied by the measured 660 nm absorbance to normalize the different 

samples based on cell density. Cells were disrupted using a Vibra-CellTM (Sonics) ultrasonic probe. A 

volume corresponding to 50 µl of the cell lysates was collected and mixed with 50 µl of SDS-PAGE 

loading buffer (20 mM Tris pH 6.8, 10 % glycerol, 5 % β-mercaptoethanol, 1 % SDS, 0.01 % bromophenol 

blue). The first aliquots were removed and corresponded to the total fraction (TF). The remaining cell 

lysate was next centrifuged (14 800 g for 5 min in a Sorvall™ Legend™ Micro 21R Microcentrifuge, 

Thermo Scientific). A 50 µl aliquot of the supernatant was collected and mixed with 50 µl SDS-PAGE 

loading buffer. The second aliquots correspond to the soluble fraction (SF).  

For protein purification control, a 50 µl sample was mixed with 50 µl of SDS-PAGE loading buffer if the 

sample did not contain guanidine hydrochloride (GuHCl), which is not compatible with SDS. If the 

sample contains GuHCl, proteins from a 50 µl aliquot were first precipitated using a mix of 300 µl water, 

400 µl methanol and 100 µl chloroform and then solubilised with 100 µl of SDS-PAGE loading buffer. 

A volume of 10 µl of the different samples was loaded in 15-well Mini-PROTEAN® TGX™Resolving Gel 

(Bio-Rad), with a well dedicated to Color Prestained Protein Standard (New England Biolabs). A 

constant voltage of 160 V was applied for migration for 45 min. 

Depending on the technique, separated proteins were stained with a Coomassie blue solution or 

transferred to a polyvinylidene fluoride (PVDF) membrane (Amersham™ Hybond™ -P Membranes, GE 

Healthcare) to be specifically detected with an appropriate IgG antibody. Given the presence of a 

Poly-H tag of the designed concatemers, a mouse alkaline phosphatase-conjugated anti Poly-H tag IgG 

antibody was used (ref. ABIN1112523). 

  

135



 
 

2.5. Protein purification 

Concatemers were purified by metal affinity chromatography thanks to their Poly-H tag. Depending on 

concatemer solubility, a prior solubilisation step was necessary. 

a) Sample preparation for purification 

When the concatemer was expressed in inclusion bodies, the following protocol was applied to 
solubilise the protein: 

 Wash buffer 1: 20 mM Tris, 0.5 % Triton X-100, 1 mM EDTA (ethylenediaminetetraacetic acid), 
pH 8 + 1 mM PMSF (phenylmethylsulfonyl fluoride, a serine protease inhibitor)  

 Wash buffer 2: 20 mM Tris, 1 % Triton X-100, 1 mM EDTA, pH 8 + 1 mM PMSF  

 Solubilisation buffer: 50 mM Tris, 6 M GuHCl, pH 8 

The cell pellet obtained after centrifugation of the 1000 ml batch culture was resuspended in 25 ml of 

Wash buffer 1. Cells were disrupted using a Vibra-CellTM (Sonics) ultrasonic probe and then 

centrifuged (20 000 g for 20 min at 4°C in a Sorvall LYNX 6000 Superspeed Centrifuge, Thermo 

Scientific). The supernatant was discarded and the pellet was resuspended in 15 ml of Wash buffer 2 

and incubated for 30 min under soft agitation. The suspension was then centrifuged (20 000 g during 

20 min at 4°C). The supernatant was discarded and the pellet was resuspended in 15 ml of water and 

directly centrifuged (20 000 g during 20 min at 4°C). This water wash was performed twice to remove 

Triton X-100 and EDTA from the sample. The pellets were then resuspended in 40 ml of Solubilisation 

buffer and incubated for 16 h under soft agitation at room temperature. Proteins in inclusion bodies 

were solubilized in GuHCl. The samples were centrifuged (20 000 g during 20 min at 4°C). The 

supernatant was collected and filtered through 0.2 µm syringe filters (Acrodisc® Syringe Filters with 

Supor® Membrane, Pall Corporation). Just before affinity purification, imidazole was added to the 

samples at a 10 mM final concentration. The presence of imidazole allows to reduce unspecific binding 

during affinity purification (Bornhorst & Falke, 2000). 

When the concatemer was expressed in a soluble form, the following protocol was applied: 

The cell pellets obtained after centrifugation of the 1000 ml batch culture were resuspended in 40 ml 
of lysis buffer (50 mM Tris pH 8, 10 mM imidazole, 1 mM PMSF). Cells were disrupted using a Vibra-
CellTM (Sonics) ultrasonic probe and then centrifuged twice (20 000 g during 20 min at 4°C). The 
supernatants were collected and filtered through 0.2 µm syringe filters. 

b) Protein metal affinity purification 

For the purification of concatemers expressed in inclusion bodies, 6 M GuHCl was added to the 
different buffers. The protein solution was loaded on Ni Sepharose 6 Fast Flow column (GE Healthcare) 
equilibrated with lysis buffer (50 mM Tris pH 8, 10 mM imidazole). A washing step was done with in 
the presence of 20 mM imidazole (in 50 mM Tris pH 8) and the Poly-H labelled concatemer was finally 
eluted by using a linear imidazole gradient ranging from 20 mM to 250 mM (in 50 mM Tris pH 8). 
Elution fractions of 1 ml were collected in separated containers. The positive fractions (UV detector) 
were finally pooled and dialysed against the storage buffer (50 mM Tris pH 8) to eliminate imidazole. 

2.6. Purified protein characterization for concentration and purity  

Protein concentration and purity of purified concatemers were evaluated. Protein purity was assessed 
using SDS-PAGE with Coomassie blue staining and the gel was analysed with the ImageJ software 
assuming that all proteins are stained equally well. After background subtraction, protein purity 
corresponded to the proportion of the density obtained for the band of the protein of interest 
compared to the density of all the bands in the whole respective lane.   
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Protein concentration (C expressed in mg/ml) was determined based on its absorbance at 280 nm 
(𝐴𝑏𝑠280), its molecular weight (𝑀𝑊 expressed in Da), its purity (𝑃) and its molar absorption coefficient 
at 280 nm (𝜀280) assuming that molar absorption coefficient at 280 nm of contaminant proteins is 
similar to that of the protein of interest. Protein concentration was calculated with Equation 1. 

𝐶 =
𝐴𝑏𝑠280 ∗ 𝑀𝑊 ∗ 𝑃

𝜀280 
 

Equation 1 – Protein concentration calculation (expressed in mg/ml) based on its absorbance at 280 nm (𝐴𝑏𝑠280),  
its molecular weight (𝑀𝑊 expressed in Da), its purity (𝑃) and its molar absorption coefficient at 280 nm (𝜀280) 

The molar absorption coefficient at 280 nm was calculated based on the protein sequence and more 
specifically on the corresponding number of tryptophan (𝑛𝑊), tyrosine (𝑛𝑌) and cysteine (𝑛𝐶) in this 
sequence (Pace et al, 1995). Molar absorption coefficient at 280 nm was calculated with Equation 2. 

𝜀280  =  5500 𝑛𝑊 + 1490 𝑛𝑌  +  125 𝑛𝐶  

Equation 2- Molar absorption coefficient at 280 nm calculation based on protein sequence 

2.7. Purified concatemer characterisation: protein sequence and isotopic enrichment   

Characterization of the purified concatemers was performed by ultra-high performance liquid 

chromatography–high resolution mass spectrometry (UHPLC-HRMS) using an Acquity liquid 

chromatograph equipped with a C18 Acquity BEH130 column (2.1 x 150 mm; 1.7 µm) and coupled to 

a Xevo G2-XS QTof quadrupole time-of-flight system (Waters). Protein sequence and 15N stable isotope 

enrichment were evaluated with the analysis of their constitutive tryptic peptides. Concatemers were 

first diluted to 0.1 mg/mL with 50 mM TEAB pH 9.2, to a final volume of 20 μl before being 

proteolytically digested by adding 0.1 μg of trypsin gold (trypsin:protein ratio of 1:20). Digestion was 

conducted for 1 h at 37 °C under 300 rpm orbital agitation and stopped by the addition of 1 % (final 

concentration) of formic acid (FA) followed by a centrifugation (20 000 x g for 5 min). Samples were 

ten-fold diluted with 5 % acetonitrile (ACN) before UHPLC-HRMS analysis. Peptides (5 μl of sample was 

injected) were first separated by reverse-phase liquid chromatography using a 20 min water/ACN + 0.1 

% FA linear gradient from 5 to 40 % of ACN. Data were acquired in MSE mode with 0.3 s scan time 

within the 50 to 2000 m/z mass range. The data were processed using UNIFI software (Waters, Milford, 

MA, USA) and peptide mapping analysis type with traditional tryptic cleavage rules and setting with 
15N isotope labelling as a fixed modification when required.  

Considering the most intense charge state, the isotopic enrichment or isotope incorporation rate was 
evaluated for each identified tryptic peptide by comparing the intensity of the peak corresponding to 
the fully 15N labelled (U-15N) peptide with other peaks corresponding to partially 15N labelled peptides. 
Practicality (see Figure 35), a 13C natural abundance of 1.1 % was considered and hydrogen and oxygen 
isotopic distributions were neglected in the calculations. Furthermore, only peaks corresponding to 
peptide with one 14N isotope were considered in the calculations. The proportion of U-15N peptide was 
then calculated by comparing the intensity of the peak corresponding to the (U-15N and U-12C) peptide 
with the peak corresponding to the [(U-1)-15N and U-12C] peptide. Protein isotopic enrichment was 
then evaluated with the exponential trend given by the proportion of the U-15N version of each peptide 
considering its nitrogen content. 
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Figure 35 - Isotope distribution of the doubly charged ion of the peptide GGLEPINFQTAADQAR (from egg white ovalbumin), 
one of the peptides of a 15N isotopically labelled concatemer. Ignoring oxygen and hydrogen isotopes and peptides with 

more than two 14N isotopes, peaks are annotated with their corresponding peptide formulas. 

3. Identification of critical parameters and optimal production conditions 

Three series of DNA constructs (Construct 1-X, Construct 2-X and Construct 3-X, see Table 8, page 131) 

were designed and synthetized in order to identify important parameters to consider and optimal 

production conditions. This optimization was necessary to obtain an isotope-labelled concatemer with 

sufficient cost-effective production yield and isotopic enrichment. GFP fluorescence observation, SDS-

PAGE and WB were used to evaluate the effect on protein expression of the different parameters such 

as bacterial strain or induction temperature tested. 

3.1. Preliminary expression assay of constructs encoding egg peptides  

A first series of four constructs (Construct 1-1 to Construct 1-4) were designed and cloned into the 

pET17b expression vector. One Shot™ BL21(DE3) E. coli bacteria were transformed with one of these 

four constructs and different expression conditions were investigated. Bacteria were grown at either 

30 or 37°C on solid culture medium (Figure 36) and in batch mode culture medium (Figure 37) with the 

IPTG addition for 16 h when cells were incubated at 18 °C or for 4 h when cells were grown at 30 or 

37°C. 

 

Figure 36 – One Shot™ BL21(DE3) E. coli cells were transformed with the first series of constructs (Construct 1-1 to  
Construct 1-4) and then seeded on Petri dishes containing LB agar with 100 µg/ml ampicillin and spread with 100 µl  

of 0.2 mM IPTG (to induce protein expression) and then incubated at either 30 or 37°C for 16 h. Plates were then  
illuminated by UV and fluorescence was visualised. 
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As observed in Figure 36, a stronger fluorescence is observed, for the four constructs, in bacteria grown 

at 30 °C when compared to growth performed at 37 °C. This result indicates a higher production yield 

and/or more soluble protein when cells are exposed to 30 °C. A higher temperature is indeed known 

to negatively affect the solubility of the expressed proteins accompanied by an increase in the inclusion 

body formation (Schein & Noteborn, 1988). A difference in the fluorescence intensity was also 

observed between the different constructs, with the highest fluorescence for “Construct 1-1” (coding 

only for GFP and not for egg peptides). However, some fluorescence can also be observed in the 

bacteria transformed with one of the other three constructs, indicating a relative lower but detectable 

protein expression level.  

 

 

 

Figure 37 – One Shot™ BL21 (DE3) E. coli cells were transformed with the first series of constructs (C 1-1 to C 1-4)  
and cultured in batch mode in 100 ml of TB containing 100 µg/ml ampicillin. Protein expression was induced  

with the addition of IPTG at a 1 mM final concentration, either for 16 h at 18°C (A and D) or for 4 h  
at 30°C (B and E) or 37°C (C and F). Harvested cells were analysed by SDS-PAGE with Coomassie blue  

staining (A, B and C) and by WB with an anti Poly-H antibody (D, E and F). Expected concatemer molecular  
weight is indicated in brackets. (TF = total fraction, SF = soluble fraction) 
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A SDS-PAGE analysis is not specific for the targeted concatemers. Indeed, several proteins present in 

the total fraction (TF) and the soluble fraction (SF) were detected. No protein corresponding to the 

expected concatemer molecular weight was observed as an over-expressed protein (Figure 37 A, B, C). 

The only putative band that could correspond to an over-expressed protein was observed for 

“Construct 1-1 (C1-1)”. This thin band was located between 25 and 35 kDa molecular weight markers, 

just above the larger band of ~25 kDa observed in every lane. This large band was supposed to be the 

beta-lactamase, an enzyme produced by E coli for ampicillin resistance. This C1-1 specific band was 

observed in both TF and SF as well as for both temperatures tested. 

WB analysis was then used to specifically detect the Poly-H tag of the concatemers (Figure 37 D, E, F). 
In cell lysates prepared from bacteria transformed with the different constructs, a signal was observed 
at the expected molecular mass confirming the expression of the different concatemers. However, the 
expression yield was construct-dependent with a higher amount of expressed protein observed for the 
C1-1 construct. The protein expression level was also influenced by the induction temperature with a 
lower expression level for C1-2 to C1-4 at 18 °C. In addition, as expected, bacteria cultures induced at 
lower temperature produced more soluble proteins. These observations were consistent with the data 
obtained when GFP fluorescence was analysed (Figure 36). 

On the different WB, signals were observed at the expected concatemer molecular weights. However, 
several other bands were also observed at lower molecular weights. These multiple bands could 
correspond to concatemer degradation products that kept the Poly-H sequence or the presence of 
undesired/multiple translation initiation sites. This issue was covered and discussed in the section 3.3. 

3.2. Optimization of mRNA secondary structure and influence of E. coli strain 

We have seen that the expression of concatemers was successfully achieved with the first series of 
constructs tested as a proof of concept. However, the expression level was insufficient to obtain a cost-
effective concatemer production. Moreover, expression yield was expected to be even lower with the 
use of isotope-labelled growth medium, which is less rich in nutrients when compared to classical TB 
culture medium (Berthold et al, 2011). 

Constructs containing multiple copies of the same egg peptide, used as a proof of concept, were then 
discarded and we next switched and focused our efforts on the conditions to optimize expression yield. 
The parameter tested was the effect of the mRNA secondary structure as it is known to affect the 
transcript translation efficiency (Gaspar et al, 2013).  

Strong interactions between nucleotides can lead to the formation of secondary structure features 
such as hairpins or loops. These structures impair the translation process rate, obstructing ribosome 
movement along the mRNA (Gorochowski et al, 2015) (Figure 38). 

 

Figure 38 – Illustration of the negative impact of mRNA secondary structure on translation process (Gorochowski et al, 2015) 

The design of the Construct 2-1 was based on the Construct 1-2 content (DNA sequences encoding GST 
primer, 8 concatenated egg peptides, GFP and poly-H tag). Using egg peptides permutation and silent 
mutations introductions in the whole construct sequence (using Visual Gene Developer Software), the 
DNA sequence was modified to optimize mRNA secondary structure and eliminate strong interactions 
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between nucleotides, preventing hairpin-loop formation, characterized by high negative G values 
(Figure 39). 

  

Figure 39 - DNA sequence optimization of Construct 1-2 to reduce interactions between nucleotides  
that favour secondary structures in the corresponding mRNA sequence. 

However, a too weak mRNA secondary structure could also lead to rapid mRNA degradation by RNases 
(such as RNase E) (Del Campo et al, 2015). To prevent this phenomenon, the use of a second E. coli 
strain was considered. One Shot® BL21 Star™ (DE3) is mutated in the RNaseE gene of the One Shot™ 
BL21(DE3) stain, conferring enhanced mRNA stability in this strain. 

The effect of changes in the mRNA secondary structure and E. coli strain was evaluated by the 
expression level of the concatemer analysed by either GFP expression in bacteria grown on solid 
culture media (Petri dishes) (Figure 40) or the abundance of the chimeric protein analysed on cell 
lysates prepared from bacteria cultured in batch mode (Figure 41). 

 

Figure 40 – Analysis of the expression level of concatemer protein produced by BL21(DE3) bacteria or BL21 Star™ (DE3) 
transformed with either “Construct 1-2” or “Construct 2-1” and then grown in Petri dishes at 37°C in order to evaluate the 
effects of E. coli strain and mRNA secondary structure on the expression of the chimeric recombinant protein. Plates were 

then illuminated with UV light to observe the presence of soluble concatemer containing the GFP sequence. 

In Figure 40, one can observe a more intense fluorescence intensity for the bacteria transformed with 
the “Construct 2-1” indicating that the mRNA secondary structure could affect/improve protein 
expression and/or solubility (right part of the Figure). However, the E. coli strain does not seem to have 
any effect on the expression of the protein (left part of the Figure). 
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Figure 41  Effect of the bacterial strain (BL21 (DE3) or BL21 STAR (DE3)) and DNA sequence affecting mRNA secondary 
structure (constructs C 1-2 or C 2-1) on the expression of the concatemer as analysed by (A) SDS-PAGE and (B) Western Blot 

using an anti-Poly-H IgG conjugated to alkaline phosphatase. The bacteria were grown at 37°C and the expression of the 
chimeric protein was induced in the presence of 1 mM IPTG for 4 h at the same temperature. The arrows indicate the 

expected molecular weight for the 41 kDa concatemer (1), a 25 kDa band (2) and beta-lactamase (3). 

The SDS-PAGE analysis indicated that no protein was found to be over-expressed at the molecular 

weight expected for the concatamers (41 kDa, arrow (1) on Figure 41 A). A more intense band is 

observed between the 35 kDa and 55 kDa molecular weight markers, but it could not be concluded 

that this band corresponds to the protein of interest. Indeed, this band was observed in both total and 

soluble fractions (TF and SF, respectively) of BL21(DE3) with comparable intensities, which is in 

contradiction with the results obtained for the WB analysis (Figure 41 B). This band corresponding to 

C 1-2 seems to be more intense in TF in BL21 STAR (DE3) cells, when compared to the corresponding 

SF, which is in agreement with the WB analysis (Figure 41 B). A band of approximately 25 kDa (arrow (2) 

on Figure 41 A), just above beta-lactamase (arrow (3) on Figure 41 A), was also observed in the C 2-1 

lanes. 

The WB analysis revealed the presence, in every single condition, of the concatemers at the expected 

molecular mass. However, the concatemers were mainly found in an insoluble form. The use of 

BL21 STAR (DE3) seemed to slightly improve the protein expression yield. However, the main observed 

difference was linked to mRNA secondary structure. The protein corresponding to the 41 kDa band 

seemed to be slightly less intense when produced by BL21 STAR (DE3) when compared to the synthesis 

by BL21 (DE3). But the main difference is the strong band around 25 kDa only observed for the bacteria 

transformed with Construct 2-1. In conclusion, the total protein expression was much higher when 

mRNA secondary structure is optimized. 

In the following experiments, efforts were made to try to understand the origin of this 25 kDa band. 

The objective was to reduce/eliminate the expression of this protein, corresponding to a truncated 

concatemer, to potentially increase the level of expression of the 41 kDa protein, the protein of 

interest. 
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3.3. Undesired translation initiation site elimination 

HRMS was used to understand the origin of the lower molecular weight undesired protein in 

concatemer production. The insoluble fraction (inclusion bodies) of a 100 ml TB batch culture of 

“Construct 2-1” expressed in BL21 STAR (DE3) with a 4 h induction at 37°C was purified by metal affinity 

chromatography (as described in section 2.5 of the material and method section, page 136) and the 

different eluted fractions were analysed by SDS-PAGE and Coomassie blue staining (Figure 42). Two 

main bands were observed at 25 kDa and 41 kDa. 

 

Figure 42 - SDS-PAGE analysis of eluted fractions (F1 to F10) collected from metal affinity purification of concatemer 
produced by BL21 STAR (DE3) bacteria cultured in a 100 ml batch at 37 °C. Bacteria were transformed with construct 2-1 and 

induction of the protein synthesis was triggered by 1 mM IPTG added for 4 h at the same temperature. At the end, the 
insoluble fraction of the cell lysate was prepared and the chimeric protein was purified by metal affinity chromatography. 

The 25 kDa and 41 kDa bands of the F4 elution fraction were cut out of the gel. The protein of the two 

bands were separately in-gel digested with trypsin and resulting peptides were analysed by HRMS. This 

analysis was performed to verify the concatemer sequence and to identify the N-term sequence of the 

protein of the 25 kDa. Indeed, the C-term domain of the protein was necessarily the Poly-H tag since 

the purification was based on the affinity of this Poly-H tag for nickel ions of the chromatographic 

column 

As presented in Figure 43, several consecutive steps were implemented to identify the N-term 

sequence of the protein of the 25 kDa band. The complete concatemer was first in silico digested with 

trypsin cleavage features. Obtained tryptic peptides were sorted by order of appearance in 

concatemer sequences. Then, HRMS obtained data were treated. Given the difference in band 

intensity, corresponding to a different protein abundance between the two bands, the signal 

associated with the different identified peptides was first normalized to obtain comparable data.  

The first outcome was the verification of the concatamer sequence. A 100 % sequence coverage was 

obtained for the analysis of the 41 kDa band (see yellow bar in step 2 in Figure 43). In other words, all 

tryptic peptides predicted by the in silico digestion of the concatemer were observed. 

  

143



 
 

Then, GEELFTGVVPILVELDGDVNGHK was the tryptic peptide observed in the 25 kDa band which was 

the closest from the N-terminus of the concatemer sequence (framed in red in step 2 in Figure 43). 

Based on this result, it could be deduced that the N-term sequence of the protein of the 25 kDa band 

corresponded to a of semi-tryptic fraction of GGSPWGLEPGDIMASK, the tryptic peptide situated at the 

N-term side of GEELFTGVVPILVELDGDVNGHK in the concatemer sequence. Thus, the m/z of each semi-

tryptic peptide of GGSPWGLEPGDIMASK (i.e. SK, ASK, MASK, etc.) was searched in acquired HRMS data 

(step 3 in Figure 43). A signal corresponding to ASK peptide was observed in the 25 kDa band sample 

and not in the 41 kDa band sample. 

The methionine located at the N-terminus of ASK peptide corresponded to the start codon of GFP in 

the DNA sequence of “Construct 2-1”. An undesired translation initiation site was therefore suspected. 

Peptide MASK was not observed but this phenomenon could be explained by the fact that the N-term 

methionine is highly cleaved by the methionine aminopeptidase when followed by an alanine (Frottin 

et al, 2006). Moreover, a sequence (AGGAGAT) close to the Shine-Dalgarno consensus sequence 

(AGGAGGT) was observed near the methionine ATG codon in the “Construct 2-1” DNA sequence. This 

Shine-Dalgarno sequence corresponds to a ribosomal binding site in bacteria, necessary for translation 

initiation (Chen et al, 1994).  

To validate this hypothesis of an undesired additional translation initiation site, the “Construct 2-1” 

DNA sequence was modified. The methionine ATG start codon was substituted by a TTA leucine codon. 

The ATG start codon is an essential element in translation initiation site. If this hypothesis is verified, 

the ATG start codon mutation would eliminate the undesired translation initiation site and could lead 

to a higher expression level of the complete concatemer corresponding to 41 kDa. The improvement 

of concatemer expression yield is the objective of these efforts. 

Leucine was selected because it shares comparable physico-chemical properties with methionine. 

Hence, this mutation would only have a limited impact on concatemer properties. Six codons are 

corresponding to leucine. The TTA codon was selected because of its low impact on mRNA secondary 

structure and G profile. The ATG codon was successively in silico replaced by each one of the six codons 

that specify leucine. The mRNA secondary structure associated to these mutated DNA sequences was 

analysed. As exposed in Figure 44, TTA codon was selected for its low impact on G profile. 

  

144



 
 

Step 1: In silico concatemer digestion 

 

Step 2: HRMS analysis of the peptides obtained with in-gel digestion of 25 kDa and 41 kDa bands. Peptides are 

positioned on the graph, from left to right, by order of appearance in the concatemer sequence. The red box 

indicates the position of the N-term sequence of the 25 kDa protein in the complete concatemer sequence. 

 

Step 3: Identification of the N-term sequence of the protein of the 25 kDa band 

 

Figure 43 – Identification of the N-term sequences of the protein of the 25 kDa band  
by HRMS analysis of peptides obtained by in-gel trypsin digestion 
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Figure 44 – Effect of ATG methionine codon substitution on G profile giving information on the mRNA secondary structure. 

A commercial kit (Q5® Site-Directed Mutagenesis Kit, New England Biolabs) was used to proceed to 

the ATG codon substitution. This kit enables, site-specific mutagenesis of double-stranded plasmid 

DNA. To do so, specific primers were designed according to kit recommendations (forward primer 

containing the codon substitution AGGAGATATCTTAGCTAGCAAAGGAGAAGAACTTTTC and reverse 

primer AGGCACCCCGGATCTTGG). The protocol recommended by the kit manufacturer was followed 

to induce the mutation. As presented in Figure 45, the plasmid is amplified by PCR using the designed 

primers (to introduce the ATG codon substitution) and the kit provided DNA polymerase. Then, the 

use of an enzyme mix, containing a kinase, a ligase and DpnI, allow for circularization of the PCR 

product and removal of the template DNA. The last step is a high-efficiency transformation into 

chemically competent cells (provided). 

 

Figure 45 –Different steps in site directed ATG codon substitution using Q5® Site-Directed Mutagenesis Kit (New England 
Biolabs). The template plasmid is first amplified by PCR using designed primers (introducing the mutation) and the kit 

provided DNA polymerase. Then, the use of an enzyme mix, containing a kinase, a ligase and DpnI, allow for circularization 
of the PCR product and removal of the template DNA. The last step is a high-efficiency transformation into chemically 

competent cells. Image from (BioLabs, 2017) 
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The desired mutation was confirmed by plasmid sequencing by the GIGA Genomics Facility (Figure 46). 

 

Figure 46 – Confirmation of ATG start codon substitution by TTA leucine codon by plasmid sequencing 

BL21 Star (DE3) cells were then transformed with the mutated construct (Construct 2-2). Three 

transformed cell colonies were selected for 100 ml batch mode culture and protein expression (4 h 

induction with 1 mM IPTG at 37°C). The prepared cell lysates were analysed by anti Poly-H WB 

(Figure 47). Three clones of the expected mutated construct were selected to maximize the chances 

to have at least one mutated construct. As observed on the WB analysis, all three selected clones were 

correctly mutated as no expected 25 kDa protein was produced.  

