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ASLULaul

Food allergy is reported as the commonest adveraetion to food components, whose
prevalence has increased in recent years. As feomlance is mainly in practice the only
way to prevent hypersensitive consumers from imggstllergenic substances, it is
imperative to provide complete and accurate infaioneon food ingredients. In this scenario,
there is a need for precise, fast and cost-effectiethods for the high-throughput screening
of specific allergen content in food products. Tiwsrk reviews recent approaches, existing
kits for food-borne allergen detection and cuttetge applications by focusing on the
sensitivity, selectivity and applicability of cumemethods in food samples. In addition, the
advantages, benefits and limitations of each agpr@ae discussed to establish the most
suitable methods and which challenges are to beeased in forthcoming years from an

analytical viewpoint.

Keywords

Food-borne allergens, bioanalytical methods, imnassay, nucleic-acid detection,
biosensors
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Anomalous reactions that derive from food ingestwa often defined as “adverse reactions
to food”. They are classified by the European Acageof Allergology and Clinical
Immunology based on the responsive pathogenic mexhaas toxic and non-toxic
reactions.[1] Toxic reactins result from a primdrgrmful effect that food has on all the
individuals who intake it. Non-toxic reactions dagdeon individual susceptibility, are not
commonly dose-related, and are subdivided into imotagical (food allergy) and non-

immunological (food intolerance).[£3]

Food allergy is an adverse immune-mediated respahae occurs reproducibly upon
exposure to a given food, component or ingrediEiné immune response is classified as IgE-
mediated, non-IgE-mediated, or a mixture of boge-imediated food allergy is based on the
interaction of allergenic proteins with specifi€kylinked with mast cells/basophils present in
the gut. Conversely, non-IgE-mediated food alleisggoverned mainly by T-cell-mediated
processes and antibody isotopes that differ from, Ige. 19G, IgM and IgA.[4] Food
intolerances are adverse reactions to food thatadanvolve the immune system. They are
often related to enzymatic defects, such as laciosgerance due tdg3-galactosidase
deficiency, or to the presence of vaso-active plhaotogical substances, such as histamine

that provokes similar symptoms to those of an gibereaction.[5]

When an adverse reaction to food is suspectedhiaatlhistory must be taken to establish the
pathogenic nature of the disease. Only having raledood toxicity and intolerance does the
patient undergo specific allergology tests, of whgkin Prick tests (SPT) are the most widely
used as a cost-effective method that provides inmtedesults. However, they are usually
related to false-positive results due to crosstiate[3][6] Hence the Double Blind Placebo
Controlled Food Challenge (DBPCFC) appears a mocerate alternative, which involves
the prolonged ingestion of increasing amounts tifeeithe suspected allergen or a placebo
while monitoring symptoms.[7] Besidés, vitro tests for the specific detection of IgE levels
have gained more attention in the last few yeacailrse they non-invasively provide sensitive

results to complement the clinical information timavivo tests provide.[8]

While awaiting a remedy or effective treatment flood allergy, sensitive consumers must
rely on allergen-suspicious food avoidance, whickes complete and accurate information
of ingredients on food labels imperative. Indeedintdes and international bodies are
collaborating to enact laws, regulations and stedsdfor food allergen labelling, and have

implemented requirements to identify the offendaligrgen in packaged food products. To
4
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agencies have recognised the need to focus alkkagetiing regulations on a limited set of
“priority allergens”. Some differences in regulasoin the number of foods designated as
allergens appear worldwide. In Europe, labellingutation Directive 2000/13/EC and further
amendments (in 2007/68/EC) include the major e@jlergens originally recommended by
Codex Alimentarius, namely: milk, egg, peanut, tre#s, soya bean, cereal-containing
gluten, fish and crustacean shellfish, as well @lgerg, mustard, sesame seed, lupine and
molluscs.[9] Currently, there are 10 regions inwweld that share between five and fourteen
allergens on their regulation lists (Table 1). ]

Besides, no regulatory threshold exists for alleigecontents in food samples. This is
partially explained by the limited availability ofinical data from DBPCFC tests and because
standardised protocols for diagnostic purposedaaieng.[9] For instance, the International
Codex Alimentarius Standard states that food sasnpith gluten levels below 20 mg/kg, and
from 20 to 100 mg/kg, should be labelled as “gldre®” and “very low gluten”,
respectively.[12] Japan is the only jurisdictionitave adopted regulatory thresholds of 10
mg/kg (ppm) of soluble protein. In Australia, thédetgen Bureau (a food industry initiative)
has proposed a standardised allergen risk assesgomn(Voluntary Incidental Trace
Allergen Labelling), but it unfortunately lacks kdgrelevance.[9] Therefore, organisations
like the WHO, FDA and CFIA are collaborating in teandardisation of allergen detection

methods, threshold values and food-labelling reoments.

By taking into account the exposed clinical andilesgenario, it is intuitive that precise, cost-
effective and fast analytical methods are requifed the high-throughput screening of

specific allergen contents in commercial food pidu
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Food Major allergenic Type of Symptoms Labelling Ref.
protein Immune
response
Cow's Bos d 4; Bos d 5; Bog Mixed and | Hives; wheezing] EU, CH, [13]
Milk d8 non-IgE itching; USA, CAN,
mediated abdominal pain] AUS
diarrhoea; vomiting
Egg Gald 1; Gal d 2; Gal | Mixed and | Hives; nasal EU, CH, [14]
d3; Gald 4; Gald 5 | non-IgE congestion; USA, CAN,
mediated coughing; vomiting] AUS
abdominal pain
wheezing
Crustacean Penal IgE- Hives; itching;| EU, CH, [15]
mediated swelling; USA, CAN,
nasal congestion;AUS
vomiting; abdomina
pain; diarrhoea
dizziness
Fish Lep w 1; Pon 1 4; PonIgE- Hives; swelling of| EU, CH, [16]
17;Sebm1; Xip g 1| mediated lips; itching; throat USA, CAN,
tightening; AUS
vomiting; abdomina
pain, diarrhoea
Peanut Ara hl; Ara h2; Ara | IgE- Hives; itching;| EU, CH, [17]
h3; Ara h 4-9 mediated | swelling; USA, CAN,
Vomiting; abdominal AUS
pain; diarrhoea
nausea
Tree nuts
Coral; Cora?2; Cor
Hazelnut| a 8; Cor a 9; Cor a 11j;
Cora 12; Cor a 13;
Coral4
Brazil Bere 1;Bere 2
nut
Cashew | Anao 1; Anao 2; Ana . -
Abdominal pain;
03 IgE- difficulty swallowing; EU, CH,
Almond | Pru du 3; Pru du 4; mediated | itching diarrhoeé USA, CAN, | [18]
Prudu 5; Prudu 6 nasal éongestion AUS
Walnut | Jugn 1; Jugn 2; Jugn
(Black) |4
Walnut | Jugr 1-6
(English)
Pecan Caril; Cari2; Cari
4
Pistachio| Pis v 1; Pis v 2; Pis v
3; Pisv4;Pisv5
Soya bean| Gly m Bd 30K; Gly m| Mixed and | Hives; abdominal EU, CH, [19]
Bd 60K;Gly m Bd non-IgE pain; difficulty | USA, CAN,
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vomiting; diarrhoea
Wheat Tria 12; Tri a 14; Tri | Mixed and | Swelling; itching;| EU, CH, [20]
a 18; non-IgE hives; USA, CAN,
Tria 25 mediated | wheezing; nasal AUS
congestion;  nausea,;
vomiting; diarrhoea
anaphylaxis
Gluten Tria26 & Tria 36; | IgE- Abdominal pain;| EU, CH, [20]
Trial9 & Tria 20 mediated | diarrhoea,; USA, CAN,
nausea; headacheAUS
brain fog
Sesame Sesi3;Sesi2 IgE- Urticaria; abdominal EU, [21]
mediated pain; CAN, AUS
Diarrhoea; vomiting
Mustard Sina 1; Sin a 2; Sin algE- Urticaria,; itching;| EU, CAN [22]
3;Sina4 mediated | swelling (face/throat)
abdominal pain
nausea; vomiting;
severe asthma
Sulphites | E220 — E228 Mixed and Dermatitis; urticaria; | EU, CAN, [23]
non-IgE flushing; hypotension] AUS
mediated abdominal pain;
diarrhoea
Lupin Lup-1; Lup-2; Lupin | IgE- Urticaria; itching; EU, AUS [24]
PR-10 protein mediated swelling (face/throat);
Celery Apig 1; Apig 2; Api | IgE- abdominal pain; EU [25]
g3;Apig4; Apig5 | mediated nausea; vomiting;
severe asthma

EU: European Union; CH: China; USA, United StatéAmerica; CAN: Canada; AUS: Australia

The aim of this review is to critically analyse ttm®st recent approaches developed for food-
borne allergen detection purposes by consideriniunoanalytical, mass-spectrometry,
nucleic-acid-based methods and bioseng&igure 1). Special attention is paid to the
achieved sensitivity and the practicability of segthen evaluating commercial food samples.
In addition, a glance at the commercially availahte for food allergen detection is made to
attain a complete evaluation of the technologystat
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Figure 1. Outline of the current methods to analysdood-borne allergen detections.
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1

Immunoassays are subclassified into enzyme-linkedunosorbent assay (ELISA), Western
blot (WB) and lateral flow assay (LFIA). Nucleiciddbased methods are subdivided into
end-point PCR, multiplex ligation-dependent probgphlfication (MLPA), quantitative PCR
(qPCR), digital droplet PCR (ddPCR) and loop-mestiatsothermal amplification (LAMP).
Biosensors are classified according to the sigmainstluction mode into optical,

electrochemical and magnetic.

2. Methods of food analysis

2.1. Immunoanalytical methods

Immunoanalytical methods rely on using specific amgh-affinity antibodies for the
detection of protein/peptide biomarkers that inthahe presence of allergenic ingredients in
food samples. Antibodies can be either polyclomainonoclonal, depending on their ability
to bind more than one epitope. The former are atreapd faster to produce, but are more
prone to batch-to-batch variability. The latteryade higher consistency among experiments,
but take longer to develop. The selection of onetber type very much depends on the
desired assay format, and monoclonal antibodiesfaea used in competitive assays, with a

combination of polyclonal and monoclonal antibodiessandwich-based assays.[P51]
8
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food-borne allergen detection, such as single-donaaitibodies, and provide analytical
methods with improved properties. They are als@eveed in this section.

The most frequently used techniques to detect iprotdlergens are enzyme-linked
immunosorbent assay (ELISA), which is the tradiiiomethod, Western blot and lateral flow
immunoassay (LFIA). In this section, the most recapproaches for food-borne allergen

detection in each method are discussed.

