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ABSTRACT: Milk proteins are being widely used in formulated foods as a result of their excellent technological, functional,
and biological properties. However, the most representative proteins from casein and whey fractions are also recognized as
major allergens and responsible for the prevalence of cow’s milk protein allergy in childhood. Electroheating technologies based
on thermal processing of food as a result of application of moderate electric fields, also known by ohmic heating (OH) or Joule
effect, are establishing a solid foothold in the food industry. Currently, the influence of OH on allergenic aspects of milk
proteins is under debate but still undisclosed. The occurrence of electrical effects on the protein structure and its function has
already been reported; thus, the impact of OH over allergenicity should not be overlooked. On the basis of these recent findings,
it is then relevant to speculate about the impact of this emergent technology on the potential allergenicity of milk proteins.
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■ INTRODUCTION

Dairy products are part of everyday life, offering a great variety
of food products.1−3 Whole milk and its fractionated
ingredients are widely used in formulated foods, serving as
functional and technological agents as a result of their unique
nutritional and biological properties. Milk proteins are almost
certainly one of the best and most extensively characterized
food protein systems. They encompass not only a well-
balanced level of essential amino acids but also important
biochemical and beneficial biological functions related to
digestibility and immune system modulation.4 One out-
standing example of this multifunctionality is the whey
proteins, which are now at the top of the list of super
molecules, taking place at an emerging frontier where nutrition
and health are intertwined.5,6 However, milk proteins also have
a “darker side” that limits worldwide consumption of dairy
foods and that is related to their ability to elicit adverse
immune responses and allergy. In fact, being typically
extensively hydrolyzed throughout the digestive tract by
gastrointestinal (GI) enzymes and brush border membrane,
milk proteins release numerous amino acids that may exert
beneficial properties but also adverse effects, such as those
produced by epitopes involved in food allergies.7 Currently,
cow’s milk protein allergy (CMPA) is considered one the most
prevalent food allergies in childhood, and it affects 1.9−4.9% of
infants worldwide.8 Most children outgrow CMPA by the age
of 4 years. However, a significant population can retain the
allergy for life, where symptoms are much more severe, i.e.,
acute pulmonary and cardiovascular symptoms and anaphy-
lactic shock.9 There is no suitable therapy available against
CMPA, except milk avoidance, followed by a nutritionally
adequate diet and immunotherapy treatments, in which
tolerance can be triggered by the ingestion of the incriminated
allergens.10 These preventive and therapeutic needs carry a

number of drawbacks that can involve nutritional deficit
outcomes, assessment of tolerance on a regular basis, or even a
milk-free diet. Preventive measures are difficult to achieve
because whey proteins, for example, are often present as an
ingredient in many processed foods (e.g., meat), which are not
labeled as containing it. Several types of food processing have
been implicated in influencing allergenic properties of milk
proteins, such as thermal processing (e.g., pasteurization,
sterilization, and drying), fermentation, and enzymatic and acid
hydrolysis. Among these processes, fermentation and hydrol-
ysis have shown potential to reduce allergenicity to such an
extent that symptoms are not elicited.11 However, they carry
out changes in the sensory attributes and discrepancies in
peptide composition, which affect the quality and value of the
end product. Finding new food processing strategies to reduce
allergenic properties of milk protein is still fundamental to
decrease the incidence of CMPA. During the last few decades,
technological advances and the need to address new consumer
standards, much more focused on nutritional and functional
and healthier aspects of food products, have driven the
appearance of novel food processing technologies.12−14 Ohmic
heating (OH), an electroheating method of processing foods,
is an outstanding example of this technological emergency in
food processing, presenting now an interesting degree of
maturity as a result of the fundamental and applied research
developed over the last 20 years. Recently, several examples of
the application of OH technology to develop an innovative
dairy product have been reported.15−17 It is expected that, in a
very short term, this technology, after assuring the required
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safety, quality, and technical feasibility, will easily replace
traditional pasteurization and sterilization methods for a wide
range of food products. This change has, in fact, already
started.18 Currently, the effect of OH on food protein
allergenicity is being questioned.19,20 Can electrical variables
of OH impact different aspects of food allergenicity? The
literature on this matter is scarce, but it is consensual that food
processed by simultaneous thermal and electrical methods
should be thoroughly investigated, once their impact should
not be comparable to that of conventional heating processing
methods.19,20 The purpose of this perspective is (i) to discuss
the advances on the impact of the current food processing
factors (e.g., time−temperature binomial) on allergenicity of
milk proteins, (ii) to discuss the novel opportunities that
electroheating technologies, i.e., OH, may bring to this science
field, and (iii) to prospect the challenges that need to be
overcome to an accurate risk assessment of food allergenicity.

