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Abstract: Following successful oral immunotherapy (OIT) for peanut allergy using boiled peanuts
(BOPI trial), this study investigated the potential of wet-thermal-processing-induced allergen modifi-
cation, specifically soaking and boiling (1–4 h) to reduce the allergenicity of cashew and pistachio
allergens. In addition, this study provides a foundation of understanding for developing safer forms
of cashew/pistachio administration for application in OIT by gradual exposure to increasing doses of
modified allergens with reduced potency as an “allergen ladder”. An SDS-PAGE analysis and an
intrinsic-fluorescence spectroscopy revealed altered tertiary structures of the allergens, leading to
their denaturation and even degradation. Notably, the reduction in both allergen-specific polyclonal
IgG and human-specific IgE (sIgE) binding correlated with the treatment time, with the most signifi-
cant decrease observed after 4 h of boiling. In contrast, shorter soaking treatments showed negligible
effects on the IgE-binding capacity of these nuts, therefore indicating a further need for optimization.
These findings indicate that extended boiling effectively reduced the amounts of the highly potent
allergenic component Ana o 3 in cashew and Pis v 1 in pistachio, as confirmed by ELISA using
polyclonal anti-Ana o 3 antibodies, and an immunoblot showed decreased IgE epitope binding in
cashew and pistachio allergens, which further modified their allergenic profiles. This approach shows
promise as a viable method for offering a safer therapeutic option for cashew/pistachio allergy.

Keywords: cashew; pistachio; cross-reactivity; boiling; soaking; allergenicity; hypoallergenic; IgE

1. Introduction

Food allergies have been reported worldwide, and tree nuts are one of the major food
groups responsible for such adverse reactions. Tree nuts are a potent source of allergenic
proteins that trigger IgE-mediated hypersensitivity, leading to severe and potentially life-
threatening anaphylactic reactions [1,2]. Despite these considerations, the consumption of
tree nuts is on the rise, particularly in industrialized countries, due to their well-recognized
health benefits [1,2]. The prevalence of tree nut allergy varies with age, definition of food
allergy, and geographical area, among other factors, ranging from less than 1% to 3%
globally [3].

Cashew and pistachio nuts are among the tree nuts causing IgE-mediated allergies.
Both cashew nuts and pistachios belong to the same botanical family (Anacardiaceae); they
are phylogenetically related and have been known to cause co-sensitization and cross-
reactivity [4]. The prevalence of cashew nut allergies seems to be rising, which correlates
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with its increasing consumption. A systematic review conducted by McWilliam et al. [3]
showed the prevalence of cashew, the most common tree nut allergy, was reported in the
USA. There are limited number of studies reporting the prevalence of tree nuts in Europe.
A recent systematic review reported the prevalence of tree nut allergy/sensitization to
individual tree nuts where overall point prevalence for SPT positive cashew nut allergy
was 0.8% [5]. However, no information on cashew/pistachio allergy could be retrieved
from emerging economies like Asia and Africa.

Currently, there is no cure for tree nut allergies. The most effective management of
food allergies remains strict avoidance. Additionally, omalizumab, an anti-IgE antibody,
has been approved as both a standalone treatment and as an adjunct to OIT for food allergy
in the US, receiving approval by the Food and Drug Administration in early 2024 [6]. Prior
to this, omalizumab had already been widely recognized and approved for treating other
allergic disorders, including asthma and chronic urticaria, in several countries such as US,
EU, Australia, Canada, and Colombia. Thoroughly avoiding exposure to the offending
agent is, however, challenging due to the high prevalence of nuts as ingredients in pro-
cessed food products and possible mislabeling and cross-contact during food processing.
Recently, oral immunotherapy (OIT) has emerged as a promising treatment option for
food-allergic patients. However, frequent allergic reactions (mostly mild, but occasionally
anaphylaxis) are significant side effects associated with using allergenic food sources in
the therapy. This makes participants adhering to the therapy regime difficult, and about
20% are unable to continue with their immunotherapy [7]. To reduce severe allergic reac-
tions, modified allergens have been applied to oral immunotherapy as a safer therapeutic
reagent [6–10]. For example, boiled peanuts were introduced in the Boiled Oral Peanut
Immunotherapy (BOPI) study (NCT02149719) that successfully induced desensitization,
with >50% demonstrating sustained unresponsiveness after stopping peanut consumption
for 4 weeks [10]. A similar approach involved stepwise reintroduction of food allergens,
referred to as a “ladder”, starting with extensively heated forms, which have reduced
allergenicity, and gradually progressing to less heated forms, while also increasing the
protein amount at each stage. Which allows for controlled desensitization and reduces the
risk of allergic reactions [11].

A comprehensive understanding of the impact of food-processing methods on food
allergen structures and serum IgE epitopes is critical for developing suitable hypoallergenic
products for immunotherapy with safer profiles. The effect of food processing on protein
functionality and allergenicity is complex and depends on a variety of factors, such as types
of proteins, types of processing methods, and specific conditions employed.

Various food-processing techniques have been reported to influence allergenic prop-
erties of tree nut allergens. Dry and wet thermal treatments, such as roasting, boiling,
and autoclaving, have been shown to reduce the sIgE-binding capacity [9,12]. Novel
non-thermal processing treatments, such as cold plasma, ultrasound, Gamma radiation,
and high-pressure processing [8,13], have also been observed to progressively diminish
the allergenic potential of tree nut allergens [8,9]. Among the studied food-processing
techniques, enzymatic fermentation and chemical hydrolysis show significant promise in
reducing the allergenic profile of milk and soy to the extent that they may not elicit symp-
toms [14]. Furthermore, combining thermal treatments with other chemical and biological
processing techniques could offer an advanced strategy for producing hypoallergenic
foods [10,15]. Indeed, Cuadrado et al. demonstrated that pressured-heating techniques,
such as autoclave and controlled instantaneous depressurization combined with enzymati-
cal treatment, are highly effective to obtain hypoallergenic peanuts and tree nuts such as
pistachio, cashew, and hazelnut [16–18]. While cashews and pistachios boiled for up to 1 h
have shown a reduction in IgE reactivity through chemical and functional modifications [3],
the effects of extensive boiling have not been thoroughly studied. Soaking, a common
tree-nut-processing technique used to initiate enzyme activation [3], combined with boiling
could facilitate more desirable modifications of allergenic proteins.
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Building on the success of peanut OIT, BOPI, this study aimed to investigate the effects
of soaking and boiling, both individually and in combination, on the protein structure,
solubility, and antigenic and allergenic integrity of cashew and pistachio allergens. Addi-
tionally, it aims to determine the optimal conditions for producing cashew and pistachio
ladders suitable for OIT [11]. The findings of this study contribute to the knowledge base
of food allergology and provide valuable insights into potential food-processing methods
to develop safer therapeutic agents for cashew and pistachio allergy immunotherapy.