2.1.1. ELISA
2.1.1.1. Sandwich ELISA

Of today's detection methods, ELISA is the most elydused platform and standard
method[28] for the detection of allergenic ingredgein different sample matrices in both
research and food manufacturing. The reason bethisl is its outstanding analytical
sensitivity and simplicity. The assay is based loa functionalization of a well plate with
capture reagents and the use of enzyme-labelledodigs as detector reagents. The most
widely used enzymes in ELISA are horseradish pease (HRP) and alkaline phosphatase
(ALP). ELISA’s operation is based on detecting emlohange when a dedicated substrate is
added that is catalysed by the enzyme.[29-31] Harmteur intensity can be easily related to
the concentration of the target analyte, whichgsally quantified by a spectrophotometer
developed to directly read the plate containingabsays developed in wells. Depending on
the properties of the target analyte, the food imaind the selected antibody, ELISA is
performed by the competitive or sandwich formaf.[32

In the sandwich ELISA, colour, fluorescence or lnesicence intensity are directly related to
the amount of target allergen present in the etddaéood sample. This method has been
applied to detect many different food-borne protdiargens in recent last years. For instance,
Penget al. developed a highly sensitive sandwich ELISA teedebvalbumin (OVA) related

to the egg allergen. Specificity studies were pemtd with 17 monoclonal antibodies
produced in different murine hybridomas. The corabon of anti-OVA mAb17 as a capture
antibody and anti-OVA mAb15-HRP as a detector aalyowas the most sensitive as it gave
a limit of detection (LOD) of 0.51 ng/mL in the eguatrix. This approach offered good
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including egg protein.[33]

Costa and co-workerdeveloped an indirect sandwich ELISA to detect lmagetraces in
chocolate. Rabbit polyclonal antibodies and mousaaulonal antibodies were raised against
the Cor a 9 hazelnut allergen, and were used aptare antibody and a primary antibody,
respectively. The evaluation of antibodies’ spediji was made by Western blot and LC-
MS/MS to confirm that the produced antibodies dad show any cross-reactivity with the
other components present in the sample. In ordevéocome the matrix effect and to avoid
non-specific interactions, samples were dilutedfd@-in blank sample and plates were
blocked with 2% milk powder. The system gave a L& a limit of quantitation (LOQ) of 1
mg/kg and 50 mg/kg in chocolate samples, respdgtiwghich well agreed with other

reported ELISA assays for hazelnut allergen deiagturposes.[34]

Kiyota and colleagues proposed combining monoclangéibodies (as capture reagents) and
polyclonal antibodies (as detector reagents) amnasitive strategy to detect the profilin (Cit s
2) allergen in Navel oranges and other citrus frigits noteworthy that the antibodies were
not raised against Cit s 2, but against its homgoddet v 2, which shares 75% similarity in
the amino acid sequence of Cit s 2. The reasothi®mwas the instability of Cit s 2 during the
antibodies’ purification process. Besides, thekatties raised against rBet v 2 showed strong
immunoreactivity with Cit s 2, which enabled higknsitivity (LOD of 1.81ug/g) for
detecting Cit s 2 in Navel oranges and other cinuis. These authors also confirmed 1.5-fold
higher concentrations of the allergen in pulp thanpeel, which is relevant in allergy

prevention terms.[35]

Sandwich ELISA has also been applied for multiplgxpurposes, e.g. by Schocledral,
who designed an assay for the Ara h2 and Ara hBytedlergens in human breast milk. Both
proteins belong to 2S albumins, have a 59% sequkac®logy and are relevant marker
allergens of peanut. The ELISA operation was basedsing mAbs and biotinylated pAbs as
the capture reagent and the detector reagent,atesglg. Signal amplification was achieved
by employing the poly HRP-streptavidin conjugatédiick binds to biotinylated pAbs. This
strategy gave a LOD of 1.3 ng/mL and 0.7 ng/mLAoa h 2 and Ara h 6, respectively, and
proved more sensitive than other reported appr@acime addition, the developed assay
showed no cross-reactivity when evaluating a compleast milk matrix, and proved to be a

reliable method for determining peanut allergeres samples.[36]

10
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enhancement strategy for detecting bovfhkactoglobulin in hydrolysed infant formulas.
mADbs and biotinylated pAbs were used as the camotdody and the detection antibody,
respectively. The detection mode was based onudbestcence quenching of thiolated CdTe
QDs by hydrogen peroxide §B,). With this approach, the authors accomplished-éold
higher sensitivity compared to the conventionaldsaoh ELISA based on HRP (0.49 ng/mL
and 7.81 ng/mL, respectively). In addition, a 1G20signal recovery was achieved when
challenging the assay with hydrolysed infant forangamples, which revealed a good
correlation with the results obtained by the HRBdmh conventional sELISA and a
commercial SELISA kit.[37]

2.1.1.2. Competitive ELISA

Contrary to sandwich ELISA, the signal intensityngeted in the competitive format is
inversely related to the amount of target allergegsent in the sample. In recent years, this
assay format has been preferred for detecting aefaod allergens. For instance, Castgio

al. developed an indirect competitive ELISA (icELIS#) quantify traces of-casein milk
allergen in raw and processed food. Two highly ggemonoclonal antibodies (1H3 and
6A12) were raised againgtcasein, from which 1H3 was selected as the mositeee, and a
LOD of 0.29 pg/mL was reported in raw and procedseds, with the most specific showing

no-cross-reactivity with the other proteins preserthe food matrix.[38]

Xi and colleagues developed an icELISA kit to detide Gly m Bd 28K protein which,
together with Gly m Bd 30K and Gly m Bd 60K, is thest frequent soya bean allergen in
infants and adults. A specific monoclonal antib@dys raised against the recombinant Gly m
Bd 28K protein, which gave a high-affinity constabetween 10 and 16* L/mol.
Interestingly, despite using the. colirexpressed recombinant Gly m Bd 28K protein to
perform the assay, the kit gave high sensitivitg aalectivity when detecting the native Gly
m Bd 28K content in several soya bean productsa @an seeds, soya bean protein isolate,
soya bean meal, tofu, soya milk, soya sauce, natthy and lobster sauce. In fact, the
obtained LOD (0.235 ug/L) was lower than othersorega to date, which do not fall within
the low ppb range.[39,40] Of all the tested soyanbproducts, soya milk, soya sauce, natto

and lobster sauce had unexpected lower allergegislemainly due to protein denaturation

11
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months when stored at 4°C.[41]

Karina and co-workers designed a competitive ELf8”the detection of soya traces in meat
products. In this case, the antigen was coatedth@mplate, a soya protein (SP)-specific rabbit
polyclonal antiserum was used as the primary adtikand alkaline phosphatase-conjugated
anti-lgG as the developing antibody. The obtain@DLand LOQ were 9.0 and 18.0 pg/mL,

respectively, when evaluating real meat productschvis higher than those obtained with a
commercial ELISA kit. Signal recoveries were lowkan expected when analysing model
systems of raw meat, which suggests that the agaayffected by the matrix effect. Despite
these issues, the developed kit's low price contpbtwethe commercial one, 0.6 dollars and

13.00 dollars, respectively, allows it to be usségreliminary screening method.[42]

To date, we have reviewed the latest allergen tdeteapproaches based on both competitive
and sandwich ELISAs. It is well-known that the ast@mat has a dramatic effect on the
detection method’s analytical capabilities, whickams that it is imperative to evaluate both
formats in the assay development phase and tot $bkoptimum one. Accordingly, Segura-
Gil et al.reported a comparative study between an indir@cipetitive and sandwich ELISA
for B-conglycinin soya allergen detection in processeadf The sandwich ELISA proved
more sensitive (LOD: 0.90 ng/mL; LOQ: 2.1 ng/mLpaththe indirect competitive format
(LOD: 30 ng/mL; LOQ: 70 ng/mL). The authors suggeéstt the higher analytical capabilities
of sandwich ELISA might be attributed to the usevad primary antibodies with specificity
to differentp-conglycinin epitopes.[43]

2.1.1.3. Commercial ELISA Kits

If we leave research approaches to one side, den@mramercial ELISA kits used for food
allergen detection purposes have been launcheleinast decade. R-Biopharm developed
ELISA kits for almost all commonly Ilabelled food leabens.[44] Of these,
RIDASCREEN®FAST Crustaceand RIDASCREEN®FAST Peanshould be highlighted.
The former is a sandwich ELISA kit for tropomyosiltergen detection in raw or cooked food
that employs an extraction buffer. This kit prowde LOD and a LOQ within the low ppm
range (2 and 20 mg/kg, respectively), but showssreactivity with mustard, curcuma,

beans, mussels and arthropods.[45] The latterpsoapd by the AOAC Performance Tested

12
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standard for its intended use.[46] The kit enabilesdetection of peanut allergen Ara h 1 and
Ara h 2 at a concentration as low as 0.03 mg/Kgeianut butter. It also shows cross-reactivity

to green pea, lentils, wheat semolina and fenugegk

The Morinaga Institute of Biological Science [48lfess ELISA kits for several food
allergens, which enable effective protein solubtisn and extraction in processed and
unprocessed foods by using an innovative non-texitaction buffer. The extraction solution
enables higher recovery rates that permit the udsenmll sample volumes (0.1 mL).
Interestingly, the assay format is based on sardviitISA and employs polyclonal
antibodies. Besides, this configuration enables E@D 0.31 pg/mL for egg-lactoglobulin,
casein, wheat, buckwheat, peanut, soya and crasta®e26 pg/mL for gluten; 0.16 pg/mL
for hazelnut. This kit's lot-to-lot reproducibilig noteworthy (C.\< 10%).

Eurofins Technologies also developed ELISA kitsdthcommon food allergens, with proven
outstanding sensitivities f@lactoglobulin (LOD 1.5 ng/mL), tropomyosin (LOD71ng/mL)
and ovalbumin (LOD 4 ng/mL), which are not so gdodgluten (LOD 3 pg/mL), hazelnut
(LOD 0.3 pg/mL) and almond (LOD 0.2 pg/mL). Conwdysto the kits developed by other
companies, Eurofins only declares cross-reactiatizwe’s (sheep’s) milk (< 0.2%), Goat’s
milk (< 0.002%) and Casein (< 0.02%) in the boidactoglobulin kit.[49]

Currently, there are several more commercially latsée ELISA kits available to determine
food allergens that offer similar analytical penf@ance in terms of sensitivity, selectivity,
reproducibility, total assay time, etc., such assth marketed by Neogen, Zeulab and
CristalChem.[50-52]

2.1.2. Western blot

Western blot is an analytical method that combiS8&S-PAGE electrophoresis for protein
allergen separation (based on molecular masspwell by immunoassay on a membrane
support for allergen detection. Despite its lowssvity compared to ELISA, Western blot is
interesting for food allergen detection becauggihs insight into the protein/peptide profile
of differently processed foods. This is useful, e one hand, for designing optimum
antibodies based on the antigenic fragments presdteit food processing and, on the other
hand, for distinguishing the allergen of interesini protein inhibitors that might lead to

false-positive results in ELISA assays. Panda alieagues developed a Western blot assay

13
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2D4, MIoBS, and Skerritt) from nine commercial gatELISA test kits. These authors
analysed 59 fermented-hydrolysed foods from fowdfgroups (beer, soya-based sauces,
vinegar, and sourdough bread) and classified thetm ¢lusters based on differences in
proteolytic fermentation processes. The assay prdvighly specific, but unsuitable for
allergen quantification. So this analysis methodusth be combined with ELISA for proper
allergen quantification when following appropriatdibration standards.[53]

2.1.3. Lateral Flow immunoassay

As globally standardized allergen labelling ledgisia is lacking, faster and simpler detection
methods are required for improved cost-effectivengsortability and ease-of-use.[54]
Accordingly, lateral flow immunoassay (LFIA) is anple and cost-effective platform that
has been applied in the past decade for the ordsteErmination of food allergens.[95p]
Most LFIA approaches for food allergen detectionvéhabeen based on using gold
nanoparticles (AuNPs) for their simple synthesisl atraightforward bioconjugation. For
instance, Masiret al. developed a panel of AuNPs-based LFIA tests tedaieatllergens in
almond milk, cashew milk, coconut milk, hazelnutkrand soya milk. Both sandwich and
competitive formats were evaluated, and the coripetone was more sensitive. However,
the authors suggested that the sandwich assay beuldeful for analyzing samples with high
concentrations of the target analyte because thegupe false-negative results in the
competitive assay. Semi-quantification can be paréal when pairing strips with a dedicated
lateral flow reader. Besides, the assay was alfletiect as low as 1 pg/mL of protein allergen
in 25 minutes.[57]