 

Figure 47 – Effect of ATG methionine codon substitution by TTA leucine codon in Construct 2-1 on the expression of the 
concatemer. Western Blot analysis using an anti-Poly-H IgG conjugated to alkaline phosphatase of 100 ml batch mode 

cultures of BL21 Star (DE3) transformed with three clones of Construct 2-2 (with the substitution) and with Construct 2-1. 
The bacteria were grown at 37°C and the expression of the chimeric protein was induced in the presence of 1 mM IPTG for 4 

h at the same temperature.  

In conclusion, the results obtained confirmed the hypothesis of the presence of an undesired 

translation initiation site. The 25 kDa band was not observed anymore after the ATG start codon 

mutation. However, the suppression of this undesired translation initiation site did not allow to 

improve the expression yield of the complete and expected concatemer corresponding to the 41 kDa 

band. 
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3.4. Deletion of the GFP sequence 

The expression yield of the protein containing the 8 egg peptides was not improved by the elimination 

of the undesired translation initiation site (Figure 47). We next considered to delete the sequence 

coding for GFP in the construct. As a reminder, the GFP coding sequence was present in different 

constructs to easily and rapidly screen and control protein expression and solubility. Once improved 

production conditions defined, GFP was no longer useful and the sequence was then deleted from the 

plasmid containing the “Construct 2-1”. 

Briefly, the plasmid containing the “Construct 2-1” (4298 bp) was digested by EcoRV restriction 

endonuclease. Two plasmid fragments were then obtained, a first one containing the GFP coding 

sequence (723 bp) and a larger one containing the rest of the plasmid (3575 bp). This larger fragment 

was purified, ligated and amplified. This new plasmid with deleted GFP was then called 

“Construct 2-3”. GFP deletion was confirmed with agarose gel electrophoresis analysis (Figure 48). On 

this gel, three bands were observed in lanes 1 and 3 corresponding to the analysis of circular plasmid. 

These three bands corresponded to three different forms of the same plasmid (nicked, supercoiled 

and circular from top to down). These three bands were not observed in lane 2 because the analysed 

DNA fragment displayed a linear form. 

The differences in size between the bands of lane 1 and lane 3 (expected to be 723 bp) confirmed the 

deletion of the DNA sequence coding for the GFP. The new construct (“Construct 2-3”) was therefore 

coding for a concatemer composed of a GST primer, 8 concatenated egg peptides and a poly-H tag. 

      

Figure 48 – 1% agarose gel electrophoresis analysis to confirm GFP sequence deletion. The three bands observed for circular 
plasmid of lanes 1 and 3 correspond to three forms of the same plasmid (nicked (α), supercoiled (β) and circular (γ)). These 

three forms were not observed in lane 2 due to the linear form of the plasmid fragment. 

We next tested the expression of the concatemer in bacteria transformed with “Construct 2-3”. The 

effect of E. coli strain (BL21(DE3) and BL21 STAR (DE3)) and induction temperature (30° and 37°C) were 

tested in 100 ml batch mode cultures with a 4 h induction period with 1 mM IPTG. 

1: “Construct 2-1” (4298 bp) 

2: Purified largest fragment of EcoRV 

digested plasmid corresponding to 

“Construct 2-1” (3575 bp) 

3: Ligated plasmid coding for 

“Construct 2-3” (3575 bp) 
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Figure 49 – Effect of the bacterial strain (BL21 (DE3) and BL21 STAR (DE3)) and induction temperature (30 or 37°C) on the 
expression of the concatemer. Bacteria were transformed with “Construct 2-3”, and cultured in batch mode in 100 ml of TB 
containing 100 µg/ml ampicillin. Protein expression was induced with the addition of IPTG at a 1 mM final concentration. 

Harvested cells were analysed by Western Blot using an anti-Poly-H IgG conjugated to alkaline phosphatase. 

The SDS-PAGE analysis of the concatemer production/synthesis in the different batch mode cultures 

did not allow to highlight the over-expression of the concatemer (data not shown). The WB analysis 

using the anti-Poly-H IgG was thus used to identify the optimal expression conditions (Figure 49). The 

concatemer was mainly found in the insoluble form, especially when the expression induction was 

done at 37 °C. Expression yield was the highest for BL21 STAR (DE3) when the concatemer expression 

was induced during 4 h at 37 °C. These conditions were selected for the scaling up experiment of this 

concatemer expression in a 1000 ml-batch production, followed by the purification and 

characterization of the expressed concatemer. 

As the concatemer was mainly found in an insoluble form (Figure 49), the purification protocol 

optimized for the solubilisation of the proteins in the inclusion bodies was therefore applied. Elution 

fractions containing the concatemer, identified based on SDS-PAGE analysis, were pooled. Concatemer 

concentration was measured with 280 nm UV light absorbance and concatemer purity was 

characterized by SDS-PAGE and gel-image analysis (using ImageJ software as described in section 2.6 

of materials and methods, page 136). A total of 3.6 mg of concatemers was produced with a 70 % 

purity (Figure 50). 
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Figure 50 - SDS-PAGE analysis of purified concatemer encoded by "Construct 2-3". Image analysis of the lane corresponding 
 to 5 µg of proteins was performed with ImageJ software to determine the concatemer purity 

The purified concatemers were digested with trypsin and analysed by mass spectrometry to validate 

the concatemer sequence. As observed in Figure 51, all 8 egg peptide biomarkers were identified. This 

last step validated the concatemer sequence and the whole production strategy. The difference in 

signal intensity associated with the different peptides, theoretically present in equimolar quantities, 

can be explained by the ionization efficiency which is specific to each peptide. Co-elution of lower 

intensity peptides with other components can also be part of the explanation. 

 

Figure 51 – UHPLC-HRMS analysis of purified concatemer "Construct 2-3" to confirm concatemer sequence.  
Purified concatemer was diluted to 0.1 mg/mL with 50 mM TEAB; pH 9.2 and digested with trypsin  

(trypsin:protein ratio 1:20) for 1 h at 37 °C under 300 rpm orbital agitation. 
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3.5. Production, purification and characterization of the 15N labelled concatemer 

The concatemer encoded by the “Construct 2-3” was successfully produced and purified and its 

sequence was validated by mass spectrometry. Next, the developed strategy was applied to produce 

a 15N isotope-labelled version of this concatemer. To do so, LB and TB used as bacteria growth culture 

media were replaced by Bioexpress Cell Growth Media (U-15N, 98%). In this culture medium, at least 

98 % of the nitrogen corresponds to stable isotope nitrogen-15 (15N). Bacteria thus used 15N labelled-

nutrients to grow and synthetize their own molecules, including the concatemers. With this strategy, 

a uniform 15N-labelling can be obtained (Filipp et al, 2009). 

Pre-culture and culture of transformed bacteria with ‘Construct 2-3” were performed with this 

isotope-labelled medium to an isotopic enrichment as high as possible. A 4 h induction with 1 mM IPTG 

at 37 °C was performed and the insoluble fraction of obtained cell lysates was purified with Ni-affinity 

chromatography. Purified isotope-labelled concatemer concentration was then measured based on 

280 nm UV light absorbance. Concatemer purity was characterized with SDS-PAGE and gel-image 

analysis (Figure 52). A total of 2.0 mg of concatemers was successfully produced with a purity of 61.5 % 

(Figure 52). 

 

Figure 52 – SDS-PAGE analysis of purified 15N isotope-labelled concatemer encoded by "Construct 2-3". Image analysis of the 
lane corresponding to 5 µg proteins was performed with ImageJ software to determine the concatemer purity 

The production yield, is lower for the isotope-labelled production of concatemer encoded by 

“Construct 2-3” when compared to the unlabelled one. With the isotope-labelled growth medium, a 

total of 2.0 mg of concatemers were produced and purified whereas 3.6 mg were obtained with 

classical growth medium. These results were somewhat expected as the 15N isotope-labelled growth 

medium is known to be poorer in nutrients than the classical TB growth medium (Berthold et al, 2011). 

The final bacterial biomass obtained at the end of the 4 h induction time in labelled growth medium 

was less than half of the biomass obtained in classical conditions. However, comparing cell lysates 

normalized based on cell density, a higher expression yield “per cell” was obtained with labelled 

growth medium (data not shown). 

Purified 15N isotope-labelled concatemer “Construct 2-3” was digested with trypsin and analysed by 

HRMS. The 15N isotope labelling introduced a mass shift for the different transitions of each peptide. 

This mass shift is proportional to the number of nitrogen atoms in the peptide. To illustrate this, an 

example of this mass shift caused by 15N isotope labelling is presented in Figure 53 for the 

GGLEPINFQTAADQAR peptide. As observed in this figure, the introduced mass shift is sufficient to 
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eliminate any risk of false positive signal coming from the internal standard. This question is extensively 

addressed in a research article published in Food Chemistry (Gavage et al, 2020a) and exposed, in 

section 4, page 157. 

 

Figure 53 – Example of mass shift introduced by 15N isotope labelling. The spectrum at the top corresponds to peptide 
GGLEPINFQTAADQAR obtained from the trypsin digestion of concatemer Construct 2-3 produced in classical growth medium 

whereas the spectrum at the bottom corresponds to concatemer produced in 15N isotope labelled growth medium. 

The sequence of the 15N isotope-labelled concatemer was verified by HRMS. The 8 egg peptides 

biomarkers were identified, considering the introduced mass shift (Figure 54). 

 

Figure 54 - UHPLC-HRMS analysis of purified 15N isotope-labelled concatemer "Construct 2-3" to confirm the concatemer 
sequence. Purified concatemer was diluted to 0.1 mg/mL with 50 mM TEAB pH 9.2 and digested with trypsin  

(trypsin:protein ratio 1:20) for 1 h at 37°C under 300 rpm orbital agitation. 

HRMS was also used to evaluate the isotopic enrichment of the 15N isotope-labelled concatemer. The 

procedure and methods used to evaluate the isotopic enrichment is extensively developed in the 

research article published in Food Chemistry (Gavage et al, 2020a) and exposed in section 4. Briefly, 
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the proportion of the fully 15N isotope-labelled version of each tryptic peptide was estimated by 

comparing the intensities of the monoisotopic peak and those of its isotope containing only one 14N. 

For the GGLEPINFQTAADQAR example presented in Figure 53, these peaks correspond to  

m/z = 855.39201 and m/z = 854.89431, respectively. The relation between the labelling proportion and 

the number of nitrogen atoms in the peptides follows an exponential decay. The associated 

exponential decay constant corresponds to the natural logarithm of the isotopic enrichment. Indeed, 

for a given isotopic enrichment (𝜑), the proportion of fully 15N labelled peptide with 𝑛 nitrogens is 

given by 𝜑𝑛, which can be transformed into 𝑒ln(𝜑)∗𝑛. Isotopic enrichment is deduced from this 

mathematical transformation by equating ln(𝜑) to experimentally obtained exponential arguments (-

0.00449). This result gave an isotopic enrichment of 99.6 %, a value in agreement with the > 98 % 

isotopic enrichment of the growth medium. 

 

Figure 55 - Evaluation of the isotopic enrichment for the purified 15N isotope-labelled concatemer  
“Construct 2-3” based on the proportion of fully 15N labelled of each identified tryptic peptide 

Altogether, the optimisation of the protocol developed for the protein expression and the isotope 

labelling strategies resulted in the successful production and purification of a first 15N isotope-labelled 

concatemer made of 8 egg peptide biomarkers.  

As the final objective was to produce a single concatemer containing peptide biomarkers of the four 

targeted allergenic ingredients (egg, milk, peanut and hazelnut). Kaatje Van Vlierberghe during her PhD 

thesis (PhD ongoing at ILVO under the “Allersens” project), developed the UHPLC-MS/MS method and 

refined the list of 55 potential peptide biomarkers identified by HRMS analysis of several food 

processed test matrices to a final list of 19 peptide biomarkers listed in Table 7. These 19 peptide 

biomarkers were thus considered for the production of a 15N isotope-labelled concatemer that could 

be used as an internal standard for the simultaneous quantification of the four allergenic ingredients. 

3.6. Application of the protocol for final concatemer production 

Gathered expertise in concatemer development and the final list of 19 peptide biomarkers were 

combined for the design and production of a concatemer containing these 19 peptides and that could 

be used as an internal standard for the simultaneous quantification of the four allergenic ingredients 

(peanut, milk, egg and hazelnut). To maximize the chances to obtain a concatemer with a high level of 

expression, four constructs were designed in parallel, all of them containing the 19 peptide biomarkers 

(Table 7). 
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In “Construct 2-1”, an undesired translation initiation site was accidentally introduced. This site was 

located at the N-term side of the sequence coding for the GFP included in that construct. It was 

observed that the protein corresponding to the use of this initiation site had a higher expression level 

than the complete concatemer. It was therefore decided to use the sequence of this GFP translation 

initiation site in two out of the four new constructs. Hence, the initiation sites of “Construct 3-1” and 

“Construct 3-2” were corresponding to the previously used GST N-term sequence whereas the 

initiation sites “Construct 3-3” and “Construct 3-4” were corresponding to the GFP N-term sequence. 

The four constructs were respecting the same design criteria. They were all containing the 19 peptide 

biomarkers (in different order but with an alternation between hydrophilic and hydrophobic peptides), 

DNA sequences were optimized to avoid strong interactions between nucleotides affecting the mRNA 

secondary structure and DNA sequences were analysed to identify and eliminate the presence of any 

potential undesired translation initiation site. 

The preliminary assays with a 100 ml batch mode culture with a 4 h induction with IPTG at 37°C were 

performed for the four constructs. The effect of E. coli strains (BL21 (DE3) and BL21 STAR (DE3)) was 

first investigated (Figure 56). 

 

 

Figure 56 – Effect of the bacterial strains (BL21 (DE3) (A and C) and BL21 STAR (DE3) (B and D)) and of the different 
constructs (C3-1 to C3-4) on the expression of the concatemer. The bacteria were grown in a 100 ml batch mode culture at 

37°C and the expression of the chimeric protein was induced in the presence of 1 mM IPTG for 4 h at the same temperature. 
Harvested cells were analysed by (A and B) SDS-PAGE with Coomassie blue staining and (C and D) Western Blot using an 

anti-Poly-H IgG conjugated to alkaline phosphatase.  
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These results show that the different concatemers were correctly expressed. A higher expression yield 

was also observed for the BL21 (DE3) E. coli strain transformed with “Construct 3-4”. Moreover, a 

significant part of the concatemer was found in a soluble form. This solubility was attractive because 

it simplified the subsequent purification procedure, avoided the consumption of relatively expensive 

GuHCl, facilitating the use of the protein for future applications. 

An unexplained mass shift was observed for “Construct 3-3” expressed E. coli BL21 (DE3) strain 

(Figure 56 C). A slight difference could be observed with “Construct 3-1” or “Construct 3-2” since the 

primer sequence of “Construct 3-3” (corresponding to GFP N-term sequence) is different from these 

two constructs (corresponding to GST N-term sequence). However, “Construct 3-3” and 

“Construct 3-4” should have exactly the same molecular weight, since the order of the peptide 

biomarkers is the only difference between these two constructs. Protein resistance to the denaturation 

performed before the migration in the SDS gel could have been an explanation but the mass shift is 

not observed when “Construct 3-3” was expressed E. coli BL21 STAR (DE3) strain. 

The “Construct 3-4” was therefore selected and different expression conditions were tested to 

maximize both the protein expression yield and solubility. The antibiotic concentrations (100 or 

200 g/l) to increase the selection pressure and induction conditions (16 h at 25°C and 4 h at 37 °C) 

were studied (Figure 57). The 16 h at 25°C induction condition was investigated instead of the 

previously considered 16 h at 18°C and 4 h at 30°C conditions. From previous experiment, it was indeed 

observed that the condition 16 h at 18°C had a positive effect on concatemer solubility but a low final 

biomass level was obtained and that the 4 h at 37°C condition had a limited effect on concatemer 

solubility and a lower final biomass level compared to the 4 h at 37°C induction condition. The 16 h at 

25°C induction condition was therefore considered as a compromise between 16 h at 18°C and 4 h at 

30°C conditions to obtain a soluble concatemer and a high biomass level.  

 

Figure 57 – Effects of induction conditions (16 h at 25°C and 4 h at 37°C) and ampicillin concentration (100 µg/ml or 200 
µg/ml) on the expression of the concatemer encoded by “Construct 3-4”. BL21 (DE3) E. coli cells were grown in a 100 ml 

batch mode culture at 37°C and the expression of the chimeric protein was induced in the presence of 1 mM IPTG. Harvested 
cells were analysed by SDS-PAGE with Coomassie blue staining and Western Blot using an anti-Poly-H IgG conjugated to 

alkaline phosphatase. 

We did not see any obvious effect of the antibiotic concentration on the concatemer abundance, while 

a strong concatemer over-expression with a higher solubility was observed for the 16 h induction at 

25°C. These conditions were thus selected for a 1000 ml batch mode production followed by a Ni-

affinity chromatographic purification of the soluble fraction of cell lysates. 
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Elution fractions containing the concatemer, identified based on SDS-PAGE analysis, were pooled. 

Concatemer concentration was assesses by measuring the 280 nm UV light absorbance and 

concatemer purity was characterized by SDS-PAGE and gel-image analysis. A total of 21.6 mg of 

concatemer with a 92 % purity was successfully produced and purified. The purified protein quantity 

could have been even higher since the 1 ml purification chromatography column was saturated. 

Indeed, a significant amount of concatemer was observed in purification flow-through. However, the 

purified concatemer quantity was in agreement with the resin capacity provided by the supplier 

specifications (20 mg of protein per resin ml). 

 

Figure 58 - SDS-PAGE analysis of purified concatemer encoded by "Construct 3-4". Image analysis of a lane corresponding 
 to 5 µg of proteins was performed with ImageJ software to determine the concatemer purity 

UHPLC-HRMS analysis was used to validate the protein sequence. The purified concatemer was 

digested with trypsin and the obtained peptides were analysed. As presented in Figure 59, all 19 

peptide biomarkers were identified. 

 

 

Figure 59 - UHPLC-HRMS analysis of purified concatemer "Construct 3-4" to confirm concatemer sequence.  
Purified concatemer was diluted to 0.1 mg/mL with 50 mM TEAB pH 9.2 and digested with trypsin  

(trypsin:protein ratio 1:20) for 1 h at 37°C under 300 rpm orbital agitation. 
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In conclusion, the different developments exposed and described in this chapter led to produce a 

concatemer with a high expression yield and containing the 19 peptide biomarkers allowing the 

simultaneous analysis of the 4 allergenic ingredients considered in this project (egg, milk, peanut and 

hazelnut). In addition, let’s mention that one mg of concatemer is sufficient to perform more than a 

hundred of analyses, making this approach cost-effective when compared to synthetic peptides. 

As demonstrated with “Construct 2-3”, the isotope labelling strategy based on the use of 15N isotope-

labelled cell growth medium (Bioexpress Cell Growth Media (U-15N, 98%)) enabled the production of 

concatemers with a high and sufficient isotopic enrichment. The mass shift introduced by the 15N 

isotope-labelling prevents any risk of false positive signal. 

The ultimate step was the implementation of the developed strategy for 15N isotope-labelled 

concatemer “Construct 3-4” production and purification. 

 

4. Comparative study of concatemer efficiency as an isotope-labelled internal standard for 

allergen quantification (Gavage et al, 2020a) 

A research manuscript was dedicated to this 15N isotope-labelled concatemer. The manuscript was 

published in Food Chemistry Journal. Production, purification and characterization of the concatemer 

are detailed in this article. The use of this technology as an isotopically labelled-internal standard for 

the quantification of food allergens in processed food matrices was also evaluated. Moreover, 

performance of the concatemer was compared to the use of labelled synthetic peptides and a 
15N isotope-labelled protein (β-lactoglobulin, a milk protein that has been recombinantly produced) in 

the analysis of three food matrices spiked with food allergen extracts.  
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A B S T R A C T

Mass spectrometry-based methods coupled with stable isotope dilution have become effective and widely used
methods for the detection and quantification of food allergens. Current methods target signature peptides re-
sulting from proteolytic digestion of proteins of the allergenic ingredient. The choice of appropriate stable
isotope-labelled internal standard is crucial, given the diversity of encountered food matrices which can affect
sample preparation and analysis. We propose the use of concatemer, an artificial and stable isotope-labelled
protein composed of several concatenated signature peptides as internal standard. With a comparative analysis
of three matrices contaminated with four allergens (egg, milk, peanut, and hazelnut), the concatemer approach
was found to offer advantages associated with the use of labelled proteins, ideal but unaffordable, and cir-
cumvent certain limitations of traditionally used synthetic peptides as internal standards. Although used in the
proteomic field for more than a decade, concatemer strategy has not yet been applied for food analysis.

1. Introduction

Food allergy is defined as an adverse health effect arising from a
specific reproducible immune response that occurs on exposure to a
given food (Boyce et al., 2011). Several studies indicate an increase in
the prevalence of food allergy with nearly 5% of adults and 8% of
children being affected (Sicherer & Sampson, 2014). Given the absence
of accepted treatment, the current solution for allergic patients relies on
allergen avoidance to circumvent allergic reactions. However, this es-
sentially requires correct food labelling and efficient risk management
from food business operators to reduce the risk of contamination by
allergens to acceptable levels. European legislation (Regulation [EU]
No 1169/2011) requires the labelling of 14 allergenic ingredients when
they are part of a foodstuff recipe. However, this legislation does not
cover the presence of hidden allergens that are due to cross-con-
tamination during food processing. Even if strongly requested by food
producers and control laboratories, no harmonized regulatory frame-
work for managing hidden allergens or action thresholds have been

enacted in Europe. Some countries have set legal thresholds but with a
high disparity among allergens and among countries (Planque et al.,
2019). A quantitative risk assessment was also developed by VITAL®
(Voluntary Incidental Trace Allergen Labelling) combining reference
doses and exposure (Allen et al., 2014). The thresholds for allergenic
proteins in food are based on clinical data and are indicators of the
action levels, expressed as the total protein amount of the allergenic
food (mg), below which only the most sensitive allergic subjects might
react (1% of allergic patients or 5% of them for the less common foods).
These values are often used by laboratories as a targeted limit of
quantification (LOQ) in the absence of legal thresholds.

The development of a quantitative allergen risk assessment requires
quantitative allergen analysis. During the last decade, mass spectro-
metry became the method of choice for allergen analysis (Ahsan, Rao,
Gruppuso, Ramratnam, & Salomon, 2016). Allergen analysis by mass
spectrometry is predominantly performed by specific analysis of pep-
tides obtained by an enzymatic digestion of the proteins of the sample,
including the proteins of the allergenic ingredients. One of the
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advantages of mass spectrometry-based methods is the possibility to
simultaneously detect multiple peptides from multiple allergens, thus
enabling time- and money-saving multiplexed analysis. Such a targeted
approach, named multiple reaction monitoring (MRM), offers high
sensitivity and specificity. Targeted proteomics is often used for abso-
lute peptide quantification in combination with isotope dilution, a
technique based on the use of an internal standard corresponding to the
stable isotope-labelled version of the analyte (Monaci, Losito, De
Angelis, Pilolli, & Visconti, 2013; Nitride et al., 2019; Planque et al.,
2019). The introduction of this isotope-labelled internal standard cor-
rects for variability and various matrix effects during the actual ana-
lysis. Notably, ion suppression effects and, depending on the type of
internal standard, matrix effects and analyte loss during sample pre-
paration may be corrected by the use of isotope-labelled internal
standards.

Peptides specific for allergen proteins are the analytes in mass
spectrometry analysis of food allergens; however, the initial analytes
are proteins. Stable isotope-labelled internal standards can therefore
adopt different forms. In theory, a stable isotope-labelled protein is the
ideal internal standard as, when added to the food that needs to be
analyzed, it can correct for sample losses during all the steps of the
sample preparation procedure (including protein extraction and diges-
tion), as well as for matrix effects during mass spectrometry analysis.
Such an approach was proposed by Newsome and Scholl (Newsome &
Scholl, 2013) for the quantification of bovine milk αS1-casein in baked
goods. The main limitation of this approach, besides technical issues for
protein production, is its cost. When one aims at multiplexed analysis,
this necessitates the use of multiple isotope-labelled proteins, which is
unrealistic for laboratories performing routine analyses (Planque,
Arnould, & Gillard, 2017). Therefore, most laboratories rely on stable
isotope-labelled synthetic peptides (Boo, Parker, & Jackson, 2018;
Henrottin et al., 2019; Planque et al., 2019). However, in food allergen
analysis, the initial analytes are proteins. Peptide internal standard and
protein analytes can exhibit different behaviors during the extraction,
leading to different extraction yield. Moreover, the peptides do not
undergo the enzymatic digestion step which is known to be highly af-
fected by the matrix effects (Korte, Oberleitner, & Brockmeyer, 2019).

Here, we implemented an alternative method based on the synthesis
of a concatemer used as a stable isotope-labelled internal standard for
allergen quantification. This strategy has been well adopted by pro-
teomics researchers, and the concatemers are known as QconCAT (Pratt
et al., 2006), but, as far as we know, these molecules have not yet been
explored for food analysis. Concatemers are artificial proteins com-
posed of concatenated, proteotypic peptides originating from different
proteins of interest. The peptides themselves are typically first identi-
fied following mass spectrometry or are predicted from theoretical
peptide sequences. Concatemers are typically recombinantly produced
in an environment that allows labelling with stable isotopes (e.g.,13C or
15N). In contrast to synthetic peptides, concatemers need to be pro-
teolytically digested to release their peptides, and thus, this peptide
release is also affected by the interference caused by the matrix during
the digestion step, in a manner similar to the analyte of interest. An-
other advantage of concatemers is their potential for multiplexing. A
single concatemer can be composed of numerous proteotypic peptides
and can therefore be used for multiplexed allergen analysis. The lim-
itation of this approach is fixed by the protein size reachable with re-
combinant protein expression, which is more than 100 kDa (Chambers,
Austen, Fulghum, & Kim, 2004). This approach can be cost-effective
when compared with using synthetic peptides for multiplexed analysis.
For our study, we developed, produced, and purified a 15N isotopically
labelled concatemer composed of 19 proteotypic peptides, allowing for
the analysis of 4 allergenic ingredients (egg, milk, peanut, and ha-
zelnut). We evaluated the performance of this concatemer by the ana-
lysis of three uncontaminated food matrices spiked with increasing and
defined concentrations (2.5 ppm to 50 ppm, where ppm corresponded
to mg of total allergen protein per kg of matrix) of the selected allergen

extracts. In addition, we compared the use of the concatemer with that
of five synthetic peptides corresponding to tryptic peptides from the
four considered allergens and with β–lactoglobulin, a bovine milk
protein that was 15N isotopically labelled.

