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ABSTRACT

Crustacean allergy has become a growing food safety concern at a global scale. In the past decades, various
food processing approaches have been employed to develop food products with reduced allergenic
potential. Thermal treatment can dramatically influence the allergenicity of crustaceans by either reducing
or enhancing their allergenic potential. Maillard reaction, enzymatic and acid treatments have shown to be
promising in mitigating crustacean allergenicity. Recently, novel processing technologies, namely high-
pressure processing, high-intensity ultrasound, irradiation, pulsed ultraviolet light and hurdle technology
have attracted special attention from the researchers and the food industry professionals owing to their
benefits over the conventional methods. In this context, this review paper provides an updated overview of
the current knowledge on how different food processing methods induce structural changes of crustacean
allergens and, subsequently, influence their allergenic potential. Data on prevalence and clinical relevance
of crustacean allergy are presented, as well as, the molecular characterization of crustacean allergens and
the main analytical methods for their detection in processed foods.

KEYWORDS

Crustacean allergens; heat
treatment; enzymatic
treatment; high-pressure;
ultrasound; irradiation

1. Introduction

Seafood plays a crucial role in human nutrition, being considered
a rich source of highly assimilated proteins, polyunsaturated
fatty acids (omega-3) and vitamins. Omega-3 fatty acids offer
significant health benefits, including prevention of cancer, car-
diovascular diseases and improvement of glycemic control (Fer-
nandes et al. 2015; Larsen, Eilertsen, and Elvevoll 2011; Sharp
and Lopata 2014). The popularity and frequency of seafood
product consumption have increased across the globe due to the
referred well-established nutritional advantages. However, the
increasing production and consumption of seafood have been
accompanied by more frequent reports of severe adverse immu-
nological responses among a significant part of food allergic
individuals (Jeebhay and Lopata 2012; Lopata, Kleine-Tebbe,
and Kamath 2016; Lopata and Jeebhay 2013; Madsen et al. 2012).

By definition, seafood encompasses all kind of edible marine
organisms, which mainly includes the groups of fish and shell-
fish. The name shellfish is commonly attributed to crustaceans
and mollusks since they possess shells or shell-like exoskeletons
(Khora 2016). The most important crustaceans belong to the
Decapoda order (shrimp, crab, lobster and prawn) (Figure 1),
which are also considered a common cause of food allergy due
to their widespread consumption, especially in coastal countries
(Fernandes et al. 2015; Woo and Bahna 2011). Crustaceans are
part of the eight major sources of food allergens declared by the
Food and Agriculture Organization (FAO) of the United

Nations and World Health Organization (FAO/WHO 2001).
Therefore, the labeling of food products containing crustaceans
has already become mandatory in many countries, including
the USA, European Union (EU) and Japan (Allen et al. 2014;
Bucchini et al. 2016). The avoidance of the allergenic food is
the most useful management strategy for sensitized individuals.
However, total eviction of crustaceans can be extremely difficult
to accomplish and, consequently, it may cause a number of
nutritional deficiency syndromes. Although oral and subcuta-
neous immunotherapies have been practiced, their efficacies
are not always satisfactory and they are still not capable of
offering a true cure for food allergy (Kobernick and Burks
2016; MacGinnite 2017; Wood 2016). Thus, there is a need to
seek alternative strategies such as selective processing for mini-
mizing the allergenic potential of crustaceans.

Crustaceans are processed in diverse ways before consump-
tion in order to improve functional, nutritional and sensorial
properties, as well as for detoxification and preservation
purposes. Processing techniques such as heat, enzymatic and
acidic treatments, as well as other novel approaches such as
high-pressure processing (HPP), irradiation, high-intensity
ultrasound, pulsed ultraviolet (PUV) light and/or the combina-
tion of these technologies have been employed, being capable
of altering the structure of food proteins in different ways. The
possible  structural  modifications include  unfolding,
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Figure 1. A schematic presentation of common crustacean species.

aggregation, crosslinking between the ingredients and chemical
modifications, such as oxidation and glycation (Harder, Arthur,
and Harder 2017; Lepski and Brockmeyer 2013; Nayak et al.
2017; Rahaman, Vasiljevic, and Ramchandran 2015; Yuan et al.
2017; Zhang, Deng, and Zhao 2017), which may influence
allergenicity. Conformational epitopes can be exposed or hid-
den by unfolding or aggregation of proteins, respectively
(Rahaman, Vasiljevic, and Ramchandran 2015), whereas
sequential epitopes can be affected by acidic or enzymatic
hydrolysis (Kasera et al. 2015) and Maillard reactions (Toda
et al. 2014). Accordingly, processing alters the physicochemical
properties of food proteins, affecting their gastrointestinal
digestibility with subsequent influence on allergenicity
(Rahaman, Vasiljevic, and Ramchandran 2016). The degree of
structural changes and allergenicity depend on the type and
conditions of processing, as well as, on the food matrix
(Rahaman, Vasiljevic, and Ramchandran 2016; Vanga, Singh,
and Raghavan 2017). Recently, various approaches have been
frequently explored for reducing crustacean allergy and to pro-
tect/improve the quality of life of the sensitized/allergic individ-
uals. For selecting appropriate processing methods, it is very
important to understand how these procedures alter the struc-
ture of food proteins, both at microscopic and macroscopic lev-
els, and subsequent gastrointestinal digestibility since all of
these are known to influence food allergenicity.

The present work provides an updated overview on the cur-
rent knowledge about novel food processing technologies and
their effect on crustacean allergenicity. Data on prevalence and
clinical relevance of crustacean allergy are presented, as well as,
the molecular characterization of crustacean allergens and the
main analytical methods for their detection in processed foods.

2. Prevalence and clinical relevance of crustacean
allergy

Despite the lack of firm data on prevalence, there are evidences
that food allergies have been increasing to levels close to 10%
(Sicherer and Sampson 2018). The diagnosis of food allergy is dif-
ficult to perform and depends on several factors. The results from

diagnostic tests, often inconclusive, the inconsistencies in defining
food allergies and in collecting reliable data lead to the discrepancy
in reporting allergies around the world. Like for other allergenic
foods, the prevalence of crustacean allergy is based on self-
reported symptoms (clinical history), specific IgE blood tests and/
or skin prick test sensitization, rather than open food challenges
or double-blind placebo-controlled food challenges (Burks et al.
2012). In spite of this, recent data suggest that shellfish allergy is
estimated at 0.5-2.5% of the general population. However, this
prevalence can vary with specific geographical and cultural eating
habits, degree of consumption by age and/or with the type of food
processing (Woo and Bahna 2011).

In developed countries (European countries, USA and
Australia), shellfish allergy is very common among children and
adults, but it seems to be even more prevalent in Asian countries
(Boye 2012; Lee et al. 2012). Reports show that in North America,
0.1% and 2% of the children and adults, respectively, are affected
by shellfish allergy (Sicherer, Munioz-Furlong, and Sampson 2004;
Sicherer and Sampson 2010). The mean prevalence of shrimp
allergy (which contributes to the major part of shellfish allergy) in
some European countries and Australia was estimated in 5.4%,
with Italy and France presenting the highest levels (10.2% and
7.0%, respectively). In coastal countries of Europe, where the con-
sumption of shellfish is high, the prevalence of shrimp allergy
ranged from 4.8% to 7.0%, although some countries like Portugal
and Finland were not included in this prevalence survey (Burney
et al. 2010). Therefore, in Europe, the prevalence of shellfish
allergy is most likely underestimated. In Asian countries, seafood
allergy is particularly common due to its high consumption and
early exposure in life, especially to shellfish species (Lee et al. 2012;
Misnan et al. 2005; Wu et al. 2012). Interestingly, the first intake
of seafood seems to be very early in life in the Asian diet, with an
average age of as low as 7 months. The prevalence of shellfish
allergy is about 7% in case of children and adults in Southeast
Asian countries (Wu et al. 2012). Similarly, in Singapore and Phil-
ippines, the prevalence of shellfish among children was about 5%
(Shek et al. 2010). Data showed that 33% of adults in Singapore
were sensitized to crustaceans, followed by mollusks (19%) and
fish (4%) (Ross et al. 2008). Chiang et al. (2007) estimated a



prevalence of 39% of shellfish allergy among a test population of
children (<16 years) in Singapore, being even more relevant for
children older than 4 years.

Crustaceans are responsible for triggering hypersensitivity
reactions mediated by the immunoglobulin E (IgE) in sensi-
tized/allergic individuals (Khora 2016; Lee and Taylor 2011;
Rahman et al. 2012). In general, these hypersensitivity reactions
are induced by the accidental ingestion of the offending food or
by the consumption of products containing undeclared crusta-
ceans. Contrary to other food allergies, such as milk and egg,
allergy to crustaceans tends to persist in adults. In general, the
allergic reactions to crustaceans occur immediately (few minutes
up to 2 h) after the ingestion, the manipulation or inhalation of
the cooking vapors (Fernandes et al. 2015; Jeebhay and Lopata
2012; Lee and Taylor 2011; Lopata and Jeebhay 2013). Delayed
allergic reactions are also likely to occur since symptoms might
be developed up to 8 hours (Wang and Sampson 2007). The
clinical symptoms include gastrointestinal (nausea, vomiting,
diarrhea and abdominal pain), respiratory (laryngospasm,
wheezing, upper airway obstruction) and/or cutaneous (angioe-
dema, urticaria, generalized pruritus) disorders. Other manifes-
tations associated with oral allergy syndrome (OAS), such as
palate itching, lip swelling and difficulty in swallowing, can also
be experienced by crustacean allergic subjects. On a rare basis,
severe and systemic responses, such as anaphylactic shocks can
occur upon consumption of crustaceans (Fernandes et al. 2015;
Khora 2016; Lopata, O’hehir, and Lehrer 2010; Vierk et al. 2007).

3. Molecular characterization of crustacean allergens

So far, some families of proteins such as tropomyosin (TM), argi-
nine kinase (AK), sarcoplasmic calcium-binding protein (SCP),
myosin light chain (MLC), troponin C and hemocyanin have been
classified as crustacean allergens, although the most representative
one corresponds to TM. Table 1 summarizes the crustacean aller-
gens described to date (ALLERGEN 2017; ALLERGOME, 2017;
Encyclopedia of Life 2017) and Figure 2 exemplifies the structures
of TM, AK, SCP, MLC and troponin C.