■ INFLUENCE OF PROCESSING ON MILK PROTEIN
ALLERGENICITY

To have a clear understanding of how electroheating
technologies influence CMPA, it is important to summarize
the allergenic adverse reactions and pathways, briefly
introducing the processing methods currently used in the
food industry.
Allergic Reaction. An allergic reaction can be simply

described as a process in which an allergen substance after
priming the immune system for the first time, known as
sensitization or sensitizing potential, will unchain a set of
specific immune responses after a second contact.21,22

According to the European Food Safety Authority (EFSA),23

food allergy is defined as an adverse health reaction caused by
the immune system that generally but not exclusively is
mediated by immunoglobulin class E antibodies (IgE). The
IgE-mediated allergies may result in rapid, severe reactions
associated with respiratory, cardiovascular, or cutaneous
symptoms that ultimately can lead to a systemic collapse
(anaphylaxis), while non-IgE-mediated immune responses can
mainly cause subacute or chronic GI tract disorders.23

It is currently recognized that food processing can impact
allergenicity in two distinguished ways:22 (i) by altering the
ability of the allergen to sensitize the immune system to
produce IgE or (ii) by changing the integrity of allergen
epitopes recognized by IgE of the immune system. It is crucial
to understand the effects that food processing may have on
three-dimensional structures of allergens, particularly how it
affects epitope integrity and recognition by IgE binding sites,
but also to identify processing strategies that can avoid the
sensitization step.

Milk Allergens. Allergens in milk are well-identified and
associated with casein and whey protein fractions. Table 1
summarizes the most recognized cow milk protein allergens
and their main characteristics. Despite no single protein has
been identified as the most allergenic, as a result of the great
difficulty in interpreting the variability of immune responses, it
is considered that the most frequent allergens are related to the
most abundant proteins in milk, as is the case of αS1-casein, β-
lactoglobulin (β-Lg), and α-lactalbumin (α-La), which are
involved in severe allergy in childhood but also in adults.9,10

Then, these proteins are well-characterized, and for that
reason, they are good candidates to be used as models for the
evaluation of the effects of novel processing strategies on their
sensitization and allergenicity potential. β-Lg presents partic-
ular relevance, once it is the most abundant cow’s milk whey
protein, and it is not present in human milk. However, other
minor proteins present in trace amounts, such as bovine serum
albumin (BSA) and lactoferrin, should not be completely
overlooked, once they can present important allergenic
activity.24

Milk Processing Methods. Cow milk and its derived
ingredients and products are frequently subject to several kinds
of processing that include several unit operations, such as
homogenization, pasteurization, sterilization, enzymatic hy-
drolysis, fermentation, condensation, glycation, and drying.
Any processing treatment leading to generation of minimal
allergic components can be employed successfully for the
commercial production of many niche products, especially
infant milk powder, infant formula, and other baby foods.
Therefore, discussion regarding the effects of processing

Table 1. Chemical Properties and Allergenicity of Major Cow Milk Protein Allergensa

milk protein
IUIS allergen
nomenclature

maximum
amount
(g/L)

total
(%)

molecular
weight
(kDa)

isoelectric
point allergenicity feature

whey fraction 5 20
α-La Bos d 4 1.5 5 14.2 4.8 >90% of cow milk allergic patients showed IgE binding in crossed

radioimmunoelectrophoresis (CRIE); >90% showed IgE binding in
ELISA; 8 of 19 patients showed IgE binding to Bos d 4 peptides