2. Materials and Methods
2.1. Chemicals

Hexane, sodium chloride (NaCl), along with other chemicals for electrophoresis dithio-
threitol (DTT), 10× Tris/Glycine/SDS buffer, Coomassie brilliant blue-R 250, and methanol
(HPLC grade) were purchased from Sigma-Aldrich (St. Louise, MO, USA). Precision
Plus Protein Dual Colour Standard and Trans-Blot® Turbo ™ 5× transfer buffer were
obtained from Bio-Rad (Hercules, CA, USA). Bovine serum albumin-BSA protein stan-
dard (2 mg/mL), bicinchoninic acid (BCA) solution, copper (II) sulphate solution, gelatin
from cold water fish skin, tetramethylbenzidine (TMB), Tris-HCl-0.9% NaCl buffer (TBS),
TWEEN® 20, and Anti-sheep IgG A3415 were obtained from Sigma-Aldrich. Goat anti-
rabbit IgG (HRP) ab6721 was obtained from Abcam (Cambridge, UK). A SuperSignal® West
Dura extended-duration substrate was obtained from Thermo Fisher Scientific (Waltham,
MA, USA). Mouse anti-human IgE Fc-HRP 9160-05 was obtained from Southern Biotech
(Birmingham, AL, USA).

2.2. Human Serum Samples and Cashew- and Ana o 3-Specific Polyclonal Antibodies

Ten patient serum samples, obtained from two sources, were pooled for the IgE-
binding study. Eight samples were selected from the baseline samples of the “Boiled
Peanut Oral Immunotherapy” (BOPI) pilot study (Trial number NCT02149719, human
ethics approval 15/LO/0287) at Imperial College London, United Kingdom (UK). These
samples were from children aged 8–14 years who were diagnosed with peanut allergy via
a double-blind, placebo-controlled food challenge (DBPCFC). They were also clinically
confirmed to be cashew- and pistachio-sensitized via skin prick test (wheal diameter for
cashew 5–15 mm; and for pistachio 4–12 mm). Of the eight samples, two had previous
reactions to either cashew or pistachio.

Two additional samples were obtained from the Children’s Hospital at Westmead, Aus-
tralia, where the patients were clinically diagnosed either as cashew/pistachio-sensitized
or allergic based on a convincing history of ana-phylaxis (systemic urticaria and respiratory
symptoms upon consumption) and positive SPT results (cashew 11–13 mm; pistachio 3.5–9
mm) (human ethics approval #LNR/14/SCHN/516). Detailed information on the patient
serum samples is in Supplementary Table S1.

The rabbit anti-Ana o 3 antibody was produced at the IMVS Veterinary Services
Division (South Australia) and sheep anti-cashew protein antibody was produced at the
Antibodies Australia in Monash University (Victoria) using as a standard immunization
protocol with modification. The purification of Ana o 3, immunization schedules, and
serum collection are detailed in [19].

2.3. Soaking and Boiling Treatments of Cashew and Pistachio Nuts

Raw and roasted whole cashew and pistachio nut kernels were purchased from a local
supermarket in Sydney, NSW, Australia. The raw and roasted whole kernels were washed
with reverse osmosis (RO) water, which involves pressure-forcing water through a semi-
permeable membrane to remove contaminants (e.g., salt), before applying different process
treatments (i.e., soaking and boiling). For the soaking study, the nuts were immersed in RO
water (1:5 w/v) for 30 min (at 37 ◦C and RT), 1 h, and 2 h at room temperature (RT). The
aliquots of water (referred to as soaked water hereafter) were collected, and the nuts were
air-dried. For the boiling study, the nuts were boiled in RO water (1:5 w/v) at 99–100 ◦C
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for 30 min, 1 h, 2 h, and 4 h. The aliquots of water (referred to as boiled water hereafter)
were collected, and the boiled kernels were freeze-dried. The protein in the soaked-water
samples was concentrated by centrifuging in the 3K Amicon® Ultra Centrifugal Filter Units
(Merck, Burlington, MA, USA) at 5000× g for 30 min.

2.4. Protein Extraction

Cashew extract was prepared according to the method of Zhao et al. [19]. The un-
treated and soaked kernels were ground using a commercial coffee grinder and defatted
with n-hexane (1:5 w/v). All defatted flours were air-dried overnight to remove residual
solvent. Soluble proteins from the defatted flour were extracted in a Tris-HCl buffer solu-
tion (0.1 M Tris-HCl with 0.9% NaCl, pH 8.4) in a ratio of 1:10 w/v with constant agitation
overnight at 4 ◦C. Following the overnight extraction, the mixture was centrifuged at
10,000× g for 10 min at 4 ◦C, and the supernatants were collected as soluble protein extracts.
The protein concentrations of the extracts, soaking and boiling water, and the concentrated
soaking water were determined using bicinchoninic acid assay (BCA), t. Unprocessed
cashew and pistachio nuts were set as control (raw nuts).

2.5. Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

The electrophoretic profile of the cashew and pistachio protein extracts (both heat-treated and
-untreated), soaked-water sample, and boiled-water samples were determined with SDS-PAGE,
using either the same volume or the same protein quantity for different purposes. For the cashew
samples, when loading the same volume of samples onto the gel, untreated soaked-water samples
were diluted 1:5 with phosphate-buffered saline (PBS, pH 7.4), while boiled-cashew proteins were
diluted 1:2 with the same buffer. For the pistachio samples, both treated and untreated pistachio
proteins were diluted to 1:5 with Tris-HCl buffer solution (0.1 M Tris-HCl with 0.9% NaCl, pH 8.4)
before loading onto the gel. For the SDS-PAGE, where the same quantity of protein was loaded
onto the gel, all samples (i.e., untreated soaked and boiled, as well as treated water) were diluted
to 1 mg/mL, where 10 µL mixed the protein extracts samples, and 15 µL mixed the treated-water
samples for the same protein amount with SDS-PAGE gel for 7 µg of proteins of each sample.

For both SDS-PAGEs, the diluted samples were mixed with a sample buffer (3:100 w/v ratio of
DTT) and 2× Lammeli buffer, Bio-Rad, USA) in a 1:1 v/v, heated at 95 ◦C for 5 min, centrifuged
at 10,000× g for 5 min, and electrophoresed in 15% hand-casted gels. After electrophoresis, gels
were fixed in fixing solution (10% methanol and 7% acetic acid) for 30 min and then stained
overnight in staining solution (4% methanol and 1% acetic acid with Coomassie brilliant blue) with
constant agitation. Following the overnight staining, the gels were destained in a destaining solution
(40% methanol and 10% acetic acid) for 2 to 3 h, with constant shaking, before visualizing the
electrophoretic protein patterns by using a ChemiDoc XRS+ system Bio-Rad (Hercules, CA, USA).