3.1. Tropomyosin
In the early 1990s, a number of researchers elucidated the

molecular identity of shrimp allergens. Shanti et al. (1993)

Table 1. List of identified and characterized crustacean allergens.
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reported the identification of a 34-kDa heat-stable protein con-
taining 300 amino acid residues, which was designated as Pen i
1 (Penaeus indicus). This protein presented 86% of sequence
homology with TM from the fruit fly (Drosophila mela-
nogaster). Leung et al. (1994) expressed a recombinant TM
from Metapenaeus ensis (Met e 1) with a molecular weight
(MW) of 34 kDa and 281 amino acids, which shared a high
similarity with the fruit fly TM. Daul et al. (1994) first reported
another allergen (Pen a 1) in Northern brown shrimp (Penaeus
aztecus), which exhibited an open reading frame of 312 amino
acids with an MW of 36 kDa. Later on, Reese et al. (1997) also
expressed this recombinant allergen. The assessment of the
amino acid sequences of Pen i 1, Met e 1 and Pen a 1 revealed
that they are similar allergens. All these molecules were further
classified as major allergens in shrimp because they presented
IgE-reactivity with more than 50% of the sera from allergic
patients.

Table 2 lists the allergenic TM of shrimp, lobster, crab,
prawn and other crustaceans. Tropomyosin is present in mus-
cle, as well as in some non-muscle cells, and interferes with the
regulatory progression of muscle contraction, together with
actin and myosin (Leung et al. 2014; Wai et al. 2014). Biochem-
ically, TM is a 34-38 kDa protein with an alpha-helical
coiled-coil secondary protein structure. Their epitopes
comprise various amino acids, namely glutamic acid, arginine,
tyrosine, serine and phenylalanine (Leung et al. 2014). The IgE-
binding epitopes of TM of various crustacean species differ and
exhibit specific serological IgE-reactivity in sensitized individu-
als (Wai et al. 2014).

Tropomyosin is recognized as the major cross-reactive shellfish
panallergen, mainly attributed to the high resemblance in amino
acid sequences among various species. Similarly, there is a high
structural homology among the crustacean and mollusk TM,
accounting 93.8% and 77.2%, respectively. The contact with the
crustacean or mollusk species through ingestion, or even by
manipulation or inhalation, can lead to cross-reactivity in the
majority of the shellfish-allergic individuals due to their high
homology. About 75% of shellfish allergic individuals are at risk of
cross-reacting to other species (Chu, Wong, and Leung 2000; Lee
and Taylor 2011; Leung et al. 2014; Lv et al. 2017a; Reese, Ayuso,
and Lehrer 1999; Tsabouri et al. 2012). Tropomyosin can be
unfolded up to a limited extent during food processing because it
is thermally stable and can regain its original structure upon

Biochemical names MW (kDa) Function Heat Resistance Allergens (Examples) References

™ 34-38 Muscle contraction Yes Pen a 1 Hal-m-1 Reese et al. (1997)

AK 40 Metabolic role (regulation and transport) No Penm 2 Litv 2 Yu et al. (2003) Garcia-Orozco et al. (2007)
SCP 20-22  Regulate muscle contraction Yes Penm4Litv4 Shiomi et al. (2008) Mita et al. (2013)

MLC 20 Muscle contraction Yes Litv3Crac5 Ayuso et al. (2008) Bauermeister et al. (2011)
Troponin C 21 Muscle contraction/relaxation Homa 6 Rahman et al. (2013)

Hemocyanin 75 Oxygen transport Yes Macro 2 Piboonpocanun et al. (2011)

Paramyosin 100  Muscle contraction No Suzuki et al. (2011)

MHC 225 Muscle contraction Khanaruksombat et al. (2014)

Triose Phosphate Isomerase 28 Glycolysis No Crac8 Bauermeister et al. (2011)

a-actin 31-42  Muscle contraction No Rahman et al. (2011)

SERCA 113 Enzyme Rahman et al. (2011)

GADPH 37 Enzyme Rahman et al. (2013)

MW, molecular weight; TM, tropomyosin; AK, arginine kinase; SCP, sarcoplasmic calcium protein; MLC, myosin light chain; MHC, myosin heavy chain; SERCA, smooth

endoplasmic reticulum Ca®>* ATPase; GADPH, glyceraldehyde-3-phosphate dehydrogenase.
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Figure 2. Secondary structure of crustacean allergens: A) tropomyosin of Northern red shrimp (Pandalus borealis) (UniProt accession number P86704); B) arginine kinase
of Karuma prawn (Marsupenaeus japonicas) (UniProt accession number P51545); C) sarcoplasmic Ca2+—binding protein of mud crab (Scylla paramamosain) (UniProt acces-
sion number 12DDG2); D) myosin light chain of giant tiger prawn (Penaeus monodon) (UniProt accession number E7CGC3); E) troponin C of brown shrimp (Crangon cran-
gon) (UniProt accession number D7F1Q2); F) hemocyanin of white leg shrimp (Litopenaeus vannamei) (UniProt accession number Q26180). Retrieved from: http://www.

uniprot.org/ (Accessed on 2017 December 6).

cooling. The presence of this allergenic protein in processed food,
even at very low concentrations, can be the cause of severe immu-
nological reactions in sensitized consumers (Faber et al. 2017;
Kamath et al. 2014; Lasekan et al. 2017; Leung et al. 2014). How-
ever, various approaches can be employed to diminish the aller-
genic potential of TM, as discussed in below sections.

3.2. Arginine kinase

Arginine kinase has been identified in several crustacean spe-
cies (Table 3). Yu et al. (2003) identified AK, Pen m 2, in black
tiger shrimp (Penaeus monodon). It is a monomeric phospha-
gen ATP phosphor transferase, which is generally found in
invertebrates (Yao et al. 2005). This enzyme is a 40-kDa water-
soluble protein present in myosinogen and is the key to energy
metabolism. It has been considered as an important allergen of
crab, shrimp (Yu et al. 2003) and crayfish (Chen et al. 2013a),
and is likely to be involved in cross-reactions between different
species and to elicit hypersensitivity responses (Srinroch et al.
2015). As with TM, AK is an invertebrate panallergen, as it has
been described, not only in crustaceans and mollusks, but also
in moths (Binder et al. 2001), mites (Hales et al. 2007), silk-
worms (Liu et al. 2009), spiders (Bobolea et al. 2011) and cock-
roaches (Sookrung et al. 2006). AK was reported as an allergen
in different crustacean species, being identified in Chinese
shrimp or fleshy prawn (Fenneropenaeus chinensis) (Yao et al.
2005), Pacific white shrimp (Litopenaeus vannamei) (Garcia-
Orozco et al. 2007), black tiger prawn (P. monodon) and other
shrimp species using proteomics (Khanaruksombat et al. 2014;
Yu et al. 2003). AK is a thermo-labile allergen, though IgE-
binding has been attributed to AK of thermally treated shrimps,
which might be due to the presence of intact IgE epitopes on
aggregated AK (Kamath et al. 2014; Shen et al. 2012). Thermal
processing (between 40 and 80°C) partially unfolds and reveals
novel hidden epitopes that may be the cause of IgE-reactivity.

Processing above 80°C seems to decrease or even eliminate the
IgE-binding capacity, probably as the result of the complete
unfolding of AK (Chen et al. 2013a; Giuffrida et al. 2014).

3.3. Sarcoplasmic calcium-binding protein

The SCP contributes to the control of Ca** concentration in
the cytosol and participates in several cellular functions. They
are acidic and possess a structural EF-hand domain, with an
MW of 20-22 kDa. Shrimp SCP is a dimmer of polypeptide
chains (@, a, and BB) with three calcium-binding sites. SCP
is believed to promote muscular relaxation by translocating
Ca’" from myofibrils to the sarcoplasmic reticulum and is con-
sidered equivalent to the vertebrate parvalbumins, which plays
a role in the maintenance of intracellular calcium (Gao, Gillen,
and Wheatly 2006; Khanaruksombat et al. 2014). The SCP has
a significant amino acid sequence homology (80-98% in crusta-
ceans) among taxonomically similar species, while the homol-
ogy between mollusks and crustaceans SCP is only 15-21%
(Mita et al. 2013). The SCP identified as allergens in crusta-
ceans are presented in Table 4.

SCP from Pacific white shrimp is known as Lit v 4 and has
an MW of 22 kDa, an isoelectric point of 4.7 and 194 amino
acids. The sensitization to SCP seems to participate in cross-
reactions among crustaceans only and is the main allergenic
culprit in pediatric population (Ayuso et al. 2009). Shiomi et al.
(2008) found SCP in various species of crustaceans (Penaeus
japonicas, Homarus americanus, Pandalus eous, Paralithodes
camtschaticus and Chionoecetes opilio) during the process of
purification of AK. SCP is thermo-stable and resistant to acidic
and alkaline treatments (stable at a pH range of 1-11). How-
ever, after 1 h of peptic digestion, it is completely degraded.
SCP is a polymorphic allergen with three isoforms (SCP-I,
SCP-II, and SCP-III), all of which show IgE-binding capacity
(Chen et al. 2013b).
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Table 2. List of TM found in various crustacean species (ALLERGEN 2017; Encyclo-

pedia of Life, 2017; ALLERGOME 2017).
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Table 3. List of AK found in various crustacean species (ALLERGEN 2017; Encyclo-

pedia of Life, 2017; ALLERGOME 2017).

