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A novel electrochemical bioplatform for Pru du 6 determination, one of the most abundant and allergenic almond
proteins, was developed to detect traces of almonds in processed foods. The bioplatform combines the appli-
cation of a sandwich immunoassay on the surface of magnetic beads using specific antibodies unmodified or
conjugated to horseradish peroxidase as capture and detection antibodies. The resulting magnetic bioconjugates
are trapped on the surface of disposable carbon electrodes, and amperometry in the presence of hydrogen

peroxide and hydroquinone is employed to measure the change in the cathodic current, which is proportional to
Pru du 6 concentration. The developed bioplatform exhibited good selectivity and sensitivity, offering a detec-
tion limit of 0.12 ng mL ! of Pru du 6. It could determine Pru du 6 in raw dough and baked cookies incurred with
0.2 pg g_1 of almond protein with acceptable precision, providing results comparable to those obtained using an

ELISA technique.

1. Introduction

The prevalence of nut allergy has been reported to range from 0.05 to
4.9 % for probable allergy, which includes reported reactions mediated
by IgE or a doctor’s diagnosis, and less than 2 % for confirmed oral food
challenges. In addition, nut allergy is characterized by its tendency to
persist throughout life or to have low rates of resolution in childhood
[1]. Currently, rigorous abstention of allergen ingestion is the most
efficient way to avoid an allergic reaction.

Although the exact prevalence of almond allergy remains unknown,
it has been estimated to affect approximately 0.3 % children [2] and 0.7
% adults, with severe reactions occurring in approximately 57.2 % of
allergic individuals [3]. In addition, almond is considered a priority
allergen worldwide, as it causes a high proportion of anaphylaxis, which
can be fatal or near fatal, even if only traces are consumed [4].

Tree nuts are widely used in the manufacture of many food products
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such as bakery, pastry, chocolate and confectionary, among others, due
to their nutritional properties, flavor characteristics and health benefits
[5]. When added as ingredients, regulations in most countries, including
the European Union (Regulation EU 1169/2011) and the United States
(Food Allergen Labeling and Consumer Protection Actof 2004,
FALCPA), it is required mandatory labelling of the tree nuts, including
almonds, so that consumers can identify relevant allergens. However,
the presence of hidden allergens due to accidental contamination during
processing is a serious health hazard for allergic consumers that is not
considered in this legislation.

To overcome this limitation, food producers can voluntarily apply
Precautionary Allergen Labelling (PAL) in case of unintended presence
of allergens to advise allergic consumers [6]. However, the deficiency of
aregulatory framework for the management of hidden allergens and the
absence of quantitative thresholds for many allergens have led the food
industry to make an abusive use of PAL, reducing the range of food
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choices and inducing risky behavior in allergic consumers [7]. There-
fore, the issue of risk assessment and management of hidden allergens is
a major challenge for food producers. The indiscriminate use of PAL is
mainly because reference doses have not yet been established for many
allergenic foods.

The Voluntary Incidental Trace Allergen Labelling (VITAL) program
was developed in Australia and New Zealand to provide a risk-based
methodology for the food industry to assess the impact of allergen
cross-contamination and implement appropriate use of PAL. VITAL
program recommends protein action levels considering the reference
doses of the allergen to protect 99 % of allergic consumers (ED01) and
the serving size. Although the updated VITAL 3.0 version does not
include the reference dose for almond, a similar dose to that indicated
for hazelnut (EDO1 of 0.1 mg) could be assumed [8]. However, a higher
reference dose of 3 mg and 1 mg of total protein from the allergenic
source has been established for hazelnut and almond, respectively, in
the Summary report of the FAO/WHO [9]. These estimates are useful as
suggestive thresholds for food industry and laboratories to make de-
cisions on whether to include PAL. As it can be deduced, the advance-
ment of sensitive, specific and reliable analytical techniques to detect
low concentrations of allergenic ingredients in food is necessary to
support the risk assessment for management of food allergens.

Among the almond allergenic proteins, Pru du 6 or amandin or
almond major protein (AMP) is the major storage protein, accounting for
more than 50 % of the total almond protein. It belongs to the cupin
superfamily and the 11S globulin family. Its hexametric structure of
about 360 kDa is composed of basic (34-42 kDa) and acidic (20-22 kDa)
subunits linked by a disulfide bond, which confers the protein a high
thermal resistance [10]. Recently, Pru du 6 has been reported to be a
good specific biomarker for almond allergy, as approximately 83 % of
almond allergic patients have specific IgE against it [11].