β-Lg Bos d 5 4 10 18.3 5.3 >90% of cow milk allergic patients showed IgE binding in CRIE; >90%
showed IgE binding in ELISA to Bos d 5 and Bos d 5 peptides

BSA Bos d 6 0.4 1 66.3 4.9−5.1 >90% of cow milk allergic patients showed IgE binding in CRIE
immunoglobulin Bos d 7 1 3 160 IgE binding of milk-allergic patients to IgE in CRIE

casein fraction 30 80
αS1-casein Bos d 9 15 29 23.6 4.9−5.0 57 of 58 casein-sensitized milk-allergic children showed IgE binding in an

enzyme immunoassay
αS2-casein Bos d 10 4 8 25.2 5.2−5.4 55 of 58 casein-sensitized milk-allergic children showed IgE binding in an

enzyme immunoassay
β-casein Bos d 11 11 27 24 5.1−5.4 53 of 58 casein-sensitized milk-allergic children showed IgE binding in an

enzyme immunoassay
k-casein Bos d 12 4 10 19 5.4−5.6 53 of 58 casein-sensitized milk-allergic children showed IgE binding in an

enzyme immunoassay
aAdapted with permission from refs 10 and 21 and World Health Organization (WHO)/International Union of Immunological Societies (IUIS)
Allergen Nomenclature (http://www.allergen.org).
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techniques (thermal/non-thermal) becomes pertinent at
present.
Among these operations, heating treatments are of utmost

importance in affecting biochemical and functional properties
of milk proteins, particularly the milk proteins that are less
heat-stable, such as whey proteins. Heating pasteurization
methods relying on low temperature long time (LTTL, 65 °C
for 30 min), high temperature short time (HTST, 70−80 °C
for 15−20 s), and ultrahigh temperature (UHT, 130−140 °C
in less than 1 s) are prevalent in developed countries. β-Lg,
which dominates the functional properties of the whey
fraction, undergoes important structural and chemical changes
during heating involving: (i) intramolecular transitions (<60
°C), (ii) loss of secondary structure and onset of denaturation
(60−70 °C), (iii) reshuffling of intramolecular disulfide bonds,
and (iv) intermolecular interactions that result in irreversible
denaturation and the formation of protein aggregates (>80
°C). The kinetics of these cascade reactions and structural
changes depend upon the protein type and physical and
biochemical parameters, such as the protein concentration,
ionic strength, pH, and thermal load applied, i.e., heating
temperature, holding time, heating rate, and heating method
(direct or indirect). The influence of these parameters on milk
protein denaturation has been extensively studied and
reviewed for decades until now.25 It seems consensual that
these alterations may change the antigenicity of whey
proteins,11 but it is still inconclusive in which direction.
Verhoeckx and co-workers22 concluded that pasteurization can
increase allergenicity of milk (measured by IgE binding
studies), while sterilization can reduce it by the combination
of existing epitopes of both β-Lg and α-La with reducing sugars
during the Maillard reaction. Bu et al.26 summarize that the
antigenicity of α-La and β-Lg in whey protein isolate (WPI)
evaluated by means of indirect competitive enzyme-linked
immunosorbent assays (ELISA) can be controlled by the
heating temperature and treatment time. These authors
observed that antigenicity (antigen binding ability) of α-La
and β-Lg can be increased with treatments ranging from 50 to
90 °C but significantly reduced when high-temperature
regimes (i.e., between 90 and 120 °C) are applied. The
World Allergy Organization (WAO)27 and EFSA documents
highlight that, despite slight reductions of whey protein
antigenicity upon heating, insignificant alterations in binding
properties are reported with casein, which have a more linear,
thermostable structure, thus maintaining its allergenic
character. Interestingly, all of these works unveil a common
aspect: protein aggregation. Protein aggregates formed during
heating can have a crucial role on binding of specific IgE but
also in sensitization. Figure 1 shows examples of different whey
protein aggregate morphologies obtained upon thermal
denaturation. In vivo and in vitro studies show that
pasteurization can give rise to whey protein aggregates that
can induce the first steps of allergic sensitization in intestinal
mucosa, changing the path of antigen uptake from intestinal
absorptive cells to Peyer’s patches, which contain M cells. On
the other hand, soluble milk proteins can trigger a rapid
anaphylaxis response, once uptake across the small intestinal
epithelium is not impaired.28 For instance, it was reported that
rats treated with native β-Lg presented higher IgE levels than
those treated with heat-denatured β-Lg (enhancing a systemic
allergic sensitization), whereas heat-denatured β-Lg induced a
chronic inflammatory response in the GI tract.29 The size of
protein aggregates can strongly influence how denaturated β-