larly to TM, the MLC are thermally stable and tend to retain

™ Common names Scientific names Allergens AK Common names Scientific names Allergens
Shrimp Atlantic white shrimp Litopenaeus setiferus Litse 1 Shrimp Northern shrimp Pandalus borealis Panb 2
Greasy back shrimp Metapenaeus ensis Met e 1 Greasyback shrimp Metapenaeus ensis Met e 2
Pacific white shrimp Litopenaeus vannamei Litv 1 Shiba shrimp Metapenaeus joyneri Met j 2
Sand shrimp Crangon crangon Crac1 Sand shrimp Crangon crangon Crac2
Skeleton shrimp Caprella equilibra Capel Pacific white shrimp Litopenaeus vannamei Litv 2
Akiami paste shrimp Acetes japonicas Acejal Crab  Giant mud crab Scylla serrata Scys2
Shiba shrimp Metapenaeus joyneri Met j 1 Orange mud crab Scylla olivacea Scyo2
Broad velvet shrimp Metapenaeopsis lata Met la 1 Green mud crab Scylla paramamosain Scy pa 2
Japanese Mantis Shrimp Oratosquilla oratoria Orao1 Crucifix crab Charybdis feriatus Chaf2
Northern shrimp Pandalus borealis Panb 1 Chinese freshwater edible Eriocheir sinensis Eris2
Alaskan pink shrimp Pandalus eous Pane1 crab
Northern brown shrimp Penaeus aztecus Pena Snow crab Chionoecetes opilio Chio2
Neptune rose shrimp Parapenaeus fissurus Parf 1 Blue crab Callinectes sapidus Cals2
Indian white shrimp Penaeus indicus Peni1 Green crab Carcinus maenas Car ma 2
China Red Shrimp Solenocera melantho Solme 1 Swimming crab Portunus trituberculatus Por tr 2
Japanese Mantis Shrimp Squilla oratoria Squo1 Blue swimming crab Portunus pelagicus Porp 2
Southern rough shrimp Trachysalambria curvirostris Trac 1 Dungeness crab Cancer magister Canmg 2
Sakura shrimp Sergia lucens Serlu1 Marbled Rock Crab Pachygrapsus marmoratus ~ Pac ma 2
Crab  Giant mud crab Scylla serrata Scy s 1 Horseshoe crab Limulus Polyphemus Limp 2
Orange mud crab Scylla olivacea Scyol Lobster European lobster Homarus gammarus Homg 2
Green mud crab Scylla paramamosain Scy pa 1 Red-banded lobster Metanephrops thomsoni Met t 2
Spanner crab Ranina ranina Ranra1l Prawn Northern lobster Homarus americanus Homa 2
Edible crab Cancer pagurus Canp1 Tiger prawn Penaeus monodon Penm 2
Hair crab Erimacrus isenbeckii Erii1 Giant freshwater prawn Macrobrachium rosenbergii  Mac r 2
Crucifix crab Charybdis feriatus Chaf1 Kuruma prawn Marsupenaeus japonicas Mar j 2
Chinese freshwater edible crab Eriocheir sinensis Eris1 Banana prawn Fenneropenaeus Fen me 2
Snow crab Chionoecetes opilio Chio1 merguiensis
Horseshoe crab Limulus polyphemus Limp 1 Fleshy prawn Fenneropenaeus chinensis ~ Fen ¢ 2
Japanese Freshwater Crab Geothelphusa dehaani Geode 1
Ocean Sand Crab Ovalipes australiensis Ovaaul
Red king crab Paralithodes camtschaticus ~ Par c 1
Swimming crab Portunus trituberculatus ~ Por tr 1 IgE-reactivity upon processing at 100°C for 5 min (Ayuso et al.
Blue swimming crab Portunus pelagicus Porp 1 2008). C tlv. dat the i logical ) tivity of
Three spot swimming crab Portunus sanguinolentus Pors1 - Lurrently, data on the Immunological cross-reactivity o
Lobster Green lobster Panulirus stimpsoni Pan's 1 MLC among crustaceans or other shellfish species are still
Scalloped spiny lobster Panulirus homarus Panh 1 lacking.
Northern lobster Homarus americanus Homa1
Cape rock lobster Jasus lalandii Jasla1
Cape spiny lobster Jasus edwardsii Jased 1
European lobster Homarus gammarus Homg 1 Table 4. List of SCP found in various crustacean species (ALLERGEN 2017; Encyclo-
Japanese lobster Metanephrops japonicus Met ja 1 pedia of Life, 2017; ALLERGOME 2017).
Flathead locust lobster Thenus orientalis Theor 1
Prawn Banana prawn Fenneropenaeus merguiensis Fen me 1 SCP Common names Scientific names Allergens
Kuruma prawn Marsupenaeus japonicus Mar j 1
Fleshy prawn Fenneropenaeus chinensis ~ Fen c 1 Shrimp  Northern brown shrimp  Penaeus aztecus Pena 4
Red rice prawn Metapenaeopsis barbata Met ba 1 Kolobri shrimp Solenocera agassizii Sol ag 4
Western king prawn Melicertus latisulcatus Mel 11 Indian white shrimp Penaeus indicus Peni4
Giant freshwater prawn Macrobrachium rosenbergii  Macr 1 Sand shrimp Crangon crangon Crac4
Fleshy prawn Penaeus orientalis Peno1 Pacific white shrimp Litopenaeus vannamei Litv 4
Tiger prawn Penaeus monodon Penm 1 Northern shrimp Pandalus borealis Panb 4
Green tiger prawn Penaeus semisulcatus Pense 1 Japanese Mantis Oratosquilla oratoria Orao4
Shrimp
Deep-water rose Parapenaeus longirostris Parlo 4
shrimp
Alaskan pink shrimp Pandalus eous Pane 4
Greasyback shrimp Metapenaeus ensis Met e 4
. e . Southern pink shrimp Farfantepenaeus notialis Farno 4
3.4. Myosin llgh t chain Pink shrimp Farfantepenaeus brevirostris ~ Far be 4
. . . Crab Green mud crab Scylla paramamosain Scy pa 4
Myosins are a superfamily of motor proteins that hydrolyze Blue swimming crab P o);tunzs pelagicus p o); z 4
adenosine triphosphate to move actin filaments. Myosin has Chinese freshwater Eriocheir sinensis Eris4
two heavy and four light chains (each with 20 kDa). The MLC crab
. . . . Crucifix crab Charybdis feriatus Chaf4
plays a fundamental role in muscle contraction since its phos- Snow crab Chionoecetes opilio Chioa
phorylation affects the actin-myosin complex during the con-  Lobster Northern lobster Homarus americanus Homa 4
traction process (Ayuso et al. 2008). This allergen was firstly ~ Prawn  Tiger prawn Penaeus monodon Penm 4
identified in Pacific white shrimp (L. vannamei) and, later on Green tiger prawn Penaeus semisulcatus Pen se 4
p (L. > > Giant freshwater prawn  Macrobrachium rosenbergii ~ Macr 4
identified in black tiger prawn (P. monodon) (Ayuso et al. 2008; Kuruma prawn Marsupenaeus japonicas Mar 4
Rahman et al. 2010). To date, some MLC have been identified Banana prawn Fenneropenaeus Fen me 4
as allergens in various species of crustaceans (Table 5). Simi- ) merguiens's
8 p : Western king prawn Melicertus latisulcatus Mel | 4




2812 M. U. KHAN ET AL.

Table 5. List of MLC and troponin C found in various crustacean species (ALLER-
GEN 2017; ALLERGOME 2017).

Classification Common names Scientific names Allergens

MLC Northern shrimp Pandalus borealis Panb 3
Pacific white shrimp Litopenaeus vannamei Litv3
Sand shrimp Crangon crangon Crac5
Northern lobster Homarus americanus Homa 3
Tiger prawn Penaeus monodon Penm 3

Troponin C Sand shrimp Crangon crangon Crac6
Northern shrimp Pandalus borealis Panb 6
Snow crab Chionoecetes opilio Chio6
Northern lobster Homarus americanus Homa 6
Tiger prawn Penaeus monodon Penm 6

3.5. Troponin C

Bauermeister et al. (2011) described troponin C as an allergen
for the first time in Crangon crangon (North Sea shrimp),
termed as Cra c 6, which was recognized in 29% of the patients’
sera. Later on, Rahman et al. (2013) found this allergen in Pan-
dalus borealis, being IgE-reactive in 33% of the allergic patients.
Troponin is composed of three subunits: (i) troponin C (binds
to Ca**), (ii) troponin T (binds to TM), and (iii) troponin I,
which binds to actin and hinders actin-myosin interaction
(Pedrosa et al. 2015). Similarly, to SCP and MLC, troponin C is
an EF-hand calcium binding protein. Its MW is approximately
20 kDa and its heat stability is not well understood. Troponin
C allergens observed in various species of crustaceans are listed
in Table 5. The IgE-binding of troponin C is 15% lower as com-
pared to TM, SCP or AK (Lopata, Kleine-Tebbe, and Kamath
2016). Recently, Pascal et al. (2015) observed 17.2% sensitiza-
tion to troponin C in 58 shrimp-allergic patients. Kalyanasun-
daram and Santiago (2015) used recombinant P. monodon
(Indian black tiger shrimp) troponin C to effectively improve
the diagnosis and treatment of seafood allergy. The recombi-
nant allergen was evaluated with sera collected from allergic
patients, revealing immunoreactivity in 8 patients out of 35,
thus confirming the allergenic potential of troponin C.

3.6. Hemocyanin

Hemocyanin is another heat stable crustacean allergen, which is
isolated from hemolymph. It shows cross-reactivity with snail
and house dust mite (Faber et al. 2017; Khanaruksombat et al.
2014; Lu et al. 2015; Piboonpocanun et al. 2011; Srinroch et al.
2015). Hemocyanin is an oxygen-transport protein that
accounts for 75-95% of the total protein content. It forms hex-
amers or multi-hexamers with 75-kDa subunits in its natural
state and the number of subunits is species-specific (Hodgson
and Spicer 2001). Piboonpocanun et al. (2011) obtained peptide
bands (72 and 75 kDa) via SDS-PAGE from giant fresh water
shrimp (Macrobrachium rosenbergii), being characterized as
hemocyanin that showed 62.5% to 100% of sequence homology
with different crustaceans. They further demonstrated that
hemocyanin sensitization could cause selective allergy to M.
rosenbergii in patients tolerating a black tiger shrimp (P. mono-
don) allergen. These selective allergies might possibly be due to
the lower amino acid sequence homology (18.8-27.3%)
between these shrimp species that belong to the Caridae and
Penaeidae families, respectively. The IgE-binding was detected

in both raw and boiled hemolymph extracts, exhibiting the
thermal stability of this allergen.