2.6. Intrinsic-Fluorescence Spectroscopy

The intrinsic-fluorescence spectra of the cashew and pistachio protein extracts, as
well as the treated-water samples, were characterized with a Cary Eclipse fluorescence
spectrophotometer Agilent Technologies (Santa Clara, CA, USA). Briefly, 0.5 mg/mL of the
protein extracts of the treated and untreated cashew and pistachio nuts and treated soaked
and boiled water were scanned under an excitation fluorescence wavelength of 280 nm and
the emission wavelength at 300 to 450 nm, with both excitation and emission slits of 10 nm.

2.7. Inhibition Immunoassay Using Allergen-Specific Polyclonal IgG

For the inhibition immunoassay using allergen-specific polyclonal IgG, animal sera
from sheep and rabbits immunized with crude protein and Ana o 3, respectively, were used
for both cashew and pistachio samples. Briefly, Nunc MaxiSorp™ 96-well plates Thermo
Fisher (Waltham, MA, USA) were coated with treated and untreated cashew and pistachio
protein extracts that were diluted to a final concentration of 0.1 µg/mL with coating buffer
(50 mM NaHCO3 buffer, pH 9.6) by incubating overnight. The wells were washed with
0.05% Tween 20 and blocked with blocking buffer (0.5% fish gelatin in PBS, pH 7.8) for 1 h.
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In separate 1.2 mL cluster tubes (Corning Inc., Corning, NY, USA), animal sera contain-
ing polyclonal IgG were pre-incubated with untreated and treated allergen extracts (from
0.01 ppm to 100 µg/mL) for 30 min. For blank and negative control, blocking buffer and
animal sera pre-incubated with the blocking buffer were used, respectively. In total, 150 µL
of the pre-incubated sample solutions, blank sample, and negative control sample were
transferred to the coated microwell plate and incubated for 1 h. The wells were washed
five times with 0.05% Tween 20, and 100 µL of diluted conjugated secondary antibodies
(donkey anti-sheep IgG and goat anti-rabbit IgG) were incubated for 1 h. For the devel-
opment of colour, 100 µL of substrate/chromogen solution (TMB and H2O2) per well was
incubated for 30 min. The reaction was then stopped by adding 50 µL 0.125 M sulfuric acid.
The absorbance values of microwells were measured at 450 nm using a SpectraMax M2
microplate reader (Molecular Devices, San Jose, CA, USA). The percent inhibition % was
calculated with the following formula:

Inhibition % =

[
1 −

(
Absample

Abnegative

)]
× 100

where Absample is the average absorbance value of samples (i.e., allergen extracts), while
Abnegative is the averaged absorbance of negative control. All Absample and Abnegative values
were adjusted with the averaged blank absorbance value.

2.8. sIgE-Based Immunoblot Analysis

For sIgE dot-blot analysis, all allergen extracts (untreated and treated) and treated-water
samples were diluted with TBS to a final protein concentration of 1 mg/mL. Each sample (1µL)
was dotted and air-dried onto a nitrocellulose membrane. The membrane was blocked with
a blocking buffer (3% BSA-TBS, pH 7.5) overnight, with constant agitation. The membrane
was then washed three times with 0.05% Tween 20 and incubated with diluted human serum
(1:50 v/v) overnight. The membrane was washed 5 times with 0.05% Tween 20 and a final
rise with MilliQ water. It was incubated with mouse anti-human IgE-HRP (Southern Biotech,
Birmingham, AL, USA) for 1 h. Finally, the membrane was washed three times with 0.05%
Tween 20. A chemiluminescence substrate (SuperSignal® West Dura Extended Duration
Substrate, Thermo Fisher, USA) was added, and the IgE-binding was visualized using a
ChemiDoc MP System (Bio-Rad®, USA).

For IgE immunoblot, the protein extracts of untreated- and treated-cashew and -pistachio
samples, as well as the treated-water samples, were electrophoresed using 15% hand-casted
SDS-PAGE gels. The proteins were separated for 1 h at 150 V using a Mini-PROTEAN
electrophoresis system (Bio-Rad, Hercules, CA, USA). The separated proteins were transferred
onto a nitrocellulose membrane with a Trans-Blot Turbo Transfer System (Bio-Rad, Hercules,
CA, USA) at 25 V for 7 min. After transferring, the membrane was washed 3 times with 0.05%
Tween 20, followed by final rising with Milli Q water. The membrane was blocked with a 1%
BSA-TBS (pH 7.5) overnight, with constant agitation. The remaining steps after the blocking
step followed the same steps of IgE dot-blot analysis as described above.

2.9. Statistical Analysis

All experiments were conducted in triplicates. Statistical analyses were performed
using GraphPad Prism 9.3.1, and one-way ANOVA was used to determine statistical
significance (p < 0.05). The numerical data are presented as mean values with standard
error of the mean (SEM).

3. Results and Discussion
3.1. Effects of Food-Processing Treatments on Solubility and Molecular Profiles of Treated-Nut Proteins

Tree nuts are commonly associated with food-allergy-related adverse reactions and
anaphylaxis. Accordingly, this study investigated the effects of thermal treatments such as
soaking and extensive boiling on the protein structure integrity, solubility, and allergenic
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properties of cashew and pistachio allergens. By subjecting these tree nut proteins to
controlled thermal processes, we can understand the essentials for developing safer allergy
management strategies and could contribute to reducing the health risks associated with
nut consumption.

