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Bioanalytical methods for food allergy
diagnosis, allergen detection and new

allergen discovery

For effective monitoring and prevention of the food allergy, one of the emerging
health problems nowadays, existing diagnostic procedures and allergen detection
techniques are constantly improved. Meanwhile, new methods are also developed,
and more and more putative allergens are discovered. This review describes traditional
methods and summarizes recent advances in the fast evolving field of the in vitro
food allergy diagnosis, allergen detection in food products and discovery of the new
allergenic molecules. A special attention is paid to the new diagnostic methods under
laboratory development like various immuno- and aptamer-based assays, including
immunoaffinity capillary electrophoresis. The latter technique shows the importance
of MS application not only for the allergen detection but also for the allergy diagnosis.

Allergy & allergens:
general information
Allergy is defined as an abnormal immuno-
logical response of the humane body to an
otherwise innocuous antigen [1]. It is esti-
mated to affect around 20% of the world
population, mainly in the industrialized
countries. In particular, food allergies are
common among 2% of the adult popula-
tion and especially acute in the childhood,
affecting 6-8% of children and infants [2).
The specific characteristics of the allergy as
an immunological disorder, also called type
I hypersensitivity, are different hypersensitiv-
ity reactions, mediated by the IgE antibod-
ies production in human body exposed to
the harmful antigens, in other words, aller-
gens [1]. The presence of IgE antibodies in the
mechanism of the allergy development dif-
fers it from food intolerance, which is either
the result of immune non-IgE mediated reac-
tions or nonimmune responses of the human
body to the consumption of food products or
medication [3].
During the normal immunological
response, the antigen (potential allergen)
triggers in the human organism the produc-
tion of IgGl and IgG4 antibodies at low
levels by the B-cells, which were activated via

cytokines released from type 1 T helper cells
(TH1) (4]. The first abnormal contact of the
immune system with an antigen (future aller-
gen), which is often present at a low dose and
penetrates into the organism transmucosally,
leads to the activation of TH2 cells instead
of THI cells, as schematically illustrated in
Figure 1 (upper panel). As a consequence, the
TH2 cells release a cytokine IL-4 that trig-
gers the switching of the B-cells to the pro-
duction of the antigen-specific IgE antibod-
ies instead of IgG isotypes. In contrast with
other antibody isotypes, IgE antibodies are
located predominantly in tissues being tightly
bound to the mast-cell surfaces through the
high affinity IgE receptor, known as FceRI.
Therefore, when an allergen enters into the
organism for the second time, it binds to IgE
antibodies via epitope recognition, leadings
to the cross-linking of FceRI receptors fol-
lowed by the mast-cell activation. Activated
mast-cells degranulate and release various
chemical mediators, which start the cascade
of the events resulting in the development
of a type I hypersensitivity, in other words,
allergic reactions. Basophils and activated
eosinophils also express FceRI receptors
and can also participate in the allergy
development [1.5).
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Figure 1. Representation of the allergy development. (A) First sensitization by the allergen and memory effect;
(B) immediate organism reaction leading to the degranulation of the mast cells; (C) late phase reaction involving

eosinophil activation.

Reproduced with permission from [5] © Nature Publishing Group Ltd. (2002).

The mediators released during the degranulation
of activated mast-cells are, for example, histamine,
N-acetylhexosaminidase, proteases, leukotrienes or
proinflammatory cytokines. These compounds are
responsible for the development of different allergic
reactions, such as allergic rhinitis, asthma, systemic
anaphylaxis and acute urticarial syndrome.

The types of IgE-mediated responses vary with the
individual properties of the organism, the path of aller-
gen penetration (inhalation, injection, oral or subcuta-
neous administration) and allergen dosage [1]. In the
case of food allergy, the most common allergic reac-
tions are vomiting, diarrhea, pruritis and urticaria.

As all known allergenic compounds, food aller-
gens are proteins or glycoproteins, often possessing
enzymatic activity, which increases their mucosal
permeability [1]. They represent one of the biggest
group of sensitizers with over 180 identified allergenic