2. Material and methods

2.1. Reagent and materials

Gene synthesis and cloning were ordered from GeneCust (Boynes,
France). Acetic acid, ammonium bicarbonate, ampicillin sodium salt,
chloramphenicol, dimethyl sulfoxide (DMSO), DL-dithiothreitol (DTT),
expression plasmid pET17b(+) Novagen, HiLoad® 26/600 Superdex®
200 pg, imidazole hydrochloride, iodoacetamide (IAA), kanamycin
monosulfate, Lennox broth (LB), Ni Sepharose® 6 fast flow GE
Healthcare, Origami™ B(DE3) pLysS competent cells Novagen, phe-
nylmethanesulfonyl fluoride (PMSF), Q Sepharose® Fast Flow, select
agar, sodium chloride, sodium phosphate dibasic, sodium phosphate
monobasic, tetracycline hydrochloride, tetraethylammonium bicarbo-
nate (TEAB), trypsin from bovine pancreas, tris(hydroxymethyl)ami-
nomethane (Tris) and urea were obtained from Sigma-Aldrich (Bornem,
Belgium). One Shot™ BL21(DE3) chemically competent Escherichia coli,
isopropyl β-D-thiogalactopyranoside (IPTG), SnakeSkin™ dialysis
tubing, 3.5 K MWCO, 22 mm were purchased from Thermo Fisher
Scientific (Waltham, MA, USA). Bioexpress cell growth media (U-15 N,
98%) (10x concentrate) was obtained from Buchem B.V. (Apeldoorn,
the Netherlands), Trypsin Gold, Mass Spectrometry Grade from
Promega (Madison, WI, USA), 4–20 Mini-PROTEAN® TGX™ precast
protein gels from Bio-Rad (Hercules, CA, USA), Sep-Pak C18 6 cc Vac
solid-phase extraction (SPE) cartridges from Waters (Milford, MA,
USA), and 0.2 µm acrodisc syringe filters with supor membrane from
Pall Corporation (Port Washington, NY, USA). Water, acetonitrile
(ACN), and formic acid (FA) were obtained from Biosolve
(Valkenswaard, the Netherlands). Labelled synthetic peptides ADIYT-
EQV[13C5

15N]GR, FFVAPFPEVFGK[13C6
15N2], GGLEPINF[Ring-D5]

QTAADQAR, LSF[Ring-D5]NPTQLEEQCHI, TANELNLLIL[13C6
15N]R

were ordered from Eurogentec (Seraing, Belgium).
Food samples were analyzed by ultra-high performance liquid

chromatography–tandem mass-spectrometry (UHPLC MS/MS) using an
Acquity liquid chromatograph equipped with a C18 Acquity BEH130
column (2.1 × 150 mm; 1.7 µm) and coupled with a Xevo TQ-S micro
triple quadrupole system (Waters, Milford, MA, USA). Characterization
of 15N isotopically labelled concatemer and β-lactoglobulin was per-
formed by ultra-high performance liquid chromatography–high re-
solution mass spectrometry (UHPLC-HRMS) using an Acquity liquid
chromatograph equipped with a C18 Acquity BEH130 column
(2.1 × 150 mm; 1.7 µm) and coupled to a Xevo G2-XS QTof quadrupole
time-of-flight system (Waters, Milford, MA, USA).

2.2. 15N isotopically labelled concatemer production and purification

Design and production of the concatemer were adapted from the
method of Pratt (Pratt et al., 2006). The first step focused on con-
catemer design and the selection of the concatenated peptides. Here, we
considered 19 peptides (Table 1) originating from seven proteins of four
allergenic ingredients (αS1-casein and β-lactoglobulin from cow milk;
ovalbumin, ovotransferrin, and vitellogenin-1 from hen’s egg; Cor a 9
allergen from hazelnut; and Ara h 1 allergen from peanut). These 19
peptides were selected from a set of relevant peptide biomarkers
identified by an empirical approach based on UHPLC-HRMS analysis of
incurred and processed samples. The applied food processing steps,
sample preparation, and selection criteria have already been detailed in
our previous studies (Gavage et al., 2019, 2020; Van Vlierberghe et al.,
2020). The peptides were then in silico concatenated, and the resulting
polypeptide was flanked with an N–terminus initiator sequence in-
cluding a methionine start and a C–terminus hexahistidine purification
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tag (His-tag). Hydrophobicity of each of the 19 peptides was evaluated
based on their grand average of hydropathy (GRAVY) parameter. Hy-
drophobic and hydrophilic peptides were alternated in the concatemer
sequence to avoid the formation of high hydrophobic clusters that can
interfere with solvent accessibility of concatenated peptides and thus
with their subsequent proteolysis during the sample preparation.
Translation-associated aspects such as tRNA-mediated codon usage bias
and mRNA secondary structure, known to impact the translation pro-
cess (Gorochowski, Ignatova, Bovenberg, & Roubos, 2015), were also
considered. Visual Gene Developer (University of California-Davis,
Davis, CA, USA) was used to predict and optimize the mRNA secondary
structure. The in silico designed DNA construct was finally chemically
synthesized and cloned into the pET17b(+) expression vector using
NdeI and XhoI restriction sites to give the pET17b(+)-concat1.

The E. coli BL21(DE3)/pET17b(+)-concat1 strain was inoculated in
a 30 mL starter culture of 15N labelled media (Bioexpress cell growth
media [U-15 N, 98%] with 100 μg/mL ampicillin) and grown overnight
at 37 °C under 300 rpm orbital shaking. Cells were harvested by cen-
trifugation (4000 × g, 5 min) and the pellet was resuspended in 1 mL of
15N labelled media. Next, a volume of 660 µl of this bacterial

suspension was used to inoculate a 1L 15N labelled main culture. This
culture was grown at 37 °C under 300 rpm orbital shaking until the
optical density at 600 nm reached 0.6–0.8. Concatemer expression was
next induced with 1 mM IPTG and cells were cultured overnight at
25 °C under 300 rpm orbital shaking. Cells were harvested by cen-
trifugation (5000 × g, 15 min) and stored at −80 °C until concatemer
purification.

The cell pellet of the 1 L culture was resuspended in 40 mL of lysis
buffer (50 mM Tris − 10 mM imidazole - pH 8) with 1 mM PMSF. Cells
were disrupted using a Vibra-CellTM (Sonics, Newtown, CN, USA) ul-
trasonic probe. The cell lysate was centrifuged twice (40000 × g,
20 min) and filtered through 0.2 µm syringe filters before to be sub-
mitted to metal affinity chromatography purification. The protein so-
lution was loaded on a 8 mL Ni Sepharose 6 Fast Flow column equili-
brated with lysis buffer. An intermediate washing step was performed
in the presence of 20 mM imidazole and the His-tag labelled con-
catemer was finally eluted by using a linear imidazole gradient from
20 mM to 250 mM. The elution fractions were analyzed on SDS-PAGE
(Supplementary data 1). The positive fractions were pooled and dia-
lyzed against the storage buffer (50 mM Tris - pH 8) to eliminate

Table 1
Targeted peptides and associated multiple reaction monitoring (MRM) parameters for the UHPLC-MS/MS analysis. Isotopically labelled peptides from the (U-15N)
concatemer are marked with #, those from (U-15N) β-lactoglobulin with * and the synthetic peptides with o. Product ions selected for internal standard comparison
calculation are highlighted in bold.

Allergen Protein Peptide Precursor (charge state) (m/z) Collision energy (V) Product ions (fragments)

Milk αs1-casein FFVAPFPEVFGK 693.3 (++) 22 992.2 [y9], 921.1 [y8], 676.8 [y6]
(U-15N) FFVAPFPEVFGK # 699.8 (++) 1002.1 [y9], 930.0 [y8], 683.7 [y6]
FFVAPFPEVFGK[13C6

15N2] o 697.3 (++) 1000.1 [y9], 929.0 [y8], 684.7 [y6]
HQGLPQEVLNENLLR 587.7 (+++) 17 872.0 [y7], 790.8 [b7], 758.8 [y6]
(U-15N) HQGLPQEVLNENLLR # 595.6 (+++) 883.9 [y7], 801.8 [b7], 769.8 [y6]
YLGYLEQLLR 634.7 (++) 18 992.2 [y8], 771.9 [y6], 658.8 [y5]
(U-15N) YLGYLEQLLR # 641.7 (++) 1004.1 [y8], 781.9 [y6], 667.7 [y5]

β-lactoglobulin IDALNENK 459 (++) 14 803.8 [y7], 688.8 [y6], 504.5 [y4]
(U-15N) IDALNENK #,* 464.5 (++) 813.8 [y7], 697.7 [y6], 511.5 [y4]
LSFNPTQLEEQC[+57.1]HI 858.0 (++) 26 1255.4 [y10], 929.0 [y7], 628.2 [y10]
(U-15N) LSFNPTQLEEQC[+57.1]HI * 868.4 (++) 1269.3 [y10], 939.0 [y7], 635.1 [y10]
LSF[Ring-D5]NPTQLEEQC[+57.1]HI o 861.5 (++) 1255.4 [y10], 929.0 [y7], 628.2 [y10]
TPEVDDEALEK 623.7 (++) 20 919.0 [y8], 819.8 [y7], 573.1 [y10]
(U-15N) TPEVDDEALEK #,* 629.6 (++) 927.9 [y8], 827.8 [y7], 578.6 [y10]
VYVEELKPTPEGDLEILLQK 772.2 (+++) 22 1026.7 [y18], 977.1 [y17], 628.2 [y11]
(U-15N) VYVEELKPTPEGDLEILLQK #,* 779.8 (+++) 1037.1 [y18], 987.1 [y17], 634.7 [y11]

Egg Ovalbumin GGLEPINFQTAADQAR 844.9 (++) 31 1122.2 [y10], 732.8 [y7], 666.7 [y12]
(U-15N) GGLEPINFQTAADQAR # 855.8 (++) 1138.1 [y10], 743.7 [y7], 675.7 [y12]
GGLEPINF[Ring-D5]QTAADQAR o 847.4 (++) 1127.2 [y10], 732.8 [y7], 669.2 [y12]
HIATNAVLFFGR 673.8 (++) 24 1096.3 [y10], 1025.2 [y9], 924.1 [y8]
(U-15N) HIATNAVLFFGR # 682.7 (++) 1110.2 [y10], 1038.1 [y9], 936.0 [y8]

Ovotransferrin SAGWNIPIGTLIHR 512.6 (+++) 15 907.1 [y8], 696.8 [y6], 538.7 [y4]
(U-15N) SAGWNIPIGTLIHR # 519.6 (+++) 920.0 [y8], 707.8 [y6], 547.6 [y4]
FYTVISSLK 529.6 (++) 17 747.9 [y7], 646.8 [y6], 547.7 [y5]
(U-15N) FYTVISSLK # 534.6 (++) 755.9 [y7], 653.8 [y6], 553.6 [y5]

Vitellogenin-1 NVNFDGEILK 575.1 (++) 17 936.0 [y8], 674.8 [y6], 559.7 [y5]
(U-15N) NVNFDGEILK # 581.6 (++) 946.0 [y8], 681.7 [y6], 565.6 [y5]
TVIVEAPIHGLK 639.3 (++) 20 865.0 [y8], 735.9 [y7], 664.8 [y6]
(U-15N) TVIVEAPIHGLK # 646.7 (++) 875.9 [y8], 745.8 [y7], 673.8 [y6]

Hazelnut Allergen Cor a 9 ADIYTEQVGR 576.6 (++) 17 852.9 [y7], 689.7 [y6], 588.6 [y5]
(U-15N) ADIYTEQVGR # 583.6 (++) 863.8 [y7], 699.7 [y6], 597.6 [y5]
ADIYTEQV[13C5

15N]GR o 579.6 (++) 858.9 [y7], 695.7 [y6], 594.6 [y5]
ALPDDVLANAFQISR 815.9 (++) 24 907.0 [y8], 835.9 [y7], 723.8 [y13]
(U-15N) ALPDDVLANAFQISR # 825.8 (++) 919.9 [y8], 847.9 [y7], 732.7 [y13]
LNALEPTNR 514.6 (++) 15 729.8 [y6], 616.6 [y5], 487.5 [y4]
(U-15N) LNALEPTNR # 521.5 (++) 739.7 [y6], 625.6 [y5], 495.5 [y4]
TNDNAQISPLAGR 679.2 (++) 21 713.8 [y7], 600.7 [y6], 513.6 [y5]
(U-15N) TNDNAQISPLAGR # 688.7 (++) 723.8 [y7], 609.6 [y6], 521.6 [y5]

Peanut Allergen Ara h 1 GSEEEDITNPINLR 794.3 (++) 26 828.0 [y7], 726.8 [y6], 612.7 [y5]
(U-15N) GSEEEDITNPINLR # 803.8 (++) 839.9 [y7], 737.8 [y6], 621.7 [y5]
GSEEEGDITNPINLR 822.9 (++) 26 828.0 [y7], 726.8 [y6], 612.7 [y5]
(U-15N) GSEEEGDITNPINLR # 832.8 (++) 839.9 [y7], 737.8 [y6], 621.7 [y5]
GTGNLELVAVR 565.2 (++) 18 800.0 [y7], 686.8 [y6], 557.7 [y5]
(U-15N) GTGNLELVAVR # 572.6 (++) 809.9 [y7], 695.8 [y6], 565.7 [y5]

Allergen Ara h 3 TANELNLLILR 635.8 (++) 21 984.2 [y8], 855.1 [y7], 741.9 [y6]
TANELNLLIL[13C6

15N]R o 639.2 (++) 991.2 [y8], 862.1 [y7], 748.9 [y6]
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imidazole.
Total protein concentration was measured by absorbance at 280 nm.

A SDS-PAGE/densitometry method based on ImageJ software was used
to estimate concatemer purity. A total of 84.5 mg of 15N isotopically
labelled concatemer were produced and purified with an estimated
purity higher than 90%. Protein sequences, concentration calculations,
and purity estimation are detailed in Supplementary data 3.

2.3. 15N isotopically labelled β-lactoglobulin production and purification

The production of β-lactoglobulin, a cow milk protein, was adapted
from the work of Loch and collaborators (Loch et al., 2016) who im-
plemented a method leading to the cytoplasmic accumulation of cor-
rectly folded disulfide bond-dependent proteins. Briefly, two mutations
(L2A/I3S) were introduced in the β-lactoglobulin to facilitate in vivo
cleavage of the N-terminal methionine allowing for correct protein
folding.) Further, the E. coli Origami B (DE3) pLysS strain, a glutathione
reductase (gor) and thioredoxin reductase (trxB) mutated strain, was
used for conducting the cytoplasmic co-expression of the protein of
interest with DsbC, an E. coli cytoplasmic disulfide bond isomerase. The
co-expression was achieved with the same expression vector (pET17b
(+)-DsbC-BLg) in which the two genes were transcribed from in-
dividual T7 IPTG-inducible promoters.

To achieve the production of 15N labelled β-lactoglobulin, expres-
sion (starter culture, main culture, and IPTG induction) conditions were
similar as used for concatemer production. The antibiotics that were
used were tailored to 200 µg/mL ampicillin, 34 µg/mL chlor-
amphenicol, 15 µg/mL kanamycin, and 12.5 µg/mL tetracycline, and
the IPTG concentration was 0.5 mM. Harvested cells were resuspended
in 50 mM phosphate buffer, pH 6.5, with 1 mM PMSF and prepared for
protein purification using the same procedure as for the concatemer.
The purification of 15 N labelled β-lactoglobulin was performed ac-
cording to the procedure described by Loch and collaborator (Loch
et al., 2016). Briefly, this protocol combines anion-exchange chroma-
tography (Q Sepharose® Fast Flow) with a NaCl linear elution gradient
(up to 2 M) followed by size-exclusion chromatography (HiLoad® 26/
600 Superdex® 200 pg) in initial conditions (50 mM phosphate buffer,
pH 6.5). Eluates of these two purification steps were collected in 1 mL
fractions and analyzed on SDS-PAGE (Supplementary data 2).

Total protein concentration was measured by absorbance at 280 nm.
A SDS-PAGE/densitometry method based on ImageJ software was used
to estimate protein purity. Using this approach, a total of 2.4 mg of 15N
isotopically labelled β–lactoglobulin were produced and purified with
an estimated purity higher than 70%. Protein sequences, concentration
calculations, and purity estimation are detailed in Supplementary
data 3.

2.4. Characterization of produced 15N isotopically labelled proteins

Protein 15N stable isotope enrichment was evaluated by UHPLC-
HRMS analysis of its constitutive tryptic peptides. In separated con-
tainers, concatemer and β-lactoglobulin were diluted to 0.1 mg/mL
with 50 mM TEAB, pH 9.2, to a final volume of 20 µl. Disulfide bridges
of β-lactoglobulin were successively reduced and alkylated with DTT
(10 mM final concentration, 45 min incubation at 37 °C under 300 rpm
orbital agitation) and IAA (40 mM final concentration, 45 min in-
cubation in the dark at 37 °C under 300 rpm orbital agitation).
Concatemer and β-lactoglobulin were then proteolytically digested by
adding 0.1 µg of trypsin gold (protein:trypsin ratio of 1:20). Digestion
was conducted for 1 h at 37 °C under 300 rpm orbital agitation and
stopped by the addition of 1% (final concentration) of FA followed by
centrifugation (20000 × g, 5 min). Samples were ten–fold diluted with
5% ACN before UHPLC-HRMS analysis. Peptides (5 µl of sample was
injected) were first separated by reverse-phase liquid chromatography
using a 20 min water/ACN + 0.1% FA linear gradient from 5% to 40%
of ACN. Data was acquired in MSE mode with 0.3 s scan time within the

50 to 2000 m/z mass range. The data were processed using UNIFI
software (Waters, Milford, MA, USA) and peptide mapping analysis
type with traditional tryptic cleavage rules and setting cysteine carba-
midomethylation and 15N isotope labelling as a fixed modifications.

For each identified tryptic peptide, the most intense charge state
was considered to define the 15N stable isotopic enrichment. The iso-
topic enrichment or isotope incorporation rate was evaluated for each
peptide by comparing the intensity (in counts) of the peak corre-
sponding to the fully 15N labelled (U–15N) peptide with other peaks
corresponding to partially 15N labelled peptides. For practicality, we
considered a 13C natural abundance of 1.1% and neglected hydrogen
and oxygen isotopic distributions in our calculations. Furthermore, only
peaks corresponding to peptide with 1 14N isotope were considered in
our calculation. The proportion of U-15N peptide was then obtained
after comparing the intensity of the peak corresponding to the (U-15N &
U–12C) peptide with the peak corresponding to the [(U-1)-15N & U-12C]
peptide. Protein isotopic enrichment was evaluated with the ex-
ponential trend given by the proportion of the U-15N version of each
peptide considering its nitrogen content.

2.5. Food matrices preparation

Three blank food matrices – thus, not contaminated with the con-
sidered allergenic ingredients – were prepared to assess the variability
due to the food sample used in our study. These blank matrices were
baked cookies, chocolate, and freeze-dried cookie dough.

Cookie dough was produced in batches of 3 kg by mixing (Kenwood
Major Titanium, Stainless Steel Dough Hook, 15 min, max speed) the
following ingredients purchased from a local supermarket in the re-
spective weight proportions as follows: wheat flour (Carrefour type
55)/water (Milli-Q)/olive oil (Bertoli Classico)/salt (sodium chloride
ACS, ≥ 99%, Thermo Scientific™)/baking powder (Dr. Oetker Baking)/
Sugar (Grand Pont Crystal Sugar): 57%/18%/10%/0.2%/0.8%/14%.
The dough was subsequently rolled out to a thickness of 0.5 mm, and
cookies with a diameter of 8 cm were pressed out of the dough
(weight = 25 ± 2 g). Cookies were baked for 25 min with the fol-
lowing program: 1–10 min: 180 °C heat from above and 180 °C heat
from below; 11–25 min: 180 °C heat from above and 160 °C heat from
below. This was done to ensure that the warming of the baking plate
would not result in uneven cookie baking. Cookies were left at ambient
temperatures to cool down, and subsequently milled and sieved
(Retsch® ZM 200 ultra-centrifugal mill [Retsch GmbH, Haan, Germany]
with a 0.75 mm pore size sieve, 14000 rpm). Cookie powder was stored
at 4 °C in the dark until further use.

Cookie dough was produced as described above, rolled out to a
thickness of 1 cm, stored at –20 °C, and subsequently freeze-dried.
Freeze-dried cookie dough was then milled and sieved (Retch® ZM 200
ultra-centrifugal mill with a 0.75 mm pore size sieve, 14000 rpm). The
freeze-dried cookie dough powder was stored at 4 °C in the dark until
further use.

Chocolate was made by warming chocolate walsenpowder (90%;
Callebaut, Belgium) and cacao butter (10%, Callebaut, Belgium) in a
water bath at 40 °C (maximum temperature). The mixture was stirred
for 15 min, after which 2% ammonium phosphatide (kindly provided
by Palsgaard, Julesminde, Denmark) was added. This mixture was
again stirred for 15 min and subsequently poured into chocolate molds,
resulting in chocolate chips of around 5 g each. The chocolate was left
to cool down and solidify at 4 °C for 2 h, and the chocolate chips were
packed under vacuum and stored at 4 °C in the dark until further use.

2.6. Sample preparation for UHPLC-MS/MS analysis

Two series of samples were prepared and analyzed to be able to
cover the three internal standards. Concatemer and β-lactoglobulin
were isotopically labelled with the same strategy (15N uniform label-
ling) and share common tryptic peptides, which cannot be
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distinguished after enzymatic digestion. Two series of samples were
prepared. Labelled peptides and β-lactoglobulin were spiked in the first
series (only one shared peptide LSFNPTQLEEQCHI) and labelled con-
catemer in the second one. For each series, the three blank matrices
(baked cookie, chocolate, and lyophilized unbaked cookie dough) were
spiked, before extraction, with the appropriate internal standard and
with increasing amounts of a standard extract of the four allergens
(milk, egg, peanut, and hazelnut). These allergen amounts corre-
sponded to 0, 2.5, 5, 10, 25 and 50 ppm level points expressed in total
allergen protein per matrix kg. For each series, each blank matrix and
each point of the allergen curve, three biological sample replicates were
prepared and analyzed. Stock solutions containing the four allergen
standards at 20 mg/mL were prepared using a similar extraction pro-
tocol as that used for the samples (extraction, sonication, and cen-
trifugation; see below). These stock solutions were then combined and
diluted in appropriate ratios to spike samples at different contamination
levels with a 100 µl volume. Combination and dilution were calculated
based on theoretical protein content of standards assuming 100% ex-
traction yield. Each internal standard was spiked at the similar molar
level (0.25 nmol) with a 100 µl volume. Then,1 mg/mL stock solutions
of the five considered labelled peptides (ADIYTEQV[13C5

15N]GR,
FFVAPFPEVFGK[13C6

15N2], GGLEPINF[Ring-D5]QTAADQAR, LSF
[Ring-D5]NPTQLEEQCHI, and TANELNLLIL[13C6

15N]R) were combined
and diluted at the appropriate concentration with 0.1% FA. Concatemer
and β-lactoglobulin solutions were also diluted to be spiked at
0.25 nmol level with a 100 µl volume. This level, converted in
equivalent allergen ppm, ranged from 10 ppm for abundant proteins,
such as αS1-casein, to more than 300 ppm for less abundant proteins,
such as vitellogenin-1. This estimate was based on the natural abun-
dance of each considered protein in the corresponding allergenic in-
gredient. Allergen standards and internal standard were added to blank
matrices before extraction.

Samples were prepared as previously described (Planque et al.,
2016). Briefly, protein from 2 g samples was extracted in 50 mL conical
tubes with 20 mL of 200 mM Tris, pH 9.2, 2 M urea by shaking at 20 °C
for 30 min (Agitelec, J. Toulemonde, Paris, France) prior to ultrasonic
treatment at 4 °C for 15 min. After centrifugation (4660 × g, 10 min),
10 mL of supernatant were diluted in digestion buffer (200 mM am-
monium bicarbonate, pH 8.2). Protein disulfide bridges were succes-
sively reduced and alkylated with 45 min incubation steps at room
temperature with the addition of 1 mL of 200 mM DTT and 1 mL of
400 mM IAA (in the dark). Protein was then enzymatically digested
with the addition of 1 mL of trypsin solution (trypsin from bovine
pancreas, 1 mg/mL in 50 mM acetic acid, pH 2.8) and incubation for
1 h at 37 °C. The digestion reaction was stopped by adding 300 µl of
20% FA to the samples, which were then centrifuged (4660 × g,
5 min). Obtained peptides were then purified and concentrated using
C18 SPE cartridges, which were first conditioned with 18 mL of ACN
followed by 18 mL of 0.1% FA before loading of 20 mL of the cen-
trifuged sample. The cartridges were washed with 18 mL of 0.1% FA
and eluted in 15 mL conical tubes with 6 mL of 80% ACN and 0.1% FA.
A volume of 30 µl of DMSO was added to the sample before evaporation
(40 °C under nitrogen flow) to avoid dryness. The pellet was finally
dissolved in 600 µl of 5% ACN with 0.1% FA and centrifuged twice
(4660 × g, 5 min in conical tube and 20 000 × g, 5 min in 1.5 mL
microtube, keeping the supernatant) before UHPLC-MS/MS analysis.

2.7. UHPLC-MS/MS analysis and data analysis

The peptides were separated by reverse-phase chromatography on-
line connected to a triple quadrupole mass spectrometer. The following
26 min solvent gradient (solvent A, 0.1% FA and solvent B, ACN and
0.1% FA) was applied to the 20 µl injected sample volume: 0–3 min:
92% solvent A; 3–18 min: linear gradient from 92% to 58% solvent A;
18–22.5 min: 15% solvent A; and 22.5–26 min: 92% solvent A, always
at constant 0.2 mL/min flow rate. Eluted peptides were ionized using

the positive electrospray source and analyzed in MRM mode. The
source gas flow was set at 50 L/h and the source voltage at 2.5 kV for
the capillary and 30 V for the cone. The source temperature was set at
150 °C and the desolvation temperature at 400 °C with a gas flow at
1200 L/h. Targeted transitions are summarized in Table 1. For each
peptide, three transitions were analyzed, as well as the corresponding
transitions for the related isotopically labelled internal standard(s)
(peptides, concatemer, and β-lactoglobulin). The transitions were se-
lected beforehand using criteria that included the MS signal intensity
and the absence of interference for the three considered matrices. The
MS/MS acquisition method was generated using the open source Sky-
line software (MacLean et al., 2010). The most intense transition was
used for internal standard comparison calculation and the two others as
confirmatory transitions. Internal standards were compared using the
peak area ratio (for the most intense transition) between the peptide
from the allergenic ingredient and its corresponding isotopically la-
belled version from the internal standard.

3. Results and discussion

3.1. Choice of the isotope labelling strategy

Stable isotope internal standard labelling and associated isotopic
enrichment are key elements in the design of quantitative mass spec-
trometry-based methods. The isotopic enrichment and mass shift com-
bination has to be sufficient to avoid any potential risk of false positive
introduction. The resolution of quadrupole analyzers is typically around
1 atomic mass unit (Georgiou & Danezis, 2015). Taking into account
that most of the peptide ion precursors carry multiple charges and that
peptides contain tens of carbons, which lead to widespread isotopic
distribution (see Fig. 1), the mass shift introduced by the stable isotopes
has to be sufficient to be able to totally distinguish the natural analyte
from its internal standard. Considering these aspects, a mass shift of m/
z ≥ 3 is necessary. Furthermore, attention has to be paid to the actual
isotope enrichment. Depending on the labelling strategy, an insufficient
isotope enrichment may lead to the introduction of the unlabeled form
of the internal standard, thus corresponding to the natural analyte itself
and contaminating the quantitative analysis.

