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ARTICLE INFO ABSTRACT

Background: The increasing prevalence of food allergy cases is an issue of global concern. As a result, scientific
innovations have been taking place to induce chemical modifications for achieving attenuation of allergenic
responses in sensitive individuals or for manufacturing hypoallergenic foods using food processing technologies.
Conventional processing techniques involving heat treatment are usually exploited, but may be accompanied by
dramatic changes in food quality attributes due to high temperature. Therefore, alternative nonthermal tech-
nologies may be a new direction for attaining hypoallergenicity.

Scope and approach: This review presents the current knowledge and recent findings on the possibility of en-
gaging nonthermal technologies including pulsed light, high pressure processing, irradiation, cold plasma, ul-
trasound and pulsed electric field, for the elimination of allergenic proteins in foods and their underlying me-
chanisms. In contrast to heat-based methods, nonthermal treatments can adequately retain sensorial and
nutritional quality of the food products, while altering allergenicity. Food allergy classification, clinical mani-
festations, epitope characterization and detection methods are also presented.

Key findings and conclusions: To date, studies show that nonthermal processes have complicated effects on food
allergens. Much further research efforts should be made for using nonthermal processing technologies as al-
ternatives to replace traditional techniques. Nonetheless, it is expected that in the near future, susceptible in-
dividuals will benefit from different hypoallergenic products processed with novel nonthermal technologies at an
affordable cost.
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1. Introduction

Food allergy is an abnormal immunological response or allergic
reaction that occurs when certain foods are consumed. It is considered a
major public health concern, affecting 1-2% of adults and 3-6% of
children living in developed countries (Jerschow, Lin, Scaperotti, &
Mcginn, 2014; Ketnawa & Liceaga, 2017; Rona et al., 2007). A survey
conducted in 2013 by the Centers for Disease Control and Prevention,
revealed that the number of children allergic to certain foods increased
by 50% between 1997 and 2011 (Gupta, Holdford, Bilaver, Dyer, &
Meltzer, 2013). Besides, over 150 million Europeans suffer from food
allergy and it is speculated that an astounding 44% of adults living in
Britain have at least one form of allergy or the other, growing by around
2 million from 2008 to 2009 alone (Food matters, 2010). In addition,

between 1995 and 2007, up to five-times increase in food allergy cases
was reported among children living in Australia (Mullins, Dear, & Tang,
2009). Generally, over 170 foods can provoke allergenic reactions, but
90% of incidences are believed to be caused by allergenic proteins
present in milk, egg, soy, crustacean/shellfish, fish, tree nut, peanut,
and wheat (Shriver & Yang, 2011; Thompson, Kane, & Hager, 2006),
but a large number of potentially allergenic individuals are unaware of
their allergic reactions to certain foods until after consumption. Typi-
cally, clinical symptoms includes respiratory issues (e.g. conjunctivitis,
rhinitis), skin reactions (e.g. urticarial, eczema and angioedema), car-
diovascular disorders (e.g. vascular collapse, hypotension) and pro-
blems with the gastrointestinal (GI) tract (e.g. vomiting, diarrhea, and
abdominal pain) (Cianferoni & Spergel, 2009). Meanwhile, clinical
manifestations associated with non-IgE-mediated food allergies include

* Corresponding author. School of Food Science and Engineering, South China University of Technology, Guangzhou 510641, China.

E-mail address: dawen.sun@ucd.ie (D.-W. Sun).
URLS: http://www.ucd.ie/refrig, http://www.ucd.ie/sun (D.-W. Sun).

https://doi.org/10.1016/j.tifs.2018.01.007

Received 21 October 2017; Received in revised form 6 January 2018; Accepted 9 January 2018

Available online 02 February 2018
0924-2244/ © 2018 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/09242244
https://www.elsevier.com/locate/tifs
https://doi.org/10.1016/j.tifs.2018.01.007
https://doi.org/10.1016/j.tifs.2018.01.007
mailto:dawen.sun@ucd.ie
http://www.ucd.ie/refrig
http://www.ucd.ie/sun
https://doi.org/10.1016/j.tifs.2018.01.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tifs.2018.01.007&domain=pdf

F.-G. Chizoba Ekezie et al.

food protein induced enterocolitis (FPIES), weight depreciation, proc-
tocolitis syndrome, pulmonary hemosiderosis and celiac disease
(Cianferoni & Spergel, 2009; Henderson et al., 2012). Other symptoms
of food allergy includes the life threatening anaphylaxis, with a detailed
epidemiological survey conducted in the united states revealing that
annually, about 125000 cases of emergency and 53700 cases of ana-
phylaxis is caused by food allergies, leading to hospitalization of 2000
patients and in acute cases, 200 deaths (Sicherer & Sampson, 2010).
Unfortunately, the current best practice to prevent food allergy is to
avoid consumption of allergenic foods.

The characteristic nature of antigenic proteins is basically glyco-
proteins with molecular masses of 10-70 kDa, which contain protein
sites called epitopes. These epitopes are recognizable and interact with
allergen receptors based on their three-dimensional conformation.
Considering their molecular configuration and structure, any process
that induces changes in protein conformation can also affect structural
features of epitopes, thereby influencing antibody binding ability. In
fact, some treatments such as heating induce formation of new aller-
genic compounds, otherwise called neo-allergens via interactions
among constituents (Kumar, Verma, Das, & Dwivedi, 2012).

Conventionally, food raw materials are processed to enhance sen-
sorial and nutritional quality as well as for preservation and detox-
ification. Similar to cooling (Desmond, Kenny, Ward, et al., 2000;
McDonald, Sun, & Kenny, 2001; Sun, 1997; Sun & Eames, 1996; Sun &
Zheng, 2006; Wang & Sun, 2001; Wang & Sun, 2004) and freezing
(Cheng, Sun, & Pu, 2016; Cheng, Sun, Zhu, & Zhang, 2017; Kiani, Sun,
Delgado, & Zhang, 2012; Kiani, Zhang, Delgado, Sun, 2011; Ma et al.,
2015; Pu, Sun, Ma, & Cheng, 2015; Xie, Sun, Xu, & Zhu, 2015; Xie, Sun,
Zhu, & Pu, 2016), techniques are usually employed to achieve these
objectives (Delgado & Sun, 2002; Ma, Sun, Qu, & Pu, 2017; Pu & Sun,
2016; Pu & Sun, 2017; Qu, Sun, Cheng, & Pu, 2017; Sun, 1999; Sun &
Woods, 1993; Yang, Sun, & Cheng, 2017). For proteins, as temperature
increases, a gradual loss of its native structure occurs. This may influ-
ence allergenicity either positively, negatively or sometimes have no
effect at all. Generally, heat treatment modifies proteins via denatura-
tion, restructuring of disulfide bonds and generation of new intra/inter
molecular bonds. Consequently, epitopes are rendered unrecognizable
by immunoglobulin E (IgE) antibodies. For example, severe processing
conditions of boiling and autoclaving for 60 and 30 min can reduce the
immunoreactivity of allergenic proteins in lentil and chickpea, respec-
tively (Cuadrado et al., 2009). This implies that, obtaining positive
results requires extreme temperatures that can provoke losses in orga-
noleptic quality, nutritional profile or even techno-functionality.

With the developments of nonthermal processing techniques, such
as pulsed light, high pressure processing (HPP), irradiation, cold
plasma, ultrasound and pulsed electric field (PEF), it is possible that
nonthermal processing techniques can also induce changes in protein
conformation and mitigate the allergenicity of certain proteins, while
retaining the original characteristics of the food materials. Therefore,
researchers have explored the impact of non-heat based processing
technologies on allergenic proteins and the possibility of producing
hypoallergenic foods using such approaches. For instance, pulsed light
was discovered to effectively decrease gluten immunoreactivity
through structural rearrangement and the formation of a broad range of
molecular weight proteins, following partial depolymerization and
unfolding of oligomeric and monomeric fractions respectively
(Panozzo, Manzocco, Lippe, & Nicoli, 2016). Also, the allergenicity of
a-lactoalbumin (a-la) remarkably declined when irradiated at doses of
1-10 kGy due to extensive protein denaturation and aggregation (Meng
et al., 2016).