Anfossi and co-workers took advantage of colorimetanoparticles with different surface
plasmon resonance peaks to develop a multiplex LiBtAcasein, ovalbumin and hazelnut
allergenic proteins in commercial biscuits. The tipléxing strategy was based on using
three test lines, each one representative of deegah, and by using AgNPs, spherical and
desert-rose AuNPs, which provided a yellow mageytn (YMC) colour codd€Fig. 2 A).
The visual LOD was estimated to be 0.1 pg/mL, wisctomparable to that reported by other
LFIAs for detecting single allergens.[58]

In recent years, the use of novel nanomaterialsnfwove signal transduction has enabled
sensitivity enhancement in LFIA together with thesgbility of performing simple

multiplexing.[59-61] For instance, quantum dots Eprovide outstanding fluorescence
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competitive QDs-based LFIA to detect major crustacellergen tropomyosin (TM) in real
food samples. CdSe/ZnS core-shell QDs were corgdgdab TM-specific polyclonal
antibodies and used as detector reag@its 2 B). Moreover, assay optimisations, such as
the TM concentration in test lines or the additadrtween-20 to test lines in order to avoid
false-positive results proved effective to obtaighhsensitivities. LODs were 0.5 pug/mL for
visual detection and 0.05 pg/mL for the instrumanalysis, and showed consistency with
ELISA. The developed LFIA evidenced applicabilitthen evaluating commercial food
samples and showed consistency with ingrediers, lestcept for shrimp sauce, for which the
unexpected negative result could be related to €Nhtlration during food processing.[62]
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Figure 2. Lateral flow immunoassay approaches fordod-borne allergen detection. (A)
Multiplex LFIA based on AgNPs, spherical and desese AuNPsfor the simultaneous
detection of casein, ovalbumin and hazelnut alleEgeroteins in commercial biscuitéB)
Fluorescent LFIA based on CdSe/ZnS core-shell Q@stlie detection of tropomyosin
allergen in fish-containing food samples. Adaptdthwhe permission of ref. 48, Copyright
2019 Elsevier(C) Sensitivity enhancement approach in LFIA basedepmymatic signal
amplification and magnetic focusing to detfatonglutin in lupin-containing food samples.
Adapted with the permission of ref. 49, Copyrighii& Elsevier.
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detection in lupin-containing food samples by camyy three strategies. Firstly, they used
highly specific aptamers instead of antibodies bseathey lack immunogenicity and are
stabler. Secondly, they performed enzyme-basedsanplification by loading R©,@Au
core-shell nanoparticles with HRP. Thirdly, theykgd a magnetic concentration to test lines
using an external magnetic field to enhance theraction betweefi-conglutin and capture
aptamergFig. 2 C). The combination of these three strategies gavaugstanding LOD of 8
fM when a smartphone camera was used coupled tgeinamalysis software. Magnetic
focusing had the strongest impact on assay sehgitas the achieved LOD was 1,000-fold
lower than that obtained by similar assays that mhd use the magnetic concentration.
Aptamers were also specific f@rconglutin, but not for its structural analogues, -, o-

conglutins).[63]

2.1.3.1. Commercial LFIA kits

Similarly to commercial ELISA kits, companies aféeang LFIA kits for all common food-
borne allergens. For instance, R-Biopharm develap®drimetric-based LFIA kits for the
qualitative determination of soya (Rida®Quick Sogajl gliadin (Rida®Quick Gliadin), and
the latter is an AACC- and AOAC-approved methodthBkits are based on the sandwich
format, but have some interesting differences. [atexal flow strip of Rida®Quick Soya does
not contain a conjugate pad. Otherwise the assagedure includes a step in which the
sample is mixed with the conjugate solution befareh Besides, Rida®Quick Gliadin has
the conjugate pad integrated into the lateral f&tmp, but two coloured labels are used; blue
for the control line and red for the test line. Baissays take some 25 minutes (it can take up
to 2 h depending on the extraction method) anceeatuated by the naked eye when one line
or two are present. The test line only appeardiefgen content surpasses threshold values,
which are 10 mg/kg and 6.3 mg/kg for the soya- ghden-containing processed food

samples, respectively.[6fG5]

Romerlabs developed AuNPs-based LFIA kits to dedficallergens that require labelling.
These kits enable the qualitative determinatioallgrgens in swab and processed foods in no
more than 11 minutes, with LODs falling within tleav ppm range. As the assay format is

non-competitive, the appearance of two lines indkdhe presence of allergens above the
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1 minute.[66]

Morinaga [67] also offered AUNPs-based LFIA kitsafi®d Test Pro Il) for egg, milk, wheat,
buckwheat and peanut detection in food-processetplsa. The assay takes 15 minutes,
without including the extraction procedure, whishthhe same as Food Allergen ELISA Kits
II. It is a sandwich assay in which red appear3linif more than 5 pg/mL of allergen are
present in food samples. Similarly, Zeulab [68] @leped a colorimetric-based LFIA for the
qualitative determination of milk, egg, gluten asaya allergens in just 10 minutes, with
LODs within the low ppm range. Neogen [69] offersaltitative LFIA tests using coloured
particles and the non-competitive assay formaetea the commonest food allergens in 5-10

minutes, with LODs within the low ppm range.

2.1.4. Nanobodies applied for allergen detection purposes

Nanobodies (also known as heavy chain-only antég)dnave attracted much interest in the
biomedical field since they were discovered in 1988garding their use as bioreceptors in
diagnostics, nanobodies offer advantages over ctiovel antibodies, such as smaller size,
higher stability, bigger and cheaper productiondgg70] Chen and colleagues developed
nanobodies for peanut allergen detection purposeghk first time. They constructed a
phage-displayed library by randomising the antigeming region of a highly stable VHH

backbone. The candidates against Ara h 3 allergere wolated, and Nb16 provided the
highest affinity (Kd of 400 nM). Work currently uadvay is to improve Nb16 affinity and to

evaluate its applicability for peanut allergen d&te purpose in food samples.[71]

Similarly, Garcia-Garciat al. ran a phage display strategy to isolate singleadorantibody
fragments (dAbs) against gluten. The ability of dAb detect gluten in wheat, barley, rye and
triticale samples was assessed by indirect phad8ALwhere clone dAb8E-phage was the
most specific. However, the LOD achieved (20 mgAkgs not better than that obtained by
other immunoassays, which limited its applicabiliyren evaluating commercial gluten-
containing products. Besides, the affinity of iseth clones can be further enhanced by

genetic engineering by means of phage display tdogg.[72]
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2.2. Mass spectrometry

Mass spectrometry (MS) has become an alternativartmunoassays for food-borne allergen
detection in the last decade for offering interegtadvantages from the analytical viewpoint.
For instance, immunoassays show little sensitivityen food allergens undergo harsh
processing or transformation (fermentation, aaidiiion, precipitation, etc.), which also
imply false-negative results. They also tend tovige false-positive results due to antibody
cross-reactivity with homologous proteins. It igeworthy that minor differences in sample
preparation or antibody composition can dramaicalffect assay repeatability, and
immunoassays rely on complex strategies for meltiplg purposes, although this aspect has
greatly improved in recent years. Indeed MS hasoovee these limitations because it does
not require antibodies, offers simple multiplexiagd is indifferent to denatured proteins,
although modified proteins do not often show allergffects.[73] However, MS relies on
expensive instrumentation and trained personnedréffbre, unlike LFIA that is performed

on-site, performing MS is restricted to specialikdubratories.

The MS technique consists in four stages; peptatget selection, peptide specificity
verification, running the targeted method and fadrgen quantification. The last step
includes several steps, such as the enzymatic tatigesf proteins, followed by HPLC
separation and MS analyses. Coupling MS with ligeidomatography has been the most
widely used method for food allergen detectionhe last decade, which is applied to detect
fish allergens,[74][75] sesame,[76] barley, coratsprice, rye and wheat.[77] Then, the triple
guadrupole (QQQ) and quadrupole ion trap (Q-ITjamys have drawn attention because they
enable food allergen quantification. Recently, savexcellent manuscripts that review the
latest MS-based approaches for food-borne alledgézction have been published.[78—-81]

2.3. Nucleic acid-based methods

These analytical methods rely on the detectionllefgen-coding genes. Despite being an
indirect detection method, it presents several lexteadvantages over the detection of the
allergen itself. On the first hand, DNA is muchbd¢éa than proteins, which are commonly
denatured if extreme conditions (temperature, Bgidetc.) are applied during food

processing. The consequent conformational changpratein epitopes aborts antibodies’

targeting, which leads to false-negative resultstli® second hand, DNA is also less affected
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mechanical forces. Therefore, nucleic acid-basddctien methods are compatible with a
wide range of allergen extraction protocols, and #aypically related to higher recovery

efficacies when challenged with commercial fooddoieis.[82]83]

2.3.1. End-point PCR

End-point PCR is the simplest and oldest way tdyaeaPCR products, which are usually
visualised by gel electrophoresis to determinertiséde and relative quantity.[84] This
technique is often applied for cloning, sequencgenotyping and sequence detection. In the
past few years, end-point PCR has been appliedlynf@mn multiplexing purposes to detect
food allergens. Multiplex PCR assay is based onguséeveral primer pairs that are specific to
multiple targets, and to enable their amplificatiora single reaction, which thus lowers assay
costs and time. However, differences in each targahplification efficiency and issues
related to primers competition mean that optimi$d@R conditions an essential requirement.

Suhet al. developed a PCR assay for the simultaneous datestitomato, apple, peach and
kiwi allergen-coding genes. Primers were desigrmedmplify products with no more than
200 bp as this enables assay applicability in mee@ foods where DNA is commonly
degraded to small fragments.[85] Moreover, the alimg conditions gave optimum
specificity and sensitivity when performed at 626€ 20s. Amplicons were analysed by gel
electrophoresis. The specificity assay evidencatghmer pairs exhibited no cross-reactivity
when evaluating 23 plant species. The sensitiagag revealed that multiplex PCR provides
a 10-fold lower LOD compared to single-analyte PGRreover, the LOD achieved when
testing DNA mixtures (0.08 ng) enables multiplexRPt© be applied to evaluate commercial

food samples.[86]

Alternatively, the same author proposed employiagiltary electrophoresis instead of gel
electrophoresis for evaluating amplicons after pldk PCR assays. The reason for this is
that capillary electrophoresis provides a highephation of separated DNA fragments and is
able to represent DNA concentrations in complextanes. Along these lines, the authors
applied this approach to simultaneously detectamoyosin allergens from oyster, mussel,
abalone and clam mollusc species. Specific primene designed to amplify tropomyosin-

coding genes and the 18s rRNA gene, which is usal@af eukaryote species and serves as a
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optimised, such as Taq DNA polymerase concentrait@mmd PCR buffer. The multiplex PCR
assay proved highly specific because no falsedipesiamplicons were produced when
evaluating non-target species. Besides, the adtisgasitivity (0.016 ng) is comparable to
that reported for similar detection methods. Ind@ngly, these authors performed two sample
pretreatments to enhance DNA recovery efficiencyenvtevaluating 19 commercially
available processed seafood products. Firstly, Eswere washed with water prior to DNA
extraction to remove any potential PCR inhibit@scondly, a double amount of lysis buffer
was used for target DNA extraction. The tropomyaaiergen was successfully detected in
seafood products, which proved the practicabilityhe developed multiplex PCR assay for
the simultaneous detection of allergenic mollusécsgs.[87]

To date, eight was the maximum number of allergmiirgy genes detected in a single
reaction.[39],[88] Cheng and co-workers recentlyaedeped a decaplex PCR assay, combined
with capillary electrophoresis, for the simultangaletection of 10 common food allergen-
coding genes from hazelnu€dr a 1), pistachio 2S albumi, oat @Avenir), sesame S
albumin), peanut Ara h 2, cashewAna 03, barley B1 hordein, wheat Gliadin), soya bean
(Gly m Bd28K and pecanl(1S-1 (Figure 3 A). The designed PCR primers had similar Tm
values and produced amplicons with lengths shditan 200 bp, which is recommended
when evaluating processed foods.[85] Interestintjlg,optimal annealing temperature for the
primers in the multiplex assay was sevé@lower than in simplex assays. This suggests that
not all assay optimisations must be performed idd@lly for each set of primers as optimum
PCR conditions vary when performing multiplex détat The decaplex assay proved able to
maintain specificity for the target allergen’s deiten, despite the presence of the other nine
primers. The achieved LOD (0.005% w/w) was lowemtlthose reported for other multiplex
PCR approaches. This assay proved also reliabknaitar results were attained in three

different laboratories.[89]

2.3.2. Multiplex ligation-dependent probe amplification (MLPA)

Multiplex ligation-dependent probe amplification I(MA) appeared in 2002 as an alternative
to multiplex PCR because it offers advantagesrimgeof cost-effectiveness (probes are less

expensive), flexibility to increase the multiplegitevel, is easy to use, as well as higher
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detection of five food allergens: sunflower, popfisgxseed, sesame, soya. Specific ligation
probes were designed to amplify the nuclear ITSjiore of ribosomal DNA, which is
species-specific. Another set of probes was als@ded to target 18S rRNA in order to serve
the assay a positive control. Amplicons were arel\isy capillary electrophoreqigig. 3 B).