Several analytical techniques have been used to detect traces of al-
monds, such as immunochemical tests, mass spectrometry [12] and
DNA-based methodologies [13,14]. Immunochemical techniques such
as enzyme-linked immunosorbent assays (ELISAs) and lateral flow im-
munoassays (LFIAs) are widely employed to detect allergens due to their
high sensitivity, specificity, technical simplicity and quick response
[15-20].

In this context, electrochemical bioplatforms have been successfully
used to determine molecular markers of relevance in different fields
including the food industry. They provide unique features such as
simplicity, high sensitivity and selectivity, cost-effectiveness, miniatur-
ization, customization, versatility and adaptability. These characteris-
tics allow point-of-need multiplexed and/or multiomics biomarker
profiling in complex and scarcely treated samples, as well as shorter
assay times and the requirement of smaller sample quantities for
allergen determination in comparison with other available methods.
Indeed, electrochemical bioplatforms have been successfully applied in
recent years for the investigation and determination of less explored
allergens at both protein [21-24] and genetic [25] levels.

Knowing this state of the art, this work reports the first electro-
chemical bioplatform for the selective and sensitive quantification of
almond traces in processed foods through the determination of the
protein Pru du 6. This bioplatform also exploits the advantages offered
by the implementation of sandwich immunoassay formats on the surface
of magnetic beads (MBs) in terms of sensitivity, speed and minimization
of the matrix effect and amperometric transduction on screen-printed
carbon electrodes (SPCEs) as others previously described by our
research group for the determination of other allergenic proteins
[21-24]. However, the biotool proposed in this work is novel in the use
of this type of devices for the target protein (Pru du 6), of polyclonal
antibodies produced against it purified and prepared in the laboratory.
Furthermore, it is novel in its application to the analysis of defatted
almond flour and cookie incurred with different percentages of whole
ground almond before and after the baking processing, also prepared in
the laboratory. The implemented methodology involves the use of
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unmodified and horseradish peroxidase (HRP) labelled specific poly-
clonal antibodies against Pru du 6. The magnetic bioconjugates, bearing
the HRP-labelled sandwich immunocomplexes, are captured on
disposable electrode substrates to perform amperometric detection in
the presence of HyO5 and hydroquinone (HQ) generating a cathodic
current variation proportional to the concentration of Pru du 6 and,
therefore, of almond in the analyzed sample.

2. Experimental
2.1. Materials

Food commodities and raw tree nuts were acquired from local
markets. Carboxylic acid-modified magnetic beads (HOOC-MBs, 2.7 pm
@, Dynabeads M-270 carboxylic acid, Cat. No. 14305D) were purchased
from Invitrogen™ (Waltham, Ma, EEUU). HiTrap DEAE Cellulose col-
umn, Sepharose 6B-CL gel and HiTrap NHS-activated HP column were
acquired from GE Healthcare (Piscataway, NJ) and the Lightning-link
Horseradish Peroxidase conjugation Kit from Innova Biosciences
(Cambridge, UK). ELISA wells maxisorp flat bottom were purchased
from Nunc (Roskilde, Denmark). Blocker™ Casein (BB solution) and
Blocker™ BSA (10X) were purchased from Thermo Scientific (Waltham.
EEUU) and the ELISA substrate containing 3,é,5,5-tetramethylbenzidine
(TMB) from ZEULAB S.L., (Zaragoza, Spain). N-(3-dimethy-amino-
propyl)-N-ethylcarbodiimide (EDC), N-hydroxysulfosuccinimide (sulfo-
NHS), ethanolamine, hydroquinone (HQ), hydrogen peroxide (H205, 30
% w/v) and morpholino ethanesulfonic acid (MES) buffer were provided
by Sigma. All the reagents used were of analytical grade and solutions
containing them were prepared in purified deionized water provided by
a Millipore Milli-Q system.

2.2. Apparatus and electrodes

A multi potentiostat (model 1030B, CH Instruments, Austin, TX,
USA) driven by the CHI1030B software, screen-printed carbon elec-
trodes (SPCEs, DRP-110 consisting of a single carbon working electrode,
¢ 4 mm), a carbon auxiliary electrode and a silver pseudo-reference
electrode, and the specific cable connector (DRP-CAC) (Metrohm-
DropSens S.L., Oviedo, Asturias, Spain) and a homemade poly-
methylmethacrylate (PMMA) casing that has an embedded neodymium
magnet (AIMAN GZ) were used for amperometric measurements. A
thermomixer MT100 incubator shaker (Universal Labortechnik) and a
Dynamag-2 Magnet magnetic separator (Invitrogen Dynal AS) were used
for MBs modification.