Several strategies have been developed to produce isotopically la-
belled proteins, including selective labelling using auxotrophic E. coli
strains and growth medium supplemented with isotopically labelled
amino acids (Mondal, Shet, Prasanna, & Atreya, 2013) or post-trans-
lational protein deuteration (Galan et al., 2018). In this study, we
decided to use a rich bacterial cell growth medium specifically designed
for 15N labeling protein using E. coli as a host cell for recombinant
protein expression. This original medium is an algal hydrolysate that
contains the same level of amino acids as LB medium. This strategy
allowed for stable and protein sequence independent labelling (as each
amino acid contains at least one nitrogen) with a high isotopic en-
richment. As one of the peptide biomarkers selection criteria concerned
the actual peptide length (peptides should have at least 8 amino acids),
m/z ≥ 3 mass shift precaution is respected for triply charged precursor.
Indeed, selected peptide biomarkers are tryptic peptides, with a lysine
or an arginine in C-terminal position, holding two and four nitrogen
atoms, respectively.

3.2. Characterization of 15N isotopically labelled proteins

The isotopic enrichment in the concatemer and β-lactoglobulin was
evaluated following analysis of their constitutive tryptic peptides by
UHPLC-HRMS. The proportion of the fully 15N labelled version of each
tryptic peptide was estimated by comparing the intensities of the
monoisotopic peak (U-15N & U-12C) and those of its isotope containing
one 14N isotope ([U-1]-15N & U-12C). As shown in Fig. 1, the intensities
of the peaks from peptides with more than one 14N isotope were found
to be negligible (relative peak intensity < 1% compared to the [U-15N
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& U-12C] peak). Given the resolution of the MS system (40000), carbon
and nitrogen isotopes could not be distinguished. As a result, the
monoisotopic peak (U-15N & U-12C) was combined with the peak cor-
responding to the peptide with one 14N and one 13C isotope ([U-1]-15N
& 13C1). The proportion of fully 15N labelled peptide was evaluated by
comparing (U-15N & U-12C) and ([U-1]-15N & U-12C) peak intensities.
The part of the peak intensity corresponding to the (U-15N & U-12C)
isotope therefore had to first be discriminated from the combined
(U-15N & U-12C) and ([U-1]-15N & 13C1) isotopes’ peak intensity. Since
isotopes with more than one 14N were found to be negligible, we as-
sumed that the ([U-1]-15N & U-12C) isotope peak would only corre-
spond to this combination of isotopes. The peak intensity of the ([U-
1]-15N & 13C1 isotope could therefore be predicted from the ([U-1]-15N
& U-12C) isotope peak intensity assuming a 1.1% natural abundance of
13C isotopes and knowing the number of carbon atoms in the peptide.
With this prediction, the (U-15N & U-12C) isotope peak intensity could
be deduced from the combined isotopes’ peak intensity.

The proportion of fully 15N labelled peptide was evaluated for all
the 19 concatenated tryptic peptides of the concatemer and for all
identified tryptic peptides from β-lactoglobulin. As shown in Fig. 2, the
relation between the labelling proportion and the number of nitrogen
atoms in the peptides follows an exponential decay. The associated
exponential decay constant corresponds to the natural logarithm of the
isotopic enrichment. Indeed, for a given isotopic enrichment φ( ), the
proportion of fully 15N labelled peptide with n nitrogens is given by φn,
which can be transformed into ∗e φ nln( ) . Isotopic enrichment is deduced
from this mathematical transformation by equating φln( ) to experi-
mentally obtained exponential arguments (−0.00446 for the con-
catemer and –0.00411 for β-lactoglobulin). These results give an iso-
topic enrichment of 99.5% for the concatemer and 99.6% for β-
lactoglobulin, and are in agreement with the greater than 98% isotopic
enrichment of the growth medium.

By using a method for efficient isotopic labelling of recombinant
protein, we demonstrated that the purified 15N isotopically labelled
concatemer and β-lactoglobulin internal standards fulfilled the required
criteria regarding isotopic enrichment and the introduced mass shift.
With this 15N uniform labelling strategy, the introduced mass shift was

sufficient to distinguish the internal standard from the natural analyte
using the quadrupole analyzer. The lowest mass shift corresponded to
the double charged FYTVISSLK peptide (from egg white ovo-
transferrin), one of the 19 concatenated peptides, which contained 10
nitrogen atoms and an associated mass shift of a m/z of 5. Such a mass
shift and obtained isotopic enrichment combination prevented the risk
of false positive introduction.

3.3. Comparison of isotopically labelled internal standards

Performance of the three types of isotopically labelled internal
standards (peptides, concatemer, and protein) were evaluated following
analysis of three food matrices (baked cookie [cookie], chocolate, and
lyophilized unbaked cookie dough [dough]). In theory, a perfect in-
ternal standard would have the same exact behavior as its corre-
sponding analyte during sample preparation and analysis. Hence, any
analyte loss or matrix effect (during sample preparation or UHPLC-MS/
MS analysis) which affects the analyte should equally affect the internal
standard. Consequently, for a given natural analyte concentration and
internal standard spike level, the signal ratio between a natural analyte
and the internal standard would remain constant, independent of
analyte losses and matrix effects. The three internal standards con-
sidered in this study were compared based on this correlation.

Similar matrix-matched calibration curves were prepared for the
three matrices. These curves included a blank and five allergen con-
centrations ranging from 2.5 to 50 ppm (expressed in mg total allergen
protein per kg of matrix), with each sample prepared in triplicate. For
each combination of matrix and allergen contamination level, the ap-
propriate internal standard(s) (isotopically labelled peptides and U-15N
β-lactoglobulin for the first sample series, and U-15N concatemer for the
second one) was spiked at the same concentration. Results are pre-
sented separately for each targeted peptide and its corresponding in-
ternal standard (five synthetic peptides, 19 allergenic tryptic peptides
from U-15N concatemer digestion, and four tryptic peptides from U-15N
β-lactoglobulin digestion). Representative peptides of each internal
standard are shown in Fig. 3, and complete results are shown in
Supplementary data 4. Performance of the different internal standards

Fig. 1. Isotope distribution of the doubly charged ion of the peptide GGLEPINFQTAADQAR (from egg white ovalbumin), one of the 19 peptides of the 15N isotopically
labelled concatemer. Ignoring oxygen and hydrogen isotopes and peptides with more than two 14N isotopes, peaks are annotated with their corresponding peptide
formulas.
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were evaluated by comparing the peak area ratio for the most intense
transition (highlighted in Table 1) between the analyte and its corre-
sponding internal standard for the three considered matrices. As shown,
for a given analyte and internal standard concentration, the signal ratio
remained constant when the internal standard was effective. The
overlay of the generated linear regression lines was therefore used to
evaluate internal standards performance. Overlapping regression lines
indicated, for each allergen contamination level, a constant peak area
ratio among matrices and thus, an effective internal standard, com-
pensating for matrix effects. In addition to visual evaluation, over-
lapping regression lines were evaluated using the coefficient of varia-
tion (CV) between the slopes of the linear regression lines.

Overall, the best results were obtained for the isotopically labelled
protein, U-15N β–lactoglobulin. Assuming that recombinant protein
folding was similar to the native protein and that the introduced N-
terminal mutations had no significant impact, as previously demon-
strated (Loch et al., 2016), this approach seemed to be the one best
suited one for quantifying allergen proteins. Aside from their mass
(given the mass shift introduced by isotope labelling), both the analyte
protein and the internal standard protein must have had the same
properties. This was confirmed by the analysis of four constitutive
tryptic peptides from β–lactoglobulin. Regression lines overlapped with
all CV values below 15%. This confirmed that the internal standard had

efficiently balanced matrix effects during sample preparation and
UHPLC-MS/MS analysis, further supported by the fact that the analyte
absolute peak area varied by a factor of up to 10 among the three
considered matrices, depending on the peptide (data not shown) while
the analyte/internal standard peak area ratio remained constant.
However, the labelled protein was spiked into the different samples
after food processing, which is known to impact peptide detectability
and quantification (Korte et al., 2019; Parker et al., 2015). Peptide
biomarker selection is therefore a crucial preliminary step in the de-
velopment of a quantitative method, and selected peptides have to be
robust to the food process.

The results obtained with isotopically labelled peptides and the
concatemer were less straightforward to interpret. For some targeted
peptides, such as LSFNPTQLEEQCHI with labelled peptides, or TNDN-
AQISPLAGR with the U–15N concatemer, the internal standard effi-
ciently compensated for matrix effects with observed CV values below
15%. However, for some other targeted peptides, such as GGLEPINF-
QTAADQAR with both U–15N concatemer and labelled peptides, the
analyte and internal standard signal ratio was highly matrix-dependent.
In these cases, internal standards did not correctly balance matrix ef-
fects, potentially leading to biased allergen quantification. These results
are consistent with those reported by Planque and co-workers (Planque
et al., 2019). No significant difference was observed for the three

Fig. 2. Evaluation of the isotopic enrichment for the purified 15N isotopically labelled concatemer and β-lactoglobulin. The proportion of fully 15N labelled peptide
was evaluated for each identified tryptic peptide. The relation between the labelling proportion and the number of nitrogen atoms in the peptide follows an
exponential decay of which the exponential decay constant corresponds to the natural logarithm of the isotopic enrichment.
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peptides which were common to synthetic peptides and concatemer
used as internal standards.

Isotopically labelled peptides are not subject to one of the crucial
steps during sample preparation, this being the proteolytic digestion
with trypsin. The composition of the food matrix directly impairs the
efficiency of enzymatic digestion at least in two different ways. First,
different matrices have different protein concentrations, directly af-
fecting the protein/enzyme ratio. Labelled peptides do not balance for
this aspect. Second, some other sample components, such as poly-
phenols and tannins, may also affect the efficiency of trypsin digestion
(Gonçalves, Mateus, Pianet, Laguerre, & De Freitas, 2011), which might
help to explain why the chocolate matrix gave lower signals for most of
targeted peptides. Contrary to the labelled peptides, the U-15N con-
catemer needed to be digested by trypsin to yield peptides that could be
detected upon UHPLC-MS/MS analysis. Therefore, factors such as the
sample protein content or the presence of tannins should be balanced
when using such an internal standard. However, our results indicated
that the performance of the concatemer was peptide-dependent. For
some peptides, such as TNDNAQISPLAGR from hazelnut Cor a 9 al-
lergen and FFVAPFPEVFGK from milk αS1-casein, matrix effects were
efficiently balanced with linear regression lines CV below 15% between
the matrices. However, for other peptides, such as NVNFDGEILK from
egg vitellogenin-1 and TPEVDDEALEK from milk β–lactoglobulin, the
associated CVs were much higher (greater than30%).

Matrix effects can also affect analytes by other means. Robustness to
food processing was one of the criteria for peptide biomarkers selection
(Gavage et al., 2019, 2020; Van Vlierberghe et al., 2020) and can
therefore be excluded. Variation in protein extraction can also be ex-
cluded as, for all selected proteins, multiple peptides were included in
the U–15N concatemer, and no general trend of the matrix effect was

observed for all the peptides of a given protein. Indeed, if protein ex-
traction of the analyte and/or the internal standard was affected by the
matrix, all peptides from a given protein should be equally impacted,
which was not observed.

Proteolytic digestion of extracted proteins is a key step in sample
preparation and could be a source of the observed variability. Even if
the concatemer internal standard needs to be digested to release its
constitutive peptides, multiple factors could influence the digestion
kinetics. For instance, amino acids surrounding trypsin recognition sites
are known to influence the efficiency of peptide bond hydrolysis
(Siepen, Keevil, Knight, & Hubbard, 2007). Cleavage sites are described
using the nomenclature formulated by Schechter and Berger (Schechter
& Berger, 1967), as P4-P3-P2-P1-P1′-P2′-P3′, in which cleavage of the
peptide bond occurs between P1 and P1′. Arginine, lysine, and proline
in position P1′ have, for instance, a negative effect on the digestion
efficiency. The acidic amino acids aspartate and glutamate also nega-
tively influence digestion when they are present near the cleavage site.
These aspects were taken into account during peptide biomarkers se-
lection, and sequences known to negatively affect trypsin digestion
were rejected. However, peptide biomarkers were synthetically stitched
together in the concatemer. Considering a given peptide in the con-
catemer, its cleavage site is surrounded at the N-terminal side (P4 to P1)
by amino acids from this peptide but also by amino acids from its
neighboring peptide at the C-terminal side (P1′ to P3′). Consequently, at
a local scale, enzymatic digestion of the concatemer only partially re-
flects digestion of the natural proteins. This difference between natural
analytes and concatemers might lead to differences in enzymatic di-
gestion kinetics and could have been a source of the observed varia-
tions. A relatively simple solution to overcome this would be the in-
troduction of amino acids between each targeted peptide of the

Fig. 3. Comparison of three different types of isotopically labelled internal standards for allergen quantification [synthetic peptides, U-15N concatemer and U-15N
protein (β-lactoglobulin)]. For each combination of matrix and allergen contamination level, samples were prepared and analysed in three independent replicates.
Results are exposed as the means ± 1 SD of the peak area ratio of the most intense transition (highlighted in Table 1) between the analyte (the allergenic peptide)
and the corresponding internal standard. A linear regression line is added for each matrix and the associated coefficient of variation (CV) between the linear
regression line slopes is evaluated. For each internal standard, representative peptides are exposed. Full results can be found in Supplementary data 4.
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concatemer. Such introduced amino acids could be the flanking amino
acids in the corresponding natural protein sequence, a solution known
as a peptide-concatenated standard (PCS) (Kito, Ota, Fujita, & Ito,
2007). However, amino acids surrounding the cleavage site in the
three-dimensional structure of the protein might also affect trypsin di-
gestion. Hence, cleavage sites surrounded by acidic amino acids,
characterized by a greater average exposed area, are more subject to
missed-cleavages.

Besides flanking amino acids, structural parameters also interfere
with enzymatic digestion of a protein. According to the work of
Hamady and co-workers (Hamady, Cheung, Tufo, & Knight, 2005),
secondary protein structures affect trypsin digestion efficiency. Clea-
vage sites within unstructured domains are more prone to be cleaved
incorrectly, whereas cleavage sites in alpha-helices are more favorable.
The structures of proteins targeted by the UHPLC-MS/MS method,
when available, were analyzed to define whether observed variability
among peptides could be linked to findings of Hamady and co-workers
or not (Hamady et al., 2005). No general trend emerged from our data,
limited to the 19 concatenated peptides. However, three-dimensional
and structural aspects could be included in a future peptide biomarker
selection, in addition to all other criteria already considered in this
study.

4. Conclusions

Mass spectrometry-based detection and quantification of food al-
lergens in processed food products remains challenging. Currently, no
threshold values for allergen trace-level contamination have been es-
tablished in European legislation, but these are highly expected by all
stakeholders involved in the food chain, from producers to control la-
boratories, and will require quantitative analysis methods. Quantitative
methods based on stable dilution techniques need isotopically labelled
internal standards.

Here, we presented and compared the performances of three dif-
ferent types of isotopically labelled internal standards for allergen
analysis in processed food products: synthetic peptides, concatemer,
and protein. These internal standards were compared through the
analysis of three matrix-matched calibration curves (cookie, chocolate,
and unbaked lyophilized cookie dough) for four targeted allergens (egg,
milk, peanut, and hazelnut). An effective internal standard needs to
behave similar to the natural analyte and is therefore identically im-
pacted by matrix effects during sample preparation and UHPLC-MS/MS
analysis. As expected from a theoretical point of view, the isotopically
labelled protein that was used as an internal standard gave the best
results. A constant signal ratio between the analyte and the internal
standard peak areas was observed in all matrices tested for the four
tryptic peptides generated from the studied protein. However, we need
to emphasize that these results only come from one investigated pro-
tein, β-lactoglobulin from milk.

Results from our studies using peptides and the concatemer were
more equivocal and seemed to be peptide-dependent. For some syn-
thetic peptides or some tryptic peptides from the concatemer, matrix
effects during sample preparation and UHPLC-MS/MS analysis could be
efficiently countered by the applied internal standards, whereas for
other peptides, significant matrix effects were observed. However, the
non-inferiority of the results obtained for the tryptic peptides from the
concatemer was established, when compared to synthetic peptides.
Moreover, the addition of any synthetic peptide in a method represent
an additional cost, limiting therefore the number of targeted peptides
for routine laboratories. The concatemer production costs are relatively
independent of the number of concatenated tryptic peptides. From a
rough estimate of ten peptides, the use of a concatemer as internal
standard is financially advantageous and supersedes synthetic peptides.

Even though isotopically labelled synthetic peptides are currently
the most commonly used internal standard for allergen analysis, they
do not exactly reflect the natural situation as they do not need to be

subjected to proteolytic digestion, while part of the variability observed
in our study could have come from proteolytic digestion. Concatemers
clearly need to be digested to release their constituting peptides.
However, our data seem to indicate that the digestion of the concatemer
could be improved to more efficiently represent analyte protein diges-
tion. In this respect, introducing flanking amino acids between each
individual peptide (i.e. the PCS strategy) could be a future asset.
Moreover, for our concatemer construct, peptide biomarker selection
was mainly focused on robustness to food processing and local se-
quences, but additional criteria, such as protein structure and the local
digestion site environment, could be included in the peptide selection
process. Such possible future improvements strongly suggest that iso-
topically labelled concatemers could represent relevant internal stan-
dards, as they overcome limitations of the use of synthetic peptides,
while combining advantages of the use of labelled proteins and, further,
allowing for multiple allergen quantification by mass spectrometry.
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5. Conclusion 

The combination of targeted proteomics and isotope dilution are widely described for protein 

quantification (Villanueva et al, 2014). However, the choice of the internal standard is crucial to ensure 

method performance. For food allergen analysis, isotope-labelled protein is the ideal internal standard 

counterbalancing the analyte loss and matrix effects at all the steps of the sample preparation and 

during the analysis method. Neglecting technical issues, this approach is currently unaffordable in 

routine analysis. Therefore, most laboratories rely on isotope-labelled synthetic peptides. However, 

peptides do not undergo the enzymatic digestion, a step which is known to be affected by the food 

matrix. 

Here, an alternative method was developed, based on the use of an isotope-labelled concatemer as 

internal standard for allergen quantification. This technique is known for more than a decade in the 

proteomic area but was never applied to food allergen quantification nor even in food analysis. 

Concatemers need to be proteolytically digested and are also affected by the interference caused by 

the matrix. This approach has also the advantage of allowing multiplex analysis. 

Several constructs were developed to identify critical design criteria and production parameters. A 
15N isotope-labelled concatemer composed of 19 peptide biomarkers from four allergenic ingredients 

was finally synthetized. In addition, the production yield of the concatemers obtained by this approach 

is cost-effective when compared to the use of synthetic peptides as internal standards. Isotope 

labelling strategy and obtained isotopic enrichment were adequate to avoid the introduction of any 

risk for false positive identification. 

The performance of the synthetized concatemer in the quantitative analysis was finally compared to 

the one of a labelled protein and synthetic peptides in the analysis of food matrices spiked with food 

allergen extracts. As expected from a theoretical point of view, the isotopically labelled protein that 

was used as an internal standard gave the best results. Synthetic peptides and the concatemer were 

more equivocal and seemed to be peptide-dependent. Several possibilities of improvement were 

proposed, such as the addition of flanking sequences between each peptide biomarker to more 

efficiently represent analyte protein digestion. Such possibilities strongly suggest that isotopically 

labelled concatemers could represent relevant internal standards, as they overcome limitations of the 

use of synthetic peptides, while combining advantages of the use of labelled proteins and, further, 

allowing for multiple allergen quantification by mass spectrometry. 
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PART III 

Development and validation of the UHPLC-MS/MS Method for the detection and quantification of 4 

allergenic ingredients (egg, milk, peanut and hazelnut) in processed food products 

1. Introduction 

The last step in the development of a routine analysis method for the detection and quantification of 

food allergens in processed food matrices was the development and validation of the UHPLC-MS/MS 

method. A series of potential peptide biomarkers were previously identified through HRMS analysis of 

various processed test matrices separately containing egg, milk, peanut and hazelnut. These potential 

peptide biomarkers were used to develop the UHPLC-MS/MS method. The number of peptide 

biomarkers was reduced to only keep the best performers in terms of detection sensitivity and 

selectivity. This task was entirely realized by Kaatje Van Vlierberghe at ILVO. 

To develop and validate the UHPLC-MS/MS method a second type of test material was produced. 

These food matrices were incurred with trace levels (0.5 ppm to 25 ppm) of the four allergenic 

ingredients. The term incurred means that the allergenic ingredients were mixed with the other 

ingredients of the matrix before their processing (such as cooking). The homogeneous distribution of 

the allergenic ingredients in the incurred matrices was a critical aspect for the method validation. This 

matrix homogeneity was evaluated with ELISA analysis. 

As we have seen, a 15N stable isotope-labelled concatemer was developed to be used as an internal 

standard in the developed UHPLC-MS/MS method. This concatemer was composed of the final 

19 peptide biomarkers selected during the UHPLC-MS/MS method development.  

The developed UHPLC-MS/MS method was finally validated combining the use of the 15N stable 

isotope-labelled concatemer as internal standard and standard addition method for quantification. 

Performance parameters including selectivity, LOD, LOQ, linearity, trueness and precision were 

evaluated. These results were compared to standard method performance required by the AOAC for 

the detection and quantification of food allergens. These requirements were already addressed and 

presented in Table 3 of the introduction chapter. 

 

2. Test material production (done entirely by Kaatje Van Vlierberghe at ILVO) 

The second type of test material contained all four allergenic ingredients together.  The food matrices 
and processing conditions were selected as a function of representativeness for real food products and 
of processing conditions that are applied nowadays in the food industry. Food matrices and processing 
conditions were also selected according to their well-known effect on allergen detectability, such as 
heat effect or the presence of tannins. Test material were prepared by Kaatje Van Vlierberghe in the 
Food Pilot unit of ILVO. 

These allergen incurred food matrices were used to develop and validate the UHPLC-MS/MS method 
and will also be used by Kaatje Van Vlierberghe to compare the developed method with other existing 
allergen analysis methods (WP5 of the “Allersens” project). 
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Initially, three food matrices were selected and produced with allergenic ingredients (egg, milk, peanut 
and hazelnut) incurred at different levels (0, 0.5, 1, 2.5, 5, 10, 25 ppm expressed in mg total allergen 
protein per kg of matrix). These three matrices were: 

- Rice powder as a neutral background matrix 
- Cookie to include heat-process impact (25 min at 180 °C) 
- Chocolate dessert as fat and complex matrix containing tannin. This matrix was prepared in a 

powder form and had to be mixed with water to obtain the true chocolate dessert matrix. 

However, homogeneity testing (extensively detailed in the next section) of these three first matrices 
indicated that allergenic ingredients were not homogeneously distributed in rice powder and 
chocolate dessert even after multiple attempts. These two matrices were therefore replaced by: 

- Unbaked freeze-dried cookie dough as a neutral background matrix 
- Chocolate chip as fat and complex matrix containing tannin. 

To include potential variability in protein content and protein distribution due to growing conditions 
and origin, peanut and hazelnut from two distinct geographical growing locations were considered for 
the production of test materials. Therefore, each combination of food matrix and contamination level 
was prepared in duplicate. Type 1 matrices corresponded to peanut from China and hazelnut from 
Turkey, whereas type 2 matrices corresponded to peanut from Israel and hazelnut from Italy. 

 

3. Test material homogeneity testing (done entirely by Maxime Gavage at CER Groupe) 

Homogeneity of incurred test matrices was evaluated using direct sandwich ELISA kits developed at 

CER Groupe. The UHPLC-MS/MS could not be used before its validation and this validation required 

homogeneous test matrices. The statistical approach developed by Fearn and Thompson (Fearn & 

Thompson, 2001) was employed to assess the sufficient homogeneity of test materials. That is, the 

variance in the mean composition of the distributed portions of the material must be negligibly small 

in relation to the variance of the analytical result produced when the material is in normal use. The 

statistical test is therefore based on the comparison of the sampling variance with a target variance 

based on the Horwitz equation, defining a relationship between the precision of an analytical method 

and the concentration of the analyte (Horwitz et al, 1980). 

For each matrix contamination level (0.5, 1, 2.5, 5, 10 and 25 ppm expressed in mg total allergen 

protein per kg of matrix), matrix (rice flour, cookie and chocolate dessert and later unbaked freeze-

dried cookie dough and chocolate chip) and each matrix type (for the two peanut and hazelnut origins), 

10 samples of 2 g were collected in 50 ml conical tubes (for chocolate dessert, 0.67 g were collected 

and resuspended with 1.33 ml of water to obtain 2 g of matrix). A volume of 20 ml of pre-heated (at 

60°C) extraction buffer (0.05 M PBS with 1 % Tween 20 (10 ml/l) and 1.5 % gelatine (15 g/L)) is added 

to each sample. Extraction was conducted for 30 min in a 60°C water bath under 160 rpm orbital 

agitation. Samples were then centrifuged (4660 g for 15 min) and the resulting supernatant was 

collected in a new 50 ml conical tube. In parallel, for each matrix, a calibration curve was established 

using a blank matrix (uncontaminated with the four allergenic ingredients) spiked with defined 

quantities of extracts of the four considered allergenic ingredients (egg, milk, peanut and hazelnut). 

Each sample extract was analysed in duplicate, for the four allergenic ingredients, on randomly 

allocated 96-microwell plates. Three incubation periods of 30 min, separated by a washing step, were 

carried out (sample reaction with capture antibody, reaction of the capture antibody–antigen complex 

with enzyme-conjugated antibody and reaction between enzyme and substrate). Allergen 

170



 
 

concentration was finally measured based on colorimetric measurements referred to a calibration 

curve. 

An example of obtained results is exposed in Figure 60. The limit of quantification of each ELISA kit test 

selects the first point of the calibration curve. This point is kit specific (0.25 ppm for egg, 0.5 ppm for 

milk, 0.25 ppm for peanut and 0.5 ppm for hazelnut, ppm expressed in mg total allergen protein per 

kg of matrix). A measured allergen concentration was accepted only if it is higher than this LOQ.  

 
Figure 60 - Measured hazelnut concentration for cookie type 2 contaminated at 2.5 ppm. Ten independent replicates were 

prepared and analysed in duplicate with direct sandwich ELISA kits developed at CER Groupe. 

For each combination of matrix, matrix type, allergenic ingredient and contamination level (240 tests), 

allergenic ingredient distribution homogeneity was evaluated using the Fear and Thompson test (Fearn 

& Thompson, 2001). Results of this homogeneity test for rice flour, cookie and chocolate dessert are 

presented in Table 9. As complementary information, average measured allergenic ingredient 

concentration (in ppm) and relative standard deviation (RSD) are detailed. 