On this basis, a few authors have summarized research findings
focused on exploiting both thermal and nonthermal processing tech-
niques to modify food allergenicity (Chung & Reed, 2014; Jimenez-Saiz,
Benede, Molina, & Lopez-Exposito, 2015; Rahaman, Vasiljevic, &
Ramchandran, 2016; Shriver & Yang, 2011; Vanga, Singh, & Raghavan,
2017). However, detailed descriptions on the effects of nonthermal
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treatments on allergenic proteins are not available, and thus the current
review intends to provide a comprehensive and up-to-date overview on
the control of food allergens using nonthermal processing technologies.
Various types of allergies and clinical spectrum are also presented.

2. Food allergens and their properties

Food allergy is generally classified into immunoglobulin (IgE)-
mediated, non-IgE mediated and mixed-reaction types. The IgE-medi-
ated type of allergenic reactions occur when IgE antibodies are pro-
duced in patients, due to permeation of peptides or proteins from food
into the respiratory lining, gut or skin (Mansouri, 2015). As described in
Fig. 1, an antigen-presenting cell processes the antigen and releases it to
the T cells in a major complex-restricted manner of histocompatibility,
thereby activating T cells. Subsequently, food-specific IgE antibodies
are produced, followed by attachment to IgE receptors present on ba-
sophil receptors before regaining exposure to the food allergen, causing
a very swift response transpiration, which provokes degranulation of
effectors cells and liberation of pre-formed granules such as histamine-
like mediators, and prompts the immediate manifestation of allergic
reactions (Cianferoni & Spergel, 2009). The non-IgE mediated type of
food allergy is associated with delayed onset of symptoms (either sub-
acute or chronic in nature) predominantly confined to the gastro-
intestinal (GI) tract (Henderson et al., 2012). On the other hand, the
mixed-reaction type comprises of an overlap between delayed or
chronic onset, presenting itself as either atopic dermatitis (AD) and as
eosinophilic gastroenteropathy (Mansouri, 2015).

2.1. Characteristics of food allergens

Most food allergens are primarily water-soluble glycoproteins with
molecular weight varying from 10 to 70 kDa, which are stable to pro-
teolytic reactions, and heat and acid treatments (Sicherer & Sampson,
2010). However a disparity from these attributes is possible since al-
lergenic proteins can undergo modifications especially during proces-
sing. Moreover, food allergens like vicilins that are oligomeric or those
containing a reoccurring sequence of peptide units (e.g., tropomyosins)
can have higher immunogenicity due to increased valency of their IgE
epitope. Likewise, proteins such as lipid transfer proteins (LTPs) and 2S
albumins that contain extra intramolecular disulfide bonds may bestow
more allergenicity and impact greater stability against thermal or acid
denaturation. Binding of ligands such as metals ions, lipids and steroids
to allergenic proteins (e.g., caseins, parvalbumins, 3-lactoglobulin (Lg),
and Bet v 1-related food proteins respectively), may stabilize their
structural conformation and enhance their resistance to proteolytic
enzymes; most proteases require flexibility in substrate proteins for
their action (Breiteneder & Mills, 2005; Sathe, Liu, & Zaffran, 2016). It
is important to mention that ligands, which can bind to a specific
protein, do it in a unique pathway involving a series of complex in-
teractions. For instance, caseins (og-, Os2-, and [-caseins) typically
contain clusters of phosphate groups i.e., phosphoserine or phospho-
threonine residues that can chelate metal ions, including calcium,
thereby forming microstructures called nanoclusters. These na-
noclusters combine into bigger structures comprising of about 1000
nanoclusters that correspond to the casein micelles present in milk
(Breiteneder & Mills, 2005). Meanwhile, paravalbumin contains 3 EF-
hand motifs or domains, among which two are capable of binding to
calcium, while the third domain remains silent but forms a cap covering
the hydrophobic surface. Loss of the protein-bound calcium in para-
valbumin can induce a significant change in conformation and an ac-
companying loss of conformation-dependent IgE  epitopes
(Bugajskaschretter et al., 2000). This is why the use of antacid by pa-
tients allergic to parvalbumin is frowned upon because acid neu-
tralization decreases the removal of calcium ions and may contribute to
the resistance of parvalbumin to pepsin hydrolysis and increase the
vulnerability of sensitive individuals (Untersmayr et al., 2003).
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Fig. 1. Schematic representation of Type I IgE-mediated hypersensitivity reaction.

The immunoreactivity is mainly determined by epitopes, i.e., the
part of a protein recognized by antibodies (Fig. 2) which can be clas-
sified into linear (sequential) and conformational (discontinuous), with
T-cell-binding epitopes being exclusively linear. Linear epitopes consist
of continuous short peptide segment, while conformational epitopes
consist of three-dimensional motif formed by spatially adjacent amino
acids. Several techniques are employed to map T-cells and IgE-binding
epitope in order to supply vital information for the design of peptide
and/or recombinant protein-based immunotherapy for food allergy.
Specifically, peptide microarrays and a sequence of overlapping pep-
tides fabricated on a nitrocellulose membrane (SPOT membrane) are
often used to ascertain IgE-binding linear epitopes (Martinez-Botas
et al., 2013), whilst complex techniques such as nuclear magnetic re-
sonance, mutant generation, x-ray crystallography, and silicon analysis
are required for mapping conformational epitopes (Sharma, Gaur, &
Arora, 2013). Alternatively, hydrogen/deuterium exchange footprint
analysis may be employed but cannot be used for the identification of
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conformational epitopes recognized by human polyclonal IgE anti-
bodies. For helper T-cells and regulatory T-cells, which play a role in
the sensitization, desensitization, and tolerance induction of food al-
lergy, their epitopes can be mapped using peptides of 10-20 residues
that overlay the complete AA sequence of the target allergen and al-
lergen-specific T-cell lines. In addition, silico analysis can be used to
identify T-cell epitope sequences, although several synthetic peptides
need to be tested alongside T-cells from patients in order to substantiate
the biological reactivity of the predicted epitopes (Nielsen, Lund, Buus,
& Lundegaard, 2010). Table 1 summarizes the most common allergenic
foods with their associated main allergens.

3. Thermal processing and food allergenicity

As mentioned previously, thermal processing is one of the most
important and extensively utilized techniques for the food industry.
Generally speaking, thermal treatment of food is accompanied by

antigen

B

Fig. 2. A. Structure of an immunoglobulin, B. The tri-dimensional molecular model of an IgE molecule showing the antigen binding site (Fab) C. Diagram illustrating antigen bound to fab

of the antibody (Yang, Mwakatage, Goodrich-Schneider, Krishnamurthy, & Rababah, 2012).
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Table 1