Spectrophotometric measurements were carried out with a Magellan
V 7.1 (TECAN) ELISA plate reader. An AKTA Start automated system
was used for purification of the target protein and anti-Pru du 6 anti-
bodies. A Mini-PROTEAN Tetra Cell (Bio-Rad) was employed to perform
electrophoresis. A Kenwood Titanium Chef KM010 (Woking, United
Kingdom) was used for cookies elaboration.

2.3. Purification of Pru du 6

Pru du 6 was isolated as previously described [20]. Briefly, ground
almonds were defatted with hexane and proteins were extracted with
0.02 M Tris-HCl buffer, pH 8.0 (1/10 w/v) for 1 h at room temperature.
The mixture was centrifuged at 9-000 x g for 30 min and the superna-
tant was applied onto a HiTrap DEAE Sepharose (5 mL) anion exchange
column (dynamic binding capacity 110 mg human serum albumin/mL
medium). After washing, retained proteins were eluted using a linear
gradient of NaCl (0.0-0.4 M). Fractions containing Pru du 6 were
pooled, concentrated, and applied to a Sepharose 6B-CL (85 x 1 cm)
column equilibrated with 0.02 M Tris-HCI buffer, pH 8.0 containing 0.1
M NaCl. Chromatographic fractions were analyzed by SDS-PAGE ac-
cording to Laemmli et al. [26]. The electrophoretic profile of purified
Pru du 6 showed the presence of acidic (34-45 kDa) and basic (20-22
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kDa) subunits [20]. The purity degree of isolated Pru du 6 determined by
densitometry was higher than 95 %.

2.4. Antibody purification and conjugation

Antisera to Pru du 6 were raised in rabbits by immunization with the
purified protein as previously described [20]. All the procedures were
carried out according to the Ethic Committee Guidelines of the Uni-
versity of Zaragoza for Animal Protection RD 53/2013 following EU
Directive 2010/63 used for scientific purposes (Project License 30/19).
Purification of polyclonal anti-Pru du 6 antibodies was performed by
immunoaffinity using a HiTrap NHS-activated HP column (1 mL) pre-
viously coupled with Pru du 6, and conjugation of purified anti-Pru du 6
antibodies with horseradish peroxidase using a commercial conjugation
kit as described by [20]. Specific unmodified antibodies were used as
capture (CAb) and conjugated antibodies (HRP-DAD) as detection re-
ceptors for amperometric and spectrophotometric  ELISA
determinations.

2.5. Preparation of the magnetic bioconjugates

The determination of Pru du 6 required the generation of sandwich
immunocomplexes on HOOC-MBs. Unless stated otherwise, all the in-
cubation steps to prepare the MBs were carried out in microcentrifuge
tubes using 25 L of the corresponding solutions under constant stirring
(950 rpm) at room temperature and were followed by several washing
steps with 50 pL of the corresponding buffer solution. A magnetic
separator was employed to remove the supernatant avoiding the loss of
MBs.

The modification procedure of the magnetic particles involved 3-uL
aliquots of the HOOC-MBs suspension. After washing twice with 0.025
M MES buffer, pH 5.0 for 10 min, the activation of the MBs HOOC groups
was performed by incubation with a freshly prepared EDC/Sulfo-NHS
mixture solution containing 50 mg mL™! each in MES buffer for 35
min. After two washing steps, the activated HOOC-MBs were incubated
with 25 pL of CAb solution (2.5 ug mL ™! in MES buffer) for 30 min. After
two washing steps, the residual active groups were blocked with 1 M
ethanolamine in 0.1 M phosphate buffer, pH 8.0 for 1 h. The prepared
CAb-MBs were washed once using 0.1 M Tris-HCl buffer, pH 7.2, and
twice using BB solution, and then filtered and stored at 4 °C until further
use.

The immunoassay procedure started with the incubation of the CAb-
MBs with 25 pL of standard solutions of Pru du 6 or food extracts for 15
min. After two washings with commercial BB solution, the MBs were
incubated with 25 pL of an appropriate dilution of DAb-HRP in BB so-
lution for 15 min. After washing twice with BB solution, the MBs bearing
the sandwich immunocomplexes were suspended in 50 pL of 0.05 M
phosphate buffer, pH 6.0, to carry out the amperometric determination.