Lg protein is transported through epithelial cells; it was
suggested that native β-Lg is easily transported and less
degraded by M cells and Caco-2 cell types when compared to
protein aggregates.30 Macrophage cells in Peyer’s patch can
contribute to the degradation of protein aggregates.
Proteolysis, by either lactic acid bacteria fermentation or

enzymatic hydrolysis, is recognized as the most effective
method to reduce to a great extent the allergenicity of milk,
once extensive hydrolysis can destroy allergenic epitopes, thus
giving rise to hypoallergenic formulas.11,22 Still, these formulas

Figure 1. Transmission electron microscopy (TEM) micrographs of
different morphologies of whey protein aggregates: (a) network of
spherical aggregates of α-La and lysozyme at 2 mg/mL (molar ratio of
0.546:1) at pH 11 after thermal heating at 75 °C for 15 min, (b)
spherical aggregates of β-Lg at pH 6 after thermal heating at 80 °C for
10 min, and c) fibrillar aggregates of β-Lg at 3 mg/mL at pH 3 after
thermal heating at 90 °C for 5 min. All scale bars correspond to a size
of 200 nm.
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are also known by having an unpleasant taste, which may
reduce their acceptance from an organoleptic point of view.31

Other methods, such as glycation, which comprises con-
jugation with reducing sugars through the Maillard reaction, is
somehow controversial, once it can be used to modulate the
binding potential of specific IgE to food allergens. Extended
denaturation and glycation can destroy existing β-Lg
epitopes,32 but newly formed protein agglomerates and
advanced glycation end products (AGEs) may also play a
role in food allergy that need to be fully understood.33 More
recently, the combination of non-thermal processing methods,
such as high hydrostatic pressure processing (HHP) with
protein hydrolysis, appears to be an efficient strategy for
producing hypoallergenic whey hydrolysates.11 Recently, in
vitro studies have shown that the tertiary structure of β-Lg can
be changed significantly under HPP, showing a potential to
reduce allergenicity, which needs to be confirmed.34

■ EFFECTS OF ELECTROHEATING ON
ALLERGENICITY OF MILK PROTEINS

Electrical-field-based processing has brought new insights
toward important structural effects on biological entities (i.e.,
additional microbial inactivation through electroporation
effects) and food macromolecules, approaching a broad
commercial application. However, how can these processing
strategies affect milk allergenicity? Thus far, the literature is
scarce; however, some hypotheses may be advanced on the
basis of knowledge about the technology fundamentals and
what is recognized until now regarding its effects on milk
protein allergens.
Electroheating Technologies. Electric field food process-

ing is based on the concept of applying an external electric field
to a food sample with a certain electrical conductivity that will
act as a semiconductor, allowing for the passage of an electrical
current. Dependent upon the intensity of the tension applied
and treatment time scale, dissipation of volumetric heat inside
the food occurs in accordance with the Joule effect. Once the
generation of internal heat is a controllable side effect of
electric field application, several electroheating processing
strategies can be adopted to enhance heat generation (such as
OH) and electrical effects (minimizing the increase of the
temperature) or both simultaneously. A good example of this
versatility is the pulsed electric field (PEF) technology, a sister
technology to OH, where electric field pulses of high intensity
(typically between 10 and 80 kV/cm) are applied in less than
seconds (usually between 1 and 10 μs), in practice “turning
off” heat generation, thus keeping the temperature below
denaturation levels. In contrast to OH, PEF is considered a
non-thermal technology that brings a new paradigm to
organoleptic properties of foods as a result of reduced heating
effects; however, because of this reason, it also shows
limitations regarding the effective inactivation of more resistant
organisms and molecules (in particular, spores and enzymes),
which could imply a high economical cost. Until now, there is
no research data available dealing with the assessment of the
effect of PEF technology on allergenicity of milk proteins.35