3.1.1. Effects of Soaking on the Solubility and Profile of Proteins in Cashew and Pistachio Kernels

Processing allergenic ingredients through wet thermal processing such as soaking is
typically intended to soften the seed by increasing its water uptake and removing low-molecular-
weight allergens [20]. Accordingly, the effects of soaking at room temperature versus an elevated
temperature, 37 ◦C, on the solubility and extractability of cashew and pistachio proteins were
studied. The protein concentrations of the extracts of raw, soaked, and roasted cashew and
pistachio kernels are presented in Figure 1A. The protein profiles of soaking-treated cashew
and pistachio kernel proteins are presented in Figures 2A and 2B, respectively. As apparent
from Figure 1A, the soaking temperature and time had no significant effects on the extractable
protein concentrations in both cashew and pistachio kernels. Overall, raw nuts exhibited
the highest soluble protein concentrations (19.2 mg/mL and 23.8 mg/mL for cashew and
pistachio, respectively) in contrast to the roasted nuts, which exhibited the lowest soluble protein
concentrations in both cashew and pistachio (14 mg/mL and 18 mg/mL, respectively). Soaking
the cashew kernels resulted in a slight decrease in soluble protein concentrations (i.e., 17 mg/mL
when soaked for 0.5 h at RT and 16.6 mg/mL when soaked for 1 h at RT). Interestingly, neither
soaking time nor temperature significantly impacted the soluble protein concentrations in
cashew kernels (i.e., 18.8 mg/mL when soaked for 2 h at RT and 18.6 mg/mL when soaked for
0.5 h at 37 ◦C). On the other hand, pistachio kernels showed markedly decreased extractable
protein concentrations with soaking time (i.e., 23.5 mg/mL when soaked for 0.5 h at RT versus
18.7 mg/mL when soaked for 2 h at RT). However, soaking temperature did not impact the
soluble protein concentrations (i.e., 22.4 mg/mL when soaked for 0.5 h at 37 ◦C). Therefore, it
was concluded that overall, soaking did not significantly alter the protein concentration of both
cashew and pistachio nuts in the current study.
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The electrophoretic profiles of cashew and pistachio further complemented the findings
that the soaking treatment did not significantly impact the protein profiles of these nuts
(Figure 2A,B). Overall, the similar intensity of each protein band illustrated that the protein
concentrations for cashew nut kernels soaked under different conditions (i.e., 0.5 h, 1 h, 2 h at
RT and 0.5 h, 37 ◦C) were similar (Figure 2A). However, Ana o 2 and Ana o 3 bands appeared
to have lower protein content in raw- and soaked-cashew extracts for 1 h at RT. Similarly, the
protein profiles and concentrations of pistachio extracts were generally comparable (Figure 2B),
and only one protein band of pistachio at around 17 kDa started to fade at 0.5 h soaking at
37 ◦C. Therefore, it was concluded that soaking did not exhibit obvious effects on protein
degradation in the current study.
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3.1.2. Effects of Boiling on the Solubility and Profile of Proteins in Cashew and Pistachio Kernels

The extended boiling (1–4 h) induced remarkable reductions in the extractable protein
concentrations for both cashew and pistachio in the current study (Figure 1B). In particular, the
prolonged boiling at high temperatures reduced the solubility of cashew and pistachio proteins.
For both cashews and pistachios, the soluble protein concentration decreased from 19.2 mg/mL
and 23.8 mg/mL (raw) to 2.3 mg/mL and 4.4 mg/mL, respectively, when extensively boiled
for 4 h (Figure 1B). According to Cuadrado et al., higher protein degradation is achieved when
enzymatic hydrolysis after pressured heating is applied in both nuts [16,18]. Compared to the
cashew nuts, which exhibited a significant decrease in soluble protein concentrations proportional
to boiling time (i.e., from 19.2 mg/mL (raw) to 11.2 mg/mL, 9 mg/mL and 4 mg/mL when boiled
for 0.5 h, 1 h, and 2 h, respectively), the pistachio exhibited a more stable protein concentration
between boiling times up to 2 h (12.5 mg/mL for 0.5 h and 11 mg/mL for 2 h). Beyond 2 h, there
was a significant reduction in soluble proteins (4.4 mg/mL), suggesting pistachio proteins were
more resistant to heat.

As with the soaking samples, the protein profiles of the boiled-water samples of cashew
and pistachio and raw kernel extracts were characterized using SDS-PAGE (Figure 2C,D). As
demonstrated in Figure 2C, the disappearance of Ana o 1 and Ana o 2 bands illustrated that
the extensive boiling of cashew kernels for 4 h significantly reduced the extractable protein
probably due to decreased protein solubility of 7S globulin and 11S globulin. The concentration
of Ana o 3 in boiled kernels was proportionally decreased with boiling time (Figure 2C), which
was likely due to structural modifications such as denaturation, aggregation, or reactions
with food components. In line with this, the boiled water contained increasing Ana o 3
concentrations from leaching of this allergen into the boiling water, reaching its highest
quantity at 4 h. This was in line with previous studies that showed soluble protein leakage
from nut kernels into the treated water when peanuts were boiled [21,22].

Furthermore, the most distinct protein bands, approximately 33 kDa (Pis v 5) and 13 kDa
(Pis v 1), were observed when the pistachio kernels were boiled for 0.5 h (Figure 2D), similar to
previously reported studies [23,24]. Most of the pistachio proteins were resistant to the boiling
treatment up to 2 h, indicated by a protein profile similar to that of raw pistachio. Of the two
Pis v 5 bands, the higher molecular band was susceptible to boiling from 0.5 h and completely
disappeared by 2 h. The lower molecular band of Pis v 5, Pis v 2, and Pis v 4 were generally
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resistant to boiling for up to 2 h. The boiling treatment also caused protein fragmentation in
both cashew and pistachio samples. Similarly to cashew Ana o 3, Pis v 1 also showed leaching
effects proportional to boiling time. Boiling for 4 h induced degradation of cashew and pistachio
proteins, with high-molecular-weight proteins degrading into low-molecular-weight forms.
This finding is consistent with the observation by Sanchiz et al. [25] of protein degradation in
both nuts after 30 min of autoclaving at 121 ◦C.

3.2. Intrinsic Fluorescence Spectroscopy of Cashew and Pistachio Nut Proteins

The intrinsic fluorescence spectroscopy analysis was used to study the structural changes
in soluble proteins in the treated nut kernels and the collected water samples (soaking and
boiled water). The fluorescence spectrum of raw kernels with soaking (Figures 3A and 4A)
and boiling (Figures 3B and 4B) samples and roasted kernels were analyzed. The relationship
between the intensity of emission fluorescence and the duration of soaking (Figures 3C and 4C)
and boiling (Figures 3D and 4D) was further illustrated.
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Overall, the soaking had minimal effects on the protein structures of both cashew and
pistachio kernels (Figures 3B and 4B). Although, the intensity of emission fluorescence
started to decrease at 2 h of soaking (Figures 3C and 4C). Therefore, it was concluded that
the soaking did not alter the conformational structures of cashew and pistachio proteins.

On the other hand, boiling induced more significant changes in the protein struc-
tures of both cashew and pistachio (Figure 3B,D and Figure 4B,D). The boiled cashew and
pistachio kernel extracts exhibited red shifts in wavelengths (358 nm and 352 nm, respec-
tively) (Figures 3B and 4B). The fluorescence emission intensities of the boiled cashew
and pistachio kernel extracts also exhibited a remarkable decrease as the boiling time
increased (Figures 3D and 4D). This observation is in line with previous results, where
heat-denatured anacardein was found to expose the previously buried hydrophobic inner
core [26]. In particular, 4 h of boiling induced a significant decrease in the fluorescence
emission intensities (177 a.u. and 115 a.u., respectively, for cashew and pistachio).