molecules [2]. The most common allergen sources

including milk, eggs, peanuts, soybeans, seafood, fish,
wheat and tree nuts are referred to as the “Big Eight”
of food allergens [6]. Despite the origin from different
sources, some of the allergenic molecules share simi-
lar structural patterns and, therefore, their recogni-
tion by IgE antibodies is realized via the same epit-
opes. If the structural similarity between allergens is
greater than 70%, it causes so-called cross-reactivity
allergic syndrome, for example, latex-fruit syndrome,
consisting of the patient sensitization to the allergens
from both sources, latex and fruits, simultaneously [7].
Cross-reactivity typically happens between homolo-
gous proteins from the specific family of molecules, for
example, between milk proteins from different mam-
mals. However, it is observed also between proteins
from phylogenetically different sources because of the
evolutionary highly conserved structure of these mol-
ecules like, for instance, sugar moieties in food and
plant pollen [7.3].
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As was already mentioned above, allergy symptoms
vary from mild ones, like allergic rhinitis, to severe and
life-threatening ones, like anaphylaxis, making this
disease one of the emerging problems of the modern
society [2]. The prevalence of allergic diseases such
as allergic rhinitis, asthma and atopic eczema, in last
few decades was related at the beginning with the so-
called “hygienic hypothesis.” This hypothesis explains
the proliferation of type I hypersensitivity in Western
countries with the absence of bacterial and viral cross-
infection opportunities in the families due to their size
reduction and improved personal hygiene [9]. However,
recent studies have shown that the diet and bacterial
metabolites produced by commensal microbiota play
a more important role in the status and functioning of
the immune system [10,11]. The insufficient exposure to
dietary and bacterial metabolites because of the “West-
ern-lifestyle,” typically associated with the low fiber
consumption (including vegetables and fruits) together
with high fat intake, leads to the immunological disor-
ders, represented not only by the allergies, but also by
diabetes and autoimmune diseases [12]. Therefore, the
consumption of healthy food products together with
the manipulation of the gut microbiota using probi-
otics could potentially help to decrease and prevent
the development of various inflammatory disorders,
including allergies.

Allergy diagnosis

Reliable and efficient methods of allergy diagnosis
are very important for its proper treatment and pre-
vention. Two main types of allergy diagnosis used
nowadays, consist of in vivo and in vitro tests, which
should be performed in parallel for the more precise
diagnostics [13].

In vivo allergy diagnosis

The recommended 77 vivo tests are skin prick test
(SPT), oral food challenge and suspicious product
elimination diet, applicable in case of food allergies [14].
Oral food challenge is the controlled administration of
allergens to the patient and is regarded as a “golden
standard” for the allergy diagnosis [15]. However, it is
a risky procedure due to the potential development of
anaphylaxis or other adverse reactions by the patient.
Therefore, SPTs, which are realized via pricking the
patient skin with the needle containing small amount
of the allergen, are regarded as a safer way of allergy
diagnosis, but unfortunately less reliable [13,14].

In vitro allergy diagnosis

All in vitro allergy tests can be divided into two groups:
IgE quantification-based and IgE quantification-free
diagnostic procedures. These currently existing

methods (commercialized and under laboratory
development) are summarized in the Table 1.

IgE quantification-free tests

Among the IgE quantification-free techniques, in vitro
basophil activation test becomes more and more popu-
lar for the allergy diagnosis [16]. This method consists
of the flow cytometry of the patient basophils, acti-
vated by the binding of the allergen extract or recom-
binant allergens to IgE antibodies present on the baso-
phil surface 17]. Such type of in vitro testes provides
reliable results, complementary to IgE quantification-
based methods, and is also useful in case of non-IgE-
mediated hypersensitivity reactions [18,19]. Commercial
ready-to-use kits for the performance of basophil acti-
vation test are available on the market [20]. Another IgE
quantification-free way of the allergy diagnosis, which
was reported recently, is based on the quantification
of allergen-specific TH2 cells in the blood serum [21].

IgE quantification-based tests

In clinical practice, the most popular in vitro ways
of the allergy diagnosis belong to the group of IgE
quantification-based techniques: they are based on
the quantification of total or specific IgE antibodies,
as these immunoglobulins are universal biomarkers of
the allergic sensitization. For a nonallergic person, the
total level of IgE antibodies varies significantly dur-
ing the lifetime: from the birth to the age of 15-20, it
increases steadily from less than 2.4 ng/ml (<1 IU/ml)

B-cells: Type of lymphocytes that mature in the bone
marrow and are responsible for the antibodies production
in the humoral adaptive immunity.

T helper cells: Type of lymphocytes that mature in human
thymus, play a major role in the adaptive immune system
by regulating immune responses via activation of other
immune cells, like B-cells.

Mast-cells: Type of granulocytes derived from myeloid
stem cells, that are located in the tissues, play key role in
the inflammatory processes (especially allergies), wound
healing and defense against pathogens.

Basophils: Type of white blood cells, granulocytes,
that circulate in the blood stream and are involved in
inflammatory processes, allergies and defense against
parasite infections.

Eosinophils: Type of white blood cells, granulocytes, that
migrate in the blood stream, are involved in the allergy
mechanisms and responsible for fitting multicellular
parasites and certain infections.

Flow cytometry: Laser-based biophysical technology,
employed mainly for cell counting and sorting by the
introduction of cells in a fluid stream with electronic
detection apparatus.
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Table 1. Current in vitro techniques for allergy diagnosis.

Commercial

development

Under laboratory

IgE quantification-free test.