Obtained homogeneity testing results indicated that cookies were homogeneous for 3 allergenic 

ingredients (peanut, milk and hazelnut) at all contamination levels (except 0.5 ppm for which measured 

concentrations were below ELISA kits LOQ). Egg was not detectable in cookies because of thermal 

processing, known to affect allergen detection (Gomaa & Boye, 2013). Therefore, no conclusion could 

be drawn regarding homogeneity. 

On the opposite, allergenic ingredients were found to be globally not homogeneously distributed in 

chocolate dessert matrix. Milk distribution seemed to be better when compared to other allergenic 

ingredients. This was most likely due to the higher variability between duplicates of a same sample, 

inducing a higher tolerance to the test. 

Concerning rice flour matrix, no general trends were discerned. Allergenic ingredients were 

homogeneously distributed for certain contamination levels but not for others. It was however 

observed that egg was generally not homogeneously distributed. 

In certain conditions, measured allergenic ingredient concentration was over-estimated, mostly for 

high concentrations. This observation could be explained by the fact that concentrated extracts 

needed to be diluted to be included in the calibration curve. Matrix components are diluted as well, 

reducing associated matrix effects, which was not the case for the calibration curve. 
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Table 9 - Summarized results of homogeneity evaluation using the Fearn and Thompson test for rice flour, cookie and chocolate dessert matrices. Homogeneity was indicated using a colour code: 
green for homogeneous, red for not homogeneous and yellow for test invalidity because of measured concentrations below ELISA kit LOQ. Concentration and RSD results are expressed as the 
mean value of the 10 replicates (analysed in duplicate) of each matrix and each contamination level. 

  Rice flour type 1  Rice flour type 2 

  0.5 ppm 1 ppm 2.5 ppm 5 ppm 10 ppm 25 ppm  0.5 ppm 1 ppm 2.5 ppm 5 ppm 10 ppm 25 ppm 

Peanut 
Concentration (ppm)  0.47 0.73 3.38 6.03 13.56 29.53  0.49 0.83 4.01 6.40 14.96 30.93 

RSD (%)  2.72 21.25 23.97 10.42 8.48 4.92  9.21 41.01 59.20 13.63 15.69 8.09 

Egg 
Concentration (ppm)  < LOQ 0.94 2.48 3.43 9.54 21.48  < LOQ 0.77 1.42 4.53 9.30 20.11 

RSD (%)  < LOQ 55.84 56.48 17.59 26.96 17.46  < LOQ 48.21 18.41 53.93 26.19 12.05 

Milk 
Concentration (ppm)  < LOQ 0.90 3.46 6.91 19.74 45.89  < LOQ 1.10 2.71 7.13 18.30 48.18 

RSD (%)  < LOQ 14.99 30.77 12.59 20.11 7.84  < LOQ 29.82 14.34 35.18 11.57 9.98 

Hazelnut 
Concentration (ppm)  1.62 2.06 3.94 8.20 24.14 58.37  1.59 2.29 3.62 7.68 23.82 57.83 

RSD (%)  15.62 8.17 7.19 11.36 5.82 3.80  17.77 35.37 8.41 5.16 6.05 3.23 

 
   Cookie type 1  Cookie type 2 

   0.5 ppm 1 ppm 2.5 ppm 5 ppm 10 ppm 25 ppm  0.5 ppm 1 ppm 2.5 ppm 5 ppm 10 ppm 25 ppm 

Peanut 
Concentration (ppm)  < LOQ 0.62 1.63 3.83 6.9 19.06  < LOQ 0.55 1.48 3.54 6.6 18.62 

RSD (%)  < LOQ 19.34 12.69 11.72 7.86 10.13  < LOQ 14.45 12.3 5.62 5.35 8.61 

Egg 
Concentration (ppm)  < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ  < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ 

RSD (%)  < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ  < LOQ < LOQ < LOQ < LOQ < LOQ < LOQ 

Milk 
Concentration (ppm)  < LOQ 0.34 0.56 1.35 2.6 9.36  < LOQ 0.43 0.8 1.77 3.53 12.98 

RSD (%)  < LOQ 22.76 27.88 14.83 19.55 15.29  < LOQ 25.91 17.91 17.58 15.39 20.18 

Hazelnut 
Concentration (ppm)  < LOQ 1.92 3.29 8.22 16.11 40.51  < LOQ 1.85 3.29 7.9 15.51 41.78 

RSD (%)  < LOQ 10.26 13.45 9.25 8.44 9.68  < LOQ 7.05 10.71 7.79 6.32 7.32 

 
   Chocolate dessert type 1  Chocolate dessert type 2 

   0.5 ppm 1 ppm 2.5 ppm 5 ppm 10 ppm 25 ppm  0.5 ppm 1 ppm 2.5 ppm 5 ppm 10 ppm 25 ppm 

Peanut 
Concentration (ppm)  < LOQ 1.17 4.11 9.32 34.72 80.97  < LOQ 2.02 5.22 12.58 25.4 92.38 

RSD (%)  < LOQ 63.42 25.1 29.48 84.37 15.47  < LOQ 71.37 18.81 21.13 22.6 23.65 

Egg 
Concentration (ppm)  < LOQ 0.83 2.32 6.03 9.99 22.44  < LOQ 0.42 3.24 6.84 11.04 23.6 

RSD (%)  < LOQ 134.63 93.6 68.22 57.45 39.49  < LOQ 100.11 72.17 78.28 53.05 31.7 

Milk 
Concentration (ppm)  < LOQ 0.98 2.62 4.94 13.25 38.11  < LOQ 1.06 2.83 5.62 13.02 37.97 

RSD (%)  < LOQ 44.9 37.66 25.94 35.15 32.57  < LOQ 23.88 31.88 31.6 34.02 23.28 

Hazelnut 
Concentration (ppm)  < LOQ 2.07 4.07 10.76 23.83 76.94  < LOQ 1.84 4.64 13.21 22.37 75.28 

RSD (%)  < LOQ 11.11 21.21 26.88 16.93 29.75  < LOQ 12.05 31.17 32.95 19.94 22.13 
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Sample weighing of chocolate dessert was slightly different compared to other matrices. The 

contamination level was given for the reconstituted product (1/3 powder and 2/3 water). In the 

performed analysis, 0.67 g of powder was weighed and reconstituted with 1.33 ml of water to finally 

obtain 2 g of reconstituted product. The amount of matrix weighed was reduced compared to other 

matrices and this could impact homogeneity testing result (Pauwels et al, 1998). 

To investigate the effects of weighed amounts, additional analyses were performed on chocolate 

dessert with two different weighing techniques. 

The first weighing technique simply corresponded to a weighing of 2 g of powder without any 

reconstitution with water. The powder was directly extracted with 20 ml of extraction buffer. The 

targeted contamination level was no longer applicable but homogeneity testing could still be 

performed. This procedure was applied on the 10 samples of chocolate type 1 contaminated at 5 ppm 

level. Homogeneity testing was performed for all 4 allergenic ingredients. 

For the second weighing technique, chocolate dessert was reconstituted as previously. In a 50 ml 

conical tube, 10 g of powder was mixed with 20 ml of water using vortex agitation. Ten samples of 2 g 

were subsequently collected and analysed. 

Table 10 – Impact of chocolate dessert weighing technique on allergenic ingredient distribution homogeneity evaluated with 
the Fearn and Thompson test on the 5 ppm contamination level. Homogeneity is indicated using a colour code: green for 
homogeneous, red for not homogeneous. Concentration and RSD results are expressed as the mean value of the 10 replicates 
(analysed in duplicate) of each weighing technique. 

   Chocolate dessert type 2 (5 ppm) 

   
0.67 g of powder  

+ 1.33 ml of water 
2 g of powder without 

reconstitution 
2 g of previously 

reconstituted product 

Peanut 
Concentration (ppm)  12.58 22.51 10.50 

RSD (%)  21.13 41.96 23.62 

Egg 
Concentration (ppm)  6.84 16.26 3.93 

RSD (%)  78.28 46.40 29.52 

Milk 
Concentration (ppm)  5.62 12.55 6.66 

RSD (%)  31.6 28.96 22.30 

Hazelnut 
Concentration (ppm)  13.21 44.86 12.05 

RSD (%)  32.95 25.18 24.39 

 

Results of the evaluation of the weighing technique on allergenic ingredient distribution are exposed 

in Table 10. Obtained results indicated that, independently of the sample weighing technique, 

allergenic ingredients were not homogeneously distributed in the food matrix. Results were obtained 

for the type 2 product at a 5 ppm contamination level but could certainly be extended to other 

contamination levels. 

Another investigated hypothesis to explain the insufficient homogeneity found for chocolate dessert 

and rice flour was the particle size distribution. Particle size is known to affect mixture quality of 

powders (Shenoy et al, 2015). To test this hypothesis, rice flour and allergenic ingredients were sieved 

with the same sieve (0.12 mm pore size) for the preparation of the 25 ppm contamination level. 

Obtained results (Figure 61) indicated that a sufficient homogeneity was not obtained for egg despite 

the use of a 0.12 mm pore size sieve. A visual improvement was however observed, with lower 

spreading of measured concentration values, also confirmed by a lower RSD. 
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   Rice flour type 1 (25 ppm) 

   Unsieved 0.12 mm pore size sieved 

Peanut 
Concentration (ppm)  29.53 32.68 

RSD (%)  4.92 7.1 

Egg 
Concentration (ppm)  21.48 28.43 

RSD (%)  17.46 11.5 

Milk 
Concentration (ppm)  45.89 18.79 

RSD (%)  7.84 12.1 

Hazelnut 
Concentration (ppm)  58.37 62.32 

RSD (%)  3.80 2.6 

Figure 61 - Impact of food matrix and allergenic ingredient sieving on allergenic ingredient distribution homogeneity 
evaluated with the Fearn and Thompson test on the 25 ppm contamination level. Homogeneity is indicated using a colour 

code: green for homogeneous, red for not homogeneous. Concentration and RSD results are expressed as the mean value of 
the 10 replicates (analysed in duplicate) of each matrix (unsieved and 0.12 mm pore size sieved). 

Difficulties to obtain homogeneous matrices could be due to powder mixing and particle size 

distribution. To circumvent this problem, powder matrices were replaced by matrices including a liquid 

state in their preparation (like the dough in the cookie matrix). Chocolate dessert powder was replaced 

by chocolate chips and rice flour by freeze-dried cookie dough. Allergenic ingredients were 

incorporated and mixed with matrices under a liquid phase (melted chocolate and cookie dough before 

freeze-drying). 

In order to save time, only type 2 chocolate chips and freeze-dried cookie dough were prepared. 

Influence of peanut and hazelnut geographical origin was investigated in HRMS biomarkers 

identification. Peptide biomarkers finally selected for the UHPLC-MS/MS quantitative methods were 

derived from proteins observed at comparable level regardless of the geographical origin. 

Obtained results (Table 11) indicated that a sufficiently homogeneous allergenic ingredient 

distribution in chocolate chips was achieved for all four allergenic ingredient and for all contamination 

levels. According to Fearn and Thompson test, sufficient homogeneity was not achieved in a limited 

number of cases for the freeze-dried cookie dough. However, the obtained RSD were relatively low 

and the matrix was conserved. 
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Table 11 – Summarized results of homogeneity evaluation using the Fearn and Thompson test for chocolate chips and freeze-
dried cookie dough matrices. Homogeneity was indicated using a colour code: green for homogeneous, red for not 
homogeneous and yellow for test invalidity because of measured concentrations below ELISA kit LOQ. Concentration and RSD 
results are expressed as the mean value of the 10 replicates (analysed in duplicate) of each matrix. 

  Chocolate chips 

  0.5 ppm 1 ppm 2.5 ppm 5 ppm 10 ppm 25 ppm 

Peanut 
Concentration (ppm)  1.09 2.4 6.86 14.51 22.15 54.27 

RSD (%)  4.8 8.3 5.6 4.6 6 7.4 

Egg 
Concentration (ppm)  0.45 0.94 2.65 5.03 10.98 27.68 

RSD (%)  12.2 11 14.1 12.5 9.1 8.7 

Milk 
Concentration (ppm)  0.68 1.68 2.68 5.84 16.43 45.05 

RSD (%)  14.3 21.9 22.9 23.1 17.5 19.8 

Hazelnut 
Concentration (ppm)  1.65 2.34 6.5 15.24 34.16 94.48 

RSD (%)  1.9 4.9 4.9 5.1 6 3.7 
 

  Freeze-dried cookie dough 

  0.5 ppm 1 ppm 2.5 ppm 5 ppm 10 ppm 25 ppm 

Peanut 
Concentration (ppm)  0.44 0.92 2.47 4.7 22.65 56.83 

RSD (%)  24.5 15.8 8.3 9.4 13.2 16.6 

Egg 
Concentration (ppm)  0.46 0.47 1.02 4.5 10.46 26.59 

RSD (%)  27.8 17.7 9.8 10.5 15.1 11.5 

Milk 
Concentration (ppm)  < LOQ 0.79 1.11 4.22 58.14 79.95 

RSD (%)  < LOQ 13.6 21.1 23 20.5 23.1 

Hazelnut 
Concentration (ppm)  1.62 2.24 5.5 11.78 25.3 63.78 

RSD (%)  12.3 10.6 8.6 6.8 6.9 6.7 

 

Cookie, chocolate chips and freeze-dried cookie dough incurred matrices were used to develop the 

UHPLC-MS/MS based on the list of potential peptide biomarkers identified by HRMS. These matrices 

were also used to evaluate the method limit of detection (LOD) and the limit of quantification (LOQ) 

for each one of the 19 final peptide biomarkers. 

The uncontaminated version of these matrices was spiked with allergen extracts to evaluate method 

linearity, trueness and precision. With this approach, only the method variability was considered and 

not the variability of allergen content. 

 

4. Development of the UHPLC-MS/MS method 

4.1. Sample preparation 

Sample preparation for UHPLC-MS/MS analysis was based on the work of Mélanie Planque in the 

“Allermass” project (Planque et al, 2019). The internal standard approach was different with the use 

of the designed 15N isotope-labelled concatemer.  

Briefly a volume of 100 µl corresponding to 8 µg of concatemer (12.5x dilution of the 1 mg/ml stock 

solution) is added to each 2 g sample. Proteins were extracted in 50 mL conical tubes with 20 mL of 

extraction buffer (200 mM Tris, pH 9.2, 2 M urea) by shaking at 20 °C for 30 min prior to ultrasonic 

treatment at 4 °C for 15 min. After centrifugation (4660 g, 10 min), 10 mL of supernatant were diluted 

in digestion buffer (200 mM ammonium bicarbonate, pH 8.2). Protein disulfide bridges were 

successively reduced and alkylated with 45 min incubation steps at room temperature with the 

addition of 1 mL of 200 mM dithiothreitol and 1 mL of 400 mM iodoacetamide (in the dark). Proteins 
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were then enzymatically digested with the addition of 1 mL of trypsin solution (trypsin from bovine 

pancreas, 1 mg/mL in 50 mM acetic acid, pH 2.8) and incubation for 1 h at 37 °C. The digestion reaction 

was stopped by adding 300 µl of 20 % formic acid (FA) to the samples, which were then centrifuged 

(4660 g, 5 min).  

Obtained peptides were then purified and concentrated using C18 SPE cartridges, which were first 

conditioned with 18 mL of acetonitrile (ACN) followed by 18 mL of 0.1 % FA before loading of 20 mL of 

the centrifuged sample. The cartridges were washed with 18 mL of 0.1 % FA and eluted in 15 mL conical 

tubes with 6 mL of 80 % ACN and 0.1 % FA. A volume of 30 µl of dimethyl sulfoxide was added to the 

sample before evaporation (40 °C under nitrogen flow) to avoid dryness. The pellet was finally 

dissolved in 600 µl of 5 % ACN with 0.1% FA and centrifuged twice (4660 g for 5 min in conical tube 

and 20 000 g for 5 min in 1.5 mL microtube, keeping the supernatant) before UHPLC-MS/MS analysis. 

4.2. UHPLC-MS/MS method parameters 

Prepared samples were analysed by ultra-high-performance liquid chromatography–tandem mass-

spectrometry (UHPL-MS/MS) using an Acquity liquid chromatograph equipped with a C18 Acquity 

BEH130 column (2.1 x 150 mm; 1.7 µm) and coupled with a Xevo TQ-S triple quadrupole system 

(Waters). 

The peptides were separated by reverse-phase chromatography on-line connected to a triple 

quadrupole mass spectrometer. The following 26 min solvent gradient (solvent A, 0.1 % FA and 

solvent B, ACN and 0.1 % FA) was applied to the 20 µl injected sample volume: 0–3 min: 92 % solvent A; 

3–18 min: linear gradient from 92 % to 58 % solvent A; 18–22.5 min: 15 % solvent A; and 22.5–26 min: 

92 % solvent A, always at constant 0.2 mL/min flow rate. Eluted peptides were ionized using the 

positive electrospray source and analysed in MRM mode. The source gas flow was set at 50 L/h and 

the source voltage at 2.5 kV for the capillary and 30 V for the cone. The source temperature was set at 

150 °C and the “desolvation” temperature at 400 °C with a gas flow at 1200 L/h. 

4.3. Selection of the final peptide biomarkers and development of the MRM method 

The selection of the final peptide biomarkers for UHPLC-MS/MS method was performed by Kaatje Van 

Vlierberghe at ILVO during the development of the 15N isotope-labelled concatemer internal standard. 

A summary of obtained results is presented.  

Thanks to HRMS analysis, 55 peptides were identified as potential peptide biomarkers for the 

quantification of four allergenic ingredients (egg, milk, peanut and hazelnut) in processed food 

products. This list was reduced to only keep the best performers in terms of detection sensitivity and 

selectivity. 

The first step was the development of MRM methods with the most intense transitions for each one 

of these 55 peptides. To do so, unprocessed ingredients were first analysed with HRMS to identify the 

most intense precursor ion(s) (the charge state(s) with the highest signal) for each peptide. For these 

precursor ions, MRM methods including all potential transitions were developed using the open source 

Skyline software (MacLean et al, 2010). Unprocessed allergenic ingredients were analysed with the 

triple quadrupole mass spectrometer using these MRM methods. For each peptide, the 3 transitions 

with the highest signal were selected to form a MRM method for each peptide. 

Test material (cookie, chocolate chips and freeze-dried cookie dough) incurred with traces levels of the 

four allergenic ingredients were analysed with the developed MRM methods. Peptides allowing the 
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detection of allergenic ingredients at the lowest level were selected. Signal selectivity was evaluated, 

for the natural peptide and for its 15N isotope-labelled version, with the analysis of uncontaminated 

matrices. 

A list of 19 peptides biomarkers (Table 12) was finally retained for the quantification of the four 

allergenic ingredients with UHPLC-MS/MS. 

Table 12 – Final list of 19 peptide biomarkers for the quantification of four allergenic ingredient in processed food products by 
UHPLC-MS/MS 

Milk 
αs1-casein FFVAPFPEVFGK, HQGLPQEVLNENLLR, YLGYLEQLLR 

β-lactoglobulin IDALNENK, TPEVDDEALEK, VYVEELKPTPEGDLEILLQK 

Egg 

Ovalbumin GGLEPINFQTAADQAR, HIATNAVLFFGR 

Ovotransferrin SAGWNIPIGTLIHR, FYTVISSLK 

Vitellogenin-1 NVNFDGEILK, TVIVEAPIHGLK 

Hazelnut Cor a 9 ADIYTEQVGR, ALPDDVLANAFQISR, LNALEPTNR, TNDNAQISPLAGR 

Peanut Ara h 1 GSEEEDITNPINLR, GSEEEGDITNPINLR, GTGNLELVAVR 

 

The last step in the method development was the optimization of the collision energy (expressed in V) 

used to fragment each peptide in the collision cell of the triple quadrupole mass spectrometer. This 

collision energy was optimized to obtain the highest signal for the different transitions of each peptide 

and thus to obtain a higher method sensitivity. The mass spectrometers used at CER Groupe and ILVO 

are quite similar. They are both triple quadrupole mass spectrometers from Waters and have the same 

ionization source. However, the collision cells are different. This optimization had therefore to be 

performed in both laboratories. 

A pseudo-optimal collision energy was proposed by the Skyline software, based on the peptide 

sequences. For each transition of the 19 peptide biomarkers, a range of collision energies going from 

-5 V to +5 V around the theoretically optimal value proposed by Skyline was evaluated to find the 

optimal collision energy. This window was extended if no optimal collision energy was identified. 

Example of collision energy optimization for peptide YLGYLEQLLR from milk αs1-casein is presented in 

Figure 62. 

 

Figure 62 - Identification of the optimal collision energy for peptide YLGYLEQLLR from milk αs1-casein. Collision energies 
ranging from -5 V to + 5 V around the theoretically optimal value (TOV) proposed by Skyline were investigated. 
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The complete MRM method, with all 19 peptide biomarkers, the selected transitions for analyte and 

internal standard and the optimized collision energy (for the CER instrument) is presented in Table 13. 

Table 13 - Targeted peptides and associated multiple reaction monitoring (MRM) parameters for the UHPLC-MS/MS 
analysis. The most intense product ions, used for method validation calculations are highlighted in bold. 

Allergen Protein Peptide Precursor  Product ions (fragments) 
Collision 

energy (V) 

Milk 

αs1-casein 

FFVAPFPEVFGK 693.3 (++) 992.2 [y9], 921.1 [y8], 676.8 [y6] 
16 

(U-15N) FFVAPFPEVFGK 699.8 (++) 930.0 [y8] 

HQGLPQEVLNENLLR 587.7 (+++) 872.0 [y7], 790.8 [b7], 758.8 [y6] 
12 

(U-15N) HQGLPQEVLNENLLR 595.6 (+++) 769.8 [y6] 

YLGYLEQLLR 634.7 (++) 992.2 [y8], 771.9 [y6], 658.8 [y5] 
16 

(U-15N) YLGYLEQLLR 641.7 (++) 1004.1 [y8] 

β-lactoglobulin 

IDALNENK 459 (++) 803.8 [y7], 688.8 [y6], 504.5 [y4] 
13 

(U-15N) IDALNENK 464.5 (++) 697.7 [y6] 

TPEVDDEALEK 623.7 (++) 919.0 [y8], 819.8 [y7], 573.1 [y10] 
19 

(U-15N) TPEVDDEALEK 629.6 (++) 578.6 [y10] 

VYVEELKPTPEGDLEILLQK 772.2 (+++) 1026.7 [y18], 977.1 [y17], 628.2 [y11] 
17 

(U-15N) VYVEELKPTPEGDLEILLQK 779.8 (+++) 1037.1 [y18] 

Egg 

Ovalbumin 

GGLEPINFQTAADQAR 844.9 (++) 1122.2 [y10], 732.8 [y7], 666.7 [y12] 
22 

(U-15N) GGLEPINFQTAADQAR 855.8 (++) 675.7 [y12] 

HIATNAVLFFGR 673.8 (++) 1096.3 [y10], 1025.2 [y9], 924.1 [y8] 
22 

(U-15N) HIATNAVLFFGR 682.7 (++) 1110.2 [y10] 

Ovotransferrin 

SAGWNIPIGTLIHR 512.6 (+++) 907.1 [y8], 696.8 [y6], 538.7 [y4] 
15 

(U-15N) SAGWNIPIGTLIHR 519.6 (+++) 920.0 [y8] 

FYTVISSLK 529.6 (++) 747.9 [y7], 646.8 [y6], 547.7 [y5] 
12 

(U-15N) FYTVISSLK 534.6 (++) 755.9 [y7] 

Vitellogenin-1 

NVNFDGEILK 575.1 (++) 936.0 [y8], 674.8 [y6], 559.7 [y5] 
13 

(U-15N) NVNFDGEILK 581.6 (++) 946.0 [y8] 

TVIVEAPIHGLK 639.3 (++) 865.0 [y8], 735.9 [y7], 664.8 [y6] 
19 

(U-15N) TVIVEAPIHGLK 646.7 (++) 673.8 [y6] 

Hazelnut Cor a 9 

ADIYTEQVGR 576.6 (++) 852.9 [y7], 689.7 [y6], 588.6 [y5] 
16 

(U-15N) ADIYTEQVGR 583.6 (++) 699.7 [y6] 

ALPDDVLANAFQISR 815.9 (++) 907.0 [y8], 835.9 [y7], 723.8 [y13] 
19 

(U-15N) ALPDDVLANAFQISR 825.8 (++) 732.7 [y13] 

LNALEPTNR 514.6 (++) 729.8 [y6], 616.6 [y5], 487.5 [y4] 
14 

(U-15N) LNALEPTNR 521.5 (++) 495.5 [y4] 

TNDNAQISPLAGR 679.2 (++) 713.8 [y7], 600.7 [y6], 513.6 [y5] 
19 

(U-15N) TNDNAQISPLAGR 688.7 (++) 609.6 [y6] 

Peanut Ara h 1 

GSEEEDITNPINLR 794.3 (++) 828.0 [y7], 726.8 [y6], 612.7 [y5] 
19 

(U-15N) GSEEEDITNPINLR 803.8 (++) 621.7 [y5] 

GSEEEGDITNPINLR 822.9 (++) 828.0 [y7], 726.8 [y6], 612.7 [y5] 
22 

(U-15N) GSEEEGDITNPINLR 832.8 (++) 8621.7 [y5] 

GTGNLELVAVR 565.2 (++) 800.0 [y7], 686.8 [y6], 557.7 [y5] 
18 

(U-15N) GTGNLELVAVR 572.6 (++) 565.7 [y5] 

 

5. Method validation (Results obtained by Maxime Gavage at CER Groupe) 

Different performance parameters, including selectivity, LOD, LOQ, linearity, trueness and precision, 

were evaluated to validate the developed UHPLC-MS/MS method. In the absence of legislation, 

obtained results were compared to standard method requirements published by AOAC International 

in 2016 (Paez et al, 2016). This document describes the minimum recommended performance 

characteristics to be used for the detection and quantification by mass spectrometry of egg, milk, 

peanut, and hazelnut food allergens in finished food products and ingredients. These requirements are 

summarized in Table 14, already presented in the introduction chapter. 
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Table 14 – Standard method performance requirements for detection and quantification of selected food allergens” (AOAC 
SMPR 2016.002) 

 Target allergen 

Parameter Whole egg Milk Peanut Hazelnut 

Analytical range (ppm) 10-1000 10-1000 10-1000 10-1000 

MQL (ppm) ≤ 5 ≤ 10 ≤ 10 ≤ 10 

MDL (ppm) ≤ 1.65 ≤ 3 ≤ 3 ≤ 3 

Recovery (%) 60 - 120 60 - 120 60 - 120 60 - 120 

RSDr (%) ≤ 20 ≤ 20 ≤ 20 ≤ 20 

RSDR (%) ≤ 30 ≤ 30 ≤ 30 ≤ 30 

5.1. Data treatment 

Acquired UHPLC-MS/MS data were processed using the TargetLynx software. The most intense 

transition (highlighted in bold in Table 13) was used for validation performance parameter calculations 

and the two others as confirmatory transitions. Calculations were based on chromatographic peak area 

ratio (for the most intense transition) between the peptide from the allergenic ingredient and its 

corresponding isotopically labelled version from the concatemer internal standard. 