3.7. Other allergens

Several other potential allergens have been identified in crusta-
ceans. Paramyosin has a size of 100 kDa, being recognized as a
thermo-labile allergen in various shellfish species. It is an inver-
tebrate-specific protein that forms the core of filaments and
shows cross-reactivity with TM (Suzuki et al. 2011). Triose-
phosphate isomerase (Cra ¢ 8) is a minor allergen in crusta-
ceans since it was reactive with 23% of patients’ sera. Its
approximate size is 28 kDa and is probably heat sensitive
(Bauermeister et al. 2011; Kamath et al. 2014). However, its
immunological cross-reactivity among various invertebrate
species is not fully understood. Few other allergens identified in
crustaceans are myosin heavy chain (Khanaruksombat et al.
2014; Rahman et al. 2013), a-actin (Rahman et al. 2011),
smooth endoplasmic reticulum Ca** ATPase (SERCA)
(Rahman et al. 2011) and glyceraldehyde-3-phosphate dehy-
drogenase (GADPH) (Kamath et al. 2014; Khanaruksombat
et al. 2014). However, further research on their molecular char-
acterization and allergenic potential is needed.

4, Effect of processing technologies on crustacean
allergenicity

The immunoreactivity of most proteins depends on the reten-
tion of their native structural epitopes and on their recognition
by IgG or IgE (Verhoeckx et al. 2015). Thermal and non-ther-
mal processing technologies may alter physicochemical proper-
ties of foods in a manner that may cause denaturation,
aggregation, crosslinking, oxidation, glycation and glycosyla-
tion, thereby masking or unmasking of allergenic epitopes.
Consequently, processing technologies might potentially alter
the sensitizing capacity of the offending foods. The protein
region that causes an allergic reaction may be a simple stretch
of a few amino acids along the primary structure or it may be a
unique three-dimensional motif of the protein structure,
referred to as linear or conformational epitopes, respectively.
Clearly, these processing-related structural and chemical
changes will have the potential to influence the allergenicity of
proteins as reflected by their tendency to bind to specific IgE.
Several attempts have been made to understand how different
methods of processing affect the immunoreactivity of crusta-
cean allergens (Ahmed et al. 2018; Liu et al. 2017a; Lv et al.
2017a; Lv et al. 2017b; Nayak et al. 2017; Vanga, Singh, and
Raghavan 2017; Vanga and Raghavan 2016; Verhoeckx et al.
2015; Zhang, Deng, and Zhao 2017). The influence of process-
ing technologies on the immunoreactivity of crustacean aller-
gens, as well as their advantages and limitations are
summarized in Table 6.

4.1. Thermal treatment

Food products are thermally processed in order to minimize
the microbiological hazards and improve their quality and shelf
life stability. Thermal treatments (i.e. cooking, boiling, roasting,
baking, frying) of food proteins induce modifications including
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hydrolysis of peptide bonds, aggregation by disulfide and non-
covalent bonds, denaturation and reactions with other food
components, such as carbohydrates and lipids. In consequence
of all these reactions, the allergenic proteins will be substan-
tially influenced, either decreasing (loss of conformational epit-
opes) or increasing (generation of new epitopes or exposure of
existing ones) the allergenicity (Jiménez-Saiz et al. 2015; Mejr-
hit et al. 2017; Rahaman, Vasiljevic, and Ramchandran 2015).
Figure 3 shows the heat-induced conformational changes and
their impact on the allergenic potential of food allergens.

Heat treatment appears to exert a low impact on crustacean
allergens because most of them are thermostable. It is worth
noticing that all the studies came to an understanding that TM
retains a great allergenicity even after heat treatment (Lasekan
and Nayak 2016; Liu et al. 2010; Lopata, O’hehir, and Lehrer
2010). Motoyama et al. (2007) observed 90% homology in the
TM sequences of six crustacean species (pink shrimp, kuruma
prawn, black tiger prawn, snow crab, horsehair crab and king
crab) and confirmed their allergenicity by immunoblotting.
Despite the high consumption of crustaceans as grilled or
boiled, the allergic individuals still suffer from adverse
immunological reactions. This is mainly attributed to the high
immunoreactivity of TM, even after high-temperature
treatment and after being digested by trypsin or chymotrypsin
(Yu et al. 2011). Nonetheless, the analysis by circular dichroism
revealed that the a-helical structure of TM (Pen j 1) collapsed
upon heating at 80°C. Additionally, there was no evidence of
insoluble aggregate formation after heating and the protein
regained its original conformation when cooled to 25°C. A
small change in the total IgG production was observed between
mice sensitized with untreated and heated Pen j 1, thus
maintaining its antigenicity (Usui et al. 2013).

Lasekan and Nayak (2016) observed that TM bands were
more intense in different heat-treated shrimp extracts, while
the pattern of proteins appeared to be reduced in case of high-
pressure steaming, as obtained by SDS-PAGE analysis. The

Food allergen =
\( On exposure

IgE antibody

Allergen

}

* IgE receptor

IgE-binding potential of shrimp TM extracts after being heat
processed was comparable to that of untreated sample, while
the extracts of high pressure steaming exhibited reduced IgE-
reactivity. The increase of TM band intensities might be due to
the unfolding of these proteins upon heat treatment. Several
studies have confirmed the stability of TM during heating.
Shriver et al. (2011) stated that boiling of shrimp extract for
4 min did not influence the band intensity of TM. Kamath
et al. (2013) reported complex protein bands between 18-
20 kDa and 35-40 kDa, assessing the patterns of 11 raw and
boiled (10 min) crustaceans. The heated crustacean extracts
evidenced stronger monoclonal antibody binding in the range
of 30-39 kDa when compared to raw extracts. Additionally, the
heated extracts presented immunoreactivity to multiple bands
of similar MW (most likely TM) (Kamath et al. 2013). Likewise,
Sockalingam, Misnan, and Yadzir (2017) observed prominent
heat stable bands in the range of 32 to 38 kDa in all the extracts
of cooked (boiled, steamed and fried) giant river prawn, assum-
ing to be TM. Other relevant bands (17 to 20 kDa) were noticed
in all treated extracts, while protein bands between 24 to
27 kDa were observed only in boiled and steamed prawn
extracts. With these MW, the identified allergens most likely
correspond to SCP, MLC and troponin C, respectively. The
heat-sensitive proteins with different MW were not detected in
thermally processed prawn extracts (Sockalingam, Misnan, and
Yadzir 2017). The reduction in band intensity, in case of high
pressure steamed samples, is also in accordance with other
studies. Similarly, Yu et al. (2011) observed reduced band
intensity in crab (Scylla paramamosain) TM samples heated at
high pressure (0.14 MPa at 121°C for 20 min), although with a
minor decrease in their allergenicity. This might be due to the
denaturation of TM under high pressure steaming, while other
heat processing methods did not significantly alter the IgE-
binding epitopes of crustacean TM. It is worth noticing that
high pressure steaming significantly mitigate the degree of anti-
gen-antibody binding required to cause an allergic response,
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Figure 3. General heat induced conformational changes and their consequences on allergenicity of food protein.



though it does not completely diminish the immunoreactivity
of all the allergens (Yu et al. 2011). Thus, the potency of ther-
mal treatment for modulating the immunoreactivity of food
allergens is mainly dependent on the processing types and con-
ditions (temperature and time), as well as on the properties of
allergenic proteins.

Recently, Abramovitch et al. (2017) investigated the effect of
heat processing on the cellular immunoreactivity of crustacean
extracts (banana prawn, black tiger prawn, blue swimmer crab
and mud crab). Thermal processing did not modify the overall
T-cell proliferative or cytokine reactivity of crustacean extracts,
but it mitigated the induction of regulatory T-cells. In opposi-
tion, the IgE-reactivity of cooked extracts was significantly
increased, probably due to TM (38-39 kDa) and its aggregates
(78 and 102 kDa). Mejrhit et al. (2017) evaluated the IgE-sensi-
tization to shrimp TM in Moroccan population from Fez
region and then studied the influence of heat treatment on the
allergenicity of TM. ELISA and dot-blot analyses indicated that
TM showed a reduction in IgE-binding upon thermal treat-
ment. The authors suggested that most epitopes recognized by
Moroccans’ IgE were conformational, being altered by heating
and enzymatic digestion.

4.2. Maillard reaction

The Maillard reaction (glycation) is one of the well-known
non-enzymatic interactions between proteins and sugars, which
ensues in food following thermal processing or after long-term
storage. In this process, Schift bases are formed due to covalent
bonding between the carbonyl groups of a reducing sugar and
the free amine groups of amino acids (typically arginine and
lysine) (Henle 2005; Jiménez-Saiz et al. 2015; Teodorowicz, van
Neerven, and Savelkoul 2017). The mechanism of Maillard
reaction consists of a series of chemical rearrangements (con-
densation, hydration and oxidation), resulting in the Maillard
reaction products. The Schiff bases are followed by their Ama-
dori rearrangements and subsequent glycoxidation (oxidative
modification), causing the formation of advanced glycation
end-products, such as Neg-(carboxymethyl-)lysine, methyl-
glyoxal-H1, pyrraline and pentosidine (Gupta et al. 2016; Teo-
dorowicz, van Neerven, and Savelkoul 2017).

The types and levels of Maillard reaction products formed
are dependent on various factors, including the structural
diversity of proteins and (poly)saccharides, the ratio of amine
groups and reducing sugars, temperature and time, water activ-
ity and pH (Heilmann et al. 2014; Henle 2005). These by-prod-
ucts cause changes in the functional properties, bioavailability,
digestibility, immunogenicity and, subsequently, in the allerge-
nicity of food products. Amino acid and sugar interaction lead
to the modification of the tertiary structure of the proteins,
altering their conformational epitopes. Moreover, the forma-
tion of high MW and insoluble aggregates help masking con-
formational and linear epitopes, thereby mitigating the
potential allergenicity of glycated proteins (Yuan et al. 2017;
Apostolovic et al. 2016; Gupta et al. 2016; Iwan et al. 2011;
Jiménez-Saiz et al. 2015; Teodorowicz, van Neerven, and Savel-
koul 2017).