Technique LOD (ng/ml)* Sample volume (ul) Sample type Analysis time Ref.
Basophil activation <5% of 50 Whole blood 1h [20]
test’ activated
basophils
Classical ELISA 12 20 Blood serum 2h [23]
Microarray chip (ISAC) 0.24 30 Blood plasma/ <4 h [24]
serum
Microarray chip with  0.03-0.06 1-2 Blood serum/ <4 h [25]
DLC solid support saliva
Nanoparticle- 0.00018 <20 Standard IgE <2h [26]
enhanced SPR solution
Nanocrystal 0.005 100 Standard IgE overnight [27]
clusters-enhanced solution
immunoassay
Nanoparticle hybrid 0.04 30 Standard IgE 2h [28]
probe-enhanced solution
immunoassay
Electrochemical 0.24 100 Blood serum 2h [29]
immunosensor
Magnetophoretic 0.056-0.09 10 Blood serum <30 min [30]
immunoassay
Aptamer-barcode 0.87 50 Blood serum 25h (31]
enhanced
chemiluminescence
immunosensor
Aptamer affinity 7 30 Blood serum 1h [32]
probe capillary
electrophoresis
Electrochemical 1.1 n.i. Standard IgE 1.5h [33]
aptasensor solution
Lateral flow 2.4 30 Blood serum <10 min [34]
microarrays
Immunoaffinity 0.24-2.4 1-2 Blood serum <1h [35,36]
capillary
electrophoresis
*Unless otherwise stated, LOD is shown for the detection of total/specific IgE antibodies.
DLC: Diamond-like carbon; n.i.: Not indicated; SPR: Surface plasmon resonance.

to about 240 ng/ml (100 IU/ml), remains relatively
constant until about the age of 60 and, then, slowly
decreases [22]. Therefore, the person is regarded allergic,
if the total concentration of IgE antibodies in his blood
serum is higher than 240 ng/ml (100 IU/ml) [23].
However, for a precise and safe diagnosis, as
well as constant disease monitoring, the concentra-
tion of specific IgE antibodies, produced against
particular allergens, can be measured providing so
called componentresolved diagnostics (CRD) of the
allergy (37.38]. In this case, diagnostic threshold levels of
specific IgE antibodies vary significantly for different

allergens [39.40]. CRD is particularly important in the
case of food allergies to define the ‘culprit’ proteins, as
many food products are the sources of more than 5 dif-
ferent allergenic molecules [41]. Moreover, it provides
the possibility to perform cross-reactivity studies and to
constantly monitor the level of specific IgE antibodies
against various individual allergens for the prognosis of
the allergy outgrowth and tolerance development [42].

ELISA-based immunoassays
especially
enzyme-linked immunosorbent assay (ELISA), are

Immunoassays, classical  sandwich
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the main techniques used for accessing the level of
IgE antibodies (both total and specific) in the patient
organism. Simple commercial ELISA kits or complete
automated immunoassay platforms are available from
different companies: Abnova (Germany) [18], Immuno-
Cap (Phadia, ThermoScientific, Sweden) for total and
specific IgE quantification [43.44], Immulite (Siemens,
Germany) and Hytec-288 (Hycor, USA) [40]. The
standard kits typically provide the limit of detection
(LOD) for total IgE quantification around 12 ng/ml
(5 IU/ml) (23], while automated platforms possess the
sensitivity at 0.24 ng/ml (0.1 IU/ml) level [43,44].

For improved CRD of food allergies, microarray
systems of immune solid-phase allergen chips (ISAC)
ImmunoCAP (Phadia, ThermoScientific, Sweden) are
also commercially available [24]. ISAC ImmunoCAP
functioning principle is based on a semi-quantitative
nonclassical sandwich ELISA, where the blood serum of
the patient, containing specific IgE antibodies, is added
to the polymer slide. This slide contains four microar-
rays with covalently immobilized antigens (different
allergens), that bind the IgE antibodies from the blood
serum. Then, the solution of antihuman IgE antibodies
labeled with fluorescent marker is added to the microar-
rays. The presence of the fluorescent marker and, con-
sequently, of allergen-bound specific IgE antibodies is
measured by the fluorescence using laser scanner [24].

Despite the semi-quantitative data obtained using
fluorescence detection, ISAC ImmunoCAP technique
was proven to be reliable, but not recommended as a
single source of diagnostic information, particularly in
the cases, where it has a major impact on the prescribed
therapy [45]. Moreover, all the commercial products
described above do not provide equivalent results [40],
require between 25 and 40 pL of blood serum and
3—4 h for completing the diagnostic procedure. The
reduction of the time and sample consumption for such
analysis is needed and, therefore, constantly stimulates
the scientific development in this direction.

Under laboratory development, IgE antibodies
detection was proposed to be realized using various
classical ELISA versions [46,47] or microarray chip with
diamond-like carbon solid support for the high density
immobilization of the antigen (Figure 2A &B) [25]. Using
a concept similar to the ISAC ImmunoCAP technique
(Figure 2C-E), the proposed method requires only 2 pl
of blood serum for the profiling of allergen-specific IgE
antibodies with the 4-8 times better sensitivity than
ISAC system and could be its potential alternative [25].