2.6. Amperometric measurements

The magnetic immunoconjugate suspension was pipetted onto the
surface of the SPCE working electrodes pre-placed in the PMMA
homemade magnetic holder. The SPCE-PMMA holding block was con-
nected to the potentiostat and immersed into an electrochemical cell
containing 10 mL of 0.05 M phosphate buffer, pH 6.0, supplemented
with 1.0 mM freshly prepared HQ. The measurements were performed
under continuous stirring at room temperature, using a detection po-
tential of — 0.20 V vs. the Ag pseudo-reference electrode. After adding
50 pL of 0.1 M H203 solution in 0.05 M phosphate buffer, pH 6.0, the
variation of the cathodic current was monitored until the steady state
was reached. The given amperometric signals correspond to the average
value of the difference between the steady state of standards or samples
and the corresponding background current measured for three repli-
cates. Error bars represent the standard deviation of each set of
replicates.
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2.7. ELISA measurements

Microtiter wells were coated with 120 pL of CAb against Pru du 6 at a
concentration of 1 pg mL™! in 0.05 M sodium carbonate buffer, pH 9.6,
overnight at 4 °C. After washing the wells with 300 pL of distilled water,
an incubation step with 300 pL of Bloker™ BSA 10-fold diluted in 1.5
mM KH5PO4, 8 mM NayHPO4, 3 mM KCl and 140 mM NaCl buffer, pH
7.4 (PBS) was performed for 2 h at room temperature (RT). After three
washing steps with PBS containing 0.5 % Tween 20 (PBST), wells were
incubated with 100 pL of the standards or samples for 30 min at RT. The
wells were then washed with PBST and incubated with an appropriate
dilution of the HRP-DAbD for 30 min at RT. Following a wash step with
PBST, wells were incubated with 100 pL of TMB chromogen solution,
and after 30 min of incubation at RT, the enzymatic reaction was
stopped by the addition of 50 pL of 2 M H,SO4 per well. The absorbance
was read at 450 nm using the ELISA plate reader.

2.8. Preparation and analysis of food samples

Whole ground almond, hazelnut and walnut were obtained using a
blender and they were defatted with n-hexane (1/5 w/v). The protein
content determined by the Kjeldahl method was 20.0 % for whole
almond flour and 35.2, 31.4 and 30.8 % for defatted almond, hazelnut
and walnut flour, respectively.

Model cookies were prepared at the Pilot Plant of Zaragoza Univer-
sity following the American Association of Cereals Chemists methodol-
ogy (Method 10-50D) [27]. All the ingredients required to elaborate the
cookies (128 g butter, 263.7 g sugar, 4.2 g salt, 5 g sodium bicarbonate
and 86.3 g water) were blended with a Kenwood kitchen mixer. Then,
percentages of 0.2 % and 2 % of whole ground almond (w/w), which
correspond, to 400 and 4000 pg g~ almond protein, respectively, were
added, and the dough mixed again. Cookies (20 g, 7 cm diameter) were
prepared and baked at 205 °C for 10 min. Lower percentages of almond
protein were obtained by mixing adequate amounts of almond-free
cookies with cookies containing 400 ug g~ ' of almond.

For the extraction of proteins from almond, hazelnut and walnut
flours and cookies, (1.00 + 0.01) g was added with 10 mL of PBS and
vortexed for 1 min. Then, the mixture was heated at 60 °C for 15minina
water bath and centrifuged at 3000 x g for 15 min. The supernatant was
collected and analyzed according to the protocols indicated above to
determine amperometric and spectrophotometric measurements.

3. Results and discussion

Fig. 1 shows the basis of the developed sandwich immunoplatform.
Briefly, specific capture antibodies (CAb) to Pru du 6 were immobilized
on the surface of magnetic microcarriers (MBs) and used to selectively
sandwich the target protein into the solution with the detector anti-Pru
du 6 antibody tagged with horseradish peroxidase (HRP-DAb). The
resulting MBs-immunocomplexes were captured on the SPCE working
electrode surface with a magnet to perform amperometric reading by
monitoring the variation in the measured cathodic current in the pres-
ence of the H2O2/HQ system (Eapp = — 0.20 V vs. Ag pseudo-reference
electrode).