The specificity of the designed probes was thé fhring to be assessed by evaluating DNA
extracts from 46 plant species and four animalisge®on-specific peaks were not observed
in capillary electrophoresis, so it was concludeat tMLPA meets specificity requirements.
Besides, the sensitivity assay revealed that thwedb concentration to be detected was 10
mg/kg, which was 10-fold higher than that achiewath TagMan RT-PCR. Hence non-
declared food was positively detected by TagManATR, but not by MLPA.[91]

2.3.3. RT-PCR

Real-time PCR-based methods have been establisidealcaepted in food analyses for many
years now, and represent an indirect approach dod fallergen analyses by measuring
allergen-coding genes, in which the analytical ¢arg not the allergenic protein itself, but
gene sequence encoding. This technology, howereahles a very specific, highly sensitive
and quantitative detection of food allergens. AsADN a very stable molecule, PCR-based
real-time methods can also be applied in highlycessed food matrices, but this requires
sample preparation for specific DNA extraction ms®. The detection of allergenic food
components can be easily integrated into existi@R Foutines and delivers consistent

results.

Real-Time PCR (RT-PCR), or guantitative PCR (gPCigs been the most extensively
applied DNA amplification tool since Prof. Higudhtroduced it in 1992. Its success lie in its
ability to monitor the amplification of a targetgseence in real-time using fluorescent
labels.[84] It also enables the precise quantificabf nucleic acids, even when the starting
material is used at very low concentrations. RT-R@R been employed in recent years as the
reference method for the identification and quéasdtfon of allergen-coding genes in food

samples.

Costaet al. developed a RT-PCR method coupled with a fluomsbgdrolysis probe to
detect soya bean allergen in processed meat psdeiciners were synthesised by Eurofins

for the specific detection of the soya bean legame, while DNA was extracted by the
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and thermally processed samples. The approachda@ptayed excellent applicability when
evaluating 25 commercial meat samples, of which $%wed a good agreement with the

soya bean-labelled information.[92]

As an alternative to detect nuclear genes, PueglieMce et al. developed a RT-PCR assay
for detecting allergenic peanut using chloroplashes as markers. The reason for this
approach appears to be the large amount of copyersof chloroplast genome present in
the plant cell, which confers the assay higher ifeitg and more robustness. With this
strategy, the authors performed the simultaneotectien of thematK rpl16 andtrnH-psbA
target genes in a single reaction, with a LoD 6f 1g/mL in tomato-based sauces, chocolate
and baked goods matrixes. The assay’s sensitivdg &t least 10-fold higher than that
reported for the detection oArah gene in food samples.[93] Similarly, Garired al.
developed a TagMan RT-PCR based on the amplificaifoa chloroplast gene (tRNA-Leu)
to detect pine nut traces in thermally and nonriadlly treated foods. This assay proved to be
highly specific and sensitive, with a LOD of 0.1/pd when detecting the gene in spiked
pesto sauce. Yet despite current regulations rabidimg pine nuts on the list of allergenic
nuts, the developed assay can be applied to dpieetnuts as a “hidden ingredient” in
food.[94]

Xiao et al. created an assay based on RT-PCR to detect couKsoAmctalbumin gene. In

order to confer the assay high specificity, thénarg used the TagMan Minor Groove Binder
(MGB) probe instead of SYBR Gre€hig. 3 C). The former’s shorter length provides higher
sequence specificity, while the latter favours fitrenation of primer dimers, which are often
related to false-negative signals. MGB was alsoleyagl as a i, enhancer, which is usually

recommended when employing short probes. Applyigbdr melting temperatures provides
hybridisation with enhanced stability. By this apgech, the authors obtained a LOD of 0.05
ng of DNA, which enables only 2.5 mg of input makbeing used. No interference signals
were recorded when challenging the assay withlyod#fferently processed food from sweets
to soft drinks. Hence the assay’s versatility wamdnstrated.[95] However when comparing
different RT-PCR approaches, it should be notedlfithat MGB is expensive and, secondly,

designing probes based on temperature meltinggireas is extremely challenging.

2.3.3.1. High-Resolution Melting analysis (HRM)
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and food adulteration detection since it was fimstoduced in 2002. This analysis technique
is applied and combined with end-point and RT-PGRdentify and differentiate varieties
and closely related species. Briefly, HRM is basedmeasuring the dissociation rate of
double stranded to single stranded DNA via smallaments in temperature. The operation
can be summarised in three simple steps: PCRg8yfiperformed using specific primers;
then amplicons are incubated with highly fluorescerercalating dyes, which only emit
fluorescence when bound to dsDNA; finally, tempeamatis slowly increased to force gradual
dsDNA denaturation and to, thus, release the feomet dye. Sequences with minor
nucleotide variations have a different melting tenapure Tm), which enables the generation
of DNA melt curve profiles. HRM resolution allowse discrimination of two fragments that

differ in a single nucleotide substitution.[96}]

In recent years, HRM has been applied mainly fahentication purposes, as in walnut in
milk beverages,[98] gadoid fish species in fishtaonng foods,[99] and PDO-certified olive
oil and wine.[100] HRM has also been applied indf@ilergen detection as an approach to
discriminate gluten-containing cereals. Tri a 18 iwheat allergen whose encoding gene was
selected as a target to identify wheat specieRBYCR) and its discrimination from other
gluten-containing cereals (by HRM). HRM analysisvable to display wheat, rye, barley and

oat in four clusters based on minor differenceth@ir melting temperatures.[101]

2.3.4. Droplet Digital-PCR

Droplet digital PCR (dd-PCR) is also an interestiDBiA-based method for determining

allergenic ingredients in food. Its operation isdxh on partitioning target molecules into
several thousands or millions of individual droplé a water-oil emulsion. According to

Poisson distribution, some droplets will contairg&é molecules, while others will contain no
target molecules. After PCR cycling, counting tlesipve and negative droplet enables the
absolute quantification of the target molecule ubke RT-PCR, standard calibration curves
are not required in dd-PCR to perform the quaratfon of the target molecule, which makes
the assay more straightforward and accurate.[102] However, this detection method has
one main limitation, the detection system’s higicgr The most widespread instrument for
dd-PCR is QX200 AutoDG (Bio-Rad) which costs aro$i8000.
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much higher analytical sensitivity than RT-PCR whesing low concentrations of target
DNA. Temisaket al. developed a dd-PCR assay to detectAtachis hypogaea allergen i
gene, which is a biomarker of peanut. DNA extracticas performed with a commercial kit
and enabled peanut DNA isolation from PCR inhilsitgusually fat and oils), which are
present at high levels in the peanut matrix. Bessidiee optimisation of primer and probe
concentrations and annealing temperature (set’&)afhabled 103% PCR efficiency. Under
these conditions, a LOD and LOQ of 0.015 phg/and 0.03 ngiL were, respectively,
achieved. The LOD was calculated as the lowestergration detected a the 95% confidence
level, while the LOQ was calculated as the loweastcentration detected with acceptable
expanded measurement uncertainty below 25%. Howas@ording to Poisson distribution,
the theoretical LOQ can vary depending on the nunabeanalysed droplets.[104] In this
case, other authors recommend determining the LO@ea lowest concentration to give a
%CV lower than 25%.[105] The dd-PCR assay gaveaelient correlation (R=0.9998)
with  Nanodrop instruments in terms of measured DNipies and expected
concentrations.[106] Thus dd-PCR is reliable ancueate quantification method for Peanut

allergens.

Dagaet al. developed a dd-PCR assay for detecting fish aletyy targeting 18S rDNA. The
Bioedit software was used to identify highly consel common rDNA regions of the fish
species often employed in fish food. Hence the afnthe assay was to determine fish
presence in food without considering any specifi@ecses. The designed primers were
labelled with FAM fluorophore at the 5’-terminaldawith a quencher at the 3’-terminal. The
assay enabled the quantification of 0.18 pg of BA when evaluating samples related to
three fish specieszadus morhuaSalmo salarand Scomber scombrugiowever, in order to
obtain the measured results in mass units, (whiehn@re informative for costumers than
DNA copies per microlitre, the authors were reqiiite perform the assay under identical
conditions using a reference material with a knawass concentration. In addition, the
authors observed a population of droplets that ve¢ran intermediate point between true
positive and negative droplets. This phenomenaommonly known as droplet rain and is
caused by sequence variance occurring betweenespecinon-specific amplifications.[107]
In order to reduce droplet rain generation, gradiemperature annealing and changes in PCR

cycling were performed.[108]

In order to obtain lower LODs and LOQs, Mawral. developed a dd-PCR assay in which
they used chloroplast DNA instead of nuclear DNAtfe quantification of th&lycine Max
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number copies in plant cells, which usually contaround 40 chloroplast organelles, and
each one has many DNA copies, which enables higihatical sensitivity. In particular, the
assay was designed to detect the ndhH gene, wisich subunit of the NAD(P)H
dehydrogenase complex. Signal transduction wasewaetii by labelling primers with a
TagMan probe. Similarly to Daga’s approach, a exfee material containing the allergen at
40 mg/kg was used to convert the measured resulisunits of mass fraction. The assay
enabled the detection of the DNA soya allergen abrcentration as low as 0.16 mg/kg,
while the LOQ was 0.63 mg/kg. These values agréle the LODs required by experts, who
claim that LODs should fall within the low ppm rawhen detecting food allergens. Assay
specificity was also tested with DNA isolates frata plants, and it was proven that none
yielded more DNA copies than the cut-off value. e88lity was also evaluated by
performing the assay with four different types adtrix to conclude that no matrix-specific

effects were observed.[109]