Other types of immunoassays

Imaging based on surface plasmon resonance, another
traditional immunoassay technique, was recently
reported for probing antibodies avidity in the allergy

diagnosis [48]. Enhancement of surface plasmon reso-
nance signal by the application of Au nanoparticles was
shown to provide ultrasensitive total IgE quantification
with LOD of only 0.18 pg/ml (0.075 mIU/ml) [26].
Nanocrystal clusters 271 and nanoparticle hybrid
probes-based immunoassays [2849], electrochemical
immunosensors [29.50] and magnetophoretic immuno-
assays [30] were also developed for the quantification of
total or specific IgE antibodies in blood serum of the
allergic patient or standard IgE solutions (Table 1).

Aptamer-based assays

Another important group of techniques for allergy diag-
nosis is based on the application of aptamers instead of
theappropriateantihuman IgE antibodies. Aptamersare
artificial oligonucleotides (DNA or RNA) that possess
a high binding affinity to a selected target molecule, for
example, small organic molecule, peptide or protein [51].
Such oligonucleotides are synthesized from random
sequence libraries of nucleic acids by iz vitro evolution
process, called systematic evolution of ligands by expo-
nential enrichment (SELEX), and display in contrast
with antibodies high chemical stability, ensured high
selectivity and target flexibility [s2]. Therefore, aptam-
ers are often used as a replacement for antibodies in the
affinity-based assays, including the methods of allergy
diagnosis like, for example, aptamer-barcode enhanced
chemiluminescence immunosensor [31], aptamer affin-
ity probe capillary electrophoresis [32], electrochemical
aptasensor [33] and immuno-polymerase chain reaction
(ImmunoPCR) [53].

For the immuno- and aptamer-based methods
listed above, LOD values vary between 5 pg/ml
(0.002 IU/ml) and 2.4 ng/ml (1 IU/ml), while the
sample volumes applied are in the range of 10-100 pl
(Table 1). Typically the low sample consumption is more
significant for allergy diagnostic tests than extremely
high sensitivity. It is especially crucial for the infants, as
in their case the available amount of the blood sample is
often restricted. Moreover, a small amount of the sam-
ple needed means in general less invasive and painful
procedure of the blood sampling for the allergic patient.
It is quite important taking into account that IgE anti-
bodies-related measurements are performed multiple
times during the patient life for monitoring the disease
evolution, controlling the effectiveness of the proposed
antiallergic therapy and outgrowth prediction [39].

Fast lateral flow assay

Another significant feature for any diagnostic procedure
is the time of the analysis. The quickest allergy CRD was
recently proposed using a lateral flow paper microarray
with colorimetric detection, enhanced by the applica-
tion of gold nanoparticles labeled both with antihuman
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Figure 2. Microarray chip with diamond-like carbon solid support. (A) The DLC slide; (B) antigen immobilization
processes on the DLC chip; (C) general layout of the allergens on the DLC chip; (D) profiling specific IgE antibodies
from the serum of a patient with egg white and milk allergy and (E) from a nonallergic individual (control).

Dp: Dermatophagoides pteronyssinus; GD: Guideline dot by IgE standard.

Reproduced with permission from [25] © Elsevier (2011).

IgE antibodies and horseradish peroxidase (34]. The
whole procedure, schematically illustrated in Figure 3,
takes less than 10 min to complete, requires 30 pl of
patient blood serum and implements a consumer-grade
flatbed scanner or a smartphone as a detection system.
Such technique provides only semi-quantitative results,
but due to its low cost, portability and short experimen-
tal time, it can be a helpful tool for allergy screening in
the conditions, where cost-efficiency and ease of use are
of the primary importance.

IACE-based assays
To efficiently perform a general allergy diagnosis in a
quantitative manner within less than 50 min, immu-

noaffinity capillary electrophoresis (IACE) with

laser-induced fluorescence (LIF) detection was proposed
by our laboratory [35]. As a hybrid technique combining
the immunoaffinity extraction of the sample with its
electrophoretic separation, IACE is a powerful tool for
the analysis of the complex biological samples [s4]. For
the total IgE quantification by IACE-LIF, magnetic
beads, coated with antihuman IgE antibodies, were first
trapped inside the separation capillary using two per-
manents magnets. After the injection of diluted blood
serum and IgE antibodies binding to the magnetic
beads, secondary antihuman IgE antibodies, labeled
with a fluorescence marker, were introduced into the
capillary. Once the sandwich immunocomplex was
formed, it was eluted from the magnetic beads by the
acid buffer and stacked by transient isotachophoresis,
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Allergen array

Jk Human IgE .‘:’ﬁ Dual labelled gold nanoparticles

Figure 3. Paper-based lateral flow allergen microarrays. The blood serum of allergic patient flows through a
nitrocellulose membrane with the spots of different allergens leading to the binding of IgE antibodies to specific
allergen spots. After washing, exposer with dual labeled gold nanoparticles and substrate addition, the colored

spots are ready for the analysis with a scanner.