So far, some studies have been developed to address the
effects of glycation on the allergenicity of TM from mollusks.
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Recently, Yuan et al. (2017) reported alteration in the second-
ary and tertiary structures of shrimp TM following glucos-
amine-catalyzed glycation, which subsequently reduced their
IgG/IgE binding potentials. The change in allergenicity of Japa-
nese scallops (Patiopecten yessoensis) following Maillard reac-
tions was studied by Nakamura et al. (2005). In this study, an
increase in IgE-binding ability was found for TM in the early
stages of the reaction with glucose, ribose and maltose, but not
with maltotriose. The researchers concluded that the loss of
positive charges on the surface of the protein was not responsi-
ble for the increased allergenicity, but rather the structural
changes resulting from glycation. Maillard reaction might also
lead to the formation of neoantigens, as it generates sugar con-
jugated protein derivatives that, subsequently, enhance the
allergenicity of protein. The neo-antigens may provoke the
immunoreactivity in the same way as allergens (Davis, Smales,
and James 2001). Conversely, IgE-binding ability was reduced
as the reaction progressed and persisted, despite the peptic
digestion in the case of squid TM (Todarodes pacificus)
(Nakamura et al., 2006). Since the amino acid sequence homol-
ogy between scallop and squid TM is high (69.7%), this finding
might be explained due to differences in their epitope sites. The
effects of the Maillard reaction appear to be dependent on the
sample and the amount and type of reducing sugars, as well as
many other variables, such as treatment temperature and time.

4.3. Enzymatic treatment

Enzymatic treatment has been considered an adequate option
to reduce food allergenicity. Unlike other treatments, the
hydrolysis of allergenic proteins using food grade proteases is
regarded as a mild and safe method to destroy food allergens.
Enzymatic methods are generally of two types: one is the cross-
linking of food proteins to hide IgE-reactive epitopes and the
second involves the proteolytic hydrolysis of food allergens by
breaking down proteins into small fragments/peptides to
decrease allergenicity (Yu 2016). The crosslinking can result
from direct enzymatic catalysis of crosslink formation or from
the indirect enzymatic production of a crosslinking agent, such
as hydrogen peroxide, which oxidizes reactive structures with
consequent crosslink formation. Food proteins contain several
reactive groups for enzymatic crosslinking, such as lysine, tyro-
sine, glutamine and cysteine residues. The ultimate reactions
are achieved depending on the enzyme used, the availability of
the target reactive groups and the applied process conditions
(Buchert et al. 2010; Yu 2016). Currently, food industry
employs transglutaminases, peroxidases, laccases and tyrosi-
nases for enzymatic crosslinking of dietary proteins. Crosslink-
ing alters the protein molecular weight, the conformational
structure, the charge moiety, the surface properties of the mole-
cules and the biological properties of food allergens, including
ligand binding, solubility, IgE-binding, antigenicity and suscep-
tibility to proteolysis by digestive enzymes (Fei et al. 2016;
Radosavljevic et al. 2014: Stani¢-Vucini¢ and Velickovi¢ 2012;
Yuan et al. 2017). Fei et al. (2016) investigated the influence of
tyrosinase crosslinking on thermally polymerized crab (Scylla
paramamosain) AK. The IgE-binding activity and digestive sta-
bility were analyzed by proteomics and by immunological
methods, while sensitization and potency to cause oral
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tolerance was evaluated via in vivo assays and a cell model. The
ELISA results showed that the inhibitory concentration of
crosslinked AK changed from 1.13 pg/mL to 228.36 ug/mlL,
while the in vitro digestion assay showed that thermal polymer-
ized AK is relatively resistant to gastrointestinal digestion com-
pared to native AK. The mice model studies demonstrated low
allergenicity and capability to induce oral tolerance, as observed
by the sera levels of AK specific antibodies and T-cell cytokine
production. Moreover, the exposure of RBL-2H3 cells to cross-
linked AK resulted in lower mast cell degranulation and hista-
mine release compared to untreated AK (Fei et al. 2016). Liu
et al. (2017b) studied the effect of enzymatic crosslinking on
the IgG/IgE-binding activity, digestibility and oral tolerance of
crosslinked crab TM with horseradish peroxidase or tyrosinase.
ELISA results demonstrated that horseradish peroxidase and
tyrosinase mitigated its IgE-binding activity by 63.5% and
34.5%, respectively. Compared with native TM or crosslinked
TM with tyrosinase, the crosslinked TM with horseradish per-
oxidase was more easily digested into small fragments, decreas-
ing the degranulation of RBL-2H3 cells and increasing the
endocytosis by dendritic cells. These findings indicate that
enzymatic treatment has more potential to reduce the allerge-
nicity by influencing the structure of the protein, modifying the
original way of antigen presentation and Ty1/TH2 immunoba-
lance, as well as inducing the oral tolerance of the allergen TM.
The enzymatic crosslinking of allergens creates high MW com-
pounds that may alter their sensitization potential (Liu et al.
2017b). Yuan et al. (2017) evaluated the effect of transglutami-
nase-catalyzed glycosylation on the allergenic potency and con-
formational structure of shrimp (M. ensis) TM, demonstrating
that its allergenicity decreased and it was well correlated with
the structural changes. The authors suggested that transgluta-
minase-catalyzed glycosylation has the potential to serve as a
mild approach for mitigating the allergenicity of shrimp prod-
ucts. Similarly, Ahmed et al. (2018) studied the influence of
tyrosinase-catalyzed crosslinking on the IgE-binding potential
and structure of shrimp (M. ensis) TM. Their results revealed
the unfolding of the tertiary structure and loss of the secondary
structure following protein crosslinking. Western blotting and
indirect ELISA revealed that the antigenicity and potential
allergenicity of crosslinked shrimp TM decreased, which were
attributed to the alteration of molecular and immunological
properties of the crustacean proteins.

Enzymatic hydrolysis via proteolytic enzymes is also an
effective way to modify the immunoreactivity of allergenic pro-
teins from various food sources, as these are very resistant to
gastrointestinal digestion. This approach resulted in the degra-
dation of linear epitopes by the partial or complete hydrolysis
of allergens into small peptide fragments and/or amino acids.
Hydrolysis leads to the disrupture of conformational and linear
epitopes (Kasera et al. 2015; Liu et al. 2011; Yu 2016).
Shimakura et al. (2005) showed that crustacean extracts (manu-
factured by boiling raw crustaceans) used in the food industry
are allergenic since they have TM and/or its degraded peptide
fragments with IgE-binding capability. However, after digestion
with proteases, the extracts seemed to have lost almost
completely their allergenicity. Therefore, the authors highlight
the effectiveness of protease digestion to reduce the allergenic-
ity of TM of heat-treated crustaceans. Huang et al. (2010)

studied the digestive stability of TM and other proteins from
mud crab in simulated gastric fluid (SGF) and simulated intes-
tinal fluid (SIF) digestion systems. As observed by SDS-PAGE
and Western blotting, actin and myosin heavy chain were
degraded rapidly, while TM showed resistance to pepsin diges-
tion. In the case of SIF system, the myosin heavy chain was eas-
ily degraded, while TM and actin were similarly resistant to
digestion. The results evidenced that the allergenicity of TM
was partially decreased, suggesting that proteolytic digestion is
effective in reducing its immunoreactivity. In a similar work,
Liu et al. (2011) demonstrated the proteolytic stability of crus-
tacean proteins from Pacific white shrimp (L. vannamei) and
grass prawn (P. monodon) using pepsin, trypsin and chymo-
trypsin. Both myosin heavy chain and actin were rapidly
degraded within a short period, while TM showed resistance
against pepsin digestion. In the SIF system, myosin heavy chain
was easily decomposed, and actin and TM were resistant to
trypsin/chymotrypsin digestion, being in good agreement with
Huang et al. (2010). From the above discussion, it is concluded
that the modifications of the allergenic proteins using both
enzyme-catalyzed protein crosslinking and proteolytic hydroly-
sis offer mild and safe approaches to mitigate the allergenicity
of crustacean allergens.

4.4. Acid treatment

The available data on the modulation of the allergenic activity of
crustacean allergens after exposure to acidic conditions are
scanty. Perez-Macalalag, Sumpaico, and Agbayani (2007)
observed that the protein extracts obtained from boiled shrimp
pre-soaked in vinegar (up to 8 h) revealed low immunoreactiv-
ity, as evidenced by the small wheal size during the skin prick
test. However, the researchers did not elucidate the mechanism
by which acid soaking led to the attenuation of the allergenic
potential of shrimp TM. Lin et al. (2015) studied the influence of
different pH (1.0-11) on the conformational structure and
allergenicity of short-neck clam (Ruditapes philippinarum) TM.
The low pH range (1-5) caused significant modulation of the
secondary and tertiary structure of TM compared to the alkaline
conditions (pH 8.0-11). The alteration in the secondary struc-
ture of TM was characterized by circular dichroism spectros-
copy, which revealed an increasing trend in the positive molar
residue ellipticity peak when the pH was shifted to 1.0, thereby
indicating the rise in the number of «-helices. On the other
hand, when the pH was shifted to 2.0, the negative molar residue
ellipticity peak increased and the positive one reduced, which
showed the number of B-sheets increased, while the number of
a-helices decreased. An unfolded structure was observed
between a pH of 2.0-5.0, followed by a considerable alteration in
the secondary structure at pH 1.0. Likewise, a red shift in the
absorbance peaks of UV spectra was observed when the pH was
shifted from acidic to neutral, as conformational changes in pro-
tein can also be assessed by variations in UV absorption spectra.
Correspondingly, the potential allergenicity of short-neck clam
TM was reduced as observed by indirect ELISA and dot-blot
assay, which correlated well with the structural changes. The
authors highlighted that conformational changes in TM induced
by pH shifting considerably affected the allergenicity of TM,
mainly in the acidic pH range (Lin et al. 2015).