Common sources of food allergens.
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Type of Food  Food source Protein name IUIS Name Molecular Weight
(kDa)
Dairy products Milk B-Lactoalbumin Bos d 4 14.2
B-Lactoglobulin Bosd 5 18.3
Serum albumin Bosd 6 67
Immunoglobulin Bos d 7 160
Caseins Bos d 8 20-30
asl-Casein Bos d 9 23.6
as2-Casein Bos d 10 25.2
B-Casein Bos d 11 24
k-Casein Bos d 12 -
Egg Ovomucoid Gald1 28
Ovalbumin Gald 2 44
Ovotransferrin Gald 3 77
Lysozyme Gal d 4 14
Serum albumin Gald5 69
Seafood Crustaceans Tropomyosin Chafl,Cracl,Homal,Litvl,Macrl,Melll, Mete 34-39
1, Pan b1, Pan s1, Pen al, Pen il, Pen m1, Por pl; 3
Myosin light chain 1 Artfr5,Crac5 17.5
Myosin light chain 2 Hom a 3, Lit v 3, Pen m 3 20-23
Troponin C Cra c 6, Hom a 6, Pen m 6 20-21
Arginine kinase Crac 2, Litv 2, Pen m 2 40-45
Triosephosphate isomerase Arcs 8,Crac8 28
Troponin I Ponl7 30
Fin Fish B-Parvalbumin Cluh1,Cypcl,Gadcl,Gadm1,Latc1,Lepw1,0Onc 11-12
ml,Sals1,Sarsal,Sebm1, Thual, Xipg1l
B-Enolase Gad m 2, Sal s 2, Thu a 2; 47 3-50
Aldolase A Gadm 3, Sal s 3, Thua 3 40
Vitellogenin Onck 5 18
Tropomyosin Ore m 4 33
Tree nut Cashew 7S globulin, 11S globulin and 2S albumin respectively Anao1l,Anao 2and Anao 3
Almonds - Prudu 1 to Prudu 6 -
Brazil nut - Ber e 1 and Ber e 2 -
Pecan - Caril, Cari2and Cari4 -
Chest nut - Cass1,Cass5and Cass 8 -
Walnut - JugrltoJugr5,JugnlandJugn2 -
Pistachio - Pisv1toPisv3 -
Hazel nut - Cor a 1 to Cor a 14 -
Legume Peanut Cupin (Vicillin-type, 7S globulin) Arah1l 64
Conglutin (2S albumin) Arah 2 17.5
Arah 6 15
Arah7 16.17
Cupin (Legumin-type, 11S globulin, Glycinin) Arah 3 60
Profilin Arah 5 14
Pathogenesis-related Arah 8 17
protein 10 (PR-10)
Non-specific lipid-transfer Arah9 9.1
protein type 1
Oleosin Arah 10 18
Arah 11 14
Defensin Arah 12 5.2
Arah 13 8.4
Soybean Non-specific lipid transfer protein Gly m1 18-71
Defensin Gly m2 8
Pathogen related protein (PR-10) Gly m3 17
Profilin Gly m3 14
Cupin (78S vicilin like globulin) Gly m Bd28K 28
Thiol protease of the papain superfamily Gly m Bd30K 34
Lectin, SBA (agglutinin) Gly m Lectin 14.5
Cupin (7S vicilin like globulin) Gly mBd 60K 63-67
Glycinin, 118 seed storage protein Gly m glycinin G1 40
Glycinin, 118 seed storage protein Gly m glycinin G2 22
Glycinin, 118 seed storage protein Gly m glycinin G4 61.2
Kunitz trypsin inhibitor Gly m TI 20
Lentil Vicilin Len cl 48
Seed biotinylated protein Lenc2 66
Non-specific lipid transfer protein 1 Lenc3 9
Lupin Conglutin beta (7S seed storage globulin,vicilin) Lup anl 55-61
Cupin Lup a vicilin 66
Cupin Lup a 118 globulin 20
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Table 1 (continued)
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Type of Food  Food source Protein name IUIS Name Molecular Weight
(kDa)
Pea Vicilin Piss 1 44
Convicilin Pis s 2 63
Chickpea Prolamin (2S albumin) Cic a 2S Albumin 10-12
Cupin (Legumin type 11S, Glycinin) Cic a 11S Globulin -
Blackgram Homology with Rho-specific inhibitor of transcription termination Vig m 28
Green gram Pathogen related protein (PR-10) Vig rl 16
Cupin (8S globulin beta isoform precursor) Vig r2 52
Cupin (38S globulin alpha isoform precursor) Vig r3 50
Cupin (seed albumin) Vig r4 30
French Bean Non-specific lipid transfer protein 1 pha v3 8.8-9
Red gram Cupin superfamily (B-conglycinin a chain of soybean) Caj c1 66
Cupin superfamily (B-conglycinin a prime subunit of soybean) Caj c2 45
Cupin superfamily (B-conglycinin a prime subunit of soybean) Caj c3 45
Cupin superfamily (B-conglycinin a prime subunit of soybean) Caj c4 45
Cupin superfamily (B-conglycinin a prime subunit of soybean) Caj c5 30
Cereals Wheat Profilin Trial2 14
Non-specific LTP Tri a 14 9
2S albumin Fage 2, Fagt2 16
78 vicilin Fage 3 19
a-Amylase inhibitor AAI Tria 15, Tri a 28-30
Agglutinin Tria 18 21.2
Thioredoxin Tri a 25 13-14
-5 gliadin Tria 19 65
y-Gliadin Tri a 20 35-38
High molecular weight glutenin Tri a 26 88
Low molecular weight glutenin Tri a 36 40
Seeds Oriental Mustard 2S-Albumin Braj1 14.6
Yellow Mustard ~ 2S-Albumin Sinal 14.2
Rapeseed 2S-Albumin Branl 15
Sesame 2S-Albumin Sesil 10

Note: IUIS = International Union of Immunological Studies.

different modification reactions such as denaturation, hydrolysis of
peptide bonds, restructuring of disulphide bonds and interaction with
other components including carbohydrates and lipids. For proteins,
thermal processing produces loss of secondary and tertiary structures
and non-covalent interactions. Consequently, these arrays of reactions
may affect allergenicity by either destroying or exposing conforma-
tional epitopes, ie., decreasing or enhancing immunoreactivity. For
example, Bu, Luo, Zhang, and Chen (2010) revealed conformational
changes in epitopes when B-Lg was subjected to 90 °C heat treatment,
thereby enhancing its susceptibility to proteolysis while increasing al-
lergenicity. Successful trials towards producing hypoallergenic food
products using various forms of heat treatment have also been reported
(Lechevalier et al., 2017; Sudha, Soumya, & Prabhasankar, 2016; Xu,
Shi, Yao, Jiang, & Luo, 2016). In addition, under austere conditions,
thermal processing may also be used to modify allergenic proteins via
interactions with other food components. A typical example of such
reaction is Maillard reaction, involving condensation of amino acids
with carbonyl groups from sugars to form glycosamines, followed by
the formation of advanced glycation end products (AGEs). This ap-
proach was successfully used to modify linear epitopes of 3-Lg and
reduce its IgE binding capacity (Taheri-Kafrani et al., 2009), however
excessive glycation could reduce the proteolytic action on B-Lg, leading
to increased IgE reactivity irrespective of the type of reducing sugars
(Corzo-Martinez, Soria, Belloque, Villamiel, & Moreno, 2010). In gen-
eral, using glycation to achieve positive outcomes depends on the re-
action conditions, degree of Maillard reaction, and the amount and
molecular weight of the saccharides. Additionally, heat processing may
also alter the gastrointestinal digestion of food allergens by influencing
their survival ability, inside the harsh acidic and proteolytic environ-
ment of the stomach. Most food allergens are associated with high
stability and resistance to digestion by gastrointestinal enzymes
(Astwood, Leach, & Fuchs, 1996).

Despite the effectiveness of thermal processing for altering food
allergenic properties, thermal processes become less appealing when
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attenuation can only be achieved at extreme temperatures, which can
negatively affect organoleptic properties and nutrient composition.
Moreover, some food allergens e.g., tropomyosin, can withstand heat-
treatment due to their exceptionally stable a-helical coiled-coil sec-
ondary structure or the presence of intra/inter molecular cystine that
defines their structural integrity (Besler, Steinhart, & Paschke, 2001;
Kamath, Abdel Rahman, Komoda, & Lopata, 2013; Reese, Ayuso, &
Lehrer, 1999; Usui et al., 2013). Thus, it becomes imperative to seek out
alternative methods to render food materials hypoallergenic, leading to
the research and developments of nonthermal food processing methods
such as pulsed light, HPP, irradiation, cold plasma, ultrasound and PEF
for controlling food allergy.