Unlike previous approaches that require runningxtraeassay with reference material to
determine the detected allergen concentration issnfraction units, Koppedt al. developed
an interesting strategy based on devising a comrefactor. This conversion factor considers
the target DNA allergen concentration and the t@BIA content (in cplL) in order to
determine the %ratio of the target DNA allergenviwv. This approach has been validated for
determining apricot adulteration in marzipan samspilehich should contain almond instead
of apricot. Indeed duplex dd-PCR has been usedetmsare two fluorescence signals at once.
The specific primers for apricot DNA and for prurggecies were labelled with fluorophores
FAM and HEX, respectively. DNA extraction was penfied with a column-based DNA
purification kit. Assay specificity was tested ugithe samples that contained animal and
plants DNA, but none showed non-specific amplifwmat The LOD was estimated at 1%, as
this was the lowest concentration to provide messent uncertainty below 25%. This value
correlated very well with the proficiency test merhed with three other dd-PCR platforms in

another laboratory.[110]

2.3.5. Loop-mediated isothermal amplification (LAMP)

The LAMP assay is based on the amplification ofeaiDNA under isothermal conditions,
combined with the visual detection of ampliconsttoy naked eye. The former is achieved by

Bacillus stearothermophilugBs) DNA polymerase’s strand displacement ability, ethi
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accomplished by the turbidity-based detection o$olable by-products (magnesium
pyrophosphate) or the fluorescent-based detectiorDA-intercalating dye molecules
(SYTO 9 or SYBR Green). Both of them confer LAMP thvireal-time quantification
capabilities when using dedicated readers. Thelpbisof carrying out the assay at constant
temperature and making naked eye evaluations enall®IP to be applied at the point-of-
care because no expensive laboratory equipmentr{tiogcler or electrophoresis equipment)
is required. This is probably the best advantage AWIP over other DNA-based detection
methods.[111-113]

However, the LAMP assay still lacks specific opsation guidelines, which partly
contributes to make an inappropriate comparisontfanalytical capabilities with those
obtained by other DNA-based detection methods.iksiance, sensitivity in LAMP is often
evaluated using 10-fold serial template diluticasd the results are directly compared to the
sensitivities of other PCR methods.[114] In ordedéal withe this issue, Garrido-Maestu

al. compared the selectivity and sensitivity of gPCGid aAMP for detectiong the glutes-
gliadin gene in cereals. In the interest of achieving rtast realistic comparison of both
detection methods, gPCR and LAMP were performed iagular RT-PCR thermocycler. In
addition, as the results in LAMP are expressedia-To-threshold (Tt) rather than cycle of
quantification (Cq), the authors developed a matteal model to enable the more accurate
calculation of Tt values. They concluded that LAMBs 60 minutes faster in its detection,
and its selectivity was similar to that of gPCR sBles, gPCR showed a 10-fold lower LOQ

in wheat and corn flour samples.[115]

LAMP has also been applied to detect peanut alherge processed food. In this case, the
above authors used the corresponding heating biacich kept a constant temperature (55-
64°C) for the 60 minutes that amplification lasteAMP primers were designed to amplify
the Ara hl sequence and the internal transcribed spacer (ldiSyibosomal DNA.
Interestingly, the authors opted for gel electrapb®s to perform the detection of LAMP
products rather than using other simpler, fasteradreaper detection methods. Moreover, the
use of ethidium bromide for DNA staining is not ¢@m the best option given its potential
health risk. The specific and sensitive detectioingeanut allergen (LOD of 1 pg and 100 pg
for ITS andAra hl detection, respectively) was achieved when eviagat3 commercial

foods. So the assay proved valid for precise peafargen identification.[116]

The same authors developed a LAMP assay for deteotango in processed food. Evidence

showing that proteins in mango are responsiblefoising allergy is insufficient. Therefore,
26



SIITU dlU LUNEAYUES USSIYIICU PHITIEIS WU dllPHTy Ul lBUUSUITAL UINA, WU IS UIE 111USL
popular target chosen for mango identification psgs. Similarly to the previous approach,
these authors performed amplification at a tempegatvithin the 55-64°C range for 60

minutes. The assay was not affected by temperagai#lations as all the temperatures within
that range enabled the generation of LAMP prodattsimilar concentrations. Moreover
when evaluating different heat-processed mango kegmine boiling process (up to 120°C)
did not influence mango authentication by LAMP &R. Conversely to LAMP, PCR was
strongly affected by steam autoclaved mango samipled LAMP showed equal sensitivity

to PCR (LOD of 1 ng), but can be further improveduing loop primers, which are reported

to be sensitivity enhancers.[118]

Mao et al. have reported using LAMP for pistachi® ¥ 1 allergens in food samples. Highly
specific LAMP primers were designed to detect tie\P1 coding gene, which enabled the
gene to be detected at concentrations as low asglkyg in pistachio-containing wheat flour.
This method proved to be 10-fold more sensitiven tbanventional PCR. Test adaptability in
real scenarios was evaluated by analysing 92 coniahdood products with no pistachio
labelling. Of these, Pis V 1 was detected in 11 mential foods, which means that the
developed approach offered high applicability fbe ton-site detection of pistachio in
foodstuff.[119]
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for the simultaneous detection of 10 food allergénaluation by gel electrophoresis. Peak 1:
Hazelnut; Peak 2: Pistachio; Peak 3: Oat; Pealedar@e; Peak 5: Peanut; Peak 6: Cashew;
Peak 7: Barley; Peak 8: Wheat; Peak 9: Soya besak P0: Pecan. Adapted with permission
from ref. 71, Copyright 2016 ElseviéB) MLPA combined with capillary electrophoresis for
the simultaneous detection of sunflower, poppysiteed, sesame and soya allergens, plus the
positive amplification control. Adapted with persisn from ref. 73, Copyright 2017
Elsevier.(C) RT-PCR method using the TagMan minor groove bindeletecti-lactalbumin

in cow’s milk (1), goat’s milk (2), soya bean mi{B), peanut (4), hazelnut (5) and Atlantic
salmon (6). Adapted with permission from ref. 7op@right 2016 ElsevierD) dd-PCR for

the detection of the glycine max soya allergenoiodf samples. Positive droplets (blue) and

negative droplets (black) are clearly seen in tiusters.

2.3.6. Commercial nucleic-acid based kits

Similarly to immunoanalytical methods, several camps offer commercial kits for the
detection of food-borne allergen-coding genes.réstingly, they are all based on RT-PCR.
For instance, R-Biopharm has launched RT-PCR kitstlie determination of crustacean,
fish, molluscs, celery, lupin, mustard, oak and Kwlteat allergen-coding genes. It is
noteworthy that this firm has also developed twadjuplex kits for the simultaneous
detection and differentiation of wheat, barley aped DNA sequences on the one hand, and
macadamia, Brazil, pecan nuts and internal amatifim control on the other hand. The
former uses five fluorescent probes (FAM, VIC, HEROX, and Cy5) and provides a LOD
of 1 mg/kg when using its DNA extraction kit. Tregter employs the same fluorescent probes
and allows a LOD of 0.4 mg/kg with its DNA extramtikit. Besides, it shows cross-reactivity
with DNA extracts from shagbark hickory.[120]

Biotecon Diagnostics has also developed RT-PCRf&itselery, gluten, hazelnut, peanut and
soya allergen-coding genes. All these kits use dlydis probes and enable LODs of 0.1
pg/mL, 0.1 pg/mL, 1.0 pg/mL, 1.0 pg/mL and 0.1 plg/mespectively. Quantification can be
performed when an allergen reference material ipl@yed. The assay’s repeatability in
relation to the standard deviation is lower tha®o38nd 60% when detecting high (800
png/mL) and low concentrations (1 pg/mL) of allergemespectively. In addition, the
specificity assays done with several plant and ahispecies, as well as commercial food

products, have no cross-reactivity with other faugtedients.[121]
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shrimp, pork, egg, soya bean and milk allergen+ugpdienes. The former kit is delivered with
a positive control and loading dyes for electroglse, while the latter comes with an internal
amplification control, a positive control and twiudrophore probes: FAM and VIC. This
company does not provide any information on thelygéical performance of its detection
kits.[122]

3. Biosensors for food-borne allergen detection

Biosensors have been applied to a wide range lofsfilaanks to their excellent versatility in
bioreceptors, materials and transduction modes stedm the food processing industry,
biosensors have emerged as an alternative to Hoeidais, expensive and time-consuming
spectroscopy and chromatography assays used fdrdothentication and safety monitorin
purposes. These include the detection of pathogeestjcides, additives and allergens in
food.[123-125] Biosensors can be classified acogrth the signal transduction mode, which
can be optical, electrochemical, mass, magnetioriogtric or micromechanical, and the
first two are the most frequently used. In thistieeg; we review the most relevant biosensors

developed for food allergen detection purposekenast few years.

3.1. Optical biosensors

During optical detection, the transduced light aigoan be generated directly by either the
interaction of the target analyte with the transaugabel-free biosensors) or by the use of
labels coupled to the bioreceptor (label-baseddnisasrs).[126] There is a group of various
optical phenomena useful for detection in biosensbne most widely used can be classified
upon the signal response, such as: absorptiorctifh, refraction, dispersion, colorimetry,

fluorescence, chemiluminiscence, phosphorescent&ferometry, surface-enhanced Raman

scattering.[127]

3.1.1. Colorimetric biosensors

The easy operation and rapid reading of colorimehipsensors make them particularly

appealing. The transduction method is based orucalzange related to the biorecognition of
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systems.

AuNPs are the most investigated colorimetric laldelstheir low cost, fast synthesis and
simple functionalisation with either protein orgdnucleotide bioreceptors.[128] Yuahal.
developed a biosensor based on the hybridisati@m ateaction coupled with AuNPs for
peanut, sesame and soya bean DNA detection in carahtod samples. The principle of
the biosensor is based on the ability of ssSDNA ttach to the surface of AuNPs, while
dsDNA are unable to do so. Two hairpin probes wdesgtgned to specifically target the genes
of the three allergens. In the absence of the taligrgens, hairpins are able to attach to the
surface of AuNPs and avoid their aggregation uploa addition of NaCl (60 mM).
Conversely in the presence of the target allergbagpin probes hybridise with them.
Consequently AuNPs aggregate, which leads to aicaleange from red to light purple due
to the red shift in the maximum absorbance peak. Gibsensor has a proven sensitivity as
low as 0.5 nMFig. 4 A).[129]

Alternatively, Yuan and colleagues designed a aoleiric biosensor based on integrating
LAMP into a microfluidic chip for the simultaneouketection of peanut, sesame and soya
bean allergen DNA in commercial food products. Tuse of NueRed dye, which is a
common pH indicator, served as a reporter of adlerdetection. In the absence of allergens,
the pH of the solution was 8.8 and was light brawmolour. Besides, the detection of the
target allergens by specific primers induced a LAMRECction and the consequent production
of hydrogen ions, which gradually increased pH.sT™as monitored by the colour change of
the solution, which went from light brown to pikig. 4 B). The LOD was 0.4 ngl, which
means it is comparable to the typical Tag-man RRPThe biosensor enabled the accurate
detection of the three allergens in 60 minutes]Jld@quiera’s group developed a DNA
microarray approach for the simultaneous deteatibtraces of hazelnuiCprylus avellana
L.), peanut Arachis hypogada and soya bearGG{lycine max in food. After DNA extraction,
multiplex PCR was set up usinglabelled specific primers for the Cor a 1, Ara,lad Le
genes, respectively. Digoxin-labelled PCR prodwetse detected by hybridisation with 5
biotinylated probes immobilised on a streptavidiadified DVD surface.[131]

Badran and co-workers developed a multiplexed caitiyee immunoassay with a DVD
microarray format for the simultaneous determimatd gliadin, caseinp-lactoglobulin and

ovalbumin in spiked baby foods, juice and beer. ReNvere used as labels and the signal
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0.08 and 0.16 mg/L for gliadin, caseflactoglobulin and ovalbumin, respectively.[132]