Recently, Lasekan et al. (2017) elucidated the allergenic
potential of shrimp TM in acidic conditions. The effect of acid-
induced denaturation on TM immunoreactivity was assessed
using different marination processes with white vinegar
adjusted to diverse pH (1.0, 2.5, 3.5 and 4.8). The soluble myofi-
brillar protein extract was substantially reduced among shrimps
marinated in vinegar below pH 3.5 and a considerable amount
of TM was retained in the insoluble pellets. In consequence, the
IgE-binding potential of TM was reduced significantly in the
soluble shrimp protein extract, compared to samples marinated
at pH 4.8 and control. On the other hand, TM in the insoluble
shrimp pellets showed greater IgE-binding capacity in all mari-
nating conditions. Therefore, the acidic conditions seem to
modulate the allergenicity of proteins via modification of the
conformational epitopes. However, an acidic condition might
not be operational in mitigating the allergenic potential of food
protein in case of the presence of abundant linear epitopes
(Lasekan et al. 2017).

5. Novel approaches for mitigating crustacean
allergenicity

Novel processing technologies are adapted in response to the
consumer choices towards minimally processed, eco-friendly,
safe and quality food products. Although the thermal treatment
can alter the allergenic potential of many foods, it can also
adversely affect the nutritional and the organoleptic properties
of foods. Therefore, novel approaches (high-pressure process-
ing, high intensity ultrasound, gamma irradiation and pulsed
ultraviolet light) have ascertained as being safe alternatives to
the conventional thermal and chemical processes for attenuat-
ing the allergenicity of various foods, along with retaining their
properties (Kramer, Wunderlich, and Muranyi 2016; Liu et al.
2017a; Wang et al. 2017; Zhang, Deng, and Zhao 2017).

5.1. High-pressure processing

HPP (also known as high hydrostatic pressure processing or
ultrahigh pressure processing) is a novel processing technology
that involves the use of pressures in the range of 100-800 MPa
to inactivate pathogenic organisms and to extend the shelf life
of foods. HPP at ambient or chilled temperature has a minor
impact on product chemistry, thereby protecting a variety of
bioactive compounds (Balasubramaniam, Martinez-Montea-
gudo, and Gupta 2015; Pottier, Villamonte, and de Lamballerie
2017). It causes reversible or irreversible structural modifica-
tions in proteins, leading to their denaturation, aggregation, or
gelatinization. Compared with the conventional thermal proc-
essing, the original color, flavor, and nutrients of foods can be
preserved, while leading to a limited reduction in allergenicity
(Ahmed, Qazi, and Jamal 2016; Huang et al. 2014; Jin et al.
2015; Kaur, Rao, and Nema 2016; Zhang, Deng, and Zhao
2017). HPP is characterized by three processing parameters:
temperature, pressure, and exposure time, thus allowing great
flexibility in the design of the process (Heinz and Buckow
2010; Kaur, Rao, and Nema 2016). Generally, the pressure is
transmitted instantaneously and uniformly throughout the
food system, independently of the size and geometry of the
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food product, unlike heat processing (Balasubramaniam,
Martinez-Monteagudo, and Gupta 2015).

In recent years, the impact of HPP on the allergenic poten-
tial of foods has been explored. The possible mechanisms
involve protein denaturation, conformational alterations, aller-
gen extraction, enzymatic hydrolysis facilitation, which subse-
quently modulate the allergenicity of food proteins.
Furthermore, HPP has contributed for mitigating the allerge-
nicity of some foods without eliminating the allergenic proteins
themselves. Through the extraction or release of membrane-
bound allergens into the environment, these molecules can be
removed or destroyed by hydrolytic enzymes. In some cases,
HPP can accelerate the activity of some enzymes, reducing the
allergenic potential of certain foods (Hu and Xie 2013; Junior,
Tribst, and Cristianini 2017; Knorr, Heinz, and Buckow 2006).
The application of HPP (600 MPa) to king prawns and black
tiger prawns at a temperature of 30 °C for 10 min resulted in a
significant loss of TM immunoreactivity (Yohannes et al.
2008). Hu and Xie (2013) applied HPP (450 MPa, 40°C,
55 min) combined with enzymatic hydrolysis to prepare hypo-
allergenic shrimp product. The processing promoted the diffu-
sion of proteases into the internal structure of shrimp and
attenuated its immunoreactivity due to the enzymatic hydroly-
sis. This technology has also been applied to process other aller-
genic foods, namely mollusks and fish (Jin et al. 2015; Liu and
Xue 2010). In both cases, HPP seemed to induce structural
changes in TM and to facilitate their digestibility, thus contrib-
uting to a reduction in their allergenicity. Based on the available
literature, it can be considered that HPP has the potential to
decrease the allergenicity of proteins by promoting modifica-
tions on their secondary structure and unfolding.

5.2. High-intensity ultrasound

High-intensity ultrasound is an emerging concept in food
industries, frequently used for homogenization, filtration, ten-
derization, dehydration, allergenicity reduction and overall
improvement of food products. However, the mitigation of
food allergenicity via ultrasound treatment is still at a prelimi-
nary stage. High-intensity ultrasound uses high-energy
mechanical waves (20-100 kHz), which induce cyclic genera-
tion and the collapse of cavities (sonication bubbles) in a food
system, followed by the formation of localized regions sur-
rounding these collapsed cavities. These ultrasonic waves
induce conformational changes in native proteins, cleaving
peptide bonds in the vicinity of collapsed cavities via sheer
force, thereby influencing their immunoreactivity (Rodriguez
et al. 2018; Nowacka et al. 2018; Corzo—Martinez, Villamiel,
and Moreno 2017; Li et al. 2013; Shriver and Yang 2011). Cavi-
tation increases with the rise in pressure and frequency, initiat-
ing various effects by creating free radicals and enhancing the
polymerization/depolymerization of the reactions. This process
is advantageous in a sense that it is carried out at ambient tem-
perature without any thermal treatment, minimizing product
degradation (Nowacka et al. 2014).

The modification of food proteins via the ultrasound tech-
nique is predominantly based on the cavitation phenomenon
(Mawson et al. 2011). Acoustic waves are generated by ultra-
sound, which subsequently promote the formation of
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sonication bubbles in foods and, ultimately, lead to recurrent
compression and rarefaction. This phenomenon leads to the
collapse of the bubbles until certain sizes and to the release of
energy that increases the pressure and temperature in the
medium, causing chemical and mechanical changes. Low fre-
quencies (higher intensities) encourage acoustic cavitation due
to the formation and growth of bubbles and that the rupture of
these large bubbles release high energies. Furthermore, micro-
streaming induces extreme agitation, which could possibly dis-
rupt hydrogen bonds and Van der Waals interactions in
polypeptides. Consequently, the conformational structure of
the native protein/allergen is altered (Corzo—Martinez,
Villamiel, and Moreno 2017).

Ultrasound treatment can alter the secondary structure of
proteins causing an increase in the formation of random coil
a-helices, as reported for beta-lactoglobulin. Secondary struc-
ture measurements reveal that the exposure of the allergenic
protein to ultrasound treatment for various time intervals lead
to compositional alterations after refolding, although present-
ing a minor effect on the IgE—binding properties of beta-lacto-
globulin (Stani¢-Vucini¢ and Velickovi¢ 2012). In the case of
crustaceans, Li et al. (2011) have studied the allergenic and tex-
tural properties of shrimps (L. vannamei) after treating them,
as raw and boiled, with power ultrasound (800 W, 30 kHz) for
0, 2, 8, 10, and 30 minutes at 0°C and 50°C, respectively. The
results revealed that ultrasound treatment substantially reduced
the allergenicity of the boiled compared to the raw shrimps.
The allergenic potential of boiled shrimps was reduced by
approximately 50% or 40% by treating the samples for 10 min
at 0°C or 50°C, respectively. In the case of raw shrimps, the
allergenicity increased in the first 10 min with the treatment at
0°C and then decreased to an initial value, while at 50°C no
changes in the allergenicity were observed. In another study,
the researchers assessed the influence of high-intensity ultra-
sound on the IgE-binding potential of major shrimp TM (Pen
a 1) and shrimp protein extracts (Li et al. 2006). Shrimp
muscles were treated with power ultrasound (800 W, 30 Hz) at
0°C and 50°C, for 1.5 h respectively. The allergenicity of puri-
fied TM and shrimp protein extracts was substantially reduced,
as analyzed by the competitive inhibition ELISA and enzyme
allergosorbent test, using sera from shrimp-allergic patients.
The IgE-reactivity of ultrasonic treated shrimp TM at 50°C was
reduced by 81.3-88.5%, whereas a 68.9% allergenicity reduction
was found in case of shrimp protein extracts, compared to the
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untreated samples. Moreover, lower MW crosslinks were also
formed, indicating the denaturation of shrimp protein by
means of ultrasound treatment (Li et al. 2006). These findings
seem to indicate that crustacean allergenicity could be miti-
gated via ultrasound treatments with slight changes in textural
properties.

5.3. Irradiation

Irradiation has been a fascinating technique for food preserva-
tion with minimal alteration in nutritive and sensorial charac-
teristics of foods. There have been several investigations on the
applicability of irradiation for minimizing food protein allerge-
nicity. It is regarded as a cold pasteurization practice for pre-
serving food and it is currently permitted for application to 40
food products in over 60 countries worldwide (Kume et al.,
2009; Mostafavi, Mirmajlessi, and Fathollahi 2012). Exposing
food to high-energy rays from irradiator bring about conforma-
tional changes, namely fragmentation, aggregation, crosslink-
ing, oxidation and amino acid modification. All these processes
are ascribed in modulating the immunoreactivity of allergenic
foods (Harder, Arthur, and Harder 2017; Luo et al. 2013). A
schematic diagram of a commercial gamma irradiator is shown
in Figure 4.