 

Figure 63 – Standard addition quantification method. The allergen concentration of the sample (𝑥0)  
is evaluated using the response obtained for this sample and the slope of the line formed 

 by the two standard additions (𝑆𝐴1 and 𝑆𝐴2) performed on this sample. 

The standard addition quantification method was used for the evaluation of method trueness and 

precision. For a given sample, assuming method linearity, three aliquots were prepared and analysed. 

Defined and different standard amounts were added in two of them. As presented in Figure 63, 

allergen concentration is calculated based on the response obtained for this sample and the slope of 

the straight line obtained from the response of the two samples with standard addition. 

5.2. Selectivity  

Selectivity was already addressed during the method development (by Kaatje Van Vlierberghe at ILVO) 

with the analysis of blank and incurred test matrices. Final peptide biomarkers were selected based on 

sensitivity and selectivity criteria from the list of HRMS identified potential peptide biomarkers.  
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Selectivity was validated with the ability of the method to discriminate, for each peptide, the signal of 

the three selected transitions of the analyte and the corresponding one for the 15N isotope-labelled 

internal standard from other components of blank matrices. The example of validated selectivity of 

the method for peptide GGLEPINFQTAADQAR of ovalbumin egg white protein in cookie is presented 

on Figure 64. No peak was observed at the retention time of the peptide for any of the four transitions. 

Selectivity was evaluated for the selected transitions and the corresponding internal standard ones of 

the 19 peptide biomarkers in the three matrices (cookie, chocolate chips and unbaked freeze-dried 

cookie dough). Interference was observed for peptide HQGLPQEVLNENLLR of milk αs1-casein in 

chocolate chips (Figure 65) and peptide IDALNENK of milk β-lactoglobulin in unbaked freeze-dried 

cookie dough (Figure 66). These two combinations of interfering peptide and matrix were therefore 

excluded from the validation. 

 

   

Figure 64 – Validation of method selectivity, example for peptide GGLEPINFQTAADQAR of ovalbumin egg white protein in 
cookie. UHPLC-MS/MS analysis of blank cookie (on the left) and cookie spiked at 25 ppm with egg (on the right). Selectivity 

was validated for the transition (at the top) of the 15N isotope-labelled internal standard and three transitions of the analyte. 
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Figure 65 – Interference observation for peptide HQGLPQEVLNENLLR of milk αs1-casein in chocolate chips matrix. UHPLC-
MS/MS analysis of blank matrix (on the left) and matrix spiked at 10 ppm with milk (on the right). 15N isotope-labelled 

concatemer internal standard (transitions at the top with black label) was spiked in both samples. 

  

Figure 66 - Interference observation for peptide IDALNENK of milk β-lactoglobulin in unbaked freeze-dried cookie dough 
matrix. UHPLC-MS/MS analysis of blank matrix (on the left) and matrix spiked at 10 ppm with milk (on the right).  

15N isotope-labelled concatemer internal standard (transitions at the top with black label) was spiked in both samples. 
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5.3. LOD and LOQ 

LOD and LOQ of the method used were evaluated for each one of the three matrices incurred with the 

four allergenic ingredients at different contamination levels (0.5, 1, 2.5, 5, 10 and 25 ppm). Incurred 

matrices were used to integrate the impact of food processing on allergen detectability. Each 

contamination was analysed with three independent replicates. The LOD of the method for a given 

peptide corresponded to the lowest contamination level for which S/N > 3 for the three replicates. The 

same procedure was applied for LOQ with S/N > 10. 

Example of S/N calculation for peptide ADIYTEQVGR from hazelnut in cookie incurred at the 5 ppm 

level is exposed on Figure 67. 

 

Figure 67 – Example of S/N calculation using the peak-to-peak method for peptide ADIYTEQVGR from hazelnut in cookie 
incurred at the 5 ppm level.  

Complete results of LOD and LOQ determination are presented in Table 15. 

Table 15 – LOD and LOQ determination for each one of the 19 peptide biomarkers based on the UHPLC-MS/MS analysis of 
three independent replicates for each matrix. LOD of the method for a given peptide corresponded to the lowest contamination 
level for which S/N > 3 for the three replicates. The same procedure was applied for LOQ with S/N > 10. 

Allergen Protein Peptide 
Cookie Chocolate Dough 

LOD LOQ LOD LOQ LOD LOQ 

Milk 

αs1-casein 

FFVAPFPEVFGK 0.5 ppm 0.5 ppm 0.5 ppm 0.5 ppm 0.5 ppm 0.5 ppm 

HQGLPQEVLNENLLR 0.5 ppm 2.5 ppm / / 0.5 ppm 2.5 ppm 

YLGYLEQLLR 0.5 ppm 0.5 ppm 0.5 ppm 0.5 ppm 0.5 ppm 1 ppm 

β-lactoglobulin 

IDALNENK 0.5 ppm 5 ppm 0.5 ppm 0.5 ppm / / 

TPEVDDEALEK 2.5 ppm 25 ppm 5 ppm 10 ppm 0.5 ppm 2.5 ppm 

VYVEELKPTPEGDLEILLQK 2.5 ppm 25 ppm 0.5 ppm 0.5 ppm 1 ppm 2.5 ppm 

Egg 

Ovalbumin 
GGLEPINFQTAADQAR 1 ppm 10 ppm 25 ppm > 25 ppm 2.5 ppm 10 ppm 

HIATNAVLFFGR 25 ppm > 25 ppm > 25 ppm > 25 ppm 10 ppm > 25 ppm 

Ovotransferrin 
SAGWNIPIGTLIHR 10 ppm 25 ppm 5 ppm 10 ppm 10 ppm > 25 ppm 

FYTVISSLK > 25 ppm > 25 ppm > 25 ppm > 25 ppm > 25 ppm > 25 ppm 

Vitellogenin-1 
NVNFDGEILK > 25 ppm > 25 ppm 10 ppm > 25 ppm 25 ppm > 25 ppm 

TVIVEAPIHGLK > 25 ppm > 25 ppm > 25 ppm > 25 ppm > 25 ppm > 25 ppm 

Hazelnut Cor a 9 

ADIYTEQVGR 0.5 ppm 2.5 ppm 10 ppm > 25 ppm 1 ppm 5 ppm 

ALPDDVLANAFQISR 0.5 ppm 1 ppm 2.5 ppm 25 ppm 0.5 ppm 1 ppm 

LNALEPTNR 0.5 ppm 2.5 ppm 25 ppm > 25 ppm 5 ppm 25 ppm 

TNDNAQISPLAGR 0.5 ppm 2.5 ppm 10 ppm > 25 ppm 0.5 ppm 5 ppm 

Peanut Ara h 1 

GSEEEDITNPINLR 25 ppm > 25 ppm 25 ppm > 25 ppm 25 ppm > 25 ppm 

GSEEEGDITNPINLR 25 ppm > 25 ppm 25 ppm > 25 ppm 25 ppm > 25 ppm 

GTGNLELVAVR 1 ppm 5 ppm 2.5 ppm 25 ppm 1 ppm 5 ppm 
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Given the observed interference for peptides HQGLPQEVLNENLLR and IDALNENK from milk in 

chocolate chips and freeze-dried cookie dough matrices respectively, no result was presented for these 

two peptides. 

Obtained results were summarized in Table 16, considering peptides with the lowest LOD and LOQ for 

each allergenic ingredient, and compared to AOAC requirements. The developed UHPLC-MS/MS 

method was able to detect and quantify milk in all three matrices with AOAC sensitivity requirements. 

On the contrary, egg detection was globally not sensitive enough. Difficulties were also observed for 

the chocolate chips matrix, which is known to impact sample preparation (Korte et al, 2019). 

Table 16 - Comparison of obtained LOD and LOQ for each allergenic ingredient and comparison with AOAC requirements 
(green in agreement with AOAC requirements - red not in agreement with AOAC requirements) 

 Cookie Chocolate Dough 

 LOD LOQ LOD LOQ LOD LOQ 

Milk 0.5 ppm 0.5 ppm 0.5 ppm 0.5 ppm 0.5 ppm 1 ppm 

Egg 1 ppm 10 ppm 1 ppm 10 ppm 2.5 ppm 10 ppm 

Peanut 1 ppm 5 ppm 2.5 ppm 25 ppm 1 ppm 5 ppm 

Hazelnut  0.5 ppm 1 ppm 2.5 ppm 25 ppm 0.5 ppm 1 ppm 

5.4. Linearity 

To evaluate method linearity, blank matrices were spiked with defined levels of allergen extracts. This 

strategy was chosen to eliminate the variability due to allergen content in incurred matrices. Standard 

reference material, with characterized protein content were used. Spray-dried whole egg (RM 8445 

from NIST), skim milk powder (SPM-MQA-092104 from MoniQA), light roasted and partially defatted 

peanut flour (LGCQ1020 from LGC Standard) and unroasted hazelnut floor (from iFAAM project) were 

considered. Allergen extracts were separately obtained with the same extraction protocol than for the 

sample preparation described above. Knowing the protein content of the different standards and 

assuming a 100 % protein extraction yield, standard and extraction buffer ratio was adapted to obtain 

a 20 mg/ml protein concentration. Standard extracts were further diluted and mixed to spike 2 g 

sample with a 100 µl volume. 

Linearity was evaluated for each one of the 19 peptide biomarkers. For each one of the three food 

matrices (cookie, chocolate chips and freeze-dried cookie dough), a single calibration curve including 

0, 0.5, 1, 2.5, 5, 10, 25 and 50 ppm contamination level was prepared and analysed. Linearity 

assessment was based the calculation of the coefficient of determination (R²) using linear regression 

with 1/X calibration weighing function. 

Example of linearity evaluation for peptide FFVAPFPEVFGK from milk is exposed on Figure 68. 
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Figure 68 – Linearity evaluation of peptide FFVAPFPEVFGK from milk using 1/X weighing function. 

Complete results are exposed in Table 17. It could be assumed that linearity was obtained in the 

analysed contamination range. Linearity was evaluated by visual inspection of a plot of response as a 

function of analyte concentration and the majority, i.e. 40/45 (certain combinations of peptides and 

matrices were excluded due to interference or insufficient sensitivity) of obtained R² were higher 

than 0.99. 

With the use of spiked samples, allergenic ingredients were not subject to food processing. Observed 

LOD (S/N > 3) was generally lower compared to incurred samples. 

Interference was again observed for peptides HQGLPQEVLNENLLR and IDALNENK from milk in 

chocolate chips and freeze-dried cookie dough matrices respectively. Linearity was therefore not 

evaluated for these two peptides. 

 

Compound name: Milk (Cas) FFV

Correlation coefficient: r = 0.999601, r^2 = 0.999203

Calibration curve: 0.0741014 * x + -0.00361956

Response type: Internal Std ( Ref 1 ), Area * ( IS Conc. / IS Area )

Curve type: Linear, Origin: Exclude, Weighting: 1/x, Axis trans: None
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Table 17 – Evaluation of UHPLC-MS/MS linearity with the analysis of three food matrices (cookie, chocolate chips and freeze-dried cookie dough) spiked at different levels (from 0.5 to 50 ppm) 
with allergenic ingredient standard extracts. Coefficient of determination (R²) using linear regression with 1/X calibration weighing function was calculated for the points of the calibration curve 
with S/N > 3. 

 

Allergen Protein Peptide 

Cookie Chocolate Dough 

Lowest 
calibration 

level  
(S/N > 3) 

Number of 

calibration 

levels 

R² 

Lowest 
calibration 

level  
(S/N > 3) 

Number of 

calibration 

levels 

R² 

Lowest 
calibration 

level  
(S/N > 3) 

Number of 

calibration 

levels 

R² 

Milk 

αs1-casein 

FFVAPFPEVFGK 0.5 ppm 8 0.9985 0.5 ppm 8 0.9992 0.5 ppm 8 0.9979 

HQGLPQEVLNENLLR 0.5 ppm 8 0.9898 / / / 1 ppm 7 0.9935 

YLGYLEQLLR 0.5 ppm 8 0.9840 0.5 ppm 8 0.9984 0.5 ppm 8 0.9995 

β-lactoglobulin 

IDALNENK 0.5 ppm 8 0.9984 0.5 ppm 8 0.9982 / / / 

TPEVDDEALEK 2.5 ppm 6 0.9963 2.5 ppm 6 0.9994 0.5 ppm 8 0.9977 

VYVEELKPTPEGDLEILLQK 0.5 ppm 8 0.9985 0.5 ppm 8 0.9968 0.5 ppm 8 0.9965 

Egg 

Ovalbumin 
GGLEPINFQTAADQAR 2.5 ppm 6 0.9957 10 ppm 4 0.9848 2.5 ppm 6 0.9840 

HIATNAVLFFGR 10 ppm 4 0.9942 50 ppm 2 / 50 ppm 2 / 

Ovotransferrin 
SAGWNIPIGTLIHR 2.5 ppm 6 0.9919 5 ppm 5 0.9995 2.5 ppm 6 0.9991 

FYTVISSLK 5 ppm 5 0.9966 50 ppm 2 / 50 ppm 2 / 

Vitellogenin-1 
NVNFDGEILK 2.5 ppm 6 0.9996 2.5 ppm 6 0.9992 10 ppm 4 0.9999 

TVIVEAPIHGLK 10 ppm 4 0.9975 5 ppm 5 0.9961 50 ppm 2 / 

Hazelnut Cor a 9 

ADIYTEQVGR 0.5 ppm 8 0.9980 0.5 ppm 8 0.9981 0.5 ppm 8 0.9986 

ALPDDVLANAFQISR 0.5 ppm 8 0.9977 0.5 ppm 8 0.9989 0.5 ppm 8 0.9994 

LNALEPTNR 0.5 ppm 8 0.9990 2.5 ppm 6 0.9988 2.5 ppm 6 0.9928 

TNDNAQISPLAGR 0.5 ppm 8 0.9973 0.5 ppm 8 0.9986 2.5 ppm 6 0.9950 

Peanut Ara h 1 

GSEEEDITNPINLR 50 ppm 2 / 50 ppm 2 / 50 ppm 2 / 

GSEEEGDITNPINLR 50 ppm 2 / 50 ppm 2 / 50 ppm 2 / 

GTGNLELVAVR 5 ppm 5 0.9931 10 ppm 4 0.9951 5 ppm 5 0.9770 
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5.5. Trueness and precision 

As for linearity, trueness and precision were evaluated using blank matrices spiked with allergen 

extracts to eliminate the variability due to allergen content in incurred matrices. Trueness and 

precision were evaluated in cookie and chocolate matrices using the standard addition quantification 

method. The analysis of three contamination levels, corresponding to 1x, 2x and 5x allergen-specific 

LOQ (with spiked allergen extracts) in the concerned matrix, were considered. Standard addition was 

performed by spiking samples with 1x and 10x the highest allergen-specific LOQ (with spiked allergen 

extracts). Four independent replicates were prepared and analysed for each contamination level. The 

whole procedure was repeated for three consecutive days. Each day, solvent blanks (with and without 

internal standard) and matrix blanks (with and without internal standard) were included. 

Contamination levels, standard addition levels for each allergen and illustration of samples prepared 

for one day of trueness and precision evaluation is exposed on Figure 69. 

 

  Validation concentrations  Standard addition 

levels   Cookie  Chocolate  

  C1 C2 C3  C1 C2 C3  SA1 SA2 

Egg  5 ppm 10 ppm 25 ppm  10 ppm 20 ppm 50 ppm  10 ppm  100 ppm 

Milk  0.5 ppm 1 ppm 2.5 ppm  0.5 ppm 1 ppm 2.5 ppm  0.5 ppm 5 ppm 

Peanut  10 ppm  20 ppm 50 ppm  25 ppm  50 ppm 125 ppm  25 ppm 250 ppm 

Hazelnut  1 ppm 2 ppm 5 ppm  1 ppm 2 ppm 5 ppm  1 ppm 10 ppm 

Figure 69 – Schematic overview of samples prepared for trueness and precision evaluation using  
standard addition quantification method. Spike levels (C1, C2 and C3) and standard addition  

levels (SA1 and SA2) are detailed for each allergenic ingredient and food matrix. 

For each peptide biomarker, each matrix and each of the 3 validation levels, trueness and precision 

were evaluated. Method trueness evaluation was based on measured recovery considering theoretical 

contamination level. Precision was evaluated on repeatability (RSDr) and a parameter associated to 

intermediate precision (RSDINT) even if the analyst was identical. This RSDINT could be seen as a “within-

lab reproducibility” (González et al, 2010). 

  

186



 
 

The precision of a method can indeed be evaluated with three parameters corresponding to relative 

standard deviation under different conditions exposed in Table 18. 

Table 18 – Different levels of method precision evaluation 

 Repeatability Intermediate precision Reproducibility 

 RSDr RSDINT RSDR 

 n = 3-5 on single day n = 3-5 on 2 or 3 days  

Lab location Identical Identical Different 

Sample Identical Identical Identical 

Analyst Identical Different Different 

Instrument Identical Identical/different Different 

Time period Short Medium Long 

Standards Identical Different Different 

Reagents Identical Different Different 

 

Complete results of trueness and precision evaluation were presented in Table 19 and Table 20 for 

cookie and chocolate chips matrices respectively. Contamination levels were based on spiked extracts 

LOQ for the different allergenic ingredients. All peptides were therefore not identified at such low 

contamination levels and no result concerning trueness and precision were obtained. 

Standard method performance requirements from AOAC International were globally achieved with a 

couple of exceptions, mainly at the lower contamination level (C1) and for chocolate chips matrix. 

However, for each allergenic ingredient and the two considered matrices, at least one peptide fulfils 

AOAC requirements regarding trueness and precision. These peptides should be used for the 

quantification. 
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Table 19 – Evaluation of UHPLC-MS/MS precision (RSDr and RSDINT) and trueness (recovery) in cookie matrix using the standard addition method.  Cookie 2 g samples were spiked with allergen 
extracts at 3 different levels (C1, C2 and C3 corresponding to 1x, 2x and 5x allergen specific LOQ). For each contamination level, four biological replicates were prepared and analysed. The whole 
procedure was repeated for three consecutive days. Trueness and precision results were compared with AOAC requirements (green in agreement with AOAC requirements red not in agreement 
with AOAC requirements). 

Allergen Protein Peptide 

C1 (1x LOQ) C2 (2x LOQ) C3 (5x LOQ) 

RSDr  
(%) 

RSDINT 

(%) 

Recovery 

(%) 
RSDr  
(%) 

RSDINT 

(%) 

Recovery 

(%) 
RSDr (%) 

RSDINT 

(%) 

Recovery 

(%) 

Milk 

αs1-casein 

FFVAPFPEVFGK 15.4 18.4 107.1 2.7 3.9 101.1 5.2 5.0 105.8 

HQGLPQEVLNENLLR 10.7 13.3 132.5 8.4 8.8 109.9 16.2 16.5 108.0 

YLGYLEQLLR 13.7 14.4 109.8 3.1 3.5 102.2 3.1 3.5 102.2 

β-lactoglobulin 

IDALNENK 5.4 6.9 128.9 2.5 6.9 108.6 3.5 7.5 95.2 

TPEVDDEALEK / / / / / / / / / 

VYVEELKPTPEGDLEILLQK 6.3 6.8 117.4 4.8 7.0 102.6 7.3 8.5 97.5 

Egg 

Ovalbumin 
GGLEPINFQTAADQAR 3.7 10.1 80.4 4.2 12.1 85.2 5.4 16.0 85.2 

HIATNAVLFFGR 6.1 11.2 83.3 7.2 16.3 79.3 9.3 22.0 74.4 

Ovotransferrin 
SAGWNIPIGTLIHR 5.1 11.1 74.4 4.9 12.8 83.1 11.3 20.5 86.4 

FYTVISSLK 9.3 8.6 128.4 9.8 11.7 122.4 7.5 13.9 103.7 

Vitellogenin-1 
NVNFDGEILK 6.9 6.5 101.6 7.4 7.2 102.9 2.7 3.9 98.1 

TVIVEAPIHGLK / / / / / / / / / 

Hazelnut Cor a 9 

ADIYTEQVGR 4.7 8.9 99.2 2.3 7.8 89.8 3.8 8.1 85.1 

ALPDDVLANAFQISR 5.4 6.0 103.8 3.3 8.6 95.0 4.5 9.3 89.2 

LNALEPTNR 7.0 10.8 118.6 5.5 11.8 101.9 7.8 10.8 94.8 

TNDNAQISPLAGR 11.3 16.4 150.1 7.7 17.5 115.2 6.8 10.1 94.0 

Peanut Ara h 1 

GSEEEDITNPINLR / / / / / / / / / 

GSEEEGDITNPINLR / / / / / / / / / 

GTGNLELVAVR 6.7 8.2 121.2 6.9 8.0 106.7 4.6 6.7 91.7 
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Table 20 – Evaluation of UHPLC-MS/MS precision (RSDr and RSDINT) and trueness (recovery) in chocolate chip matrix using the standard addition method. Chocolate chip 2 g samples were spiked 
with allergen extracts at 3 different levels (C1, C2 and C3 corresponding to 1x, 2x and 5x allergen specific LOQ). For each contamination level, four biological replicates were prepared and analysed. 
The whole procedure was repeated for three consecutive days. Trueness and precision results were compared with AOAC requirements (green in agreement with AOAC requirements red not in 
agreement with AOAC requirements). 

Allergen Protein Peptide 

C1 (1x LOQ) C2 (2x LOQ) C3 (5x LOQ) 

RSDr  
(%) 

RSDINT 

(%) 

Recovery 

(%) 
RSDr  
(%) 

RSDINT 

(%) 

Recovery 

(%) 
RSDr (%) 

RSDINT 

(%) 

Recovery 

(%) 

Milk 

αs1-casein 

FFVAPFPEVFGK 7.3 16.2 116.6 12.3 11.9 113.5 12.8 11.3 102.0 

HQGLPQEVLNENLLR / / / / / / / / / 

YLGYLEQLLR 24.4 35.3 137.1 17.5 17.4 114.8 14.6 15.1 107.0 

β-lactoglobulin 

IDALNENK 4.5 8.8 158.4 14.7 13.5 131.3 5.2 5.2 107.0 

TPEVDDEALEK / / / / / / / / / 

VYVEELKPTPEGDLEILLQK 10.8 13.9 144.3 14.2 14.9 123.8 7.8 10.5 112.2 

Egg 

Ovalbumin 
GGLEPINFQTAADQAR 13.4 15.0 73.0 12.7 13.0 78.8 9.7 25.1 79.4 

HIATNAVLFFGR 16.7 16.9 90.9 29.8 26.3 88.4 18.9 21.8 92.1 

Ovotransferrin 
SAGWNIPIGTLIHR 10.6 62.6 159.7 7.3 65.1 150.4 10.6 54.3 170.9 

FYTVISSLK / / / / / / / / / 

Vitellogenin-1 
NVNFDGEILK 7.7 8.4 103.7 16.8 15.0 106.1 15.5 17.9 99.9 

TVIVEAPIHGLK 20.3 18.5 113.4 15.2 13.9 121.1 23.2 23.4 120.4 

Hazelnut Cor a 9 

ADIYTEQVGR 15.3 17.9 113.2 10.9 14.5 97.8 21.7 19.8 110.2 

ALPDDVLANAFQISR 6.7 6.0 101.7 4.3 7.3 96.4 3.3 7.9 98.1 

LNALEPTNR / / / / / / / / / 

TNDNAQISPLAGR 11.2 14.1 134.9 7.6 7.6 124.0 12.5 11.3 104.7 

Peanut Ara h 1 

GSEEEDITNPINLR / / / / / / / / / 

GSEEEGDITNPINLR / / / / / / / / / 

GTGNLELVAVR 7.4 8.5 103.9 7.4 6.9 102.0 12.0 12.5 102.9 
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6. Conclusion 

Based on potential peptide biomarkers identified by HRMS, a UHPLC-MS/MS method was developed. 

A total of 19 peptide biomarkers were selected in the list of potential biomarkers based on selectivity 

and sensitivity criteria to quantify the four considered allergenic ingredients (egg, milk, peanut and 

hazelnut) in processed food products. 

The validation was the last step in the UHPLC-MS/MS method development. Combining the use of a 
15N isotope-labelled concatemer internal standard, incurred and spiked food matrices and standard 

addition quantification, performance parameters including selectivity, LOD, LOQ, linearity, trueness 

and precision were evaluated. 

The obtained results were compared to standard method performances required by the AOAC 

International for the detection and the quantification of selected food allergens.  

Method sensitivity was allergen and matrix dependent. Milk was detected with sufficient sensitivity 

whereas egg LOQ was higher than the AOAC requirement. As expected from known effects on sample 

preparation and analysis, chocolate chips matrices were also found to be problematic for egg, peanut 

and hazelnut detection with obtained LOQ higher than the AOAC requirement.  

Method linearity was achieved in the 0.5 – 50 ppm contamination range with visually inspected linear 

calibration curves and R², coefficient of determination, higher than 0.99 for most of the peptides.  

Method trueness and precision were finally evaluated with spiked matrices and standard addition 

quantification. Trueness was evaluated using recovery considering theoretical spiking values and 

precision with repeatability and a relative standard deviation close to intermediate precision 

definition. At least one peptide per matrix and per allergenic ingredient is in agreement with AOAC 

requirements. 
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CONCLUSION AND PERSPECTIVES 

The prevalence of food allergy has increased during the last decades and is now recognized as a 

significant public health issue in developed countries (Savage & Johns, 2015). In the absence of 

validated treatment, the only solution for allergic patients is to strictly avoid to consume the culprit 

food. However, accidental allergen intake remains possible and symptoms associated to the allergic 

reaction can be life-threatening. Beside the risk of severe allergic reactions, food hypersensitivity has 

an impact on psychological distress and on the quality of life of allergic patients, as well as their 

families. 

To protect allergic consumers, the legislation of numerous developed countries requires the labelling 

of several allergenic ingredients. At the European level, the labelling of a list of 14 allergenic ingredients 

and substances causing intolerances is required. The current legislation however only covers allergenic 

food when used as an ingredient, that is, foods or substances that are voluntarily incorporated into 

the food product, that are part of the recipe. This regulation does not address a major problem in food 

allergy management: cross-contamination. 

This task is highly complex and zero risk in food allergy management cannot be achieved (Remington 

et al, 2020). Zero risk is not operationally achievable in the food industry given the complexities in the 

supply chain and in processing facilities that handle multiple allergenic foods, often on shared 

processing equipment. Good manufacturing practices and allergen management are established by 

the food industry (Gupta et al, 2017), however, ensuring that 100 % of all allergen residue is removed 

from shared equipment is impossible. Moreover, zero risk is also not achievable from an analytical 

point of view. Despite the improvement of detection methods sensitivity, presented detection limits 

will always be defined allergen values. 