Possibly because of a longer period of research when
compared to PEF or HHP, OH is now establishing a solid
foothold in the food industry. As a thermal technology, it can
apply the prevalent heating binomials (assuring food safety) in
a very rapid manner, both minimizing the negative aspects of
the traditional thermal treatments (e.g., reducing overcooking)
and bringing higher energetic efficiency (>90%) with a

relatively low capital cost.36 Extensive fundamental and applied
research has been carried out regarding the application of OH
to several food products, such as vegetables, fruits and fruit
juice, meat, fish, and dairy products.19

OH. Commercial applications of OH are based on the
aseptic processing of particulate and protein-rich food
products, relying mainly on pasteurization of liquid eggs and
fruit pulps (multiphase composition), with processing
capacities that can range from 3 to 9 t/h.37 OH application
appears strongly associated with milk pasteurization, once it
was its very first application.38 Since then, the effects of OH in
biological (e.g., microbiological and enzyme inactivation) and
chemical−physical aspects of milk protein (protein, lipid, and
carbohydrate composition) have been extensively reviewed.
Recently, OH was consistently considered a very promising
technique for innovation in commercial dairy products,16,20

showing high potential for UHT processing of fragile dairy
products, such as liquid infant formula.39

Effects of OH on Milk Allergens. It is expected that, in
the near future, the market will offer a wide range of dairy
products processed by OH, but up to now, there is no
published data about the influence of OH and its associated
electric variables on allergenicity of milk proteins.19,20 In
accordance with Jaeger et al.,19 allergenic aspects of food
processed by OH should be specifically evaluated and not
inferred from the studies performed on food processed by the
conventional thermal treatments. Moreover, extensive studies
are fundamental to assess OH impacts on allergenicity, alone
or in combination with other technologies, and tested using a
variety of detection assays in different food matrices.
OH reduces the total thermal load in a given thermal

treatment as a result of its direct and volumetric internal
heating, the absence of hot surfaces, and natural ability to
achieve rapidly high processing temperatures. This thermal
treatment is then less aggressive for the structure of whey
proteins, one of major allergens in milk, leading to a lower
protein denaturation extent. However, the impact of this lower
denaturation on allergenicity of these protein structures is still
an open question. The balance between allergenicity
alterations of the existing epitopes against a reduction in the
formation of new allergenic structures (i.e., neoallergenic
structures) upon this kind of heating is still unknown and
needs to be investigated. Denaturation of whey proteins is
generally assumed to be a two-step process consisting of (i)
unfolding of the native protein and (ii) aggregation of unfolded
protein molecules and irreversible denaturation. Under OH,
the native β-Lg structure is more preserved as a result of its
faster heating rates; thus, the development of protein
aggregates is reduced.40 This aspect can be of great relevance
once denaturated β-Lg can form complexes with casein
micelles via k-casein through sulfhydryl disulfide exchange
reactions, with this being one of the major contributors to the
changes in the casein micelle size during skim milk heating.
The effect of OH during pasteurization of milk on the
formation of heterogeneous aggregates between β-Lg, α-La,
and casein micelles should be thoroughly characterized.
Another important feature is that OH also appears as an
emerging strategy for the inhibition or at least control of
Maillard reactions as a result of reduction of overheating,41

which may eventually avoid the formation of neoallergenic
species, such as AGEs. OH applications at sterilization
temperature regimes (>120 °C) are still less explored; for
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instance, the effect of OH sterilization temperatures on caseins
is still unknown.
Together with the thermal effects outlined before, the