4. Non-thermal technologies for food allergy control
4.1. Pulsed light

Pulsed light (PL) consists of a sequence of extremely short and high-
power pulses of white light with broad spectrum, containing about 54%
ultraviolet (UV) light, 20% infrared and 26% visible light radiation
(Shriver & Yang, 2011). It is considered as an effective alternative for
microbial inactivation during processing, production and handling of
food products, in contrast to conventional or continuous UV light,
owing to its high penetration power and rapid dissipation of high-en-
ergy pulses. In a typical PL emission process, high voltage is utilized to
excite an inert gas, e.g., xenon from a ground state to an excited state.
Subsequently, the xenon returns to the ground state, energy is liberated
in photons and absorbed by the food molecules, leading to series of
photo-thermal, photo-physical, and photo-chemical reactions occurring
in the food material (Shriver, Yang, Chung, & Percival, 2011). These
photo-effects are accountable for how PL interacts with food molecules
with benefits such as reduced energy consumption, less time con-
sumption, absence of residues and easy adaptability.

One of the characteristics of photo-reactive food biomolecules is the
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Fig. 3. Residual immunoreactivity of SPI dispersions treated with PUV light (8 and 10 cm) as measured by sandwich ELISA (Meinlschmidt et al., 2016).

existence of chromophores within the molecule and extensive exposure
of food to UV light causes depolymerization of starch, peroxidation of
unsaturated fatty acids and formation of insoluble complexes. Proteins
are prone to photoreactions because they contain efficient chromo-
phores, e.g, prosthetic groups and amino acid chains. Absorption of
light by protein chromophores causes side-chain oxidation, protein
cross-linking and aggregation, formation of insoluble proteins and
backbone fragmentation, at high energy levels, and as a result, it may
cause alteration in IgE binding to allergens (Li, Yu, Ahmedna, &
Goktepe, 2013a). For instance, Ara hl, Ara h2 and Ara h3, the major
allergens found in raw and roasted peanut extracts can be significantly
decreased by PL treatment (Yang et al., 2012). The technology was also
evidenced to decrease the IgE binding capacity of allergens in almond
(Li et al., 2013a), peanut (Zhao et al., 2014), wheat (Nooji, 2011) and
shrimp (Shriver et al., 2011).

Furthermore, a recent investigation confirmed a decline in im-
munoreactivity of soy Gly m5 and Gly mé6 after treatment by pulsed
ultraviolet light (PUV), emitted from a distance of 8-10 cm from the
food material under varying treatment times. SDS-PAGE analysis re-
vealed that after 2min, bands of Gly m5 subunits completely dis-
appeared while Gly m6 persisted until after 6 min. The disappearance of
bands on the SDS-PAGE could be attributed to protein damage and
precipitation. The presence of smeared bands signified the occurrence
of cross-linkages between soy proteins and formation of aggregates due
to exposure of hydrophobic and aliphatic side chains which could lead
to protein-protein interactions (Meinlschmidt et al., 2016). In addition,
a sandwich ELISA confirmed a significant reduction in
munoreactivity of all the samples. Notably, samples placed at 8 cm
distance from the PUV lamp for 4 min showed up to 91% reduction in
immunoreactivity (Fig. 3), owing to higher energy dose that could
better modify conformational epitopes. Although the exact mechanical
pathway needs to be thoroughly elucidated, the photo-effects from PUV
could be summarized as the putative mechanism responsible for the
reduction in antibody-binding ability of the soy proteins, as evident
results reported by Li et al. (2013a) and Zhao et al. (2014). Generally,
aromatic amino acids like phenylalanine and tyrosine present in food
proteins can readily absorb UV light, accompanied by photo-oxidation
and dissociation before recombining to form covalent cross-links in
proteins, leading to formation of larger aggregates. These bands of
larger soluble macro-aggregates (150-250 kDa) are observed when the
process is accompanied heating or photo-thermal effects at a certain
protein concentration (Mills, Huang, Noel, Gunning, & Morris, 2001).
Actually, a higher concentration renders proteins resistant to photo-
effects, since their environment will favour conformations that are less

im-
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susceptible to structural rearrangements (Manzocco, Panozzo, & Nicoli,
2013). Therefore, it is said that protein photoreactivity will likely
transpire at concentrations lower than the concentrations required for
macromolecular crowding. With that said, photo-oxidation of amino
acid chromophores have been reported in several food proteins in-
cluding egg white proteins, 3-Lg and polyphenol oxidase (Fernandez
et al., 2012; Manzocco et al., 2013). In addition, light alter protein
integrity, inducing oxidation of disulphide bonds (S-S) accompanied by
various products including sulfhydryl groups (Pattison, Rahmanto, &
Davies, 2012). Disruption of the S-S would directly affect the structure
of the protein matrix, contributing to its rearrangement. The locations
of both inter- and intramolecular S-S bonds are vital for the level of
aggregation of high and low molecular weight proteins. Most allergens
could be affected by PUV treatment, but the energy levels required to
achieve attenuation effect is peculiar to each allergen and it's matrice
composition. Other factors which determine the effect of PL on aller-
gens include the protein nature, processing conditions and hydration
level. Further investigation involving animal models and in vivo clinical
trials such as skin prink test (SPT) or oral challenge should be con-
ducted to validate the allergenic responses of PL-treated samples (see
Fig. 4).

4.2. High pressure processing

High pressure processing (HPP) is a nonthermal technology that
offers excellent opportunities for food safety by microbial decontami-
nation of food products and shelf-life extension with minimal changes
to sensorial and nutritional profile (Hogan, Kelly, & Sun, 2005). In HPP,
there are three key parameters (i.e., temperature, pressure, and ex-
posure time) that permit adaptability of process design. Typically,
pressures in the range of 100-800 MPa is distributed rapidly in a uni-
form manner throughout the food product, irrespective of the size and
geometry of the food material, in contrast to thermal processing known
for its gradual dissipation of heat (Banuelos et al., 2016; Yi et al., 2016).

Besides applications for food safety and shelf-life extension, HPP
may create the possibilities of product innovation, by delivering con-
ditions that can alter the structure and functionality of macromolecules.
Due to poor compressibility of covalent bonds, flavor compounds, vi-
tamins and minerals are seldom affected by HPP (Barba, Terefe,
Buckow, Knorr, & Orlien, 2015), thus pressure treatment pre-
dominantly affects non-covalent bonds like hydrophobic, hydrogen,
and ionic bonds and the effect of high pressure is mainly associated
with their cleavage. In relation to proteins, since the primary structure
of proteins consist of amino acid sequence linked by covalent bonds,
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Fig. 4. SDS-PAGE profiles of soy protein isolates dispersions indicating the disappearance and formation of new protein bands after plasma treatment (A) SPI treated with direct plasma
up to 10 min (B) electrophoretic pattern of samples treated with remote plasma for up to 90 min (Meinlschmidt et al., 2016).