When the protein structure begins to unfold, tryptophan that is originally in the core
of the protein gradually becomes exposed to the external water solution, which increases
the polarity of the surroundings, leading to a reduced intensity and an increase in the
wavelength of protein maximum emission fluorescence [27]. These observations suggested
that the native proteins of cashew and pistachio were partially unfolded when boiled for
0.5 h, whereas extensive boiling for 4 h resulted in the fully unfolded state of the cashew
and pistachio proteins (Figures 3D and 4D).

3.3. Effects of Boiling Treatment on the Antibody-Binding Capacity and Immunoreactivity of
Treated Nuts
3.3.1. Inhibition Enzyme-Linked Immunosorbent Assay (ELISA) Using Polyclonal Cashew
Specific IgG

To investigate the effects of boiling on the allergenic potential of cashew and pistachio
allergens, the current study further investigated the binding of sheep anti-cashew proteins
antibodies (IgG) to the raw and treated nuts using an inhibition ELISA. The IC50 values
were determined as an indicator to represent “a half maximal inhibitory concentration”.
The higher IC50 values indicated the lower inhibitory ability of the inhibitor to prevent the
binding between (untreated) raw proteins and IgG.

As apparent in Figure 5A, the increased boiling time induced a significant decrease
in the IgG-binding capacity of cashew allergens. The crude cashew proteins were able to
withstand up to 1 h of boiling, and thereafter, the IgG inhibition decreased as the boiling
time increased. Consequently, the immunoreactivity of cashew proteins at 1 h, 2 h, and 4 h
pf boiling was reduced by 1.4-, 4.1-, and 14-fold, respectively (Figure 5A). Compared to the
immunoreactivity of crude cashew proteins, the decrease in the IgG-reactivity to Ana o 3
was less prominent, around half of those for crude proteins, showing 1.4-, 2.4-, and 8.4-fold
for 1 h, 2 h, and 4 h boiling, respectively. Despite significant leaking of Ana o 1, as observed
in Figure 2C, there remained a significant IgG-reactivity, but it was reduced by 8-fold with
4 h of boiling. Based on these results, it was concluded that boiling cashew nuts for 4 h
resulted in the most significant reduction in the IgG-binding capacity, which was in line
with the structural modification as characterized above.

As illustrated in Figures 3D and 4D, the pistachio proteins are more heat-sensitive
compared to the cashew proteins, with the peak intensity reduced by 223 a.u. after boiling
for 2 h (∆Max intensity for cashew = 133 a.u.). This was further supported by the significant
reduction in the IgG inhibition of the boiled pistachio proteins (Figure 6). In this study,
the same polyclonal antibodies specific to cashew proteins/allergens were used, as they
were known to have significant clinical cross-reactivity due to the same plant family [25]
(Figure 6A,B). Accordingly, the boiled pistachio proteins showed an increasing reduction in
IgG inhibition with boiling time, determined by the IC50 values, showing a 2.8-fold, 6.1-fold,
and 10.7-fold reduction for 1, 2, and 4 h of boiling, respectively. More prominently, the
reduction in the inhibition of 2S albumin-specific polyclonal IgG with the boiled pistachio
2S albumin, Pis v 1, was at least 5-fold higher than cashew Ana o 3 (8.1-fold, 31.1-fold,
and 208-fold increased on IC50 values, respectively). The protein extracts from boiled
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pistachio demonstrated a consistent reduction in antibody-binding capacity, as apparent
from the IgG inhibition ELISA experiments using two polyclonal antibodies specific to
crude cashew proteins and Ana o 3, further indicating the cross-reactivity between the
allergens of pistachio and cashew.
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Figure 5. Inhibition of raw cashew protein by heat-treated cashew proteins in the inhibition ELISAs
using sheep anti-cashew proteins polyclonal antibodies and rabbit anti-Ana o 3 polyclonal antibodies.
(A) Inhibition ELISA using sheep anti-cashew proteins antibodies with heat-treated cashew proteins
for 1, 2, and 4 h (B1, B2, and B4). (B) Inhibition ELISA using rabbit anti-Ana o 3 antibodies with
heat-treated cashew proteins for 1, 2, and 4 h. Raw cas indicates raw (untreated) cashew proteins.
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Figure 6. Inhibition of raw cashew protein by heat-treated pistachio proteins in the inhibition ELISAs
using sheep anti-cashew proteins polyclonal antibodies and rabbit anti-Ana o 3 polyclonal antibodies.
(A) Inhibition ELISA using sheep anti-cashew proteins antibodies with heat-treated pistachio proteins
for 1, 2, and 4 h (B1, B2, and B4). (B) Inhibition ELISA using rabbit anti-Ana o 3 antibodies with
heat-treated pistachio proteins for 1, 2, and 4 h. Raw pis indicates raw (untreated) pistachio proteins.

In the current study, the observed reduction in polyclonal IgG inhibition by both boiled-
cashew and -pistachio proteins was consistent with the intrinsic-fluorescence spectroscopy
results, which showed that the boiling caused denaturation (as demonstrated by the tertiary
structure modifications) and possible loss of conformational epitopes of both cashew and
pistachio allergens. Our study hence confirmed that extensive thermal processing (1–4 h of
boiling) can significantly reduce the presence of 2S albumin from the cashew and pistachio
kernels through leaching. The modification of allergen conformational structures through
unfolding/denaturation, or even degradation, led to a subsequent reduction in antibody-
binding capacity [13,15].

3.3.2. IgE-Binding of Cashew and Pistachio Proteins

To further investigate the impact of processing-induced structural modification on
the serum sIgE binding of cashew and pistachio allergens, the current study analyzed the
IgE-binding capacity using IgE immunoblots and dot blots (Figure 7A–C and Figure 8A–C).
In this study, we used a serum sample pooled from 10 individual serum samples with
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clinically confirmed cashew sensitization and/or allergy. The SDS-PAGE and immunoblot
analysis (Figures 7 and 8) provided insights into the specific IgE-binding profiles of raw,
roasted-, and boiled-cashew and -pistachio allergens.
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As shown in Figure 7, the electrophoretic patterns of cashew protein extract from both
raw and boiling-treated samples (up to 2 h boiling) were generally similar, with only a few
high molecular weight bands (Ana o 1) showing potential denaturation and precipitation,
as demonstrated in Figure 7A (Lanes 1–5). However, it was evident from Figure 7A that
the bands corresponding to Ana o 1 and o 2 nearly disappeared in cashew kernels boiled
for 4 h. Consequently, the soluble fraction of cashew boiled for 4 h was scarcely recognized
by sIgE, as illustrated in the immunoblot image (Figure 7B). Interestingly, the Ana o 3
allergens demonstrated strong resistance to boiling even for 4 h in SDS-PAGE, with two
district bands (Figure 7A) showing the IgE binding to only one of these bands at 10 kDa.
(Figure 7B).