Reproduced with permission from [34] © The Royal Society of Chemistry (2014).

followed by electrophoretic separation with LIF detec-
tion. Such diagnostic procedure required only 1 pl of
patient blood serum to obtain the LOD of 2.4 ng/ml
(1 TU/ml) with relative standard deviation of 10% [3s].

As CRD can bring more relevant information than
just general allergy diagnosis, magnetic beads-based
IACE with UV and matrix-assisted laser desorption/
ionization-MS (MALDI-MS) detection was recently
developed by our laboratory for the CRD of cow’s milk
allergy (36]. Following the workflow shown in Figure 4,
this technique allowed not only total IgE quantifica-
tion, but also the direct identification of the milk sen-
sitizers for the chosen patient using only 2 pl of his
blood serum.

As a first step (Figure 4A), the IgE antibodies in the
patient blood serum were quantified directly by IACE-
UV without any labeled sandwich immunocomplex and
with the LOD of 0.24 ng/ml (0.1 IU/ml). As a second
step (Figure 4B), the same IACE protocol for the total IgE
quantification was applied for the on-line IgE antibod-
ies extraction on the MBs surface via the formation of
antihuman IgE-IgE antibodies immunocomplex directly
inside the CE separation capillary. After the stabilization
of this complex by chemical cross-linking (Figure 4C),
this newly obtained immunosupport was used in the
IACE-UV/MALDI-MS analysis of individual milk pro-
teins, as well as milk fractions, in order to perform com-
prehensive CRD of cow’s milk allergy. Obtained results
were confirmed by the performance of classical ELISA
for specific IgE antibodies using commercial kits [36].

One of the main advantages of the described CRD
procedure is the use of MALDI-MS as a detection

method. It allowed the CRD performance not only with
individual purified allergens, but also the direct imple-
mentation of food extracts. Such approach for allergy
diagnosis opens the possibility of the allergen mass/
structure characterization leading to the identification
of the allergies to rare (e.g., bovine IgG antibodies in the
case of cow’s milk allergy [s5]) or unknown allergens. It is
an important characteristic, as unexpected or rare aller-
gens are normally disregarded by most of the CRD tech-
niques, both commercial and under laboratory develop-
ment. These diagnostic procedures employ only purified
recombinant allergens from a standard list, defined for
every type of the food allergy [56]. On the one hand,
the application of recombinant allergens removes the
necessity of laborious food extract preparation, unifies
the experimental workflow and decreases the chances to
miss some of the allergenic molecules due to their low
expression in a given type of allergen source [57]. But
on the other hand, if the patient possesses an allergy
to a compound, which is not in the standard list and,
therefore, cannot be detected, CRD will provide a false
negative result. To avoid such situations of the failure
in allergy diagnosis, especially in complicated clinical
cases, it is necessary to use the food extracts along with
the recombinant allergens, as was already proposed for
the CRD of the allergy to kiwifruit [48]. Meanwhile,
the application of MS-based techniques, like described
IACE-UV/MALDI-MS analysis, will help to reveal
the mass and the structure of the new allergens within
such diagnostic procedures. Another possibility is to
constantly update the diagnostic list of allergens with
the newly discovered sensitizers. However, it requires
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Figure 4. The general experimental workflow for the allergy component-resolved diagnostics by IACE-UV/MALDI-MS analysis.

(A) Total IgE quantification in the blood serum of the milk allergic patient by IACE-UV analysis; (B) IgE antibodies extraction using
IACE protocol and further IgE antibodies fixation on magnetic beads surface by cross-linking reaction; (C) CRD of cow’s milk allergy by
IACE analysis with UV and MALDI-MS detection using magnetic beads with cross-linked immunocomplex.

IACE: Immunoaffinity capillary electrophoresis.

Reproduced with permission from [36] © American Chemical Society (2014).

the production of these new allergens in a recombinant
form for further application in CRD.

Allergen detection

Despite the optimistic results of many clinical trials
involving various types of immunotherapy against var-
ious allergies, there is still a lot of work to be done for
obtaining a well-established, effective and long-termed
allergy cure [59]. Early recognition, symptomatic treat-
ment and avoidance of allergen sources are currently
the main standard measures to be taken against aller-
gies [2.60]. To simplify the avoidance of offending aller-
gens, many food manufacturers fabricate nowadays
hypoallergenic products containing either no allergen
at all, like gluten- or diary-free foodstuffs, or contain-
ing processed allergens. Food processing for reduc-
ing its allergenicity can be performed via heat or high
pressure treatment, enzymatic hydrolysis and glyca-
tion reactions [61]. Hypoallergenic formulas based on
hydrolyzed milk proteins for infants with cow’s milk
allergy are commercially available since 1985. Recent
laboratory studies have shown potential hypoaller-
genicity of peanut-polyphenol edible matrix [62] and
cashew allergens treated with sodium sulfite in a
temperature-dependent manner [63].