they are unaffected by very high pressures (Huang, Yang, & Wang,
2014). Whereas, secondary protein structures consisting of polypeptide
chain which forms a-helices or p-sheets/strands by intra-or inter-
molecular hydrogen bonds, are affected by HPP due to fragmentation of
hydrogen bonds, metal-ion ligations and salt bridges. HPP also im-
mensely affect the tertiary and quaternary structures of the protein,
because they are maintained by non-covalent bonds. In general, a
triple-effect pathway has been observed when pressure acts on protein
molecules, contingent on the amplitude of pressure applied (Huang
et al., 2014). Firstly, when low pressure is employed, primary and
secondary bonds undergo reversible distortions. Although the volume
change in the system due to compression of primary bonds is con-
sidered inconsequential, the compression arising from hydrogen bonds
leads to conformational changes, which may diminish the dimension of
the internal cavities in the biomolecule. Yang et al. (2017) explained
that alterations in tertiary structure and other intermolecular interac-
tions occurs at 200 MPa, as a result of an amplified molecule surface
inclined to dense hydration layer in the monomer state and by the
cavities at the internal surface of the aggregates due to improper
packing. The quaternary structures dissociates at pressure levels of
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150-200 MPa. Increasing the pressure further to 500 MPa could unfold
the protein, which was evidenced by a disordered structure peculiar to
bio-macromolecules. At this pressure, protein unfolding allows the SH
groups to be exposed and the number of unmasked SH groups decreases
as the treatment progresses, probably due to the formation of disulfide
bonds by oxidation, especially at alkaline pH where thiolate anions are
more reactive. These series of modifications i.e., reversible or irrever-
sible structural modifications in the proteins lead to decrease in protein
solubility or aggregation, protein denaturation or fragmentation and gel
formation, which alter conformational epitopes and their IgE binding
capacity, rendering them unrecognizable by IgE antibodies (Huang
et al., 2014).

Concerning the effect of high pressure treatment on allergenic
proteins, a preliminary investigation posit that structural changes and
reversible folding can indeed attenuate allergenicity (Penas, Gomez,
Frias, Baeza, & Vidal-Valverde, 2011). For example, the allergenicity of
walnut, known to contain allergenic proteins including Jug r 1-5 could
be altered by up to 46.64% at pressure levels from 550 to 650 MPa
(Yang et al., 2017). In addition, Cabanillas et al. (2014) reported that
HPP treatment (300-600 MPa) did not reduce the recognition of the
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Table 2

An overview of studies conducted on the effect of high pressure processing on food allergens.
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Food Material Target allergen Treatment conditions

Effect on immunoreactivity

References

Walnut NS 650 MPa, 100 °C, 15 min Decrease Yang et al. (2017)
Cow milk a-casein 200-MPa, 5 min Decrease Hu et al. (2016)
Peach Pru p3 600 MPa, 5 min Increase or Decrease Lavilla et al. (2016)
Egg Ovalbumin 400 MPa, 40 °C, 30 min No effect Ma, Lozano-Ojalvo, Chen, Lopez-Fandifo, and Molina (2015)
Squid Tropomyosin 400 and 600 MPa, 15 min Decrease Jin et al. (2015)
Peanuts Arah 1 and Ara h 2 800 MPa for 10 min Decrease Huang et al. (2014)
Almond Amandin 450 and 600 MPa, 90 °C, 300 s Decrease Dhakal et al. (2014)
Walnut Jugr 4 300-600 MPa No effect Cabanillas et al. (2014)
Hazelnut NS 300-600, 20 °C, 15 min No effect Prieto et al. (2014)
Sesame protein NS 100-500 MPa, 10 min Decrease Achouri and Boye (2013)
IM NacCl (pH 7.0 and pH 10.0)
Almond NS 300 MPa, 40 °C, 15 min No effect Li et al. (2013b)
Soy protein isolates NS 300 MPa, 15 min Decrease Li, Zhu, Zhou, and Peng (2012)
Apple Mald 3 700 MPa, 20 °C No effect Husband et al. (2011)
Celeriac Apigl 700 MPa, 20 °C No effect Husband et al. (2011)
Soybean sprouts NS 300 MPa, 40 °C, 15 min No effect Penas et al. (2011)

acidic or basic subunits of Jug r 4 in walnuts. Similar pressure levels
were not effective in altering the immunoreactivity of hazelnut pro-
teins, but could induce changes in protein solubility after HHP pro-
cessing (Prieto et al., 2014). Whilst ELISA response of protein solutions
from sesame seeds at various pHs showed reduced antigenic properties
(Achouri & Boye, 2013). On the other hand, Hu, Zheng, Liu, Deng, and
Zhao (2016) reported that increasing the magnitude of pressures cor-
responded with decline in immunoreactivity, especially at pH 7.0 and
10.0. Similarly, Huang et al. (2014) indicated that HPP at 600 MPa
could attenuate the antigenicity of a-casein in milk, while a 73.3%
decrease in peanut allergenicity was observed at 800 MPa for 10 min.
However, results obtained from the in vitro (ELISA) and in vivo studies
(skin prick test) on the effect of HPP on Pru p 3 in peach, exhibited a
two way effect at some point, ie., either increase or decrease, when
600 MPa for 6min was applied (Lavilla, Orcajo, Diaz-Perales, &
Gamboa, 2016). The presumption was that HPP may be able to release
another epitope usually enclosed in Pru p 3 structure or to influence the
complex matrixes surrounding Pru p3, and HPP in extracts could make
the protein more resistant to denaturation due to the presence of in-
termolecular disulphide bonds (Brenna et al., 2000; Lavilla et al.,
2016). Notwithstanding, with careful examination of data available in
literature, it may be inferred that HPP may be potentially beneficial for
actualizing hypoallergenization of various food products, under ap-
propriate processing conditions. Though in some of these studies re-
ported, reduction of residual immunoreactivity was actually achieved
and maximized by treatment of the food with HHP combined with
thermal conditions above 80 °C (Cabanillas et al., 2014; Husband et al.,
2011; Yang et al., 2017). Table 2 provides a summary of recent studies
conducted on the effect of HPP on food allergens.

4.3. Gamma irradiation

Irradiation entails subjecting food materials to either electrons or x
rays generated using a machine electron accelerator or y rays produced
from a radioisotope source such as cobalt 60 or cesium 137. Generally,
an intermediate dose (1-10kGy) is used to achieve pasteurization of
perishables such as fruit and vegetables, while elevated doses ranging
from 10 to 50 kGy are utilized to sterilize low-moisture food materials
such as spices. y rays penetrates materials readily and are usually ap-
plied during bulk food processing while electron beams are used for
surface irradiation (Castagna, Dall’Asta, Chiavaro, Galaverna, &
Ranieri, 2014; Moriyama et al., 2013; Sung et al., 2013). Although y-
irradiation offers ample of benefits towards food safety, the technology
may induce changes in functional integrity of biomolecules. For pro-
teins, exposure to y-rays expedites cross-linking, unfolding, fragmen-
tation and generation of new reactive groups, which causes

19

modifications in protein structure. These alterations are caused by the
breaking of covalent bonds either directly by photons or indirectly by
reactive oxygen species (ROS) (Vaz et al., 2012). ROS reacts with the
biomolecules to form secondary radicals but the major form of damage
is the removal of hydrogen from side chains of amino acids, aromatic
rings and disulfide bonds. These changes could also generate alterations
in immunoreactivity of food proteins depending on irradiation dose,
protein concentration, presence of oxygen and molecular structure.
Therefore irradiation at doses of up to 10 kGy can modify antibody
binding epitopes in food antigens/allergens, which can be used as a
practical approach to reducing or eliminating allergenic properties of
egg, peanut and pistachio nut (Noorbakhsh et al., 2010; Oh et al., 2009;
Seo et al., 2007). Irradiating proteins in a solution reduces protein so-
lubility and attenuates allergenicity (Kasera et al., 2012), due to cross-
linking and intermolecular aggregation (Kaddouri et al., 2008). But
these effects occur via direct interactions and are less noticeable when
the protein is in a dry matrix. However, for proteins in solution, indirect
effects involving free radicals generated by water radiolysis are pre-
dominant (Meng et al., 2016). As such, moisture content during irra-
diation of the samples ought to be considered, when piloting analogous
experiment. Therefore, Kasera et al. (2012) established that the com-
bination of irradiation (25 kGy) and boiling generate pronounced effect
on legume proteins in reducing protein solubility and allergenic po-
tency, than irradiation alone.