3.1. Optimization of key experimental variables

The variables concerning the amperometric transduction such as the
volume of MBs, pH, detection potential and composition of the sup-
porting electrolyte were previously optimized [28,29]. Therefore, the
variables regarding the formation of immunocomplexes on the surface
of the MBs such as the concentration of CAb and incubation time with
the activated HOOC-MBs, the incubation time of the target protein with
the CAb-MBs, the number of steps of the protocol, and the dilution and
incubation time of the HRP-DAb were optimized in this study. As the
selection criterion for each assessed parameter, the amperometric
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Fig. 1. Immunoplatform assisted by MBs for the determination of almond traces by determining the target protein Pru du 6. Schematic diagrams of the protocols
used for the sample treatment, the preparation of the immunoconjugates and their amperometric transduction on screen-printed carbon electrodes (SPCE) and a
polymethylmethacrylate (PMMA) unit using the HRP/H,0,/HQ system. Capture antibodies (CAb), detector antibodies (HRP-DAb), carboxylic acid-modified mag-

netic beads (HOOC-MBs), electrochemical (EC). Created with Biorender.

responses in the absence (B, blank) and in the presence of Pru du 6 at 10
ng mL ™! (S, signal) were compared and the larger signal-to-blank (S/B)
ratio was chosen for further assays.

Results obtained in these optimization studies are depicted in Fig. 2.

All the tested variables and ranges as well as the chosen values are
indicated in Table 1. A CAb concentration of 2.5 pg mL™! to prepare the
CAb-MBs provided a larger S/B ratio (Fig. 2a). Higher CAb concentra-
tions did not increase the S/B ratio despite the noticeable signal increase
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Fig. 2. Optimization studies for the key variables involved in the performance of the developed electrochemical sandwich bioplatform for the amperometric
detection of Pru du 6 allergen. Dependence of the amperometric readings obtained with the developed bioplatforms in the absence (blank, B, white bars) and in the
presence (signal, S, grey bars) of 10 ng mL~! Pru du 6 standard with the concentration (a) and incubation time (b) of capture antibody (CAb), number of steps
required for the assay (c), incubation time of Pru du 6 (d), and concentration (e) and incubation time (f) of detector antibodies (HRP-DAb). Ratio values between S

and B (S/B) obtained for each tested variable are displayed as black line and dots.
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Table 1
Optimized key variables, tested ranges and selected values for the amperometric
determination of Pru du 6 protein with the developed bioplatform.

Variable Tested range Selected value
[CAb], ug mL ™! 0.0-25.0 2.5
Incubation time with CAb, min 15-60 15

Number of steps 1-2 2

Incubation time with Pru du 6, min 15-120 15

HRP-DAD dilution 1/5000-1/500 1/1000
Incubation time with HRP-DAb, min 15-60 15

that is due to a certain type of non-specific interaction between CAb and
HRP-DAD when using high concentrations. These results also confirmed
that it was not possible to discriminate the presence of Pru du 6 in the
absence of immobilized CAD (0.0 bars), and that Pru du 6 was captured
on the MBs through the CAD indicating that sandwich immunocom-
plexes were formed.

The incubation time selected for the binding of CAb at 2.5 yug mL™
with the activated MBs was 15 min, as a decrease of the S/B ratio was
observed for longer times (Fig. 2b). This fact was also observed with
other electrochemical bioplatforms developed to detect soy allergenic
proteins and was attributed to the poorer recognition of the target
protein by steric hindrance when too many CAb molecules were
immobilized in the MBs [24]. The number of steps employed in the
immunoassay is a key parameter to simplify the whole procedure and
thus, to reduce the time of the assay. In this study, two different pro-
tocols were tested for the formation of the sandwich immunocomplexes.
A one-step assay involving the incubation of the CAb-MBs for 30 min
with a mixture of Pru du 6 and HRP-DAD (Fig. 2¢, bars 1), and a two-step
assay involving two consecutive incubation steps of 30 min each, first
with a solution of Pru du 6 and thereafter with a solution of HRP-DAb
(Fig. 2¢, bars 2). Results obtained showed that only the two-step assay
allowed discriminating the presence of Pru du 6 (Fig. 2c¢), which is
probably due to a steric hindrance effect or/and to a possible competi-
tion between CAb and HRP-DAD for the target protein to form the
immunocomplexes.

Fig. 2d shows the effect of the incubation time of the CAb-MBs with
Pru du 6. Although slightly larger S/B ratios were observed with the time
increase until 45 min, a period of 15 min was selected as a remarkable
reduction of the assay time could be achieved without substantial loss of
response.