Irradiation influences the immunoreactivity of several food
proteins through the aforementioned processes. The amount of
heat-stable allergenic shrimp protein in an irradiated solution
was reduced by gamma irradiation, depending on the dose.
The effects of gamma irradiation on the whole shrimp muscle
lead to a decrease in the IgE-binding capacity of sera from aller-
gic individuals to shrimp heat stable protein and to allergens in
the sarcoplasmic and myofibrillar protein fractions, based on
the amount of given doses (Byun et al. 2000; Byun et al. 2002).
Moreover, above 7 kGy, the immunoreactivity of shrimp aller-
gens was reduced in approximately 50% (Byun et al. 2002). Liu
et al. (2017a) assessed the influence of electron beam irradiation
on the immunoreactivity of shrimp TM and shrimp extracts at
frozen stage. Initially, the specific IgE-binding capacity of
shrimp extracts and TM increased up to 10% by irradiating at
3 kGy doses and then reduced by 20% with the increase of irra-
diation doses (10 kGy). Similarly, Li. et al. (2007) irradiated
shrimp protein extract and the purified allergen (Pen a 1) with
different dosages (1, 5, 10 and 15 kGy) and investigated their
IgE-binding capacity. Immunochemical assays revealed a
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Figure 4. Schematic diagram of panoramic, wet storage commercial gamma irradiator. The sealed source is stored in water and raised into the air to irradiate a product
that may be moved into the room on a conveyor system (Source: United States Nuclear Regulatory Commission 2016).



reduction in the reactivity of shrimp allergens, in a dose-depen-
dent manner (Li. et al. 2007; Liu et al. 2017a).

A great proportion of the population is reluctant to consume
irradiated food products since it is thought that “irradiated
products are radioactive”, being unfamiliar with the “Radura”
symbol (https://en.wikipedia.org/wiki/Radura). The research
on irradiated foods has shown that with an average dose of
10 kGy, the products are safe for human consumption without
any toxicological, nutritional and microbiological hazards.
Therefore, providing science-based information about the
effectiveness of irradiation technology can lead to positive pub-
lic perspectives (Junqueira-Gongalves et al. 2011; Kebede et al.
2015; Konteles et al. 2009).

5.4. Pulsed ultraviolet light

Recently, PUV light has proclaimed itself as a good alternative
or supplement to orthodox chemical or thermal intervention
strategies for inactivating enzymes, retarding the growth of
microorganisms, reducing allergenicity and other food process-
ing purposes (Heinrich et al. 2016; Kramer, Wunderlich, and
Muranyi 2016; Pellicer and Gomez-Lopez 2017; Wang et al.
2017). The conventional preservation techniques likely impair
the nutritional and perceived organoleptic traits of the proc-
essed products. The PUV light system captures and storse the
electrical energy in a capacitor that eventually releases high-
energy short pulses of ultraviolet, visible and infrared light
(approximately 54%, 26% and 20%, respectively), which have
great penetration capabilities. In fact, both irradiation and PUV
light are different forms of radiation. Gamma irradiation is a
form of ionizing radiation inducing changes in food properties
in a dose-dependent manner, while PUV is non-ionizing radia-
tion via instantaneous high-energy short pulses based on dura-
tion and rate of pulses (Harder, Arthur, and Harder 2017;
Kramer, Wunderlich, and Muranyi 2016; Luo et al. 2013;
Shriver and Yang 2011).

Upon exposure of food products with highly intense light
pulses, the molecules are excited and, after returning to the
ground state, they liberate energy as heat or photons, being
likely to induce photochemical, photophysical or photothermal
reactions (Abida, Rayees, and Masoodi 2014; Heinrich et al.
2016). Similarly, prolonged UV light treatment resulted in the
formation of insoluble complexes, unsaturated fatty acid perox-
idation, starch depolymerization, protein unfolding, fragmenta-
tion, and carbohydrate and protein crosslinking. The changes
in food protein structure induced by pulsed light areas follow-
ing: aggregation (oxidative reactions such as formation of radi-
cal cessation reactions, SH-SS exchange and hydrophobic
interaction), unfolding (alteration of protein binding potencies
such as formation or cleavage of hydrophobic and hydrogen
bonds) and fragmentation (oxidative reactions such as radical
cessation reactions). These effects may contribute to the modi-
fication of the protein structure and the reduction of IgE-bind-
ing to allergens (Abida, Rayees, and Masoodi 2014; Kramer,
Wunderlich, and Muranyi 2016; Manzocco 2015; Shriver et al.
2011; Yang et al. 2012).

Yang et al. (2012) studied the stability of crustacean allergen
in vitro reactivity modified via PUV light. The changes in the
allergenic potencies were evaluated after subjecting the PUV-
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treated shrimp extracts to SGF with pepsin and to SIF with
trypsin and chymotrypsin enzymes. Western blot analysis
revealed a reduction trend in the IgE-binding capacity of TM.
The PUV-treated samples showed an obvious reduction in
allergen reactivity under the conditions of SGF, SIF, and their
combination (SGF + SIF) and did not regain their original
reactive states (Figure 5). These findings suggest that PUV
treatment could be a potential way to develop hypoallergenic
shrimp products with reduced allergenic potencies under
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Figure 5. ELISA of non-PUV treated (indicated as control) and PUV-treated shrimp
extracts that have been subjected to simulated gastric fluid (SGF) and simulated
intestinal fluid (SIF) digestion. Samples were digested for 0, 5, 15, 30, 60, and
120 min: A) pepsin in SGF; B) trypsin and a-chymotrypsin in SIF; C) pepsin in SGF,
followed by a mixture of trypsin and a-chymotrypsin in SIF. Human IgE were used
to determine shrimp allergen reactivity. Relative IgE-binding is expressed as A/A,,
where A is the absorbance of the sample divided by the absorbance of the
untreated. Data are expressed as mean =+ standard deviation (SD) (Reprinted from
Yang et al. 2012 with permission from Springer-Humana Press Inc).
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human gastric and intestinal digestive conditions. On the other
hand, Shriver et al. (2011) found a reduction in the IgE-binding
capacity of Atlantic white shrimp (Litopenaeus setiferus), fol-
lowing treatment with PUV light. Likewise, few other food
products have been treated with PUV light in order to reduce
their antigenic and allergenic potential.

Unlike thermal processing, very limited information has
been reported on the impact of non-thermal treatments for
reducing crustacean allergenicity. In most cases, these treat-
ments are employed as a pretreatment method prior to other
food processing operations. Although these technologies
proved to be efficient in attenuating the crustacean allergy,
optimization and realization of the system and in vivo studies
need to be investigated prior to commercialization, in order to
help the food industry and to protect the consumers.

6. Hurdle technology for mitigating crustacean
allergenicity

In the modern era, the consumers demand minimally proc-
essed foods with reduced allergenicity and marginal changes in
the organoleptic and nutritional attributes, which have
prompted the hurdle concept. Hurdle technology, a combina-
tion of preservation/processing methods, has been successfully
used globally, as an attempt to gently and effectively preserve
foods (Pal et al. 2017; Singh and Shalini 2016). The various
methods such as heating, refrigeration, irradiation, PUV light
and enzymatic hydrolysis, involved in food processing, are con-
sidered hurdles when at least two methods are used in combi-
nation. The application of hurdle technology ensures the safety
and stability of foods, as well as their sensorial and nutritive
properties (Ahmed et al. 2017; Hu et al. 2016; Huang et al.
2014; Meinlschmidt et al. 2016, 2017; Pal et al. 2017). This tech-
nology has been applied in food of terrestrial and aquatic ori-
gins and has become a boon for efficient mitigation of food
allergenicity.

The hurdle technologies reported in the literature for reduc-
ing crustacean allergenicity are summarized in Table 7. Li. et al.
(2007) suggested that the combination of irradiation and heat
induced a relevant effect on the integrity and structure of
shrimp allergens, leading to a considerable decrease in the over-
all IgE-binding capacity. The authors hypothesized that a

Table 7. Influence of hurdle technology on crustacean allergens.

destruction of shrimp allergens was due to the radicals formed
during irradiation and subsequent heat treatment. Additionally,
the epitopes that were probably hidden were exposed by irradi-
ation and further destroyed by heat. In case of combined ultra-
sound and boiling treatment, Yu et al. (2011) reported that the
treated TM was degraded much more quickly than the
untreated one in the SGF and SIF, thus contributing to decrease
TM IgG/IgE-binding. Long et al. (2015) treated shrimp protein
extracts with HPP and/or thermal treatment, analyzing the
allergenicity of TM by competitive ELISA using pooled sera
from patients with shrimp specific IgE. The combined treat-
ments (55-75°C) completely blocked IgE inhibition, indicating
that the allergenicity of TM might be eliminated. Moreover, a
significant reduction in specific IgE titers was observed in mice
(BALB/c mouse model of allergy) fed with TM treated with
HPP and heat, accompanied by a decrease in histamine levels.
In opposition to the aforementioned studies, the combination
of heat treatment with PUV light seemed to have no effect on
the immunoreactivity of shrimp TM. After boiling TM
increased its reactivity, which was attenuated by the subsequent
PUV light treatment (Shriver et al. 2011).

The combined technologies have also been applied to other
foods, which considerably reduced their immunoreactivity
(Meinlschmidt et al. 2017; Yang et al. 2017). Other processing
combinations such as HPP with enzymatic hydrolysis proved
to be effective and novel approaches for the development of
low allergen food ingredients with enhanced functional and
sensorial properties (Meinlschmidt et al. 2017). Undeniably,
hurdle technology is prospected to have a crucial role in reduc-
ing the allergenicity of foods.

7. Strategies to manage crustacean allergens
7.1. Avoidance and labeling

Public awareness regarding food allergies is very important to
reduce their incidence. Strict avoidance of the offending foods,
along with the accessibility of epinephrine auto-injector is the
best way for the allergic individuals to protect themselves from
food-induced hypersensitivity. However, the eviction strategy is
not always practicable, once the accidental exposure to aller-
genic proteins can sometimes occur, mainly because of

Hurdles Crustacean allergens

Impact on immunoreactivity References

Gamma irradiation + Boiling Shrimp (Penaeus vannamei) protein
extracts and TM (Pen a 1)
Atlantic white shrimp (Litopenaeus

setiferus) TM

PUV light + Boiling
Ultrasound + Boiling

Crab (Scylla paramamosain) TM

HPP + Heating Shrimp (Litopenaeus vannamei) TM

Immunoreactivity decreased significantly. Li. et al. (2007)

No change on the IgE-binding of TM. Shriver et al. (2011)
Boiling increased reactivity that was
subsequently attenuated by PUV light
treatment.