In addition to the SDS-PAGE and immunoblot analysis, the dot blots showed a signifi-
cant reduction in IgE-binding with boiling time, evidenced by decreased dot intensities
(Figure 7C). Notably, the 4 h-boiled cashew protein showed the lowest intensity. On the
other hand, soaking did not induce significant changes in the IgE-binding capacity of
cashew protein. Interestingly, the roasted cashew protein seemed to exhibit the highest
intensity, indicating the highest IgE-binding capacity among all samples. All the water
samples showed minimal to no binding (Figure 7C).

For pistachio, as apparent from the SDS-PAGE and immunoblot images, Pis v 5 bands
at 36 kDa were the first to be impacted after 1 h of boiling (Figure 8A,B). Overall, the
bands of treated pistachio protein decreased with increased boiling time, with almost all
bands disappearing after 4 h of boiling, except for a few lower-molecular-weight bands
(Figure 8A, Lane 6). Similarly, the intensity of the IgE binding decreased as the boiling
time increased (Figure 8B). A significant reduction in IgE binding was observed after 2 h of
boiling (Figure 8B, Lane 5), with only a faint IgE-reactive band at 36 kDa detected after 4 h
of boiling (Lane 6). The IgE binding to 2S albumin bands was not detected in this study.

Similarly to the cashew proteins, the roasted pistachio protein seemed to exhibit the
strongest IgE-binding for all the visible allergens. Notably, very weak bands were observed
in the SDS-PAGE, but no notable bands were detected in immunoblot of the water samples,
either due to low quantity or loss of IgE epitopes (Figure 8A,B). The dot blots of pistachio
proteins revealed that overall, soaking did not significantly affect the IgE-binding capacity
(Figure 8C). However, boiling induced loss of the IgE-binding capacity with increased
boiling time, through a potential loss of epitopes due to protein modification.

These results align with previous findings obtained under harsh thermal treatments,
such as autoclaving at 121 ◦C for 0.5 h, autoclaving at 138 ◦C for 15 min, and dry, dark
roasting for 24 min at 149 ◦C for 24 min, which similarly reduced the IgE-binding capacity
of cashew allergens [25,28,29]. Steam roasting and high-temperature–long-time autoclaving
have also demonstrated noticeable effects in reducing the IgE-binding capacity of pistachio
allergens [25,30]. The previous studies, however, only demonstrated boiling of cashew
and pistachio for up to 1 h, resulting in a limited reduction in the IgE-binding capacity of
these two nuts [25]. The remarked reduction in IgE-binding capacity observed after 4 h of
boiling was attributed to protein fragmentation and conformational changes in allergens in
both cashew and pistachio. However, it is important to note that this study is limited by
the small sample size and the exclusive use of serum from cashew-allergic patients and
animals, as serum from pistachio-allergic subjects was unavailable.

Drawing from the successful outcomes of the Boiled Oral Peanut Immunotherapy
(BOPI) trial, which established the efficacy of boiled peanuts in reducing allergenicity and
facilitating desensitization, this study investigated similar thermal-processing techniques
for cashew and pistachio nuts. Our study evaluated the impact of extended boiling on these
nuts to determine its potential for modifying allergenic properties and developing safer
therapeutic options. The results demonstrated that boiling cashew and pistachio nuts for
up to 4 h significantly reduced their allergenic potential by altering protein structures and
decreasing allergen-specific IgG and IgE binding. This study shows considerable promise
for oral immunotherapy (OIT), providing a viable method for gradual desensitization with
allergens of reduced potency. Future studies should focus on optimizing these boiling
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conditions and assessing their practical applications in hypoallergenic food products to
further enhance OIT outcomes.

4. Conclusions

In the current study, extended boiling up to 4 h modified the solubility, conformational
structure, as well as dramatically reduced the polyclonal IgG- and sIgE-binding capacity
of allergens in both cashew and pistachio nuts. Short soaking did not show any signifi-
cant effects on the IgG- and IgE-binding capacity of the allergens. Roasting appeared to
increase the IgE-binding capacity of allergens in both cashews and pistachios. Boiling the
cashew and pistachio kernels effectively removed significant quantities of highly potent 2S
albumins from the nuts, gradually reducing their allergenic potential with longer boiling
times, resulting in progressively lower allergenicity. Pistachio proteins appeared to be
more sensitive to boiling than cashew proteins. The boiling regime (i.e., boiling for 0.5, 1, 2,
and 4 h) has potential for use in cashew and pistachio oral immunotherapy. Additionally,
the cross-reactivity between cashew and pistachio, and their processing-induced allergen
modification demonstrated in this study, suggest that boiled pistachio proteins with even
lower allergenic potential could be used as a cashew substitute in cashew OIT.
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mdpi.com/article/10.3390/foods13213440/s1, Table S1. Information on the patient serum samples.

Author Contributions: Conceptualization, N.A.L., D.E.C. and P.J.T.; methodology, N.A.L., J.Z.
and J.B.; formal analysis, N.S.Y., H.K.N., N.A.L., J.Z. and J.B.; investigation, N.A.L., J.Z. and J.B.;
resources, N.A.L., P.J.T. and D.E.C.; writing—original draft preparation, N.S.Y., H.K.N., J.Z. and J.B.;
writing—review and editing, N.A.L., N.S.Y., H.K.N., D.E.C. and P.J.T.; supervision, N.A.L.; project
administration, N.A.L.; funding acquisition, N.A.L. All authors have read and agreed to the published
version of the manuscript.

Funding: We thank the Australian Research Council for funding this project (IC130100021). We acknowl-
edge that this work was conducted in the ARC Training Centre for Advanced Technologies in Food
Manufacture (ATFM) at the University of New South Wales.

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Materials, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. McWilliam, V.; Koplin, J.; Lodge, C.; Tang, M.; Dharmage, S.; Allen, K. The Prevalence of Tree Nut Allergy: A Systematic Review.