Recently, Meng et al. (2016) used y-irradiation of 1-10 kGy to at-
tenuate bovine a-lactoalbumin (a-La), which is characteristically
known for its high conformational stability owing to the presence of
four disulfide bridges and calcium, and observed a dose-dependent
decrease in IgG and IgE binding properties of bovine a-La. With the
increase in the irradiation doses, more hydrophobic groups were ex-
posed, mainly ascribable to structural unfolding. Since the linear and
conformational epitopes of the native protein buried inside the matrice
are usually hydrophobic amino acid residues, exposure of IgG and IgE
epitopes becomes auspicious on the molecule surface, leading to austere
destruction (Meng et al., 2016). Correspondingly, an irradiation dose of
10 kGy could reduce the antigenicity of both purified Ara h6 and peanut
protein extract, with only 5% residual IgG binding ability lingering
after treatment (Luo et al., 2013). In contrast, Gomaa and Boye (2015)
reported no significant decrease in antigenicity of bread dough and
pasta made from wheat as well as egg proteins (ovalbumin and ovo-
mucoid), following treatment with y-irradiation at a dose of 10 kGy.
Similar findings by Kaddouri et al. (2008) indicated the absence of
attenuation in antigenicity of f-Lg in whey and liquid milk treated with
y-irradiation, and instead an increase in antigenicity was noted, prob-
ably due to different experimental conditions employed. Besides, the
antigenicity of protein in processed foods can be affected by processing
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Table 3
Summary of recent studies on the effect of gamma irradiation on food allergens.
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Food matrice/Target allergen Irradiation dose

Effect on IgE binding capacity and protein structure

References

Decrease and causing extensive protein denaturation and aggregation
Decrease and inducing significant changes in the secondary and tertiary

Decrease and rendering lectin innocuous by irreversibly compromising their

Decrease with loss of intrinsic activity and the formation of insoluble amorphous

Purified a-lactalbumin 1-10kGy
Purified Ara h 6 and whole peanut protein 10kGy
extract. structures
Soybean (B-conglycinin, Gly m Bd 30K and 30kGy No effect
Gly m 4)
Purified lectin 25 kGy
molecular structure.
Purified Agglutinin > 10kGy.
aggregates
Purified lectin from Lectin Sebastiania > 1kGy

jacobinensis

Decrease and promoting polypeptide fragmentation alongside hydrophobic
surface modification

Meng et al. (2016)
Luo et al. (2013)

Moriyama et al. (2013)
Vaz et al. (2013)
Vaz et al. (2012)

Vaz et al. (2011)

techniques, food matrix, type of allergen and extraction procedure.
Table 3 summarizes recent studies about the effects of y irradiation on
food allergens.

4.4. Cold plasma technology

In the past decade, plasma technology has gained considerable at-
tention from researchers as a potent technology suitable for effective
microbial decontamination of food products. The ionized gas commonly
called the fourth state of matter is composed of a variety of reactive
species, i.e., UV photons, ions, electrons, free radicals, molecules, ex-
cited atoms, etc., which are generated following excitation and ioniza-
tion of gas. These reactive species can induce certain interactions with
proteins and change their conformational structures (Dasan & Boyaci,
2017; Tammineedi, Choudhary, Perez-Alvarado, & Watson, 2013;
Tolouie, Hashemi, Mohammadifar, & Ghomi, 2017). Presumptively,
food allergens are proteins, cold plasma can thus initiate similar reac-
tions with food allergens through reactive species (Tolouie et al., 2017).
Although the specific pathway remains uncertain, it is currently hy-
pothetical that multiple mechanisms can affect food allergen reactivity
and the primary concept is always the alteration of conformational and
linear epitopes. Firstly, conformational epitopes can be altered by for-
mation of insoluble aggregates when protein solubility decreases or
protein crosslinking occurs, while fragmentation alters linear epitopes.
Besides, reactive species may cleave peptide bonds and amino acids are
oxidized leading to significant effects on protein integrity (Surowsky,
Fischer, Schlueter, & Knorr, 2013). Disulfide bonds occurring within a
peptide are also cleaved, because of a dissociative addition of a single
hydroxyl radical to form RSH and RSO-. In addition, ROS attack amino
acids via oxidation, thereby incapacitating the binding sites of anti-
bodies (Meinlschmidt et al., 2016).

Meinlschmidt et al. (2016) applied cold plasma directly or and re-
motely to soy allergens, i.e., B-conglycinin and glycinin, and found out
that cold plasma caused the corresponding protein bands to become less
intensive, followed by formation of new protein bands at 50 kDa
(Fig. 3). In addition, the formation of insoluble aggregates after treat-
ment led to the disappearance of protein bands in SDS-PAGE profile,
and up to 89-100% decrease in immunoreactivity of soy protein sam-
ples was noted during ELISA analysis (Meinlschmidt et al., 2016). A
decrease in protein solubility and consequent formation of aggregates
or generation of new proteins by cross-linkage of free amino acids, led
to the loss of proteins bands in SDS-PAGE. This trait of reduced protein
solubility have previously been documented in a study where proteins
from Pisum sativum were subjected to plasma treatment (Buf3ler, Steins,
Ehlbeck, & Schliiter, 2015). A similar investigation targeted at tropo-
myosin, which is the major allergen present in shrimp, showed a 76%
decrease in allergenicity under 5min of direct dielectric discharge
plasma (DBD) at a voltage of 30 kV and a frequency of 60 Hz (Shriver,
2011). Likewise, wheat allergenicity could be reduced by 37% using
DBD plasma (Nooji, 2011). However, contrarily to the above results,
Tammineedi et al. (2013) used cold plasma to treat milk allergens
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(casein, -Lg and a-La) and their SDS-PAGE results showed no notice-
able changes in gel band intensities with no significant difference in the
IgE binding values between the control and treated samples. Con-
ceivably, the poor plasma efficiency associated with remote plasmas
might be responsible for the absence of attenuation in
munoreactivity. More studies are still required to validate the potency
of cold plasma towards controlling food allergy.

im-

4.5. Ultrasonication

Ultrasonication is a versatile technology with broad food applica-
tions including drying, sterilization, enzyme inactivation, extraction,
filtration, homogenization, meat tenderization etc. (Onwude et al.,
2017). It is widely applauded over conventional techniques for being
safe, eco-friendly with low processing time and economic cost. High
power ultrasonic waves can induce modifications in materials by phy-
sical disintegration or acceleration of certain chemical reactions by
building up pressure and temperature gradient in the material where
the waves are propagated. Interestingly, the waves generated can be
absorbed, causing a manifold of changes to the characteristic nature of
the food. These effects arise from acoustic cavitation generated during
sonication, i.e., the production, multiplication and sudden collapse of
bubbles present in the material. As a consequence, high level of pres-
sure and local heating are accumulated. For proteins, these effects in-
duce a manifold of changes in native structure, e.g., conformational
changes, damage to secondary structure, generation of other intra/inter
molecular interactions, re-structuring of disulfide bond. Accordingly,
sonication can influence allergenic features. For example, using power
ultrasound operating at 50 °C for 1.5h can positively alter the aller-
genicity of shrimp extracts and Pen a 1, the major allergen present in
raw shrimps (Li, Cao, Lin, & Jamil, 2006). Essentially, the generation of
local reactive species allows the target protein to undergo covalent
bond reformation causing the formation of disulfide-bridged dimers,
trimers, and higher oligomerized species. In the case of lactogobulin, its
B-variants are more susceptible to dimerization following sonication
treatment than its a-variants (Stanic-Vucinic et al., 2012).