Since zero risk is not feasible from a risk management perspective for allergic individuals or the food 

industry, consensus on a worldwide accepted level of risk is needed. Thus, when possible, the aim 

should be for the protection of a certain proportion of the population, e.g. to protect 99% of the allergic 

population from any objective reaction (Remington et al, 2020). These Reference Doses (mg protein) 

were meant to serve as a basis for calculating action levels (concentrations, mg protein/kg) for 

precautionary allergen labelling. This approach afforded a possibly acceptable public health outcome 

by striking a balance between the statistical certainty of the estimate, level of consumer protection, 

ability to analytically verify and enforce, and hopeful enhancement of consumer observance and 

avoidance of food products with precautionary labelling. The experts from VITAL are developing such 

an approach since 2006.  

Even if strongly requested by food producers and control laboratories, no harmonized regulatory 

framework for managing hidden allergens or action thresholds have been enacted in Europe. These 

aspects are essential for the development of quantitative risk assessment in allergen management. 

Different countries, including Belgium, proposed allergen reference doses to manage the risk that may 

arise from the presence of allergens in foods. The problem is that these thresholds differ greatly from 

country to country, even in Europe. The reference doses proposed by the NVWA in the Netherlands 

are for instance 10 to 100 times (depending on the allergen) lower than doses proposed in VITAL 3.0 

and Belgium. These doses were proposed to protect even the most sensitive patients but are 

manageable with the current analytical methods. A global harmonized regulatory framework for 

managing hidden allergens is urgently needed.  

Quantitative allergen analysis methods are essential for efficient allergen management. Allergen 

detection is currently performed with immunological assays that base their detection on antibody-

allergen (or other marker protein) interaction and with PCR methods that target the DNA from 
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allergenic ingredients (Costa et al, 2016a). As presented in a critical review from Senyuva and co-

workers (Senyuva et al, 2019), ELISA and PCR test kits were developed and are commercially available 

for the detection of the 13 allergenic ingredients that require labelling in Europe (sulphur dioxide is 

excluded from this list). The only exception is the analysis of celery with immunological methods due 

to cross-reactivity with proteins from other plants such as parsley, carrot, coriander or fennel 

(Flanagan, 2014). The claimed limits of detection of the different kits are in the range of the ppm and 

are in agreement with clinical thresholds. For some of the test kits, very specific individual foods are 

indicated for which the test kit has been validated, whereas in other cases very general indications are 

given such as applicable to “raw materials, uncooked/cooked foods”. However, validation is crucial in 

the development of analysis methods. The use of incurred materials is absolutely required for the 

development and the validation of food allergen detection methods. Their use permits to reproduce 

conventional formulation, realistic incorporation of allergens inside the food microstructure and 

allergen modifications due to food processing, thus allowing more rigorous assessment of quantitative 

method performance in terms of extraction yield, accuracy, and sensitivity when processed foods are 

analysed (Mattarozzi & Careri, 2019). 

Furthermore, immunological assays and PCR methods suffer from certain limitations. Besides matrix 

effect, performance of ELISA tests can be affected by food processing, which is predominantly 

attributed to tri-dimensional or chemical modifications of the target proteins (Costa et al, 2016a). In a 

review article from Iqbal and co-workers dedicated to peanut protein detection by ELISA (Iqbal et 

al, 2016), the authors highlighted that the detectability of peanut proteins was reduced due to heat 

treatment. The detectability was reduced by more than 80 % in the case of peanuts processed for a 12 

min heat treatment at 100 °C and even by more than 90 % in the  presence of 20 mM glucose (probably 

due to Maillard reactions). Immunological assays could also be subject to cross-reactivity. In a recent 

study, Koeberl and co-workers (Koeberl et al, 2018) compared three commercially available ELISA test 

kits for the detection of lupine. The three kits were able to detect three species of lupine, though with 

different sensitivities. However, all showed some cross-reactivity to related vegetable samples 

analysed such as peanut or soya. 

Another limitation of the ELISA method is the impossible multiplexed allergen analysis. To overcome 

this limitation, innovative antibody‐based solutions were developed such as the multi-analyte profiling 

(xMAP®) technology (Houser, 2012). Multiplexed analysis is performed thanks to the use of 

differentially detectable bead sets as a substrate capturing analytes in solution and employs 

fluorescent methods for detection. A single laboratory validation of the multiplex xMAP® food 

allergens (crustaceans, soy, nine tree nuts, egg, gluten, peanut and milk) detection with incurred food 

samples was performed by Nowatzke and co-workers (Nowatzke et al, 2019). Replicate samples 

displayed good reproducibility (RSD typically < 5%). However, the same general limitations of 

immunological methods concerning food processing and matrix effects were observed. The average 

recovery of analyte incurred in chocolate and baked muffins was < 60 %. 

FoodSmartphone, a European project is currently ongoing and proposes the development of 

smartphone-based (bio)analytical sensing and diagnostics tools for simplified on-site rapid pre-

screening of food quality and safety parameters and wireless data transfer to servers of relevant 

stakeholders (Nielen, 2017). Food allergens are part of the project and the potential to modernize 

traditional laboratory-based methods by interfacing them with a smartphone readout system was 

evaluated (Ross et al, 2018). Although visionary, this transition from the laboratory to on-site analysis 

is challenging. Beside analytical aspects, developed methods should be in addition consumer-friendly 

and adapted to non-scientist users. 

192



 
 

DNA-based methods such as PCR are proposed as alternatives to immunological methods. 

Substantially more stable than proteins, DNA molecules are known to preserve some integrity even 

under severe food processing conditions. These methods are also very specific and less prone to cross-

reactivity phenomena (Costa et al, 2016a). However, the choice of the targeted nucleotide sequence 

is crucial to ensure specificity. Due to high DNA sequence similarities, cross reactivity with soybean 

was observed by Villa and co-workers in a real-time PCR approach for lupine detection (Villa et 

al, 2018). 

Combined with capillary electrophoresis, multiplex PCR was developed to detect multiple food allergen 

genes in a single reaction (Guo et al, 2011). This strategy was implemented by Cheng and co-workers 

(Cheng et al, 2016) in an inter-laboratory study for the simultaneous detection of ten food allergens 

(hazelnut, pistachio, oat, sesame, peanut, cashew, barley, wheat, soybean and pecan). The method 

was developed with spiked samples and its applicability was evaluated with 20 commercial food 

products. This strategy remains questionable since the author conclusions are based on food labelling 

and precautionary statements. Possible contamination levels of these “real” samples were unknown 

and obtained results were only qualitative. The use of reference materials with a defined 

contamination level would have been more appropriate (Mattarozzi & Careri, 2019). Five spiked 

samples and ten commercial food products were then sent to three other laboratories to perform the 

same analysis. Results were relatively coherent between laboratories even if cashew was not detected 

in a sample and hazelnut in two other samples by one of the three laboratories. 

However, DNA-based methods suffer from limitations such as the impossibility to differentiate egg 

from poultry meat and milk from the corresponding meat (Flanagan, 2014). Quantification is also 

difficult in the absence of certified reference material to convert results expressed in number of copies 

of DNA equivalent into a total quantity of the allergenic ingredient per kilogram of food. 

Mass spectrometry-based methods were recently developed as a promising alternative. Typically, 

proteins from the allergenic ingredient are detected through their constitutive peptides, which are 

obtained after proteolytic digestion. The first screening method for the simultaneous detection of 

multiple allergens was published in 2011 by Heick and co-workers (Heick et al, 2011). Since that time, 

several methods were published for the detection and, based on different strategies, for the 

quantification of the different allergenic ingredients. A review article of Monaci and co-workers 

(Monaci et al, 2018) identified nine publications presenting multi allergen quantitative mass 

spectrometry-based methods. For absolute quantification, the common approach requires resorting 

to stable isotope dilution for the construction matrix matched calibration curves. However, matrix 

effects rely on sample composition and for the analysis of different kinds of samples, multiple curves 

would be required. To overcome this issue, inconvenient for routine analysis, Planque and co-workers 

(Planque et al, 2019) developed a quantification strategy based on standard addition.  

In these quantitative methods, stable isotope dilution is based on the use of stable isotope-labelled 

synthetic peptides as internal standard. As already addressed in the introduction, synthetic peptides 

are not part of all the steps of the sample preparation, as they escape to the enzymatic digestion and 

are, therefore, not able to correct for the variability introduced at this step of the procedure. 

It is in this context that the “Allersens” project was developed. The theses of two PhD students were 

coordinated to develop and validate a UHPLC-MS/MS method for the quantification of four major 

allergenic ingredients (egg, milk, peanut and hazelnut) in processed food products. The quantification 

strategy was based on isotope dilution considering an original approach using a stable isotope-labelled 

concatemer as internal standard. To achieve this final objective, the project was divided in several 
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tasks, complementarily addressed by the two students, Kaatje Van Vlierberghe (KVV) and Maxime 

Gavage (MG). 

1) Production of test materials (KVV) 

To be able to include the impact of food processing in the development and the validation of the 

analysis method, several test materials, containing the four allergenic ingredients, were produced. 

These test materials were submitted to several food processing techniques that are known to affect 

allergen detectability. 

2) Identification of peptide biomarkers (KVV and MG) 

With an empirical approach based on HRMS analysis, potential peptide biomarkers for the 

development of a quantitative method were identified. The four allergenic ingredients were separately 

handled and were divided between the two students. KVV was in charge of milk and hazelnut and MG 

of egg and peanut. 

3) Development of the UHPLC-MS/MS method (KVV) 

The list of HRMS identified potential peptide biomarkers was refined based on selectivity and 

sensitivity criteria to only keep 19 satisfying peptide biomarkers covering the four allergenic 

ingredients, in the quantitative method. 

4) Development of a concatemer isotope-labelled internal standard (MG) 

The quantification strategy was based on isotope dilution considering an original approach using a 

stable isotope-labelled concatemer as internal standard. After several optimization tests, a 15N isotope-

labelled concatemer, containing the 19 peptide biomarkers, was produced and characterized. This 

concatemer was used as a unique internal standard in the quantification of the four allergenic 

ingredients. 

5) Validation of the UHPLC-MS/MS method (KVV and MG) 

The developed UHPLC-MS/MS method was finally validated with a quantification approach based on 

the use of the 15N isotope-labelled concatemer. Performance parameters including selectivity, LOD, 

LOQ, linearity, trueness and precision were evaluated by both PhD students. 

6) Comparison with existing analysis methods (KVV) 

The performance of the validated UHPLC-MS/MS method will finally be compared with existing 

allergen analysis methods such as ELISA or PCR but was not covered in this thesis. 

Three main tasks were addressed during this thesis: 1) the identification of potential peptide 

biomarkers for egg and peanut, 2) the development and production of a stable isotope-labelled 

concatemer internal standard and 3) the validation of the developed UHPLC-MS/MS quantification 

method. 
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The identification of the analyte is the first step in the development of any analytical method. In the 

case of allergen analysis by mass spectrometry, the analytes are constitutive peptides obtained from 

the enzymatic digestion of proteins of the allergenic ingredients. Potential peptide biomarkers were 

identified with an empirical approach based on the analysis, by HRMS, of the different allergenic 

ingredients. Various and representative food processing techniques were applied to these allergenic 

ingredients to include their impact on allergen detectability. To include potential variability in protein 

content and protein distribution due to growing conditions and origin, peanuts from two distinct 

geographical growing locations were considered. 

Samples were prepared with an optimized sample preparation protocol and analysed by HPLC-HRMS. 

With this untargeted approach, hundreds of peptides were identified for egg and peanuts. These 

peptides were filtered using a set of selection criteria to ensure the specificity, sensitivity and 

robustness of the future quantitative method. Ideal peptide biomarkers had to be specific to the 

considered allergenic ingredient, belong to abundant proteins, and be robust to food processing but 

not prone to missed cleavages by the protease(s) used or to amino acid modifications. 

With this approach, 16 potential peptide biomarkers were identified for egg and 16 for peanut. Egg 

white and yolk both contain allergens and can be separately used by the food industry. Peptide 

biomarkers from these two fractions were therefore considered. Detailed peptide biomarkers 

selection was presented in two research articles dedicated to each allergenic ingredient. 

The quantification strategy was based on isotope dilution considering an original approach using a 

stable isotope-labelled concatemer as internal standard. Concatemer is an artificial protein, 

recombinantly produced and assembling peptide biomarkers from different proteins (Pratt et 

al, 2006). Known for more than a decade in the proteomic field, this strategy has never been applied 

in allergen analysis or, more broadly, in food analysis. Submitted to enzymatic digestion, concatemer 

could represent a relevant internal standard in food allergens analysis. Indeed, it overcomes limitations 

of the use of synthetic peptides, while combining advantages of the use of labelled proteins and, 

further, allowing for multiple allergen quantification by mass spectrometry. 

In parallel to the development of the UHPLC-MS/MS method and the selection of the 19 final peptide 

biomarkers by KVV, several tests and different concatemers were designed, recombinantly produced, 

purified and characterized to identify critical design parameters and optimal expression conditions. 

Aspects such as protein sequence hydrophobicity, associated mRNA secondary structure or E. coli host 

cell strain were investigated.  

A concatemer, containing the 19 final peptide biomarkers was finally produced with a 15N uniform 

stable isotope labelling. The obtained production yield made this approach cost-effective compared to 

synthetic peptides. The isotope labelling strategy and obtained isotopic enrichment were adequate to 

avoid any risk of false positive introduction. 

Performance of the synthetized concatemer was finally compared to those of a labelled protein and of 

synthetic peptides with the analysis of food matrices spiked with food allergen extracts. As expected 

from a theoretical point of view, the isotopically labelled protein that was used as an internal standard 

gave the best results. Synthetic peptides and concatemer results were more equivocal and seemed to 

be peptide-dependent. These results were gathered in a research article. 

The developed UHPLC-MS/MS, targeting 19 peptide biomarkers from the four considered allergenic 

ingredients, was finally validated. Combining the use of a 15N isotope-labelled concatemer internal 

standard, incurred and spiked food matrices and standard addition quantification, performance 

parameters including selectivity, LOD, LOQ, linearity, trueness and precision were evaluated. The 
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results were compared to the standard method performance required by the AOAC International for 

the detection and the quantification of selected food allergens. All requirements were not achieved. 

Sensitivity issues were observed for egg and in complex matrices such as chocolate, known to affect 

sample preparation. However, linearity was observed and at least one peptide per allergenic ingredient 

was in agreement with AOAC requirements concerning trueness and precision. 

The proposed strategy and the developed quantitative method are major steps forward in allergen 

analysis. Identified related literature rarely considers all aspects involved in food allergen analysis. 

Here, a quantitative method using an original isotope dilution strategy was developed. This method 

targeted multiple allergenic ingredients, include food processing effects and was validated. These 

three aspects are crucial for the valuable expansion of mass spectrometry in food allergen analysis. 

Presented results were limited to a single laboratory validation. However, as a first perspective, an 

inter-laboratory study is planned in a near future, during the last months of the “Allersens” project 

(KVV). More than ten laboratories were identified, based on voluntary approach, to participate to this 

inter-laboratory study. The sample preparation protocol, contaminated samples, 15N isotope-labelled 

concatemer internal standard and UHPLC-MS/MS method will be provided to all participants. The 

developed quantitative method will therefore be applied in several laboratories and information 

concerning method reproducibility will be collected. In a more utopian perspective, this inter-

laboratory study could be the first step towards method harmonisation between the different control 

laboratories. This harmonisation is crucial to obtain comparable results among laboratories and to 

promote an efficient food allergens risk management. 

Compared to AOAC International standard method requirements, obtained results were promising. A 

substantial part of the performance criteria were fulfilled. The main identified weak point concerned 

method sensitivity, for the detection of egg in general on the one hand and detection in complex 

matrices such as chocolate on the other hand. Efforts have to be focused on sample preparation to 

improve sensitivity. However, this task is challenging in the context of routine laboratories. Any 

proposed improvement has to be in accordance with routine laboratory imperatives in terms of 

analysis cost and duration.  

It was, for example, demonstrated in the research article on the identification of potential egg peptide 

biomarkers by HRMS (Gavage et al, 2019) that the use of Lys-C in combination with trypsin for the 

enzymatic digestion step could improve the detection of some proteins such as ovalbumin. However, 

this additional step elongates the duration of the digestion step and is an additional cost. For practical 

reasons, the strategy of the laboratory is to use the same sample preparation protocol, independently 

of the researched allergenic ingredient or the type of matrix. Therefore, one can argue about whether 

the addition of Lys-C in the digestion step of every sample is justified to improve the detection of only 

one allergenic ingredient.  

For chocolate matrices, one could suggest to add a purification step after the extraction to separate 

protein from other matrix components, such as polyphenols and tannins, which are known to 

negatively affect the following enzymatic digestion step. This separation could be achieved using size-

exclusion chromatographic disposable columns or immunoaffinity chromatography. But, once again, 

the addition of such a step is questionable. Does this step have to be applied to every sample? If it 

does, it could improve allergen detection sensitivity in complex matrices but a part of the extracted 

protein would inevitably be lost during this step, which would be detrimental to simpler matrices. If 

not, on which basis does the choice of the additional purification step have to be done? What if a 

cookie containing chocolate chips would have to be analysed? The purification step would be beneficial 

for the chocolate matrix but not necessarily for the cookie matrix. 
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Method sensitivity could definitely be improved but the cost/benefit ratio has to be carefully evaluated 

to ensure method financial sustainability in the context of routine laboratories. 

As exposed in the research article published in Food Chemistry, the performance of the designed 

concatemer was evaluated and compared to isotope-labelled protein and synthetic peptides. The 

analysis of three food matrices spiked with extracts of four allergenic ingredients indicated that, as 

expected from a theoretical point of view, the isotope-labelled protein was the most performing 

internal standard, even if results were limited to β-lactoglobulin, a milk protein. Results obtained for 

synthetic peptides and the concatemer were somewhat comparable and were depending on the 

targeted peptide biomarker. 

The design of the 15N isotope-labelled concatemer was optimized regarding production factors. The 19 

peptide biomarkers were simply concatenated in the concatemer sequence. However, multiple factors 

could influence the enzymatic digestion kinetics and different possibilities of improvement were 

proposed. 

For instance, amino acids surrounding trypsin recognition sites are known to influence the efficiency 

of peptide bond hydrolysis (Siepen et al, 2007). This aspect was already considered during the potential 

peptide biomarkers selection by HRMS. Peptides with an arginine or lysine residue juxtaposed to the 

digestion site were rejected. However, due to peptides concatenation, each cleavage site close 

environment corresponds to the half of the cleavage site of the natural protein. Consequently, at a 

local scale, enzymatic digestion of the concatemer only partially reflects digestion of the natural 

proteins. The introduction of amino acids between each targeted peptide of the concatemer could be 

a solution to overcome this issue (Kito et al, 2007). Such introduced amino acids would be the flanking 

amino acids in the corresponding natural protein sequence. 

Protein structural parameters are also known to interfere with trypsin digestion. Amino acids 

surrounding the cleavage site in the three-dimensional structure of the protein might also affect 

trypsin digestion. Hence, cleavage sites surrounded by acidic amino acids, characterized by a greater 

average exposed area, are more subject to missed-cleavages. Moreover, protein secondary structure 

was found to affect trypsin digestion efficiency. Cleavage sites within unstructured domains are more 

prone to be cleaved incorrectly, whereas cleavage sites in alpha-helices are more favourable (Hamady 

et al, 2005). Even if no general trend emerged from our data, three-dimensional and structural aspects 

could be included in a future peptide biomarker selection, in addition to all other criteria. 

In this project, four allergenic ingredients were considered. Egg, milk, peanut and hazelnut were 

identified as first priority food allergens based on their prevalence, their allergic potency and the 

severity of the allergic reaction (incidence of effects). The developed strategy could now be extended 

to other allergenic ingredients that require labelling and that are listed in Annex II of Consumer 

Information Regulation (EC) 1169/2011 (Table 1). Except for sulphur dioxide, all these ingredients 

contain proteins whose peptides can be targets of the method. After the identification by HRMS of 

potential peptide biomarkers that fulfil selection criteria (specificity for the allergenic ingredient, 

derived from an abundant protein, robust to food processing and not subjected to amino acid 

modifications or missed enzymatic cleavages), these peptides would be included in another 

concatemer used as stable isotope-labelled internal standard for the quantification of multiple food 

allergens. Considering multiple peptides by allergenic ingredient, a single concatemer for the analysis 

of the 13 allergenic ingredients that required labelling (sulphur dioxide excluded) could be laborious 

and not strategic. It could be considered to produce a couple of stable isotope-labelled concatemers 

and to group in each concatemer, peptides from allergenic ingredients for which the analysis request 
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is often clustered such as peanut and tree nuts (almonds, hazelnuts, walnuts, cashews, pecan nuts, 

Brazil nuts, pistachio nuts and macadamia) or fish and crustacean, for example. 

Moreover, the list of 14 allergenic ingredients and substances causing intolerances that require 

labelling is probably not definitive. Lupine and molluscs were only added to this list in the last version 

of the Regulation in 2011 (Popping & Diaz-Amigo, 2018). This list will possibly evolve in the future and 

other allergenic ingredients could be added, such as fruits like kiwifruit or banana which are already 

included in the Japanese food allergen labelling legislation (Akiyama et al, 2011). Allergy to kiwifruit 

was first described in 1981. Since then, there has been an increasing number of reports of kiwifruit 

allergy. Today it is one of the most common causes of food allergy (Le et al, 2013). Symptoms of 

kiwifruit allergy vary from mild local symptoms in the oral cavity to severe systemic reactions (Lucas et 

al, 2003). Avoidance is challenging since kiwifruit is a versatile ingredient, which is found in various 

food products worldwide including cakes, juice, jam, ice cream, fruit wine, or fruit salads (Wang et 

al, 2019). This list could also be subject to modifications due to the introduction of novel foods for 

human consumption. Insects represent an alternative for meat and fish in satisfying the increasing 

demand for sustainable sources of nutrition. Food allergy to insects has already been described for 

several edible species such as mealworm or cricket (de Gier & Verhoeckx, 2018). Analytical methods 

will therefore be necessary for the detection of these potentially new allergenic ingredients that 

required labelling. A couple of detection methods are already available in the literature such as the 

work of Zhang and co-workers for the development of sandwich ELISA for detection of invertebrate 

major allergen tropomyosin (Zhang et al, 2014a) or the work of Suh and co-workers for the 

development of a multiplex PCR method for the simultaneous detection of fruit allergen-coding genes 

in tomato, apple, peach and kiwifruit (Suh et al, 2019). 

The analytical strategy developed in this project can even be extended to other fields using proteomic 

analysis. The use of biological systems to synthesize recombinant proteins as therapeutic products has 

been a remarkable success since 1982 and the approval by the U.S. Food and Drug Administration of 

Humulin, the first human insulin for diabetes treatment created using recombinant DNA technology 

(De Meyts, 2017). In recent years, antibody-drug conjugates, a new class of therapeutics, have been 

developed. In these cases, the protein counterpart acts as a targeted vehicle for conventional chemical 

drugs (Sanchez-Garcia et al, 2016). In each case, the product must be purified from any cell‐based 

impurities to an acceptable level before administration in the clinic. Host cell proteins are one of the 

more troublesome impurities in terms of risk or product degradation, for example, residual proteases 

that could potentially reduce the amount of active drug present (Bracewell et al, 2015). Such kind of 

therapeutic products therefore need control analysis targeting these host cell proteins. The strategy 

developed in this thesis for the detection of multiple allergens in processed food products, based on 

the targeted analysis of peptide biomarkers by UHPLC-MS/MS and the use of an isotope labelled 

concatemer as internal standard, could be transferred for the analysis of multiple host cell proteins in 

therapeutic products. 

A UHPLC-MS/MS based method targeting signature tryptic peptides was already used to detect blood-

derived products and milk powder in animal feed (Lecrenier et al, 2018). This method resulted from a 

collaboration between the universities of Namur and Liège, the Walloon Agricultural Research Centre 

and CER Groupe. This method was developed in the context of the use of animal by-products as a 

source of proteins in the production of animal feed. Since the bovine spongiform encephalopathy crisis 

(“mad cow disease”), the use of animal by-products in feed is strictly regulated. In the studied case of 

fish feed, the use of non-ruminant processed animal proteins (PAPs) is authorized as well as ruminant 

milk. On the contrary, the use of ruminant PAPs is forbidden.  
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A UHPLC-MS/MS method was developed to overcome the limitations of DNA-based methods which 

are unable to differentiate milk from ruminant PAPs. The method targeted signature peptides from 

bovine blood and milk proteins to simultaneously identify authorised and unauthorised animal by-

products. A stable isotope-labelled internal standard was used in this method under the form of two 

synthetic peptides, each containing two concatenated peptide biomarkers. This approach was 

somehow between synthetic peptides and recombinantly produced concatemer. 

A new 15N stable isotope-labelled concatemer internal standard is currently under development to 

improve this feed UHPLC-MS/MS analysis method. This concatemer contains 14 peptide biomarkers 

from different milk and animal by-products proteins. Its design includes the introduction of flanking 

amino acids in the corresponding natural protein sequence between each peptide biomarker. With 

this additional feature, the aim is to improve the similarity between analyte and internal standard 

behaviour during the enzymatic digestion. We are looking forwards to the results. 

In conclusion, these examples demonstrate the potential opportunities of extension of the developed 

strategy. Applied to food allergens, a UHPLC-MS/MS method was developed and validated for the 

simultaneous quantification of egg, milk, peanut and hazelnut in processed food products. Food 

allergen analysis is an essential tool in the development of a risk-based approach to allergen 

management to provide safe food and a better living conditions to allergic patients.  
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ANNEX 1: UNamur in-gel protein digestion protocol for HRMS analysis 

!! Wearing disposable nitrile powder free gloves is mandatory for all the following steps !! 

Work cleanly and cautiously to reduce keratin and chemical background contaminations of the 

samples. Use an agitator for Eppendorf tubes which allows rate 300-1200 rpm and temperature 

settings. 

A. Sample preparation 

1. Excise the bands of interest (blue spots) from the gel using a scalpel. 

2. Cut the resulting excised spots into small cubes (ca. 1 mm). Note that smaller pieces could clog 

pipette tips. 

3. Transfer gel pieces from the corresponding bands into a Protein LoBind microcentrifuge tube of 1.5 

mL. 

These samples are placed in ULC/MS grade water and stocked at -20°C up to digestion and analysis. Be 

sure that all the gel pieces are completely covered with water. 

NB: the volumes mentioned in the following procedure (steps B to E) can be adjusted to completely 

cover the gel pieces. 

B. Destaining of the gel pieces excised from Coomassie-stained gels 

1. Incubate the samples for 10 min (21 °C, 900 rpm) 

2. Remove the solvent, while ensuring that the gel pieces are not eliminated 

3. Add 50 μL of ammonium bicarbonate buffer 50 mM (ABB 50), and incubate for 5 min (21°C; 900 

rpm) 

4. Remove all liquid. 

5. Add 50 μL of ACN, incubate for 5 min (21°C; 900 rpm), and then remove all liquid to destain the gel 

pieces. 