Curr. Allergy Asthma Rep. 2015, 15, 54–67. [CrossRef] [PubMed]
2. Brettig, T.; Dang, T.; McWilliam, V.; Peters, R.L.; Koplin, J.J.; Perrett, K.P. The Accuracy of Diagnostic Testing in Determining Tree

Nut Allergy: A Systematic Review. J. Allergy Clin. Immunol. Pract. 2021, 9, 2028–2049. [CrossRef] [PubMed]
3. McWilliam, V.L.; Perrett, K.P.; Dang, T.; Peters, R.L. Prevalence and Natural History of Tree Nut Allergy. Ann. Allergy Asthma

Immunol. 2020, 124, 466–472. [CrossRef] [PubMed]
4. Costa, J.; Silva, I.; Vicente, A.A.; Oliveira, M.B.P.P.; Mafra, I. Critical Reviews in Food Science and Nutrition Pistachio Nut Allergy:

An Updated Overview Pistachio Nut Allergy: An Updated Overview. Crit. Rev. Food Sci. Nutr. 2019, 59, 546–562. [CrossRef]
[PubMed]

5. Spolidoro, G.C.I.; Lisik, D.; Nyassi, S.; Ioannidou, A.; Ali, M.M.; Amera, Y.T.; Rovner, G.; Khaleva, E.; Venter, C.; van Ree, R.; et al.
Prevalence of Tree Nut Allergy in Europe: A Systematic Review and Meta-Analysis. Allergy 2024, 79, 302–323. [CrossRef]

6. FDA. FDA Approves First Medication to Help Reduce Allergic Reactions to Multiple Foods After Accidental Exposure. Avail-
able online: https://www.fda.gov/news-events/press-announcements/fda-approves-first-medication-help-reduce-allergic-
reactions-multiple-foods-after-accidental (accessed on 28 August 2024).

7. Midun, E.; Radulovic, S.; Brough, H.; Caubet, J.-C. Recent Advances in the Management of Nut Allergy. World Allergy Organ. J.
2021, 14, 100491. [CrossRef]

8. Verhoeckx, K.C.M.; Vissers, Y.M.; Baumert, J.L.; Faludi, R.; Feys, M.; Flanagan, S.; Herouet-Guicheney, C.; Holzhauser, T.; Shimojo,
R.; van der Bolt, N.; et al. Food Processing and Allergenicity. Food Chem. Toxicol. 2015, 80, 223–240. [CrossRef]

9. Mejia, S.B.; Kendall, C.W.C.; Viguiliouk, E.; Augustin, L.S.; Ha, V.; Cozma, A.I.; Mirrahimi, A.; Maroleanu, A.; Chiavaroli, L.;
Leiter, L.A.; et al. Effect of Tree Nuts on Metabolic Syndrome Criteria: A Systematic Review and Meta-Analysis of Randomised
Controlled Trials. BMJ Open 2014, 4, e004660. [CrossRef]

https://www.mdpi.com/article/10.3390/foods13213440/s1
https://www.mdpi.com/article/10.3390/foods13213440/s1
https://doi.org/10.1007/s11882-015-0555-8
https://www.ncbi.nlm.nih.gov/pubmed/26233427
https://doi.org/10.1016/j.jaip.2020.12.048
https://www.ncbi.nlm.nih.gov/pubmed/33429030
https://doi.org/10.1016/j.anai.2020.01.024
https://www.ncbi.nlm.nih.gov/pubmed/32044450
https://doi.org/10.1080/10408398.2017.1379947
https://www.ncbi.nlm.nih.gov/pubmed/28925724
https://doi.org/10.1111/all.15905
https://www.fda.gov/news-events/press-announcements/fda-approves-first-medication-help-reduce-allergic-reactions-multiple-foods-after-accidental
https://www.fda.gov/news-events/press-announcements/fda-approves-first-medication-help-reduce-allergic-reactions-multiple-foods-after-accidental
https://doi.org/10.1016/j.waojou.2020.100491
https://doi.org/10.1016/j.fct.2015.03.005
https://doi.org/10.1136/bmjopen-2013-004660


Foods 2024, 13, 3440 14 of 14

10. Patel, N.; Vazquez-Ortiz, M.; Robb, A.; Shamji, M.H.; Campbell, D.E.; Turner, P.J. Successful Desensitisation and Sustained
Unresponsiveness Using Modified Peanut: Results From The BOPI Study. J. Allergy Clin. Immunol. 2019, 143, AB82. [CrossRef]

11. Venter, C.; Meyer, R.; Ebisawa, M.; Athanasopoulou, P.; Mack, D.P. Food Allergen Ladders: A Need for Standardization. Pediatr.
Allergy Immunol. 2022, 33, e13714. [CrossRef]

12. Kong, F.; Singh, R.P. Digestion of Raw and Roasted Almonds in Simulated Gastric Environment. Food Biophys. 2009, 4, 365–377.
[CrossRef]

13. Dong, G.; Hinds, L.M.; Soro, A.B.; Hu, Z.; Sun, D.W.; Tiwari, B.K. Non-Thermal Processing Technologies for Allergen Control in
Alternative Protein Sources for Food Industry Applications. Food Eng. Rev. 2024, 1–23. [CrossRef]

14. Pereira, R.N.; Rodrigues, R.M.; Madalena, D.A.; Vicente, A. Tackling Food Allergens—The Role of Food Processing on Proteins’
Allergenicity. Adv. Food Nutr. Res. 2023, 106, 317–351. [CrossRef] [PubMed]

15. Tao, B.; Morris, S.; Grzeskowiak, L.; Smith, W.; Forsyth, K.; Chataway, T. Sequential Hypoallergenic Boiled Peanut and Roasted
Peanut Oral Immunotherapy. Clin. Exp. Allergy 2017, 47, 1501–1504. [CrossRef]

16. Cuadrado, C.; Cheng, H.; Sanchiz, A.; Ballesteros, I.; Easson, M.; Grimm, C.C.; Dieguez, M.C.; Linacero, R.; Burbano, C.; Maleki,
S.J. Influence of Enzymatic Hydrolysis on the Allergenic Reactivity of Processed Cashew and Pistachio. Food Chem. 2018, 241,
372–379. [CrossRef]

17. Cuadrado, C.; Sanchiz, A.; Arribas, C.; Pedrosa, M.M.; Gamboa, P.; Betancor, D.; Blanco, C.; Cabanillas, B.; Linacero, R. Mitigation
of Peanut Allergenic Reactivity by Combined Processing: Pressured Heating and Enzymatic Hydrolysis. Innov. Food Sci. Emerg.
Technol. 2023, 86, 103383. [CrossRef]

18. Cuadrado, C.; Arribas, C.; Sanchiz, A.; Pedrosa, M.M.; Gamboa, P.; Betancor, D.; Blanco, C.; Cabanillas, B.; Linacero, R. Effects
of Enzymatic Hydrolysis Combined with Pressured Heating on Tree Nut Allergenicity Running Title: Allergenic Reactivity of
Processed Tree Nuts. Food Chem. 2024, 451, 139433. [CrossRef]