3.1.2. Fluorescence-based biosensors

Fluorescence-based biosensors consist in couplithgpeescent responsive molecule to the
bioreceptor. Fluorescence is based on photon emisster light absorption. Therefore, a
short wavelength light source is required to imi@lectronic transition in the fluorescent
molecule.[127] Zhanget al. developed a robust platform based on the abilitgraphene
oxide (GO) to naturally adsorb and desorb unfoldad folded ssDNA, respectively. The
system was validated for the detection of troporimyos buffer solution using highly specific
aptamers. The operation mode is simple; GO canrladsgpomyosin and aptamers, but not
the tropomyosin-aptamer complex. Therefore, thecentration of tropomyosin in solution
can be quantified upon the addition of Oligreen d8Dreagent, which can emit only
fluorescence after interacting with desorb aptamgéne biosensor achieved a 4.2 nM LOD
with a working range from 0.5 to 50 pg/mL of tropgosin.[133] Alternatively, Fu and co-
workers designed a fast universal biosensor basdtieoForster Resonance Energy Transfer
(FRET) mechanism to detect ovalbumin (OVA). Antipadodified carbon dots doped with
nitrogen, oxygen and phosphor were used as enengyrs, while GO was employed as an
energy acceptor. The biosensor displayed a lineggonse to OVA from 0.5 to 15 pg/mL
with a LOD of 153 ng/mL. It was successfully apgli® determine the allergen in egg white

powder, with recoveries ranging from 99.25 to 10809134]

Weng et al. also took advantages of the FRET mechanism byguaptamer-conjugated
CdSe@znS QDs and GO as the energy donor and acdeptihe detection of the Ara hl
peanut allergen. GO was adsorbed on a microflutiip, which promoted homogeneous
sample distribution. In the presence of Ara hl, @ipgamer changed in conformation and
desorbed from GO surface, which led to fluorescamo®very(Fig. 4 C). The biosensor
proved that it could detect Ara hl at levels as &sAb6 ng/mL in just 10 minutes.[13Eang

et al. developed a fluorescent biosensor based on midstasethe sensing probe to detect the
major fish allergen paralbumin (PV). Mast cells \pde stable and accurate antigen
recognition through the abundant highly-affinityfage receptors that mimic physiological
conditions. Interestingly, the interaction betweell receptors and IgEs promotes the release

of intracellular inflammatory mediators, which efesbthe detection of PV at trace levels.

31



rMuUvwever, It J11VUIU UT T1IULTU Uial 1H1adst LTIHD ITOMUIIKAY UPULT STIISIUSatluvll will a spculilv

IgE antibody. Biosensors gave a LOD of 0.35 ng/mLbuffer medium and a proven

consistency with other reported methods for detestin a complex food matrix.[136]

Jauset-Rubio developed an innovative biosensoetectp-conglutin in buffer medium using
highly specific aptamers. Interestingly, these artghexploited the nucleic acid nature of
aptamers by performing isothermal amplificationaasensitivity enhancement strategy. Eva
green fluorescent DNA binding dye was used as bigaprter during RPA. This biosensor
achieve a LOD of 1.8 x I8 M, which was 3,000-fold lower than that achievedtwa
conventional enzyme linked oligonucleotide assdyJBA). These authors also proved that
the incorporation of a magnetic focusing step coattlice the assay time from 100 min to 25
min.[137]
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Figure 4. Optical-based biosensors for food-borne llargens detection. (A) A
hybridisation chain reaction coupled with AuNPstloe detection of peanut, sesame and soya
bean DNA in commercial food samples. Adapted wingssion from ref. 115, Copyright
2019 Royal Society of Chemistry(B) LAMP-integrated microfluidic chip for the
simultaneous detection of peanut, sesame and s dilergens DNA in commercial food
products. Adapted with permission from ref. 116,p@amht 2018 Springer NaturgC)

32



IVIILIUVITUIUIL JIUDSCTIIDUI vascu Uil uiIc rnneci iculialiaoil 1y wuotT YuooTidiivuuvlialnocu
aptamers and graphene oxide for detecting the Arapéanut allergen. Adapted with
permission from ref. 119, Copyright 2016 Elsevier.

3.1.3. Surface plasmon resonance

Surface plasmon resonance (SPR) is very interestirige biosensing field for its distinct
advantages, such as no labelling requirementsy dlesability and versatility, together with
rapid and fully automated real-time analysis. SRR ¢iained considerable attention in a wide
variety of applications in recent years, includfogd allergen detection. For instance, Ashley
et al. developed an SPR sensor for detecfidgctoglobulin (BLG) in buffer medium. The
format was based on a direct assay with a BLG paiyat antibody-functionalised gold chip.
The developed sensor showed appropriate sensi(v@p 0.164ug/ml), which exceeded the
required allergen detection levels for BLG@mI).[138] Besides, these authors challenged
the developed sensor with food samples to evaltsf@acticability in real scenarios. Ashley
and colleagues also developed an SPR sensardasein detection in cleaning-in-place (CIP)
final rinse wash samples. The sensor includedecdbinding assay format and gave a LOD
of 58 ng/ml, which is lower than the required datec levels for casein allergen in cow’s
milk (2 ug/ml).[139] The same authors developed an SPR semased on molecular
imprinted polymers (MIPs) for determining-casein levels in CIP cold wash samples
collected from an ice cream pilot plant. MIPs off@ra high affinity for-casein (Kox10x10

® M) and selectivity. The achieved LOD (0.127 pg/mids superior to that of commercial
ELISA Kkits, while the recoveries from CIP sampl&¥-120%) fell within an acceptable
range.[140] Besides, SPR has also been appliecttertdand quantify tropomyosin (TM)
allergen in shellfish-containing food samples. liis tcase, the SPR platform was designed
with a Kretschmann configuration, in which a 50-flat gold layer was functionalised with
highly specific mAbs. The sensor was able to defédtwithin 3 minutes, and its LOD and
LOQ were 1ug/mL and 2.5ug/mL, respectively.[141] One major limitation of BRs its
difficulty to perform multiplexing. However, thisals been bypassed after developing the SPR

micro-matrix.

3.2. Electrochemical biosensors

Electrochemical biosensors use an electrochenmaasducer to generate a signal in relation

to a biorecognition event. The principle of thistes#ion technique is the production or
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bioreceptors. Consequently, a change in the cyrpaténtial, conductivity or other electrical
parameter is recorded.[142]

In recent years, two electrochemical-based biossnisave been developed for food-borne
allergen detection purposes. On the one hand, rRdBarroset al. designed a disposable
amperometric biosensor for the detection of thea3al tomato allergen-coding gene in real
food samples. This biosensor consisted in a squeated carbon electrode (SPCE)
functionalised with a magnetic bead-conjugated iipeRNA capture probe (RNACp). RNA
detector probes and specific DNA/RNA primary andiies were employed to detect a
fragment of the Sola | 7 allergen-coding sequengkile anti-lgG-HRP was used as
secondary antibodies. The biosensor principle wasedb on the magnetic focusing of the
sample on the SPCE working electrode, followed byiperometry detection by a
HQ/HRP/HO, system(Fig. 5 A). Interestingly, the developed biosensor gave a lddD.2
pM and its assay time lasted 90 minutes withouirttato perform PCR.[143] On the other
hand, Angulo-lbafieet al. developed a similar strategy based on an immuagdes shrimp
tropomyosin (TPM) determination in food samplesngsan inexpensive disposable SPCE.
Specific antibodies against TPM were conjugateth&gnetic particles, which were used for
the sample pre-concentration, while a secondarip@iy was conjugated with HRP and
enabled the amperometric detection of TPM by th®HHQ system. The immunosensor
achieved a LOD of 0.04i{g/L and proben excellent applicability in raw ambked marketed
food samples.[144] Similarly, Ruiz-Valdeperesal. developed an immunosensor for Ara h 2
peanut allergen by combining SPCE technology whih rmagnetic pre-concentration of the
sample and the amperometric transduction mode laset)/HRP/HO,. The immunosensor
showed a wide working range of “16rders of magnitude and an interesting LOD of 6.02
ug/L, which enabled trace amounts of the allergeetaletected in wheat flour samples.[145]
Lin et al. developed a magneto-chemical biosensor with iatedr antigen extraction,
coupled with an electronic key-chain reader (IEATNIs assay firstly comprised an allergen
extraction step using a disposable kit based onunomagnetic enrichment and, secondly, a
detection step that employed specific antibodiégllad with HRP. The oxidation of TMB
and the reduction of ¥, generated an electrical current, which was meadwy e8P CHFig.

5 B). The biosensor was validated for the detectiopeainut (Ara h 1), hazelnut (Cor a 1),
wheat (Gliadin), milk (Casein) and egg (Ovalbumaiigrgens, and gave a LOD of 0.1 mg/kg
in just 10 minutes.[146]
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transduction mode to detect the Ara h 1 peanutrgaie These authors generated gold
nanoparticles directly on the surface of the wagkelectrode of a SPCE and detected the
allergen by employing specific antibodies conjudateith alkaline phosphatase, which

catalyse a metal precipitation reaction than cambasured by anodic voltammetric potential
scanning. The biosensor achieved an LOD ofug/& and was able to detect Ara h 1 in food
samples containing 1% peanut.[147]

Interestingly, Jiang and colleagues developed #aplar microfluidic biochip to mimic the
allergen detection mechanism of the human intesBrefly, RBL-2H3 mast cells and ANA-

1 macrophages were co-cultured on a PDMS chip contafour groups of gold electrodes.
Cell-secreted inflammatory cytokines were measurgctell impedance changes upon the
addition of the allergen stimulus. The biosensos walidated to detect the mice dinitrophenyl
allergen as a proof-of-concept. It gave a LOD of /L and correlated well with the ELISA
assay. The developed platform is interesting fal-tiene food allergen research.[148]
Donglei Jianget al. also developed a novel rat basophilic leukaemih EBL-2H3)
biosensor based on the electrochemical transductiode. Cells were transfected with
cationic fluorescent magnetic beads, which enalsledts to be isolated from the sample
medium upon magnetic focusing on the working etetgr Anti-Pen al IgE and Anti-PV IgE-
activated cells were employed to quantify both rapriallergen tropomyosin (Pen a 1) and
fish allergen parvalbumin (PV) with a LOD of 0.08/mL (Pen a 1) and 0.16 ng/mL (PV),
respectively. The strategy is convenient for remgwlectrodes and has proven applicability
with real food samples.[149]
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Figure 5. Electrochemical-based biosensors for food-borne allgens detection. (A)An
amperometric biosensor based on DNA/RNA sandwichrilsation for Sola | 7 tomato
allergen detection. Adapted with permission from 122, Copyright 2019 Elsevie{B) An
integrated exogenous antigen testing (iIEAT) biosensth integrated allergen extraction and
a key chain reader for the simultaneous detectiqgreanuts, hazelnuts, wheat, milk and egg
allergens in commercial food samples. Adapted ve#hmission from ref. 123, Copyright

2017 American Chemical Society.

3.3. Biosensors based on alternative signal transders

Apart from optical and electrochemical classic bit@ng detectors, other types of signal
transduction modes have been recently appliedofma-borne allergen analyses. For instance,
Ng and co-workers developed a giant magnetoresi§®MR) biosensor for the simultaneous
detection of major peanut allergens Ara hl and B2a and wheat allergen Gliadin. The
operation mode was based on the functionalisatioth® GMR biosensor with capture
antibodies, which recognised the target allergdra formed a sandwich with detector
antibodies. The latter were conjugated with magne#inoparticles to generate a localised
magnetic field, and consequently led to a changiensensor’s resistan€eig. 6 A). They
gave LODs of 7.0 ng/mL, 0.2 ng/mL and 1.5 ng/mL fara hl, Ara h2 and Gliadin,

respectively, which were one order of magnitudedothan those of ELISA assays.[150]
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of bovine milk protein, peanut, soya and gliaditerglens in rinse water samples from a
cleaning-in-place system (CIP). The platform caesisin an array of 10 Mach-Zehnder
Interferometers (MZIs) and LEDs integrated intoilecen chip. Besides, continuous MZI
transmission spectra were measured with a minsgdrspectrophotometer. In addition, the
chip was combined with a microfluidic module to kleauniform delivery or reagents and,
thus, the repeatability of the results improv&ilg. 6 B) Highly specific antibodies were
raised against allergens. The biosensor gave LODROqug/mL, 0.04 pg/mL, 0.8 pg/mL and
0.1 ug/mL, for peanut protein, bovine k-casein,aspyotein and gliadin, respectively. These
were lower than, or at least comparable to, thabéeaed with commercial ELISA and LFA
kits. Interestingly, the assay time was only 6.5 amd the immunosensor can be reused for at

least 10 times, which provides an assay cost dfébfer analysis.[151]
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Figure 6. Biosensors based on alternative signalansducers for food-borne allergens

detection. (A) A giant magnetoresistive biosensor for the sirmataus detection of major
peanut allergens Ara hl and Ara h2, and wheatgalfeiGliadin. Adapted with permission
from ref. 124, Copyright 2016 ElsevigiB) An interferometric biosensor coupled with a
microfluidic platform and a miniaturised spectroerefor the simultaneous detection of

bovine milk protein, peanut, soya and gliadin giérs in rinse water samples from a cleaning
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Chemical Society.