Recently, Yang, Gao, Yang, and Chen (2015) treated soybean seeds
with ultrasound at different power levels (0-300 W), followed by ger-
mination for 5 days. At peak power, approximately 51.39% reduction in
IgE-binding capacity was recorded for sprouted soybean protein. Ap-
parently, the allergenic proteins were modified by disruption or elim-
ination of epitopes. Specifically, local heating and sonication effect
induces the disruption of some forces (hydrogen interactions between
the polar groups and interactions of nonpolar groups) responsible for
maintaining the stability of the secondary and tertiary structures
(Stanic-Vucinic et al., 2012). A similar investigation targeted at various
peanut cultivars germinated for 3 days showed complete degradation of
allergenic proteins when a high-intensity ultrasonic wave of 100 kHz
was employed (Yu, Liu, Shi, Liu, & Wang, 2016). This implies that the
efficacy of the process depends on treatment conditions such as ultra-
sound intensity, treatment duration, characteristics of the protein and
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environmental conditions. In addition, a sequential ultrasonication and
enzymatic digestion with trypsin and chymotrypsin, reduces the im-
munoreactivity of peanut allergens Ara hl and Ara h2 by up to 50% (Li
et al., 2013a). This combined approach also enabled significant re-
duction in IgE binding properties of pastes made from treated cashew
and pistachio nuts (Cuadrado et al., 2018). At present, scanty literature
on the effect of ultrasound on food allergens exist but the technique
could be a powerful approach for allergen mitigation in food products,
and further studies are thus needed.

4.6. Pulsed electric field (PEF)

Pulsed electric field (PEF) is an excellent nonthermal technique for
food preservation that employs short pulses of electricity for the per-
meabilization and disintegration of microbial cells, accompanied by
minimal changes to the quality attributes of the food product. Usually,
high voltage pulses of about 20-80kV is applied to the electro-
conductive food positioned between the generating electrodes. Albeit
being used predominantly for microbial decontamination, PEF can also
be used for enzyme inactivation, enhancement of mass transport during
drying operations (Onwude et al., 2017), and possibly allergen reduc-
tion. With regards to allergen mitigation, PEF can induce changes in the
structural characteristics of food allergens. For instance, Toshiko and
Takayuki (2004) observed conformational changes in ovalbumin fol-
lowing PEF treatment, which lowered allergen-antibody interaction.
PEF was also shown to induce glycosylation, alteration in secondary
structure with a decrease in heat-induced aggregation in whey proteins
(Sun, Yu, Zeng, Yang, & Jia, 2011). Conversely, Johnson et al. (2010)
applied PEF with various electric field strengths (0-35kV/cm) at a
frequency of 2Hz to peanut and apple allergens, but no significant
structural modifications for the plant allergens was observed. There-
fore, no conclusions can be made based on these limited studies until
more investigations focusing on other allergenic proteins under similar
PEF conditions or further studies relating to the effect of PEF on a
variety of food allergens are available.

4.7. Fermentation and enzymatic hydrolysis

Fermentation takes place when microorganisms act on food sub-
strates such as sugars, under anaerobic conditions to yield end products
e.g., alcohol, carbon dioxide and organic acids. The specific products
liberated is determined by the type of microorganism and process
conditions i.e., temperature, pH, substrate concentration etc. During
fermentation, hydrolysis occurs and induces changes in food proteins
by modification or destruction of linear and conformational epitopes
which affects (Zhou et al., 2016) allergenicity. As an illustration, whey
milk fermented by a single lactic acid bacterium (LAB) significantly
decreases the allergenicity of 3-Lg and a-La. This positive effect can be
further amplified when two separate LAB strains (Lactobacillus bulgar-
icus and Lactobacillus helveticus) is simultaneously utilized to ferment
skim milk, compared to using each strain alone (Bu et al., 2010). This
trait also applies to fermented soy product fed to mice subjects and after
consumption, allergic symptoms (dermatitis and skin severity) declined
significantly in a time-dependent manner (Matsuda et al., 2012).
Though, a slight increase occurred at some point due to cleavage of
oligopeptides by peptidase which causes unmasking of hidden epitopes.
Fermentation of reconstituted milk by L. casei 1134 for 12 h could also
significantly reduce the antigenicity and allergenicity of different pro-
teins namely, 3-Lg, a-La, a-caseins (mixture of og;-and as,-casein), and
B-casein, by 68.07%, 59.88%, 67.69% and 37.02%, respectively (Yao,
Xu, Luo, Shi, & Li, 2015). Although the mechanisms by which they exert
changes in antigenicity are not fully understood, the decrease in anti-
genicity was simply ascribed to the breakdown action of proteolytic
enzymes in milk produced by L. casei 1134. The production of lactic
acid with resulting decrease in pH was speculated to cause modifica-
tions in protein structure, such as the aggregation and cross-linking of
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proteins and hydrogen bond rearrangement (Kleber, Weyrich, &
Hinrichs, 2006; Yao et al., 2015). For casein proteins, the consequent
effect of processing on casein micelles can influence the allergenic po-
tential of ag-, as-, and B-caseins, although it has been shown that
dephosphorylation modifies IgE binding to caseins (Bernard, Meisel,
Creminon, & Wal, 2000).

Nonetheless, an earlier investigation by Ginzle, Loponen, and
Gobbetti (2008) showed that sourdough fermentation decreases the
disulphide bonds in gluten network which influence its digestibility and
may alleviate celiac disease in people with gluten sensitivity. When
fermented sourdough is digested invitro, peptides which provokes al-
lergic reactions (celiac disease) via pre-proteolytic reactions of LAB
strains were completely eliminated, leading to up to 80% rise in gluten
tolerance in susceptible individuals (Di Cagno et al., 2004). More re-
cently, a new strain of yeast has been created to reduce wine allergy
(Lockwood, 2012). The causative agents, responsible for wine allergies
are biogenic amines like tyramines and histamines generated by bac-
teria during fermentation. The new genetically engineered yeast is de-
signed to specifically degrade the biogenic amines, thereby yielding a
hypoallergenic wine devoid of biogenic amines (Lockwood, 2012). The
intake of probiotics have also be found to influence the release of cy-
tokines that alters allergen-antibody interaction by an immune-mod-
ulatory pathway (Bu et al., 2010). Therefore, Han et al. (2012) con-
cluded that intake of one serving per day of probiotics (Lactobacillus
plantarum) can diminish the levels of eosinophils and interleukin-4 (IL-
4) and ameliorate eczema in children. These studies suggest that con-
sumption of fermented foods instead of their raw forms may be a soft-
option for food allergy sufferers.