Regarding the concentration of HRP-DAD added to the Pru du 6-CAb-
MBs to form sandwich immunocomplexes (Fig. 2e), results showed that
the S/B ratios increased with the antibody concentration up to a 1/1000
dilution and lower S/B ratios were obtained for higher concentrations.
Furthermore, the impact of the incubation time of the selected HRP-DAb
concentration with Pru du 6-CAb-MBs for periods longer than 15 min
resulted in a marked decrease of the S/B ratios (Fig. 2f). These facts
could be attributed to an increase of the corresponding non-specific
adsorption (larger B signals) under those conditions.

3.2. Analytical and operational characteristics

The relationship between the concentration of Pru du 6 and the
cathodic current variation provided by the bioplatforms is shown in
Fig. 3. The calibration plot showed a linear range between 0.36 and 50
ng mL~! of Pru du 6 (r = 0.998), with a slope value of (26 + 1) nA mL
rlg’1 and an ordinate intercept of (183 + 20) nA. The limit of detection
(LOD) and the limit of quantification (LOQ) values were determined
according to the Ksp/m criterion being s, the standard deviation of ten
measurements in the absence of Pru du 6, m the slope of the calibration
plot and K a value of 3.3 or 10 times for LOD and LOQ, respectively. The
obtained LOD and LOQ values were 0.12 and 0.36 ng mL}
respectively.

As this is the first reported electrochemical immunosensing platform
for the determination of Pru du 6, results were compared with other
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Fig. 3. Calibration plot constructed with the developed bioplatform for the
amperometric determination of Pru du 6 standards. Inset: actual amperograms
obtained for the indicated concentrations of Pru du 6.

techniques developed to detect almond traces in food. The multiplexed
determination of six food allergens, including almond, using an opto-
electrical microanalytical system performed by Morais’ Group was
accomplished with a standard digital compact disc functionalized with
highly selective antibodies in a microarray format and an optical de-
tector. This system enabled the simultaneous determination of the
selected allergens, with a LOD for almond of 3.4 ng mL™! [30]. When
comparing with ELISA techniques based on the determination of Pru du
6, LOD values ranging between 3 ng mL~! [17] and 20 ng mL~! [15]
have been reported. Furthermore, it is necessary to point out that the
sandwich ELISA test using the same immunoreagents that those
employed in this study, reported a LOD value of 2 ng mL ™! [20], which is
about 15 times higher than that obtained with the electrochemical
bioplatform. The better sensitivity of the amperometric immunoplat-
form compared to the ELISA test has been also reported for the deter-
mination of soy allergenic proteins glycinin and p-conglycinin [24]. It is
also important to highlight here that, due to the instrumentation used in
the detection step, the developed bioplatform is competitive with the
ELISA methodology in terms of cost and applicability at the point-of-
need.

Likewise, a LFIA using the same antibodies to Pru du 6 exhibited a
250-fold higher LOD (30 ng mL 1) [20]. Despite the advantage of having
a very rapid response (10 min), the LFIA test can give false negative
results due to the hook effect associated with this technique and it does
not provide quantitative results [31].

The amperometric measurements obtained using eight different
bioplatforms prepared in the same way on three different days, for the
analysis of 25 ng mL™! Pru du 6 standard, gave a relative standard de-
viation (RSD) value of 3.1 %, indicating the great reproducibility of the
analysis procedure. Furthermore, the CAb-MBs stored in filtered PBS at
4 °C were used for the preparation of the bioplatforms with no differ-
ences in the measured S/B ratios for 38 days. These results indicate a
good stability of the prepared immunoconjugates, which simplifies and
speeds up the complete analytical process, allowing the determinations
to be performed in 30 min.

3.3. Selectivity

The selectivity study is intended to provide information on potential
sources of cross-reactivity and interferences. In this study, the selectivity
of the developed immunoplatform was determined by assaying protein
extracts from defatted flours of hazelnut and walnut as they are the most
widely nuts consumed and they could be found with almond in com-
mercial food. In a previous study performed to develop ELISA and LFIA
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tests, cross-reactivity was determined with the same anti-Pru 6 anti-
bodies using 50 food commodities (other nuts and ubiquitous food in-
gredients such as egg, milk, meat and fruits). In that study, only Pecan
nut, Brazil nut and chestnut showed certain reactivity, which was less
than 0.01 % [20].