4. Challenges to be addressed

Challenges and barriers in developing food allerdetection methods are priority areas that
need further motivation to improve the detectioogess. Improving detection methods would
be a major advance for food allergic patients whastreat diets without allergens. The
current food-borne allergen detection methods ammsebsors are subject to several
limitations, which somewhat hinder their applicapilin real scenarios. For instance, this
review discusses the analytical capabilities ofdbeeloped approaches, and leaves aside one
of the most important steps of the analytical méthibe sample extraction procedure. Despite
seeming separate from the assay detection stepgetl extraction considerably influences
the detection method's ability to succeed and shdhus, also be carefully optimised while
the assay is underway.[152] The allergen extragbimtess usually consists of mechanical
food trituration, guided by allergen solubilisatiosing an appropriate extraction solution, and
finally a purification step based on centrifugatiand/or filtration. The extraction solution
must be selected according to the allergen’s bickbgrature, with aqueous buffers, saline
buffers and alcoholic solutions for the solubilisatof albumins, globulins and prolamines,

respectively.

However, a challenge emerges when the simultandetection of several allergens is the
aim. In this case, a “universal” extraction buff@rould be used, in which pH and ionic
strength are compatible with all allergens to eaghe quantitative co-extraction of different
allergens from the matrix.[153] As allergens areucurally different proteins, distinct
extraction procedures are required. If testing rfaultiple allergens, the extraction buffer
should allow a compromise between quantitativeaexion and the capability to co-extract
several allergens form the food matrix. In facte tstandardisation of allergen extraction
protocols is of key importance for food-allergened#ion in a multiplex detection format. It
is also noteworthy that a biosensor’'s analyticatfggenance is usually worse when
performing multiplexing for two main factors: fikgt the combination of bioreceptors with
different optimal assay requirements, such as wgrkuffer, biorecognition time or detection
working ranges; secondly, undesired competitionvbenh bio-reagents, which might interact
in-specifically and promote signal reduction angdroelucibility issues. Hence, the selection
of highly specific bioreceptors, such as nucleidsagrobes, is completely recommended so
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affinities is most interesting to achieve compasabksay conditions that can favour the
simultaneous detection of several analytes in glesistep.

Food processing is another issue related with toate allergen detection methods with a
dramatic effect on both allergen extraction efficyg and allergen detection. Although it is
true that most of the reported nucleic-acid basppraaches present in this review are
challenging, their detection methods with ultragassed food samples, their proven excellent
applicability and immunoanalytical methods stiltesflow recoveries with such food samples.
Food processing causes the denaturation of allsygehich alters their detection with
bioreceptors by modifying assay results. Howeuesrd are reports that food processing can
also reduce the allergenic potential of proteingd aonsequently lower the incidence of
sensitisation and allergic diseases. Therefore,ldvdube at all interesting to detect an
uncertain allergenic compound that no longer paselsealth risk? The answer is yes.
Processing may influence, but not abolish, thergdlieic potential of proteins. According to
the food processing type, protein allergenicity b@nmodified to a greater or lesser extent,
while microbial fermentation, and enzymatic anddalydrolysis reduce protein allergenic
integrity the most [154] Despite nucleic acid-baseethods being less susceptible to food
processing-related issues (due to the high stafitnucleic acids), it is noteworthy that
immunoanalytical approaches are still the only rdshcapable of informing about the
presence of allergens. Conversely, nucleic aciédaschniques report[155] the presence of
an allergen-codifying gene without providing dirdaformation about food’s allergenic

capacity.

Another major issue for detecting allergens in fqmoducts is the analytical method’s
robustness. Method validation is essential for fgliog reliable results, which can be

comparable among different laboratories. To thid, ¢he development of certified reference
materials (CRMS) in different matrices is highlysatable. However, lack of CRMs for most
target allergens in particular matrices makes ity vdifficult to standardise analytical

protocols. Today different standards are used lf@r $emi-quantitative and quantitative
determinations of distinct allergens. Their usefuadamental for calibration, validating

methods, proficiency testing and quality controhisT highlights the need for reference
materials that should be made available to devstapdards. Quality of standards must be
assured to compare the results of analyses. Tiwnbyshe MoniQA association is leading the
task to address certification issues. In additinr2017 it launched together with R-biopharm

the first validated reference material to be depetbfor milk allergen determinations.[156]
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detection, differences in their protein contenténdeen found, which lead to wide intra- and
inter- assay variability when validating analyticaéthods.[157]

The sensitivity of existing methods is another lgrmaje for detecting increasingly smaller
amounts of food allergens. Likewise, it would beidible to increase the reproducibility of

the extraction and the subsequent detection ofgaifes. To do so, reference materials or
standards are essential for achieving homogeneaityanalytical results. Therefore, the

development of certified reference materials foheot food allergens is envisioned in

forthcoming years. This can be achieved by producerombinant versions of allergens
using molecular biology techniques, which wouldowall the research community to

standardise semi-quantitative and quantitative odthand would provide key best practices

for allergen management and labelling guidancehferfood industry.
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Table 2. Comparison of immunoanalytical-based methis for food-borne allergens detection.

Format Allergen LOD Sample Comment Ref.
| (ug/L) _
Non-competitive Ovalbumin 0.51 Egg Enhanced selectivity due to th[19]
use of specific antibodies
Hazelnut 1,000 Chocolate Use of milk powder and [20]
Non-competitive diluted samples to reduce the
matrix effect
Non-competitive Orangeprofiling 1.82 Navel oranges Enhanced selgctiue to the| [21]
use of specific antibody
Non-competitive Ara h2, Ara h6 1.3,0.7 Milk Signal amplificatiora the [22]
biotin/strep. detection system
. B-lactoglobulin 0.49 Hydrolysed infant formulas Htascence detection using| [23
Non-competitive H,O,-sensitive CdTe QDs 23]
Competitive B-casein 290 Raw and processed foods Dete_gtioq based on aeand|r [24]
competitive immunoassay
Gly m Bd 28K 0.235 Soya bean seeds, soya beanIndirect competitive assay [27]
Competitive protein isolate, soya bean mealcoated with Gly m Bd 28K and
tofu, soya milk, soya sauce,| blocked with GaMIgG-HRP
natto, sufu and lobster sauce
Non-Competitive Soya 9,000 Meat products Costless enzyme immunpds|28]
. -conglycinin 0.90 Spiked and incurred model| Non-competitive more [29]
Competitive foods sensitive than competitive
Non-competitive Tropomyosin 2,000 Raw and cooked food Sandwich !ELISA kit [31]
Cross-reactivity
Non-competitive Arah 1, Arah?2 30 Peanut butter Cross-reactivity [33]
Non-competitive Hazelnut 160 Not specified - [34]
B-lactoglobulin, tropomyosin, 1.5, 1.7, 4, Not specified Lower cross-reactivity [35]
Not specified ovalbumin, gluten, hazelnut, and 3, 300 and 200
almond
Gluten - Beer, soya-based sauces, Classification of allergens [39]
Not specified vinegar and sourdough bread | based on proteolytic

fermentation processes
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Table 2. Cont. Comparison of immunoanalytical-basednethods for food-borne allergens detection.

Format Allergen LOD Sample Comment Ref.
Non-competitive Modified proteins 1,000 almond ml!k, cashew m|II_<, Colorimetric detection using [43]
" coconut milk, hazelnut milk | AuUNPs
and competitive .
and soya milk
Casein, ovalbumin, hazelnut 100 Commercial biscuits Colorimetric detection gsin | [44]
Non-competitive AgNPs, spherical and desert-
rose AuNPs
Competitive Tropomyosin 50 Crustacean Fluorescent detection using Q[48]
Competitive B—conglutin 8 M Foodstuffs Catalytic signal amplification | [49]
. Soya protein 10,000 Soya processed food No conjugate pad. Detectior [50]
Non-competitive the naked eye
Non-competitive Gliadin 6,300 Gluten-containing processed| Two cploured labels allow [51]
food detection by the naked eye
Non-competitive Not specified < mg/L range Swab Rapid fallergen extraction. [52]
Processed food Detection based on AuNPs
- Egg, milk, wheat, buckwheat, and 5,000 Processed food Detection based on AuNPs | [53]
Non-competitive peanut
Gluten 20,000 Wheat, Barley, Rye, Triticalg ~ Enhanced djp#ygi using [56]

Indirect phage

nanobodies
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Table 3. Comparison of nucleic acid-based methoderffood-borne allergens detection.

Format Allergen LOD | Sample Comment Ref.
(ug/L) | |
End-point PCR T_or_nato,_ apple, peach and | 0.08 ng| Processed food Using gel electrophoresis [68]
kiwi coding genes
i Tropomyosin 0.016 | Oyster, mussel, abalone andCapillary electrophoresis-based method [69]
End-point PCR ng clam mollusc species
Cor a 1, 2S albumin, Avenin|, 50,000 | Hazelnut, pistachio, oat, | Simultaneous detection of 10 allergen-coding | [71]
o Ara h 2, Ana 03, B1 hordein sesame, peanut, cashew, | genes with high specificity
10-plex End-point PCR Gliadin, Gly, m Bd28K, barley, wheat, soya bean
11S-1 and pecan
MLPA Sunflower, Poppy Flaxseed, 10,000 | Not specified Amplified nuclear ITS1 reglonspecific [73]
Sesame, Soya ligation probes
RT-PCR Soya bean 10,000 | Pork meat sample Method coupled with a @soent hydrolysis [74]
probe
matK, rpl16 and trnH-psbA | 1,000 Tomato-based sauces, Detection using chloroplast genes as markers| [75]
RT-PCR
chocolate and baked foodsg
RT-PCR Pine nut traces 100 Spiked pesto sauce Amplification of a chlorepigene [76]
RT-PCR B-lactoalbumin gene 0.05 ng| Cow's milk Enhanced specificity using MGB [77]
dd-PCR Arachis hypogaea allergen I} 0.015 Peanut 103% PCR efficiency [88]
Fish allergen 0.18 pg| Gadus morhua, Salmo salakabelled primers using FAM fluorophore at the [89]
dd-PCR , : , .
and Scomber scombrus 5'-terminal and a quencher at the 3'-terminal
dd-PCR Glycine Max soya allergen | 160 Not specified Enhanced sensitivity using chitast DNA [91]
Duplex dd-PCR Apricot 10,000 | Marzipan samples Fluorescent detection s and HEX [92]
fluorophores
LAMP Glutena2-gliadin gene - Cereals 60 min. faster than gPCR [97]
LAMP Arahl 1pg Processed food Detection using gel electroph. [98]
LAMP ITS of ribosomal DNA 1ng Processed food Not affected by temperaturéaisms [99]
LAMP PisV 1 10,000 | Wheat flour with pistachio|  10-fold more séws than End-point PCR [101]
Macadamia, Brazil, pecan | 400 - R-Biopharm kit. Kits for other allergens. [102]
RT-PCR .
nuts coding genes
RT-PCR Celery, soya and gluten 100 - Biotecon Diagnostics. Includes other allesgen| [103]

allergen coding gene

with lower sensitivity
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Table 4. Comparison of biosensing-based methods ftood-borne allergens detection.