However, allergen avoidance, particularly in case
of food allergies and commercially prepared food, is
difficult to be completely accomplished: 40-100%
of deaths due to food anaphylaxis arise from the
consumption of meals, which were prepared away from

home [60]. Therefore, a strict control of the allergen
content in alimentary products and proper labeling
should be constantly provided together with respective
legal regulation [64]. Especially, it concerns industrial
food products with unexpected allergen cross-con-
tamination, for instance, by wash waters in vegetable
processing industry [65]. Or it can be a planned aller-
gen addition, which is not obvious for the consumers,
like the supplementation of milk and egg proteins as
fining reagents in white wines [66,67] and lysozyme
as a microbial stabilizing component for all types of
wine [68]. To realize a proper food quality control and
labeling, efficient and sensitive analytical techniques
are required for the detection of known and new aller-
gens in various matrices. Allergen quantification in a
sample is also very important as its dose defines the
severity of allergic reactions in the affected person [41].
Most commonly used techniques for quantitative aller-
gen detection in various food products are summarized
schematically in Figure 5 and discussed in detail below.

Immunoassays

Immunoassays are one of the most popular methods
of the quantitative allergen detection due to their
high sensitivity, specificity and versatility [69.70]. The
typical method of choice is a direct or indirect for-
mat of classical sandwich ELISA using either patient
blood serum with specific IgE antibodies or par-
ticular allergen-specific IgG antibodies [2.69.71-73].
Primary antibodies for the allergen recognition are
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Allergen
detection

LC-MS and CE-MS: Intact
allergens, peptide markers

Figure 5. Main analytical techniques used for the allergen detection and quantification in food products.

often specially produced against the allergen extract
from the target food product, as it was reported
recently for analysis of hazelnut allergens in choco-
late [(70] and casein detection in white wines [74].
ELISA directly assesses the quantity of the allergen in
the sample with a low-cost set-up, within a moderate
experimental time and is commercially available as
ready-to-use kits for various allergens [72,75-76]. It can
be also implemented for the analysis of air samples,
contaminated with aerosolized food allergens dur-
ing food manufacturing, as was demonstrated on the
example of tropomyosin detection in crab processing
facilities [77]. However, this technique provides a sig-
nificant rate of false positive results due to antibod-
ies cross-reactivity. It is also prone to false negative
results due to conformational changes of allergens
and epitope alteration, and, hence, the data obtained
by ELISA should be verified by other methods [72.78].

DNA-based methods

An attractive alternative to ELISA is the DNA-based
methods involving PCR, where ¢cDNA of an aller-
genic molecule is targeted and amplified by DNA-
polymerase for further allergen detection and quan-
titation [2,69.73]. As DNA is stable against thermal
treatment, hydrolysis and pH alteration, often occur-
ring during industrial food processing, it is an ideal
target for the specific allergen detection with low risk
of cross-reactivity phenomena [78]. Moreover, PCR-
based experiments are fast, simple to conduct and to
integrate into routine analysis [75]. Recent examples of
real-time PRC application were reported for the detec-
tion of hazelnut [71], pistachios [79], sesame [80], fish [75],
almonds (78] and mustard [76] allergens in commercial
food products. Meanwhile, microarrays and micro-
chips for cDNA detection [81] are less common than
protein-based ones, but commercial PCR kits are also
available on the market [69.75]. However, despite all the
advantages, DNA-based techniques do not detect the
allergen molecules themselves and do not access the

real allergen concentration in the samples (73]. There-
fore, they are not recommended for the proper risk
assessment and management [2].

Separation techniques & MS

Direct allergen detection and quantification are
often realized by separation techniques such as
LC [s2,83] and CE [84] with UV [85-88] or fluorescence
detection [89,90]. The utilization of such detectors
suffers from false positive results due to the potential
coelution of other compounds present in the sam-
ple matrix. To avoid this negative effect, separation
techniques are typically coupled with MS for unam-
biguous allergen detection [2,83-84]. In this case, one
possibility is to perform the direct MS detection
of the allergen molecule itself, as it was realized by
ultra-performance LC-MS [91] and TACE-MALDI-
MS [92] for the quantification of milk whey aller-
gens. Another approach, which is typically applied
for LC-MS/MS, is based on the detection of target
characteristic peptides from the allergenic molecule
and not the entire allergen (Figure 6) [71].

To choose such target peptides, in other words,
allergen markers, preliminary untargeted MS anal-
ysis is performed using the allergen protein extract
from the target food product (93). This protein extract
is enzymatically digested and analyzed by LC-MS/
MS for the identification of allergen peptide mark-
ers. Careful choice of the standard peptides from
the obtained data should be based on few consider-
ations: these peptides should be a representative and
abundant product of the target allergen digestion
and should be stable to various industrial treatment
procedures (heating, hydrolysis, etc.) [94]. Once the

proper selection of peptide markers is done for every

c¢DNA: Double-stranded complementary DNA synthetized
from a messenger RNA template in a reaction catalyzed by
the reverse transcriptase.
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Figure 6. The allergen quantification in food products
using allergen peptide markers.
Reproduced with permission from [57] © Elsevier (2013).