Likewise, reactivity with some of the most allergenic proteins from
those sources, like Cor a 9 (hazelnut) and Jug r 1 (walnut) was also
tested. As it can be seen in Fig. 4a, Cor a 9, with structural similarity to
Prudu 6 (51 %) [32], did not cause any significant interference when the
protein was assayed at the same concentration than Pru du 6. Likewise,
Jugr 1 did not cause any interference in the assay. Similarly, the analysis
of flour showed that undiluted hazelnut and walnut extracts gave a
similar S/B ratio. Furthermore, when testing almond flour 100 times
more diluted than hazelnut and walnut flours, the amperometric
response gave S/B ratios of about 15 times higher for almond, suggesting
that hazelnut and walnut proteins do not show any apparent cross
reactivity in the assay with the developed platform (Fig. 4b).

These results are in good agreement with those reported by Civera
et al. [20] as they did not find cross-reactivity with hazelnut and walnut
when extracts were assayed by ELISA and LFIA tests using the same anti-
Pru du 6 antibodies.

3.4. Determination of Pru du 6 in food samples

The developed bioplatform was applied to the analysis of defatted
almond flour and of cookie incurred with different percentages of whole
ground almond before and after the baking processing.

For defatted almond flour, the lowest level detected by the immu-
noplatform in extracts at different dilutions was 0.035 ug g~ * of protein
(Fig. S1). Considering that Pru du 6 is approximately 50 % of almond
protein [16], the bioplatform could detect 0.018 pg g~ * of the target
protein.

International guidelines recommend that the analytical techniques
developed to detect allergens must be tested using model foods in which
the allergenic ingredient is incorporated before the food is processed
[33]. Although the preparation of incurred food requires more time and
effort, the food matrix is more realistic as it has been subjected to pro-
cessing conditions like those applied in the food industry. In this study,
cookies incurred with ground almond were selected as model food as
nuts are ingredients commonly used in the elaboration of many bakery
products.

The analysis of cookie dough and baked cookies added with different
amounts of almond protein were performed to evaluate the performance
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of the developed biosensor. As shown in Fig. 5, the blank dough and
cookies (without almond) gave a signal below the LOQ of the bio-
platform, indicating that no false positives are found. Besides, all sam-
ples incurred with almond protein gave signals above the LOQ of the
assay, which increased with the amount of almond protein added. Re-
sults obtained indicated that the developed bioplatform can detect at
least 0.2 ug g~! of almond protein in both, raw dough and baked cookies.
These results agreed with those reported by Civera et al. [20] for the
detection of amandin in baked cookies by a sandwich ELISA using the
same immunoreagents, as they could also detect the addition of 0.2 pg
g~! of almond protein in baked cookies. Likewise, in the study of
Chhabra et al. [19], Pru du 6 was detected by ELISA in cookies, sponge
cakes, almond bars and cornflakes incurred with 0.5 % of almond,
although they did not include the low percentages used in our study that
could mimic cross-contaminated products, which correspond to 0.0001
% of whole almond (0.2 ug g~! almond protein). On the other hand,
results obtained with the developed bioplatform indicated that the
signal level measured in baked cookies was about 11-35 % lower than
that obtained in the corresponding raw dough. These results are in
accordance with those described for incurred cookies analysed by
sandwich ELISA using the same immunoreagents, where the Pru du 6
concentration decreased to about 46 % after the baking processing [20].

This could be due to the denaturation of the target protein, which
induces changes in some conformational and/or lineal epitopes that
interact with the antibodies, and to the aggregation of the target protein
that reduces its solubility and hides the epitopes recognized by the an-
tibodies [33,34].

However, our results contrast with those reported by Chhabra et al.
[19] using a sandwich ELISA and monoclonal antibodies against Pru du
6. These authors observed a much higher reduction of immunoreactivity
in model foods (between 3.8 and 6.1 times) than that obtained in this
study. This difference is probably due to the fact that the treatments
applied markedly affect the single epitope that is recognized by mono-
clonal antibodies, whereas these changes are less critical when poly-
clonal antibodies capable of recognizing different epitopes are used.