IgG/IgE binding decreased. Enhance the
digestion of TM in gastrointestinal
digestion, and reduced the
immunoreactivity.

Reduction in IgE binding potential.
Significant reduction is specific IgE
titers in BALB/c mouse model.
Reduction in mRNA encoding
interferon-y, interleukin (IL)-4, and IL-
10 in jejunum tissues.

Yu et al. (2011)

Long et al. (2015)




mislabeling or cross-contamination during food processing
(Choi, Ju, and Chang 2015; Costa et al., 2015; Muraro et al.
2014; Taylor et al. 2014). Therefore, food manufacturers should
enhance the allergen labeling in food packaging. Countries
within EU and USA, Canada, United Kingdom, Australia, Peo-
ple’s Republic of China and Japan have set specific legislation
concerning the mandatory labeling of allergenic foods to safe-
guard the health of consumers (Allen et al. 2014; Bucchini et al.
2016). Depending on each specific country legislation, the list
of groups of allergenic foods might vary, although the foods
included in the so-called big-8 list (cereals containing gluten,
soybean, tree nuts, peanut, milk, fish, eggs and crustaceans) are
normally covered. According to the EU legislation, food manu-
facturers must declare the existence of 14 groups of ingredients,
documented as potentially allergenic, highlighting them from
the rest of the list. These include the already mentioned “big-8”
plus mollusks, sesame, mustard, lupine, celery and sulfites
(Directive 2007/68/EC; Regulation (EU) No 1169/2011).

7.2. Detection of crustacean allergens

Despite the application of the legislation requesting the
compulsory labeling of allergenic foods, the risk of allergic
individuals suffer from an abnormal immune episode
remains a reality, even when adopting a restrictive diet.
Mislabeling or cross-contamination occurrences may hap-
pen during food processing, resulting in the inadvertent
presence of hidden allergens. To avoid potential health
risks, an effective allergen risk management is required.
Therefore, the verification of labeling compliance of foods is
crucial for the industrial management of allergenic foods,
for the allergen control/monitoring by the regulatory
authorities and for the allergic consumers. This relies on
the availability of fast, reliable and highly sensitive analyti-
cal methodologies. Over the past years, several methods,
either based on conventional or advanced technologies for
proteins and/or DNA analysis, have been developed to
detect food allergens (Costa et al. 2017). However, no una-
nimity has been reached with regard to the most suitable
methodology for detecting food allergens.

Recently, methods targeting proteins and DNA have been
proposed for the detection of crustacean allergens (mostly tro-
pomyosins). The enzyme-linked immunosorbent assay (ELISA)
is the most widely used immunochemical technique for protein
analysis, being available as commercial kits for tropomyosin
crustacean/tropomyosin detection (e.g. Crustacea ELISA kit
(BioFront Technologies, Tallahassee, FL, USA) and Ridascreen
Fast Crustacean (r-Biopharm AG, Darmstadt, Germany)).
Additionally, some in-house ELISA using TM as the target pro-
tein for crustacean identification in foods have also been devel-
oped (Fuller, Goodwin, and Morris 2006; Seiki et al. 2007;
Werner, Feste, and Egaas 2007; Zhang et al. 2014). Immunoas-
says have major advantages associated with simplicity, speed,
high specificity and sensitivity inherent to the antigen/antibody
interaction. However, they are prone to cross-reactivity phe-
nomena that can conduct to false positive results and they can
be affected by food processing that cause structural changes in
proteins, leading to false negative results (Costa et al. 2017;
Prado et al. 2016).
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Protein analysis based on liquid chromatography (LC)
coupled to mass spectrometry (MS) platforms has greatly
advanced in the past years, providing several applications
for allergen detection (Prado et al. 2016). High accuracy,
sensitivity, specificity and reproducibility are some of the
advantages associated with this technology. Besides, it does
not rely on the interaction of antibody/allergen (or marker
protein), enabling the unequivocal identification of the tar-
get analytes (Monaci and Visconti 2009). Nonetheless, the
high cost of the equipment/maintenance, together with the
need for highly specialized personnel, are relevant draw-
backs that constrain the application of this technology. In
the case of crustacean allergens, some LC-MS methods have
been developed for their detection in foods. Ortea, Canas,
and Gallardo (2011) exploited selected tandem mass spec-
trometry (MS/MS) ion monitoring (SMIM) scanning mode
to detect and monitor diagnostic peptides, primarily focused
on shrimp species identification, which can also be used for
the detection of the crustacean allergenic protein arginine
kinase in food products. Nagai, Minatani, and Goto (2015)
developed a LC-MS/MS approach using multiple-reaction
monitoring (MRM) to detect several marker peptides of TM
and AK in crustaceans, obtaining results well correlated
with those using the ELISA. Korte et al. (2016) developed a
LC-MS/MS method with MRM-cubed mode for the detec-
tion of shrimp and lobster in model food matrices down to
the level of 25 mg/kg (crustacean/food). The study of Chen,
Pan, and Huang (2017) reported a LC tandem QTOF mass
spectrometry (UPLC-QTOF-MS) method for crustacean TM
and AK characterization using the ‘bottom up’ MS
approach, which allowed identifying two specific heat-stable
marker peptides suitable to screen potential addition of
shrimp meat in foodstuffs.

Lately, methodologies based on DNA analysis have been
referred as adequate alternatives to proteins for allergen analy-
sis. The high stability of DNA molecules, compared to proteins,
upon food processing conditions and their presence in most of
the biological tissues have been pointed out as main advantages
for the development of methods for allergen detection. Addi-
tionally, DNA-based methods targeting species-specific
markers or sequences encoding for allergens are considered
highly specific and sensitive approaches for allergen analysis in
processed foods (Costa et al. 2017; Monaci and Visconti 2010),
being real-time polymerase chain reaction (PCR) widely used.
Despite the referred advantages, the fact that they are indirect
methods of detecting allergens in foods is considered a draw-
back by some researchers. In the specific case of crustacean
detection, multi-copy genes such as 16S rRNA (Cao et al. 2011;
Pascoal et al. 2011; Herrero, Vieites, and Espineira 2012; Eisc-
heid, Kim, and Kasko 2013; Midde and Rohmberger 2017;
Zagon et al. 2017; Wilwet et al. 2018), 12S rRNA (Eischeid,
Kim, and Kasko 2013; Eischeid 2016; Eischeid and Stadig 2018)
and cytochrome oxidase subunit I (COI) (Eischeid, Kim, and
Kasko 2013; Fernandes et al. 2017) have been used as specific
markers because they typically enable the development of PCR-
based methods with high sensitivity. Several real-time PCR
methods reported in the literature allow the detection of partic-
ular groups of crustacean species with high sensitivity (Cao
et al. 2011; Herrero, Vieites, and Espineira 2012; Eischeid, Kim,
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and Kasko 2013; Eischeid 2016; Made and Rohmberger 2017;
Zagon et al. 2017; Eischeid and Stadig 2018). Despite the
advantage of real-time PCR in providing quantitative results,
very few studies describe quantitative methods (Eischeid, Kim,
and Kasko 2013; Eischeid 2016; Eischeid and Stadig 2018).
Eischeid, Kim, and Kasko (2013) developed two real-time PCR
systems that allow estimating DNA from penaeid shrimps and
crabs. Eischeid (2016) reported a real-time PCR quantitative
method specific for lobsters based on model mixtures as cali-
brants, while Eischeid and Stadig (2018) proposed a similar
approach for crabs, being both systems adequate for allergen
quantification.

8. Final remarks

This review presents an update on the crustacean allergy,
with focus on the impact of different processing strategies
on crustacean allergens. So far, there are several crustacean
allergenic proteins identified and fully characterized, belong-
ing to different families of allergens. Among those, TM, AK,
SCP, MLC, troponin C and hemocyanin have been
described and included in the official list of allergens.
Therefore, it is indispensable to comprehend the structural
alterations of the allergenic proteins upon processing and to
understand the effect of specific techniques, either conven-
tional or novel, in the allergenicity of crustaceans. Distinct
processing approaches affect the structure of crustacean
allergens in different ways via denaturation, aggregation,
masking or unmasking of the epitopes, oxidation, crosslink-
ing, glycation, and glycosylation, which in turn influence
their gastrointestinal digestion and allergenic potential.
Inherent molecular characteristics of allergens, type of proc-
essing, intensity of treatment, environmental conditions (i.e.
pH, time and temperature) and food matrix are determining
factors in the allergenicity of food proteins. Most of the
processing methods appear to be promising in mitigating
the IgE-reactivity, although few show an enhanced immu-
noreactivity and the formation of neo-epitopes. Since the
total elimination of the allergenic potential by processing is
still unlikely, the selection of proper conditions could signif-
icantly reduce the allergenicity of foods.

The allergens are typically more resistant to proteolysis than
other types of proteins, and although they may be partially
hydrolyzed after the digestion process, the resultant fragments
can still retain immunoreactivity. Consequently, it is also
important to understand the impact of different processing
methods on the allergenicity of foods upon the digestion pro-
cess. From the available processing methods, the hurdle tech-
nology allows gathering the advantages of different treatments,
being the most efficient in mitigating the allergenicity of foods.
The development of appropriate processing technologies for
mitigating the allergenic potential of foods or the removal of
allergens to prepare hypoallergenic/non-allergenic foods are
common goals of processing industry professionals to provide
safe foods for allergic consumers. Moreover, the development
of methodologies for the detection of crustacean allergens in
processed food is very important to ensure the enforcement of
labeling regulations and improve the life quality of crustacean-
allergic individuals.
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Abstract

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

extractability and detectability.

Keywords Food allergens - Incurred materials - Method validation - Reference materials - Food processing - Food safety

Introduction

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

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

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

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

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

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

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

Analytical strategies for food allergen
analysis

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

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

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

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

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

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

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

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

Food processing: an issue for allergen
analysis

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

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

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

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

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

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

Incurred materials for development
and validation of food allergen methods

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

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

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

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

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

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

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

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

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

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

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

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

@ Springer

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

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

Reference materials

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

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

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

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

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

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

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

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

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

Conclusions and outlook

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

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