Detection Allergen LOD (ug/L) | Sample Comment Ref.
: . Peanut, sesame and soy@a0.5 nM Commercial food | AuNPs aggregation [111]
Colorimetric
bean samples
. . Peanut, sesame and soya400 Commercial food | LAMP-based microfluidic chip using [112]
Colorimetric
bean products NueRed dye
Colorimetric Coral, Arah2,andLe| 1 Commercial food Multiplexed nucleic acid-based assay with[113]
products DVD microarray format
Gliadin, caseing- 40, 400, 80, | Spiked baby foods, | Multiplexed competitive immunoassay witt[114]
Colorimetric lactoglobulin and and 160 juice and beer a DVD microarray format
ovalbumin
Tropomyosin 4.2 nM Buffer medium Aptamer assay using Oligreen ssDNA | [115]
Fluorescent
reagent and GO as a fluorescence quengher
Ovalbumin 153 Egg white powder | Immunoassay based on the FRET [116]
Eluorescent sample mechanism using carbon dots doped with
nitrogen, oxygen and phosphor as energy
donors and GO as the energy acceptor
Eluorescent Ara hl 56 Peanut Microfluidic chip based on the FRET [117]
mechanism using QDs and GO
Parvalbumin 0.35 Buffer medium Mast cells used as bioreceptors [118]
Fluorescent
Fluorescent B-conglutin 0.18 pM Buffer medium Isothermal amplification [119]
SPR B-lactoglobulin 164 Buffer medium Bll(_jG r|i)_olyclonal antibody-functidisad [120]
gold chip
SPR a-casein 58 CIP wash samples Direct surface plasmon reserfanmat [121]
SPR a-casein 127 CIP cold wash Using molecular imprinted polymers [122]
samples
SPR Tropomyosin 1,000 Shellfish-containing| Kretshmann SPR configuration [123]
food samples
Solal7 0.2 pM Tomato SPCE functionalised with a magnetiads | [125]

Electrochemical

conjugated specific RNA capture probe
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Table 4. Cont. Comparison of biosensing-based mettie for food-borne allergens detection.

Detection Allergen LOD (ug/L) Sample Comment Ref.
Tropomyosin 0.047 Commercial food | SPCE-based immunoassay combining | [126]
Electrochemical samples magnetic sample pre-concentration and
amperometric signal transduction
Ara h 2 0.026 Wheat flour SPCE-based immunoassay combining | [127]
Electrochemical magnetic sample pre-concentration and
amperometric signal transduction
Ara h 1, Cor a 1, Gliadin, 100 White rice Integrated antigen extraction [128]
Electrochemical Casein,
Ovalbumin
Arah 1 3.8 Commercial food | AuNPs-functionalised SPCE. Enzyme [129]
Electrochemical samples catalysis of metal precipitation monitored
by anodic voltammetry.
Dinitrophenyl 10" Buffer medium Mast cells-based portable microflaidi [130]
Electrochemical biochip that mimics the allergen detection
mechanism of the human intestine
Tropomyosin and 30 and Buffer medium Mast-cells transfected with fluoresice [131]
Electrochemical Parvalbumin 0.16 magnetic beads
Magneto-resistance érliaagln Ara h2, and Ig 0.2, and | Peanut, wheat Localised proximity magnetic sensing | [132]
Peanut, bovine, 1,000, 40, Rinse water MZIs and LEDs integrated into a silicon | [133]
Interferometry K-casein, soya protein, | 800, and samples chip
gliadin 100
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5. Conclusions and future trends

The development of food-borne allergen detectionhous is very important for the

scientific community, especially as food allergyymlence increases on a daily basis
there is still no effective treatment for allerge$us, detection methods must be
sensitive, specific, robust and reproducible. Besjidhere is a need to develop cost-
effective and simpler methods that can also en#ide multiplexing of food-borne

allergens. Of today’s available current detectiathnods, we discuss which approaches
provide the desired characteristics and, thus,raffere probabilities to succeed as

commercial products.

Throughout this review, we pay special attentionhi® sensitivity and practicability of
different detection methods. It is important torgaut the factors that influence both of
them. Regarding the former, the bioreceptor’s igdaffinity for the analyte is the
main factor to determine an assay’s sensitivityilevtinere are other aspects that might
further improve analytical sensitivity, such asagstrmat (sandwich format is usually
more sensitive that the competitive one), usingnaigtransducers with signal
amplification capabilities (chemiluminescence, flegrence or alternative signal
transducers) or assay conditions (longer incubairoas, optimal pH and ionic strength
of working buffers, etc.).

Several factors can generally enhance the praditgabf analytical methods and
biosensors for reliable on-site allergen quantifacain real food samples. These mainly
include using highly specific bioreceptors that roeene false-negative results and
optimised assay conditions (washing buffers/stbfmcking reagents) that avoid false-
positive results. Other factors exist and are eeldab assay ease-of-use and simplicity
which can also increase the test’s practicabilityrbproving assay reproducibility and
by maintaining intra- and inter-assay variabilitgldww 15%. For instance, developing
single-step procedures with all the operationsgraied into the device (LFA). Finally,
assay stability is one of the major factors to @ff@ test’s practicability. Bioreceptors
are usually the fastest elements applied in assaygxpire (with protein-based
bioreceptors). Thus accelerated ageing tests naugelformed to determine the test’'s
expiry date and appropriate storage conditions lshbea implemented to ensure that

assay stability lasts at least 1 year.
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Most of the immunoanalytical methods developedeicent years are based on ELISA
or LFIA. So, it is not unusual to find that theyeathe preferred formats when
developing commercial kits. The former generallgvides sensitivities within the ppb
(ug/L) range, where the the non-competitive fornmtmore sensitive than the
competitive one. Contrarily, the latter offer sengies within the low ppm (mg/L)
range, although this has not been an impedimenhwkaluating its applicability with
commercial food products. Despite its lower sewisjti (mainly because internal
incubation times are lacking), LFIA has the advgataf being cheaper and simpler
than ELISA, and its operation mode is usually redlu¢co a single step. Besides,
allergens should be present at high concentrafjom® range) to induce an allergenic
reaction. Current regulations do not include thoédtvalues for most of the 14 food
allergens, apart from 20 pg/mL in gluten-free fa@nples. For this reason, LFIA is
expected to become the reference immunoanalytiethad in forthcoming years. We
can anticipate that improvements in LFIA will béated to enhance sensitivity towards
ppb levels and to increase multiplexing capabditie be able to simultaneously detect
the 14 regulated food-borne allergens. We alsoaxpe application of nanobodies or
aptamers to overcome the cross-reactivity issugemly observed in commercial kits.
Indeed test procedures that can be performed int sinwes are preferred. For this
reason, ELISAs, lateral flow tests and dipsticks aery popular tests for obtaining

initial information about the presence of allergidbstances.

A marked trend has also been observed in recens yeaelation to developing nucleic
acid-based methods for food-borne allergen detecparposes. Despite being an
indirect technique, it is less prone than immunagsgo false-negative results as it can
successfully overcome food processing-related progenaturation issues. So it is
interesting to observe that more sophisticated R@#&hods are applied for food
allergen detection alternatively to end-point P@Rich is not quantitative and relies on
a lengthy procedure. For instance, MLPA is a simpieethod for performing
multiplexing, but has no proven better sensitivailyd multiplexing capabilities than
end-point PCR. | would also appear that RT-PCR inaet as the reference method
because it is still the only one used in commerdigs. Besides, increasing
developments have been made with ddPCR and LAMMadst While the former
provides the highest sensitivities, the price @& thstrument is prohibitive. The latter
avoids using bulky and expensive thermocyclersam] thus, be easily applied to the
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point-of-user. Therefore, we expect LAMP to gainrenattention in the next few years.
The improvements made to this method will focus erhancing sensitivity and
achieving a more agreed protocol. Apart from thig,will very likely evidence the first

commercial kits based on LAMP in a few years time.

Furthermore, biosensors based on different sigaalstiuction modes have also been
developed for food-borne allergen detection. Indeptical biosensors are the most
widely reported, although the approach based onnetagesistance detection has
proven sensitivities within the low ppb range. Mwrer, it is good to observe that
improvements have been made to simplify the asgagsedure, as in the case of the
IEAT device, where the allergen extraction step Ibeesn integrated. Microfluidics has
been introduced in other approaches to achieve hmregeneous sample distribution,
which in turn, enables higher assay reproducibil@yally, it is also noteworthy that
researchers opt for the miniaturisation of biosexisas in the case of the spectrometer
in the GMR device or the key chain format desigfmdthe IEAT device. This will

doubtlessly help to transform these methods intocessful commercial products.

We also conclude that sample treatment is no dingbbackbone of the food allergen
analysis. Accordingly, sample preparation (dissofytextraction, dilution, etc.) is still
the bottleneck of the analytical procedure. Exiractllergens from processed foods
can be very complex, and the matrix in which theesponding allergen is found often
complicates its extraction. In addition, some saibsgs present in certain foods can
interfere with the extraction process. During fogueparation, the chemical
modifications that derive from following thermal daenzymatic treatments hydrolyse
and modify allergenic molecules, which also congiks the extraction process. From
our point of view, we must focus on these aspextsirhplify the analysis in order to
boost the multiplex detection of allergens. To do the study of universal extraction
approaches, among other issues, is very intereiiggantitatively co-extract the most
allergens. In line with this, a universal extranotiouffer (extraction cocktail) allows the
guantitative extraction of different allergens sitaneously. This is very advantageous
approach as co-extraction procedures simplify thalyéical procedure. However,
chemical properties, the origin of allergens (arinzad plant) and chemical
modifications make it very challenging to follow umique or universal extraction
procedure to develop quantitative food allergenraetion procedures. The high

prevalence of allergic populations to more than altergy, due to cross-reactivity with
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similarly structured allergens, makes testing mbign one allergen at one time most
appealing. Thus, the co-extraction of differen¢@ens will be extremely important.

Method validation is the other critical issue foeveloping reliable food-allergen
analytical-based methods. Currently due to the viemny commercially available
reference materials and the expensive preparafitimeanaterials specifically intended
for use in food allergen testing at different ajlem levels, harmonising strategies to

develop and validate reliable methods is necegsaigtermine food allergens.

All in all, much progress has been made in the fooche allergen detection methods,
which is expected to continue as long as food araid remains the only way to avoid
food allergy. As previously discussed, the trendothcoming years will not focus so
much on improving the sensitivity of methods, batarhieving cheaper and simpler
approaches to enable the high-throughput screemiirfgod-borne allergens by non-

specialised personnel, such as point-of-care testsomedical applications.
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