Furthermore, with respect to enzymatic hydrolysis, this approach
mainly destroys the linear epitopes by partially or extensively hydro-
lyzing the allergens with proteolytic or cellular enzymes like proteases
into peptides and/or amino acids. The residual antigenicity and type of
peptides produced is determined by process conditions such as pH,
temperature, the extent of hydrolysis and enzyme-substrate ratio. Kulis
et al. (2012) has demonstrated that cashew proteins digested by pepsin
exhibited a reduced allergenic activity in mice. In another study, mice
orally sensitized with trypsin-digested B-Lg from milk showed de-
creased anaphylaxis (Duan et al., 2014). Even hydrolysis of peanut al-
lergens by trypsin have shown effective reduction of allergenicity
(Hazebrouck et al., 2012; Yu, Ahmedna, Goktepe, Cheng, & Maleki,
2011). In the case of cereals, alkaline protease was found quite effective
in reducing allergenicity of buckwheat protein and outcomes of im-
munoblotting showed that the rabbit antiserum to buckwheat protein
no longer recognized it as an antigen (Sung et al., 2014). Allergenic
proteins in rice can also be attenuated by 15 min of hydrolysis, resulting
in a remarkable 92% inhibition of mast cell degranulation (Knipping
et al., 2012). Employing multiple enzymes may be more efficient than
using a single enzyme. For instance, extracts containing lentil protein
hydrolyzed by the sequential action of alcalase and flavourzyme, results
in higher destruction of IgE-binding epitopes, compared with both en-
zymes tested individually (Cabanillas et al., 2010). The authors ob-
served that after 3h, a 24% degree of hydrolysis was recorded by al-
calase; the addition of flavourzyme, increased the degree of hydrolysis
to 56% after 8 h. It is possible that the alcalase enzyme produced an
initial digestion that increased the number of target sites for the action
of the flavourzyme. Hydrolysis of extracts from kidney bean, black
gram and peanut using similar enzymes (alcalase and flavourzyme),
also resulted in reduction of IgE binding in ELISA by 62.2, 87.1, and
91.8, respectively (p < 0.01) (Kasera, Singh, Lavasa, Prasad, & Arora,
2015). In contrast, peptic hydrolysis of soybean 2S protein slightly re-
duces the allergenicity but subsequent chymotrypsin hydrolysis, in-
creases allergenicity (Sung et al., 2014). This suggests that sequential
digestion by multiple enzymes ensure maximum hydrolysis, allergenic
epitopes may not be fully destroyed even after multiple enzyme action
due to exposure of some hidden epitopes and may require supple-
mentary treatments. Besides, if both enzymes are added simultaneously
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they may suppress the activity of each other. Notwithstanding, when
hydrolysis is accompanied with heat treatment known to induce mod-
ifications in proteins alongside exposure of cleavage sites for enzymes,
proteolysis can indeed be enhanced. For instance, enzymatic hydrolysis
after heat treatment improves hydrolysis of milk proteins (Peyron,
Mouécoucou, Frémont, Sanchez, & Gontard, 2006). Likewise, the ad-
dition of microwave irradiation during enzymatic hydrolysis decreases
IgE-binding properties of whey proteins in contrast to proteolysis alone
(El Mecherfi et al., 2011). At the moment, numerous hypoallergenic
foods especially milk-based products are available in the market as
hydrolyzed whey or casein. These products present no risk of abnormal
immune response and can be consumed by children with milk allergy
(Terheggen-Lagro, Khouw, Schaafsma, & Wauters, 2002).

4.8. Other nonthermal techniques

In addition to the nonthermal technologies mentioned thus far,
other nonthermal methods such as RNA interference (RNAi) and the use
of magnetic beads have also been exploited to eliminate or modify al-
lergenic proteins in foods. RNA interference is a genetic modification
tool for influencing gene expression and has been successfully used to
silence allergenic proteins including Ara h 2 in peanuts (Dodo, Konan,
Chen, Egnin, & Viquez, 2008). Dubois et al. (2015) confirmed the po-
tency of RNA interference towards modification of Mal d 1 allergenicity
in apple. In their investigation, reverse transcription-PCR revealed an
immediate silencing of Mal d 1 gene expression, and clinical responses
indicated that nearly half of the apple-allergic subjects assayed showed
no symptoms after consumption of the treated apples, although spec-
ulations regarding possible health risks of such foods remain an issue of
concern if suppression is done half way or silencing is unexpressed. So
far gene silencing, it has been possible to achieve reduced or block
expression of genes that code for particular food allergens in rice,
soybean, tomato, carrot, and peanut (Gallo & Sayre, 2009). Also some
products labeled hypoallergenic (HA) infant formulas, treated with
enzymatic protein hydrolysis and heat treatment are available
(Fritsché, 2009). Finally, allergenic protein could be recovered by using
a magnet, which confines the bead-protein complex to expedite the
elimination process. Chung and Champagne (2009) employed this
technique successfully to attenuate peanut allergen and decrease their
IgE binding abilities, by conjugating magnetic bead to phenolic com-
pounds such as ferric ions, caffeic acid or a hydrophobic compound that
could bind easily with proteins.

5. Advantages and limitations of nonthermal techniques for food
allergen mitigation

So far, each of these processing approaches discussed in this review
affect physicochemical properties of food proteins in diverse ways and
in turn influences their gastrointestinal digestion, bioavailability and
allergenicity. In thermal processing, the heat produced reduces aller-
genic potential by changing protein structure, alteration of IgE binding
conformational epitopes and increased digestibility but may have un-
desirable outcomes on quality attributes. On the other hand, the core
advantage of most non-thermal methods is that they induce minimal
changes to food quality attributes and can extend the shelf-life of food.
Also, some of these non-thermal techniques are relatively cheap and
chemical free, rendering them environmentally friendly and sustain-
able. However, the hypoallergenic foods currently marketed in food
stores are primarily manufactured using enzymatic hydrolysis but the
proteolysis process may leave negative impact on organoleptic prop-
erties, making them unacceptable by consumers. In addition, changes in
the allergenicity of food allergens by processing methods are affected
by many complex factors like other food constituents, nature of the
allergen, processing conditions and the binding interaction of the al-
lergen with antibodies. For instance, under varying conditions of pH
and ionic strength, proteins show different tolerance to high pressure
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treatments. All these factors cumulatively are also responsible for in-
consistent results in the application of non-thermal treatment for mi-
tigation of food allergen. Besides, for potential application in industrial
food production especially in processes like ultrasonication, less control
of critical factors would reduce efficiency; therefore a combination of
ultrasound with other methods may be more beneficial for commercial
applications. In reality, the additional cost to be incurred by manu-
facturers for acquisition of these novel techniques ought to be con-
sidered. Moreover, studies showing any toxicological and safety risks as
a consequence of allergen modification are relatively scarce, so these
methods may not be adopted any time soon until safety is established.
Notwithstanding, the main challenge associated with on non-thermal
processes that requires urgent attention is standardization. Thorough
understanding of these technologies and how they influence allergenic
proteins is a crucial point for their implementation and future adoption.

6. Conclusion and future trends

Food allergy is a global health concern. Processing techniques,
especially nonthermal methods such as pulsed light, HPP, irradiation,
cold plasma, ultrasound and PEF can be beneficial for reducing aller-
genicity of food proteins by altering conformational epitopes through
promoting the aggregation or crosslinking of proteins or by modifying
linear epitopes through fragmentation or alteration in amino acid se-
quence. Although complete elimination of food allergens by processing
may not be possible at the moment, attenuation of elicitation threshold
could be achieved through controlling and optimizing process condi-
tions. Since a significant number of investigations shows that non-
thermal techniques can be a successful approach towards eliminating
allergenic proteins, there remains a need to develop robust, thoroughly
evaluated and validated methods.

In order to improve hypoallergenic potency, application of “hurdle
technology” concept could be more effective. This may involve ap-
plying mild heat treatment as a preceding operation. In the future, more
studies are needed focusing on the effects of nonthermal techniques on
the functional properties of the modified allergenic proteins following
treatments. Moreover, finding the best conditions and treatment do-
sages is important, if the desired techno-functionality and applicability
are to be maintained afterwards. Also, as the specific biochemical me-
chanism responsible for protein polymerization or depolymerization is
still unclear, future detailed studies are thus required.

In addition, processed food products are more complex systems.
Efficient detection and identification methods of allergen from pro-
cessed foods requires attention, i.e., robust techniques that can identify
multiple allergens even in very minute amounts should be beneficial for
advancing studies on processed foods. More importantly, animal and
human tests should be carried out to confirm results and ensure the safe
consumption of the supposed hypoallergenic products. These future
investigations should provide valuable support for the development of
the hypoallergenic products. Unfortunately, avoidance of the allergenic
food remains the current best therapeutic strategy for susceptible in-
dividuals.
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