chosen allergen, it is possible to perform the multial-
lergen quantification in the protein extract from food
products of interest. The standard procedure for
such analysis is illustrated in Figure 6 [66.95]. Prepared
food extract is submitted to a tryptic digestion in
bulk solution or in-gel format, which benefits from
the additional reduction of the sample complexity
due to in-gel electrophoretic separation [96]. Then,
the obtained digest is analyzed by LC-MS/MS
with selective reaction monitoring or multiple reac-
tion monitoring mode of detection [57.69]. Before
the LC-MS/MS run, the standard peptide(s) can
be added for further relative quantification, but it
is not obligatory, as the quantification can be also
done based on the absolute peak intensities of the
target peptide markers [72,93]. Peptide tagging meth-
ods, such as isobaric tagging for relative and abso-
lute quantification and isotopically labeled internal
standards are also employed during allergen analy-
sis by LC-MS/MS [73]. The sensitivity reached for
various alimentary products is normally in the low
ppm range [69.94.97]. For instance, LC-MS/MS was
recently reported for the quantification of hazelnut
allergens in chocolate [71], egg allergens in wine [66]

and incurred pasta [72], or egg, soy and milk allergens
in cookies [93].

Allergenomics & new allergen discovery
Separation techniques with MS detection are attractive
not only because of the direct allergen identification
and quantification with high sensitivity, accuracy and
specificity, but also due to the possibility of the aller-
gen structural characterization and new allergen dis-
covery [41,69.8497). Exact allergen structure and amino
acid sequence are defined by means of bottom-up pro-
teomics [94], called in this case allergenomics [98]. Allerge-
nomic data are crucial for the mapping of epitopes,
which positioning in the molecule defines the structure
of allergen-based vaccines for the immunotherapy [97.99],
the antigens for CRD and allows the cross-reactivity
syndrome prediction [7.57]. Moreover, proteomics of pro-
cessed allergens provides important information about
changes in the allergens structure and, consequently,
allergenicity upon food processing during either indus-
trial production or cooking at home. Such allergenomic
studies were recently presented for the heat processing
influence on the allergens in black tiger prawns [100] and
peanuts [101].

Standard allergenomic experiment for the allergen
discovery/identification and characterization (Figure 7)
involves the preparation of the allergen protein extract,
its separation by two-dimensional gel electrophoresis
(2-DGE) and detection of the IgE antibodies-binding
spots on the gel by immunoblotting. Identified spots with
allergens are further subjected to in-gel tryptic digestion.
Resulted peptides are extracted from the gel and submit-
ted to MS [98,102] or LC-MS/MS [103,104] analysis followed
by database search [4157]. Prior to 2-DGE the allergen
extract can be processed by reverse-phase LC [103-105],
size-exclusion and hydrophobic interaction chroma-
tography [106], combination of anion-exchange, cation-
exchange chromatography and reverse-phase LC [94,107].
The discovery and characterization of new allergens were
recently reported for rice [108], clementine [109], kiwi (s8],
Nile perch and cod fish [110].

After the discovery of new putative allergens by allerge-
nomics, it is still necessary to check the level of their
allergenicity, as these allergens can bind to patient IgE
antibodies without causing the cross-linking of FceRI
receptors on the mast cells, in other words, without mast
cell activation and, hence, allergic reaction initiation (57].
Such allergenicity verification and tests for the confirma-
tion of new allergen status can be conducted 7z vivo by
SPT [108] or 7n vitro by basophil activation test [100,108] and
cultured mast cells activation test [111].

Despite all the advantages of MS-based methods for
allergen identification and quantification, they are still
prone to erroneous results. It happens due to the reduced
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extractability of the analyte from complex matrices,
alteration of the allergen biomarker structure during
food processing, which results in the mass shift, poor
ionization or reduced allergen proteolysis [2]. Another
problem, arising from the high detection sensitivity of
MS techniques, is a masking of the signals from low-
abundant allergens by external contaminants, for exam-
ple, keratin presented in the skin cells and, hence, on the
researcher hands and even exhaled breath [41]. This issue
especially concerns the identification of new allergens,
which are expected to be low-abundant proteins, as most
of the highly-abundant allergenic molecules are already
known (350 proteins according to the IUIS Allergen
Nomenclature SubCommittee) [94].

Moreover, discovery of new allergens using bottom-
up proteomic approach is limited by the quality of exist-
ing databases and by the potential absence of the con-
sidered unknown protein sequence there [41]. In such
cases, de novo sequencing of tryptic digest components
can be performed, for instance, for new isoforms of fish
allergens [112]. This methodology predicts full or partial
peptide sequence and strongly depends on the quality of
obtained MS/MS results [113]. At the same time, the dis-
crimination between amino acids with identical masses
(leucine and isoleucine, lysine and glutamine) remains
problematic as well. Amino acid derivatization followed
by its MS/MS fragmentation is proposed to overcome
this limitation [114].