The developed bioplatform was applied to determine the concen-
tration of Pru du 6 in cookies incurred with almond protein. To perform
this quantification, a calibration curve was constructed by spiking
almond-free cookie extracts with increasing concentrations of Pru du 6
(2.5-25 ng mL~1). The preparation of these standards was necessary as a
matrix effect was observed for Pru du 6 standards prepared with the
extract of the blank baked cookies compared to those prepared in buffer.
Thus, the statistic study comparing both slopes showed that teyp, = 4.22
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Fig. 4. Evaluation of the selectivity of the developed amperometric bioplatform using flour extracts and purified allergenic proteins from hazelnut and walnut.
Amperometric responses obtained with the developed immunoplatform for blank signal (without Pru du 6) (white bars) and 10 ng mL~! of Pru du 6 (grey bars)
prepared in the absence and in the presence of 10 ng mL ™' of Cor a 9 and Jug r 1 (a). Amperometric responses obtained in the absence (blank) and in the presence of
100 times diluted almond flour extract and undiluted hazelnut and walnut flour extracts (b).
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Fig. 5. Amperometric responses measured with the developed sandwich-based bioplatform for the determination of Pru du 6 in raw dough (grey bars) and baked
cookies (black bars) incurred with different amounts of almond protein. Results are the mean value + standard deviation of three cookie extracts. Representative
amperometric traces obtained for incurred baked cookies with 0, 10 and 100 pg g~ almond protein.

> tp = 2.36, considering a 95 % confidence level.

Table 2 shows the concentration values of Pru du 6 determined in
cookies incurred with 0.4 and 0.6 pg g~ of almond protein using the
developed bioplatform. In addition, these results were compared with
those obtained by a sandwich ELISA test previously developed using the
same immunoreagents [20]. The good agreement among the results
obtained with both methodologies (texp < trap values) with the confi-
dence intervals (at a significance level of a = 0.05) indicates a good
accuracy of the results provided by the developed immunoplatform.
Although the statistical comparison confirms the good concordance
between both methodologies, no correlation parameters are given due to
the small number of compared results. In both cases, the concentration
of Pru du 6 was lower than expected, probably due to denaturation and
aggregation induced by the applied heat processing [33]. Furthermore,
RSD values obtained for the determination of Pru du 6 in three different
extracts of almond incurred cookies using both techniques yielded RSD
values lower than 10 % indicating an acceptable reproducibility.

Results obtained show that the developed bioplatform can detect
traces of almond in incurred baked cookies (0.2 pg g_1 almond protein).
An allergen action level has not been established for almond in VITAL
program in order to provide appropriate PAL. However, if the reference
dose for hazelnut indicated in the VITAL program is considered (1 pg g !
of hazelnut protein for a serving size of 100 g), the developed almond
bioplatform could be applied by food producers as a suitable control tool
for the allergen risk management.

4. Conclusions

This study reports the first electrochemical bioplatform for the sen-
sitive and selective detection of almond through the determination of
the allergenic protein Pru du 6. The bioplatform is based on the recog-
nition of this allergenic target protein using unlabelled and HRP-labelled
specific antibodies and on the amperometric monitoring of HQ-
mediated enzymatic reduction of HyO» after capturing the prepared

Table 2

Determination of Pru du 6 concentration (in ng mL™Y) in extracts of cookies
incurred with almond protein using the developed bioplatform and the sandwich
ELISA.

Incurred Inmunoplatform ELISA te,q,h
ki :
f:;’ g'ff) [Prudu6]® RSD,_s % [Prudu6]® RSD,_s, %
0.4 3.0+ 0.3 4.4 3.0+ 0.7 9.9 0.243
0.6 57+1.4 10.2 4.9+ 0.6 5.1 2.313

2 mean value £ t x s/\/n (n = 3, a = 0.05).
P texp < teab Of 4.303 (n = 3, a = 0.05).

magnetic bioconjugates on the surface of disposable electrodes.

This developed bioplatform allows determining Pru du 6 (LOD of
0.12 ng mL™!) in only 30 min and has successfully coped with the
analysis of almond flour and baked cookies incurred with almond,
demonstrating in this latter case the ability to determine as little as 0.2
g g~ of almond protein. Noteworthy, the bioplatform is competitive
with the ELISA methodology in terms of saving time, bioreagent con-
sumption and compatibility of application at point-of-need.

The developed bioplatform, unlike other conventional methodolo-
gies, does meet the stringent requirements of the food industry, in terms
of sensitivity, simplicity, rapidity and use of low-cost and simple
instrumentation which is compatible with multiplexed and field
determinations.

All these unique characteristics lead to consider it as a promising
biotool to improve the allergen risk management by food producers and
therefore, it could help to reduce the abusive use of PAL. Besides, the
biotool could be used for further advancing in emerging allergenic tar-
gets research, and for assisting precision nutrition and medicine, the
latter considering clinical problems arising from the ingestion of prod-
ucts to which certain individuals are particularly sensitive.
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