6. Repeat steps 3 to 5 twice or three times to completely destain the gel pieces. 

C. In-gel reduction and alkylation of the protein cysteines 

1. Add 40 μL of freshly prepared DTT 10 mM 

2. Incubate the sample at 56 °C for 45 min (600 rpm) 

3. Cool the microcentrifuge tubes to room temperature, remove the DTT solution 

4. Add 40 μL of freshly prepared IAA 55 mM 

5. Incubate at 21°C in the darkness for 30 min (600 rpm) 

6. Remove all liquid 

7. Add 50 μL of washing solution (water/ACN 1/1 (v/v)) to the gel pieces, and agitate for 5 min (21°C; 

900 rpm) 

8. Remove all liquid 

9. Add 50 μL of ACN, and agitate for 10 min (21°C; 900 rpm) 

10. Remove all liquid 

11. Add 50 μL of ABB 100, and agitate for 5 min (21°C; 900 rpm) 

12. Remove all liquid 

13. Add 50 μL of ACN, and agitate for 10 min (21°C; 900 rpm) 

14. Remove all liquid 

15. Dry the gel pieces for 15 min at 40°C (microcentrifuge tubes open) 

NB: steps 11 to 14 can be repeated a second times if needed. 
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D. In-gel digestion of the protein with trypsin 

1. Place all the microcentrifuge tubes in ice bath for at least 15 min before to perform the following 

steps 

2. Dilute 4 times the iced trypsin solution (0.1 μg/μL into iced acetic acid 50 mM; defrosted just before 

use) with ABB 50 

3. Add 30 μL of diluted iced trypsin solution (diluted 4 times with ABB 50) to cover all the gel pieces 

(more trypsin can be added if this is required to recover the initial size of the gel) 

4. Incubate for 30 to 45 min on ice bath 

5. Remove the excess of trypsin 

6. Add 50 μL of ABB 50 

7. Incubate overnight at 37°C (300 rpm) 

E. Extract recovery 

1. Transfer the digested solution into a new microcentrifuge tube 

2. Add 50 μL of ACN to the gel pieces 

3. Incubate for 30 min at 37 °C (900 rpm) 

4. Transfer all liquid to the microcentrifuge tube containing tryptic digest solution 

5. Evaporate ACN for 60 min at 40°C 

6. The resulting solution is transferred into UPLC plastic vial and can be store at -20°C up to its analysis. 
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ANNEX 2: DNA sequences of the different designed constructs for concatemer production 

Construct 1-1: Construct not coding for any peptide biomarker that contains coding sequences for GST 

primer, GFP and poly-H tag with an expected product of 30 kDa. 

CATATGTCTCCTATACTAGGTTATCCCGGGGGATCCCCATGGGGTCTAGAACCCGGGGATATCATGGCTAGCAAAGGAGAAGAACTTTTCACTG

GAGTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCTACATACGGAAA

GCTTACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTTCCGTGGCCAACACTTGTCACTACTTTCTCTTATGGTGTTCAATGCTTTTCC

CGTTATCCGGATCACATGAAACGGCATGACTTTTTCAAGAGTGCCATGCCCGAAGGTTATGTACAGGAACGCACTATATCTTTCAAAGATGACG

GGAACTACAAGACGCGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTGTTAATCGTATCGAGTTAAAAGGTATTGATTTTAAAGAAGATGGAAA

CATTCTCGGACACAAACTGGAGTACAACTATAACTCACACAATGTATACATCACGGCAGACAAACAAAAGAATGGAATCAAAGCTAACTTCAAA

ATTCGCCACAACATTGAAGATGGCTCCGTTCAACTAGCAGACCATTATCAACAAAATACTCCAATTGGCGATGGCCCTGTCCTTTTACCAGACA

ACCATTACCTGTCGACACAATCTGCCCTTTCGAAAGATCCCAACGAAAAGCGTGACCACATGGTCCTTCTTGAGTTTGTAACTGCTGCTGGGAT

TACACATGGCATGGATGAGCTCTACAAAGATATCCCGGCGAGCCATCACCATCACCATCACCATTAATGACTCGAG 

Construct 1-2: Construct coding for a GST primer, concatenated egg peptides, GFP and poly-H tag with 

an expected product of 41 kDa. One copy of each one of the 8 egg peptide biomarkers are placed in 

this order: EW1-EW2-EW4-EW3-EY2-EY1-EY3-EY4. 

CATATGTCTCCTATACTAGGTTATCCCGGGGGATCCCGCGGCGGCCTGGAACCGATTAACTTTCAGACCGCGGCGGATCAGGCGCGTCATATTG

CGACCAACGCGGTGCTGTTTTTTGGCCGTTTTGAAAGCAACTTTAACACCCAGGCGACCAACCGTAGCGCGGGCTGGAACATTCCGATTGGCAC

CCTGATTCATCGTAACGTGAACTTTGATGGCGAAATTCTGAAAGCGACCGCGGTGAGCCTGCTGGAATGGCAGCGTAACTTTCTGATTAACGAA

ACCGCGCGTCATCTGTTTCTGCCGAGCAGCTATAAAGGGGGATCCCCATGGGGTCTAGAACCCGGGGATATCATGGCTAGCAAAGGAGAAGAAC

TTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCTAC

ATACGGAAAGCTTACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTTCCGTGGCCAACACTTGTCACTACTTTCTCTTATGGTGTTCAA

TGCTTTTCCCGTTATCCGGATCACATGAAACGGCATGACTTTTTCAAGAGTGCCATGCCCGAAGGTTATGTACAGGAACGCACTATATCTTTCA

AAGATGACGGGAACTACAAGACGCGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTGTTAATCGTATCGAGTTAAAAGGTATTGATTTTAAAGA

AGATGGAAACATTCTCGGACACAAACTGGAGTACAACTATAACTCACACAATGTATACATCACGGCAGACAAACAAAAGAATGGAATCAAAGCT

AACTTCAAAATTCGCCACAACATTGAAGATGGCTCCGTTCAACTAGCAGACCATTATCAACAAAATACTCCAATTGGCGATGGCCCTGTCCTTT

TACCAGACAACCATTACCTGTCGACACAATCTGCCCTTTCGAAAGATCCCAACGAAAAGCGTGACCACATGGTCCTTCTTGAGTTTGTAACTGC

TGCTGGGATTACACATGGCATGGATGAGCTCTACAAAGATATCCCGGCGAGCCATCACCATCACCATCACCATTAATGACTCGAG 

Construct 1-3: Construct coding for a GST primer, concatenated egg peptides, GFP and poly-H tag with 

an expected product of 59 kDa. Only egg white peptide biomarkers are considered in this construct. 

DNA sequences corresponding to peptides from abundant egg white protein are repeated to obtain 

egg white peptides in natural abundance. DNA sequences for concatenated egg white peptides 

followed this sequence: EW1-EW2-EW4-EW1-EW2-EW4-EW1-EW2-EW3-EW1-EW2-EW1-EW2-EW1-

EW2-EW1-EW2-EW1-EW2. 

CATATGTCTCCTATACTAGGTTATCCCGGGGGATCCCCATGGCGCGGTGGCCTCGAACCAATTAACTTTCAGACGGCGGCCGATCAGGCCCGTC

ATATTGCCACCAACGCCGTGCTCTTTTTTGGTCGTTTTGAAAGCAACTTTAACACCCAGGCGACCAACCGTGGCGGCCTGGAACCGATTAACTT

TCAGACCGCGGCGGATCAGGCGCGTCATATTGCGACCAACGCGGTGCTGTTTTTTGGCCGTTTCGAGAGTAATTTCAATACGCAAGCCACGAAT

CGCGGCGGTCTGGAGCCGATTAATTTTCAGACCGCCGCGGATCAAGCGCGTCACATTGCGACGAACGCGGTCCTGTTCTTTGGCCGTAGCGCGG

GCTGGAACATTCCGATTGGCACCCTGATTCATCGTGGCGGGCTGGAACCAATTAACTTCCAGACCGCGGCAGATCAGGCACGTCATATTGCAAC

CAACGCAGTGCTTTTTTTTGGGCGTGGGGGCCTTGAACCTATTAACTTTCAAACCGCGGCAGATCAAGCGCGTCACATTGCGACTAACGCGGTC

CTGTTTTTTGGCCGCGGCGGTCTCGAACCAATTAACTTTCAAACCGCGGCGGACCAAGCGCGTCATATCGCCACCAACGCGGTTCTCTTTTTTG

GTCGTGGCGGTCTGGAACCAATCAACTTTCAAACGGCGGCGGACCAAGCGCGTCACATCGCGACCAACGCCGTTCTGTTTTTTGGTCGCGGCGG

CCTTGAGCCGATTAACTTCCAAACCGCAGCAGATCAGGCGCGCCATATCGCAACCAACGCAGTCCTGTTTTTCGGTCGTGGGCCATGGGGTCTA

GAACCCGGGGATATCATGGCTAGCAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACA

AATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCTACATACGGAAAGCTTACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTTCCGTG

GCCAACACTTGTCACTACTTTCTCTTATGGTGTTCAATGCTTTTCCCGTTATCCGGATCACATGAAACGGCATGACTTTTTCAAGAGTGCCATG

CCCGAAGGTTATGTACAGGAACGCACTATATCTTTCAAAGATGACGGGAACTACAAGACGCGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTG

TTAATCGTATCGAGTTAAAAGGTATTGATTTTAAAGAAGATGGAAACATTCTCGGACACAAACTGGAGTACAACTATAACTCACACAATGTATA

CATCACGGCAGACAAACAAAAGAATGGAATCAAAGCTAACTTCAAAATTCGCCACAACATTGAAGATGGCTCCGTTCAACTAGCAGACCATTAT

CAACAAAATACTCCAATTGGCGATGGCCCTGTCCTTTTACCAGACAACCATTACCTGTCGACACAATCTGCCCTTTCGAAAGATCCCAACGAAA

AGCGTGACCACATGGTCCTTCTTGAGTTTGTAACTGCTGCTGGGATTACACATGGCATGGATGAGCTCTACAAAGATATCCCGGCGAGCCATCA

CCATCACCATCACCATTAATGACTCGAG 

Construct 1-4: Construct coding for a GST primer, concatenated egg peptides, GFP and poly-H with an 

expected product of 42 kDa. Only egg yolk peptide biomarkers are considered in this construct. 

Peptides from abundant egg yolk protein are repeated to obtain egg yolk peptides in natural 

abundance. Concatenated egg yolk peptides followed this sequence: EY3-EY2-EY1-EY2-EY1-EY3-EY3-

EY4-EY3-EY3 
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CATATGTCTCCTATACTAGGTTATCCCGGGGGATCCCCATGGGGTCTAGAACGTCATCTGTTTCTGCCGAGCAGCTATAAAAACGTGAACTTTG

ATGGCGAAATTCTGAAAGCGACCGCGGTGAGCCTGCTGGAATGGCAGCGTAACGTTAACTTTGATGGTGAAATTCTCAAAGCCACCGCCGTGAG

CCTCCTGGAATGGCAGCGCCATCTCTTTCTGCCAAGCAGCTATAAACATCTGTTCCTCCCGAGCAGCTATAAAAACTTTCTGATTAACGAAACC

GCGCGTCATCTCTTTCTCCCGAGTAGCTATAAACATCTGTTCCTGCCAAGCAGTTATAAAGGTCTAGAACCCGGGGATATCATGGCTAGCAAAG

GAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGG

TGATGCTACATACGGAAAGCTTACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTTCCGTGGCCAACACTTGTCACTACTTTCTCTTAT

GGTGTTCAATGCTTTTCCCGTTATCCGGATCACATGAAACGGCATGACTTTTTCAAGAGTGCCATGCCCGAAGGTTATGTACAGGAACGCACTA

TATCTTTCAAAGATGACGGGAACTACAAGACGCGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTGTTAATCGTATCGAGTTAAAAGGTATTGA

TTTTAAAGAAGATGGAAACATTCTCGGACACAAACTGGAGTACAACTATAACTCACACAATGTATACATCACGGCAGACAAACAAAAGAATGGA

ATCAAAGCTAACTTCAAAATTCGCCACAACATTGAAGATGGCTCCGTTCAACTAGCAGACCATTATCAACAAAATACTCCAATTGGCGATGGCC

CTGTCCTTTTACCAGACAACCATTACCTGTCGACACAATCTGCCCTTTCGAAAGATCCCAACGAAAAGCGTGACCACATGGTCCTTCTTGAGTT

TGTAACTGCTGCTGGGATTACACATGGCATGGATGAGCTCTACAAAGATATCCCGGCGAGCCATCACCATCACCATCACCATTAATGACTCGAG 

Construct 2-1: Construct with optimized mRNA secondary structure coding for a GST primer, 

concatenated egg peptides, GFP and poly-H with an expected product 41 kDa.  One copy of each one 

of the 8 egg peptide biomarkers are placed in this order: EW3-EW1-EW2-EW4-EY1-EY4-EY3-EY2.  

CATATGTCTCCTATTCTAGGTTATCCAGGTGGTTCGCGCTCTGCAGGTTGGAACATTCCGATTGGAACGCTGATTCATCGTGGCGGCCTGGAAC

CGATTAACTTTCAAACCGCGGCGGATCAGGCGCGTCACATTGCCACCAATGCCGTCCTGTTTTTTGGCCGTTTTGAAAGCAACTTTAACACCCA

GGCGACTAACCGTGCTACGGCTGTATCTCTCCTGGAATGGCAGCGTAACTTTCTGATTAACGAAACCGCGCGTCATCTGTTTCTGCCGAGCAGC

TATAAAAACGTCAACTTTGATGGCGAAATTCTGAAGGGGGGATCTCCGTGGGGCCTAGAACCAGGAGATATCATGGCTAGCAAAGGAGAAGAAC

TTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCTAC

ATACGGCAAGCTAACCCTGAAGTTTATCTGTACAACTGGCAAGTTACCGGTACCCTGGCCAACACTTGTCACTACTTTCTCGTATGGTGTACAA

TGCTTTTCCCGTTATCCGGATCACATGAAACGGCATGACTTTTTTAAAAGTGCCATGCCCGAAGGTTATGTACAGGAACGCACCATATCTTTCA

AAGATGACGGCAACTACAAGACGCGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTGTTAATCGTATCGAGTTAAAAGGTATTGATTTCAAAGA

AGATGGTAACATTCTCGGCCACAAACTGGAGTACAACTATAACTCACACAATGTATACATTACGGCGGATAAACAGAAGAATGGAATCAAGGCT

AACTTCAAAATTCGCCACAACATTGAAGATGGCTCCGTTCAGTTGGCAGATCATTACCAACAGAATACCCCAATTGGCGATGGCCCTGTCCTTT

TACCAGACAACCATTACCTGTCGACACAGAGCGCTCTTTCGAAAGATCCCAACGAAAAGCGTGACCACATGGTCCTTCTTGAGTTTGTAACTGC

TGCTGGGATTACACATGGCATGGATGAGCTCTACAAAGATATCCCGGCGAGCCATCACCATCACCATCACCATTAACTCGAG 

Construct 2-2: Construct with optimized mRNA secondary structure coding for a GST primer, 

concatenated egg peptides, GFP and poly-H with an expected product 41 kDa. This construct is similar 

to construct 2-1, with N-term methionine codon ATG of GFP sequence replaced by leucine codon TTA. 

One copy of each one of the 8 egg peptide biomarkers are placed in this order: EW3-EW1-EW2-EW4-

EY1-EY4-EY3-EY2.  

CATATGTCTCCTATTCTAGGTTATCCAGGTGGTTCGCGCTCTGCAGGTTGGAACATTCCGATTGGAACGCTGATTCATCGTGGCGGCCTGGAAC

CGATTAACTTTCAAACCGCGGCGGATCAGGCGCGTCACATTGCCACCAATGCCGTCCTGTTTTTTGGCCGTTTTGAAAGCAACTTTAACACCCA

GGCGACTAACCGTGCTACGGCTGTATCTCTCCTGGAATGGCAGCGTAACTTTCTGATTAACGAAACCGCGCGTCATCTGTTTCTGCCGAGCAGC

TATAAAAACGTCAACTTTGATGGCGAAATTCTGAAGGGGGGATCTCCGTGGGGCCTAGAACCAGGAGATATCTTAGCTAGCAAAGGAGAAGAAC

TTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCTAC

ATACGGCAAGCTAACCCTGAAGTTTATCTGTACAACTGGCAAGTTACCGGTACCCTGGCCAACACTTGTCACTACTTTCTCGTATGGTGTACAA

TGCTTTTCCCGTTATCCGGATCACATGAAACGGCATGACTTTTTTAAAAGTGCCATGCCCGAAGGTTATGTACAGGAACGCACCATATCTTTCA

AAGATGACGGCAACTACAAGACGCGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTGTTAATCGTATCGAGTTAAAAGGTATTGATTTCAAAGA

AGATGGTAACATTCTCGGCCACAAACTGGAGTACAACTATAACTCACACAATGTATACATTACGGCGGATAAACAGAAGAATGGAATCAAGGCT

AACTTCAAAATTCGCCACAACATTGAAGATGGCTCCGTTCAGTTGGCAGATCATTACCAACAGAATACCCCAATTGGCGATGGCCCTGTCCTTT

TACCAGACAACCATTACCTGTCGACACAGAGCGCTCTTTCGAAAGATCCCAACGAAAAGCGTGACCACATGGTCCTTCTTGAGTTTGTAACTGC

TGCTGGGATTACACATGGCATGGATGAGCTCTACAAAGATATCCCGGCGAGCCATCACCATCACCATCACCATTAACTCGAG 

Construct 2-3: Construct with optimized mRNA secondary structure coding for a GST primer, 

concatenated egg peptides and poly-H with an expected product 14 kDa.  One copy of each one of the 

8 egg peptide biomarkers are placed in this order: EW3-EW1-EW2-EW4-EY1-EY4-EY3-EY2. This 

construct is similar to construct 2-1 with GFP sequence deletion.  

CATATGTCTCCTATTCTAGGTTATCCAGGTGGTTCGCGCTCTGCAGGTTGGAACATTCCGATTGGAACGCTGATTCATCGTGGCGGCCTGGAAC

CGATTAACTTTCAAACCGCGGCGGATCAGGCGCGTCACATTGCCACCAATGCCGTCCTGTTTTTTGGCCGTTTTGAAAGCAACTTTAACACCCA

GGCGACTAACCGTGCTACGGCTGTATCTCTCCTGGAATGGCAGCGTAACTTTCTGATTAACGAAACCGCGCGTCATCTGTTTCTGCCGAGCAGC

TATAAAAACGTCAACTTTGATGGCGAAATTCTGAAGGGGGGATCTCCGTGGGGCCTAGAACCAGGAGATATCCCGGCGAGCCATCACCATCACC

ATCACCATTAACTCGAG 

Construct 3-1: Construct with optimized mRNA secondary structure coding for a GST primer, 

concatenated 19 final peptide biomarkers and poly-H with an expected product 29 kDa. One copy of 

each one of the 19 final peptide biomarkers are placed in this order: P13-P4-P1-P5-P2-P8-P16-P18-P3-

P7-P12-P14-P11-P10-P6-P17-P9-P15-P19  
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CATATGTCTCCTATTCTAGGTTACCCAGGTGGTTCACGTGGCTCCGAGGAAGAAGATATTACCAACCCTATCAACTTGCGCATTGACGCACTGA

ACGAAAACAAATTTTTTGTGGCGCCGTTTCCGGAAGTGTTCGGCAAAACCCCCGAAGTGGATGATGAAGCGCTGGAAAAACATCAGGGCCTGCC

GCAAGAAGTGCTGAACGAAAACCTGCTGCGCCATATTGCGACCAACGCAGTGTTGTTTTTTGGCCGCGCAGATATTTATACCGAACAGGTAGGC

CGTCTGAACGCACTGGAGCCAACCAACCGTTATCTGGGCTACCTGGAACAACTGCTGCGGGGCGGCCTGGAACCGATTAACTTTCAGACCGCAG

CAGATCAGGCGCGCACCGTAATTGTCGAAGCTCCAATTCATGGCCTGAAAGGCAGCGAAGAAGAAGGCGACATTACCAACCCGATTAACCTGCG

TAACGTTAACTTTGATGGCGAAATTCTGAAAAGCGCGGGCTGGAACATTCCGATTGGCACCCTGATTCATCGCGTCTATGTGGAAGAACTTAAA

CCGACCCCGGAAGGCGATCTGGAAATTCTGCTGCAGAAAGCGCTGCCTGATGATGTGCTGGCAAACGCGTTTCAGATTAGCCGCTTTTATACCG

TGATTAGCAGCCTGAAAGGCACCGGGAATTTAGAACTGGTTGCGGTCCGTACTAACGACAATGCCCAGATTAGCCCGCTGGCAGGCCGTCTAGA

ACCCGGTGACATTCCTGCGTCTCATCACCATCATCATCACCATTAATAACTCGAG 

Construct 3-2: Construct with optimized mRNA secondary structure coding for a GST primer, 

concatenated 19 final peptide biomarkers and poly-H with an expected product 29 kDa. One copy of 

each one of the 19 final peptide biomarkers are placed in this order: P14-P7-P3-P5-P18-P9-P4-P17-

P10-P2-P1-P16-P15-P12-P6-P19-P8-P11-P13  

CATATGTCTCCTATTCTAGGTTATCCGGGTGGTAGTCGCGGCAGCGAAGAAGAAGGCGATATTACCAACCCGATTAACCTGCGCGGCGGCCTGG

AACCGATCAACTTTCAGACCGCAGCAGATCAGGCACGCTACCTGGGTTATCTGGAACAGCTGCTGCGCACCCCGGAAGTGGATGATGAAGCGCT

GGAAAAACTGAACGCGCTGGAACCGACCAACCGCTTTTATACCGTGATTAGCAGCCTGAAAATTGATGCACTGAATGAAAACAAAGCGCTGCCG

GATGATGTGCTCGCAAACGCCTTTCAGATTTCTCGCTCGGCAGGCTGGAACATTCCGATTGGCACCCTGATTCATCGCCACCAAGGCCTGCCCC

AGGAAGTGCTGAACGAAAACCTGCTGCGCTTTTTTGTGGCTCCATTTCCAGAAGTATTTGGCAAAGCGGATATTTATACCGAGCAAGTTGGCCG

CGGTACCGGGAACTTGGAGCTGGTTGCAGTGCGCACCGTGATTGTAGAAGCGCCGATTCATGGCCTGAAAGTGTATGTGGAAGAACTGAAACCG

ACCCCGGAAGGCGATCTGGAAATTCTGCTGCAGAAAACCAACGACAATGCGCAGATTTCCCCCTTAGCGGGCCGCCATATTGCGACCAACGCAG

TCCTGTTTTTTGGCCGCAACGTGAACTTTGATGGTGAAATTCTGAAAGGCTCCGAAGAAGAGGATATTACGAACCCGATTAACCTTCGCCTAGA

ACCAGGAGATATCCCGGCGAGCCATCACCATCACCATCACCATTAATAACTCGAG 

Construct 3-3: Construct with optimized mRNA secondary structure coding for a GFP primer, 

concatenated 19 final peptide biomarkers and poly-H with an expected product 29 kDa. One copy of 

each one of the 19 final peptide biomarkers are placed in this order: P11-P6-P8-P7-P2-P10-P19-P14-

P3-P18-P9-P13-P15-P12-P17-P16-P1-P4-P5  

CATATGGCTAGCAAAGGAGAAGAACTTTTCACTGGACGTAACGTGAACTTTGATGGGGAGATCTTGAAAGTGTATGTGGAAGAACTGAAACCGA

CCCCGGAAGGCGATCTGGAAATTCTGCTGCAGAAACATATTGCGACCAACGCAGTTCTGTTTTTCGGTCGTGGTGGCCTCGAACCTATTAACTT

TCAGACCGCAGCAGATCAAGCGCGCCATCAGGGTCTGCCGCAGGAAGTGCTGAACGAAAACTTGCTGCGTTCTGCGGGCTGGAACATCCCTATC

GGCACCCTGATTCATCGCACCAACGATAACGCGCAGATTTCACCGCTGGCCGGACGTGGATCGGAAGAAGAAGGCGATATTACCAACCCGATTA

ACCTGCGCTACCTGGGCTATTTAGAACAGCTGTTGCGCCTGAACGCACTGGAACCGACCAACCGCTTTTATACCGTGATTAGCAGCCTGAAAGG

TTCGGAAGAAGAGGATATTACCAACCCGATTAACCTGCGCGGCACCGGTAACCTGGAACTAGTAGCAGTACGCACGGTGATAGTGGAAGCGCCC

ATTCATGGCCTGAAAGCCCTGCCCGACGATGTGCTGGCGAACGCGTTTCAGATTAGCCGCGCGGATATTTATACGGAACAGGTGGGCAGGTTTT

TTGTGGCGCCGTTTCCGGAAGTGTTTGGCAAAATTGACGCTCTGAATGAGAATAAGACCCCGGAAGTGGATGATGAAGCGCTGGAAAAACTAGA

ACCAGGAGATATCCCGGCGAGCCATCACCATCACCATCACCATTAATAACTCGAG 

Construct 3-4: Construct with optimized mRNA secondary structure coding for a GFP primer, 

concatenated 19 final peptide biomarkers and poly-H with an expected product 29 kDa. One copy of 

each one of the 19 final peptide biomarkers are placed in this order: P11-P17-P1-P14-P7-P9-P19-P16-

P10-P13-P8-P15-P18-P12-P4-P6-P3-P5-P2  

CATATGGCTAGCAAAGGAGAAGAACTTTTCACTGGACGTAACGTGAACTTTGATGGCGAAATTCTGAAAGCGCTCCCCGATGATGTGCTGGCCA

ACGCGTTTCAGATCAGCCGCTTTTTTGTAGCACCGTTTCCGGAAGTGTTTGGCAAAGGCAGCGAAGAAGAAGGCGATATTACCAACCCGATTAA

CCTGCGCGGCGGCCTGGAACCGATTAACTTTCAGACCGCAGCAGATCAGGCGCGCTTTTATACCGTGATTAGCTCACTGAAAACCAACGACAAT

GCACAGATCTCTCCCCTCGCTGGTCGCGCAGATATTTATACCGAACAGGTCGGGCGCTCAGCGGGCTGGAATATTCCGATTGGTACCTTAATTC

ATCGCGGCTCTGAAGAGGAAGATATCACCAACCCGATCAATCTGCGTCATATTGCCACCAACGCAGTTCTTTTTTTTGGGAGAGGGACGGGTAA

CCTGGAACTGGTAGCGGTGCGACTCAATGCCCTGGAACCCACGAACCGCACCGTCATTGTGGAAGCGCCGATTCATGGTCTGAAAATCGATGCG

TTGAACGAAAACAAAGTGTACGTGGAAGAACTTAAACCGACCCCGGAAGGCGATCTGGAAATTCTGCTGCAGAAATATCTGGGCTACCTGGAAC

AGCTGCTGCGCACCCCGGAAGTGGATGATGAAGCGCTGGAAAAACATCAGGGCCTGCCGCAAGAAGTGCTGAACGAAAACCTGCTTCGCCTAGA

ACCCGGAGATATCCCGGCGAGCCATCACCATCACCATCACCATTAATAACTCGAG 
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