The described weaknesses of allergenomic strate-
gies for new allergen identification lead to the necessity
in the application of DNA-based techniques [115] or in
Edman degradation performance for peptide sequenc-
ing [4158,116,117118]. It insures unequivocal identification
of amino acid order in the peptide starting from the
N-terminal residue and is typically realized in parallel
with de novo sequencing (82-84].

Potentially, the dynamic combination of MS, DNA-
based methodologies and Edman degradation should
be an ideal strategy for the discovery of new allergens.
In general, the significant amelioration in this field can
be achieved only, when all the steps involved in aller-
gen identification (extraction, separation, detection of
IgE-binging components, MS/MS analysis or Edman
degradation sequencing, data treatment, allergenicity
verification) are constantly improved. So far, there are
no allergenic sources with a complete allergen profile (41].
Constant enhancement of the existing technologies and
development of the new ones are necessary for shifting
the research from already well-characterized abundant
allergens to the still unknown low-abundant ones. In this
case, new efficient extraction procedures [107], techniques
for the depletion of high-abundant allergens [119] and
allergen proteome mining with combinatorial peptide
ligand libraries [120,121] could help to find, characterize

Protein extraction =

Immunoblot with sera from
allergic patients

Merge with total protein
pattern and select spots
of interest

Isoelectric focusing

Co
‘;‘{_FJ

Mass spectrometry m4
m2

In-gel digestion

Protein database
searches

Figure 7. Typical allergenomic procedure for the
allergen discovery/identification and characterization.
PAGE: Polyacrylamide gel electrophoresis; SDS: Sodium
dodecyl sulfate.

Reproduced with permission from [57] © Elsevier (2013).

and integrate into the allergy diagnostics the new aller-
gens with low extractability and/or low abundance in the
allergen sources.

Conclusion

As one of the emerging health problems, especially in
pediatrics, allergy requires constant improvement in the
speed and quality of its diagnostic tools. Currently, /7
vivo tests keep being the golden standard for the allergy
diagnosis. However, in vitro diagnostic techniques, such
as basophil activation tests and various immunoassays,
also remain important, as they provide in a safe manner
the quantitative information, necessary for the disease
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monitoring and allergy resolution prediction. The cor-
rect implementation of these results to the clinical prac-
tice allows the planning of allergy treatment, which
nowadays is mainly based on the immunotherapy using
recombinant allergens.

Meanwhile, as the main precaution measure the aller-
gic persons should avoid the allergen sources and con-
sume preferably hypoallergenic food products. For this
purpose, the food manufacturers should constantly pro-
vide strict allergen content control in alimentary products
and proper foodstuff labeling. ELISA, real-time PCR and
LC-MS/MS are currently the methods of choice for pre-
cise and sensitive allergen detection in the food products.
MS-based techniques for allergen proteomics also reveal
the crucial information about allergen structure, used for
development of CRD and immunotherapeutic vaccines,
cross-reactivity syndrome studies, recombinant allergen
production. Moreover, together with the chemical pep-
tide sequencing by the Edman degradation, allergenomic
methods are nowadays the only effective tools for the
discovery and characterization of new allergens.

Future perspective

All allergy-related scientific fields are evolving very fast in
order to solve the main issues associated with this disease.
The common efforts of medical doctors and scientists
already have provided a significant success in the field of
allergy treatment and have brought the immunotherapy

to a new level of efficiency with good quality vaccines.
The improvement in the interpretation of i vitro diag-
nostic results, obtained by CRD, will also significantly
help with the correct development of efficient allergy
treatment. The technical progress of CRD itself as a
diagnostic procedure, will be related with closer interac-
tion or even integration of MS techniques with diagnos-
tic methodologies for detection purposes. The authors
believe that in future allergenomic techniques will trans-
form into the effective approach for personalized allergy
diagnosis and individual allergen profiling, also remain-
ing the main instrument for new allergen discovery.
Meanwhile, the advancement in this domain, as well as
in the field of sensitive allergen detection for food quality
control, will strongly depend on the sample pretreatment
approaches, aimed to extract and purify trace amount
of allergens prior to their identification, characterization
and quantification.
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Executive summary

Allergy & allergens: general information

Allergy diagnosis

Allergen detection

Allergenomics & new allergen discovery

results verification by peptide chemical sequencing.

e Allergy in general and food allergies in particular constantly remain an emerging health problem requiring
efficient bioanalytical tools for their diagnosis, treatment development and prevention.

e Both in vivo and in vitro analytical procedures including MS-based techniques are required for comprehensive
allergy diagnosis, disease evaluation monitoring and treatment prescription.

e The permanent technical improvement in the sensitivity and experimental speed of the allergen detection
methods is very important for the successful control of allergen content in various food products aiming
proper foodstuff labeling and assurance of consumer’s safety.

e Various allergenomic techniques are currently the most popular methods for new allergen discovery and
characterization, however, requiring the development of more efficient sample preparation procedures and
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