electrically caused changes of OH can also have a relevant
impact on milk protein allergenicity. Recent studies emphasize
the existence of non-thermal effects of moderate electric fields
on whey protein denaturation kinetics and aggregation
patterns. OH at low alternating electric fields (below 20 V/
cm) can change the morphology and functional aspects of the
produced whey protein aggregates, and this may be linked to
(i) conformational disturbances on the tertiary protein
structure, (ii) reorientation of hydrophobic clusters occurring
in the protein structure, or (iii) splitting of protein large
aggregates.40 All of these events can change sensitization
potential, influence allergen epitope recognition, or in contrast,
give rise to neoallergenic species. As outlined before, protein
aggregates can change the path of allergic response via the GI
tract, and this seems to be strictly dependent upon the
resistance of these aggregates to GI digestion.42 It can be
speculated that the major contributions that OH may bring to
structure modification and immune reactivity of electroheated
proteins may be linked to a fine-tune control of the heating
process and with perturbations that the electrical variables may
promote on the protein−protein interactions or in the
development of complexes between proteins and other
macromolecules, such as carbohydrates and lipids. Electro-
heating by changing protein denaturation pathways can give
rise to higher levels of protein in its native form or in a partially
unfolded state or even to new aggregated forms, thus
influencing intestinal absorption and immunological responses.
Figure 2 shows the influence that electroheating may exert on
protein denaturation and inherent immunological outcomes.

■ FUTURE PERSPECTIVES

An accurate evaluation of the effects of heat processing on
allergenicity and potential sensitization is a challenge, even
more for novel or emergent technologies, such as electro-
heating technologies. It seems consensual that allergenicity of
milk proteins can be altered by heating, but how it acts is still
controversial. In the future, it will be crucial to establish a
harmonized method for the risk assessment of protein
allergenicity. This method should integrate not only advanced
methods of protein structural characterization and traditional
immunometric techniques, such as immunoblotting and
ELISA, but also specific knowledge about GI digestion and
subsequent interaction with the intestinal immune system. We
believe that in vitro (e.g., using Caco-2 or HT-29 cell
standardized models) and in vivo (e.g., using murine models)
assessment and outcomes in the GI tract, from both protein
potential immunological response and digestion and intestinal
barrier properties, should be evaluated, thus offering an
opportunity to correlate biological effects (e.g., allergic
symptomatology) with protein allergen structural modifica-
tions imposed by food processing. This might be an additional
important tool in allergenicity risk assessment motivated by
electroheating processes. Any processing treatment leading to
the generation of minimal allergic components will have a great
impact on the dairy industry. However, the effect of food
processing in the prevention of protein-related milk allergy will
only be understood through a collaborative work at the
scientific, technological, and applied levels, combining efforts
of nutritionists, food scientists, and molecular biologists. Only
with a consistent and concerted strategy of analysis will it be
possible to obtain reliable conclusions and a better
comparability between allergenicity studies in the future,

Figure 2. Schematic representation of the proposed influence of electroheating on protein denaturation and consequent effects on GI digestion and
immunological IgE-mediated response.
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including the contribution of the novel food processing
technologies. Thermal and electrical singularities of OH can
significantly change denaturation kinetics of labile proteins
(such as whey proteins) and, consequently, their aggregation
and interaction with other milk proteins, such as caseins. Novel
insights brought by OH show that electrically induced changes
affect the structure and stability of protein aggregates and
complexes. These events can change how these aggregates are
handled during GI digestion and absorbed in the intestinal
mucosa. The influence of OH electrical variables, such as
electric field, current density, and electrical frequency, on the
protein structure and formed aggregates needs more
fundamental knowledge and research. An innovative perspec-
tive of OH application may consist in the modulation of
molecular unfolding and aggregation of whey protein allergens
to reduce their capacity to elicit an allergic reaction or change
the acquisition capacity of proteins to cause allergic
sensitization. A combination of electric and thermal effects
through an OH pasteurization/sterilization process may offer
an opportunity for development of innovative hypoallergenic-
like whey products of high sensorial and nutritional quality.
However, it is still crucial for a clearer understanding of
electroheating-induced effects on structural aspects of proteins
and their interaction within a real food matrix, such as milk.
OH processing should be designed alone or together with
other currently used processing technologies (i.e., partial
hydrolysis, fermentation, and HHP) to reduce the potential
allergenicity of milk allergens or at least avoid the formation of
neoallergenic species. In the light of the aforementioned
standpoints and with dissemination of OH commercial
applications, future research about the effects of this
technology on allergenicity of milk proteins will be increasingly
needed.
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