19. Zhao, Y.; Sun, X.; Marquis, C.P.; Lee, N.A. Development of a Sensitive Sandwich ELISA Specific to 2S Albumin (Ana o 3) as
a Stable Protein Marker for Cashew Nut Residue Detection in Pre-Packaged Food Products. Food Control 2019, 96, 432–440.
[CrossRef]

20. Chiang, P.-Y.; Yeh, A.-I. Effect of Soaking on Wet-Milling of Rice. J. Cereal Sci. 2003, 35, 85–94. [CrossRef]
21. Beyer, K.; Morrow, E.; Li, X.M.; Bardina, L.; Bannon, G.A.; Burks, A.W.; Sampson, H.A. Effects of Cooking Methods on Peanut

Allergenicity. J. Allergy Clin. Immunol. 2001, 107, 1077–1081. [CrossRef]
22. Tao, B.; Bernardo, K.; Eldi, P.; Chegeni, N.; Wiese, M.; Colella, A.; Kral, A.; Hayball, J.; Smith, W.; Forsyth, K.; et al. Extended

Boiling of Peanut Progressively Reduces IgE Allergenicity While Retaining T Cell Reactivity. Clin. Exp. Allergy 2016, 46, 1004–1014.
[CrossRef] [PubMed]

23. Ahn, K.; Bardina, L.; Grishina, G.; Beyer, K.; Sampson, H.A. Identification of Two Pistachio Allergens, Pis v 1 and Pis v 2,
Belonging to the 2S Albumin and 11S Globulin Family. Clin. Exp. Allergy 2009, 39, 926–934. [CrossRef] [PubMed]

24. Barre, A.; Nguyen, C.; Granier, C.; Benoist, H.; Rougé, P. IgE-Binding Epitopes of Pis v 1, Pis v 2 and Pis v 3, the Pistachio (Pistacia
vera) Seed Allergens. Allergies 2021, 1, 63–91. [CrossRef]

25. Sanchiz, A.; Cuadrado, C.; Dieguez, M.C.; Ballesteros, I.; Rodríguez, J.; Crespo, J.F.; de las Cuevas, N.; Rueda, J.; Linacero, R.;
Cabanillas, B.; et al. Thermal Processing Effects on the IgE-Reactivity of Cashew and Pistachio. Food Chem. 2018, 245, 595–602.
[CrossRef]

26. Kshirsagar, H.H.; Fajer, P.; Sharma, G.M.; Roux, K.H.; Sathe, S.K. Biochemical and Spectroscopic Characterization of Almond and
Cashew Nut Seed 11S Legumins, Amandin and Anacardein. J. Agric. Food Chem. 2011, 59, 386–393. [CrossRef]

27. Lakowicz, J.R. Protein Fluorescence. Princ. Fluoresc. Spectrosc. 1999, 445–486. [CrossRef]
28. Venkatachalam, M.; Monaghan, E.K.; Kshirsagar, H.H.; Robotham, J.M.; O’donnell, S.E.; Gerber, M.S.; Roux, K.H.; Sathe, S.K.

Effects of Processing on Immunoreactivity of Cashew Nut (Anacardium occidentale L.) Seed Flour Proteins. J. Agric. Food Chem.
2008, 56, 8998–9005. [CrossRef]

29. Mattison, C.P.; Bren-Mattison, Y.; Vant-Hull, B.; Vargas, A.M.; Wasserman, R.L.; Grimm, C.C. Heat-Induced Alterations in Cashew
Allergen Solubility and IgE Binding. Toxicol. Rep. 2016, 3, 244–251. [CrossRef]

30. Noorbakhsh, R.; Mortazavi, S.A.; Sankian, M.; Shahidi, F.; Maleki, S.J.; Nasiraii, L.R.; Falak, R.; Sima, H.R.; Varasteh, A. Influence
of Processing on the Allergenic Properties of Pistachio Nut Assessed in Vitro. J. Agric. Food Chem. 2010, 58, 10231–10235.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jaci.2018.12.254
https://doi.org/10.1111/pai.13714
https://doi.org/10.1007/s11483-009-9135-6
https://doi.org/10.1007/s12393-024-09378-2
https://doi.org/10.1016/BS.AFNR.2023.04.001
https://www.ncbi.nlm.nih.gov/pubmed/37722777
https://doi.org/10.1111/cea.13024
https://doi.org/10.1016/j.foodchem.2017.08.120
https://doi.org/10.1016/j.ifset.2023.103383
https://doi.org/10.1016/j.foodchem.2024.139433
https://doi.org/10.1016/j.foodcont.2018.09.038
https://doi.org/10.1006/jcrs.2001.0419
https://doi.org/10.1067/mai.2001.115480
https://doi.org/10.1111/cea.12740
https://www.ncbi.nlm.nih.gov/pubmed/27079163
https://doi.org/10.1111/j.1365-2222.2009.03259.x
https://www.ncbi.nlm.nih.gov/pubmed/19522997
https://doi.org/10.3390/allergies1010006
https://doi.org/10.1016/j.foodchem.2017.10.132
https://doi.org/10.1021/jf1030899
https://doi.org/10.1007/978-1-4757-3061-6_16
https://doi.org/10.1021/jf801199q
https://doi.org/10.1016/j.toxrep.2015.12.009
https://doi.org/10.1021/jf101364g

	Introduction 
	Materials and Methods 
	Chemicals 
	Human Serum Samples and Cashew- and Ana o 3-Specific Polyclonal Antibodies 
	Soaking and Boiling Treatments of Cashew and Pistachio Nuts 
	Protein Extraction 
	Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 
	Intrinsic-Fluorescence Spectroscopy 
	Inhibition Immunoassay Using Allergen-Specific Polyclonal IgG 
	sIgE-Based Immunoblot Analysis 
	Statistical Analysis 

	Results and Discussion 
	Effects of Food-Processing Treatments on Solubility and Molecular Profiles of Treated-Nut Proteins 
	Effects of Soaking on the Solubility and Profile of Proteins in Cashew and Pistachio Kernels 
	Effects of Boiling on the Solubility and Profile of Proteins in Cashew and Pistachio Kernels 

	Intrinsic Fluorescence Spectroscopy of Cashew and Pistachio Nut Proteins 
	Effects of Boiling Treatment on the Antibody-Binding Capacity and Immunoreactivity of Treated Nuts 
	Inhibition Enzyme-Linked Immunosorbent Assay (ELISA) Using Polyclonal Cashew Specific IgG 
	IgE-Binding of Cashew and Pistachio Proteins 


	Conclusions 
	References

