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Abstract
Pressurized water extraction (PWE) is a technique suitable for efficient extraction of almond proteins, some of which are known
as potent allergens. In this work, we present a PWE protocol that allows fast and complete isolation of almond proteins achieved
within one 5-min cycle at 40°C and 15 MPa. The extracted protein contents obtained using PWE or conventional extraction
method with 22 selected solvents were compared based on sodium dodecyl sulphate-polyacrylamide gel electrophoresis.
Individual proteins from separation gels were excised and identified using mass spectrometry with database searching. Our
results showed that the PWE of almond proteins can offer similar efficiency as the conventional extraction method while being
four times faster and providing water-based extracts without any additives with low environmental impact.
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Introduction

Almond, drupe of Prunus dulcis, is the most commonly pro-
duced and consumed nut in the world ranking the first place in
the tree nut production (Geiselhart et al. 2018). Almonds con-
tain valuable source of nutrients such as lipids, proteins, die-
tary fibre, vitamins, minerals and phenolic compounds
(Prgomet et al. 2017).

However, besides the high nutritional value, almonds have
received increased attention since naturally occurring proteins
can induce allergic reactions and may have an adverse effect
on sensitized individuals. Almond allergy is the fourth most
common allergy from all tree nuts. Ten groups of almond
allergenic proteins were identified so far: Pru du 1, Pru du 2,
Pru du 2S albumin, Pru du 3, Pru du 4, Pru du 5, Pru du 6, Pru
du 8, Pru du 10 and Pru du γ-conglutin (Zhang and Jin 2020).
Nevertheless, only six of them, Pru du 3–6, 8 and 10, are
registered in the WHO-IUIS allergen list (WHO/IUIS
Allergen Nomenclature Sub-Committee 2020).

Pru du 6, called amandin, is a major allergenic protein
belonging to the cupin superfamily. Its structure is hexameric
with a total molecular weight of 370 kDa, consisting of two

monomers prunin 1 (61 kDa) and prunin 2 (63 kDa). Pru du 6
is relatively heat resistant. Partial unfolding was observed at
high temperatures over 94°C. It tends to aggregate to a food
matrix and to denature during boiling, autoclaving and high-
pressure treatment (>500 MPa). On the other hand, it exhibits
high antigen stability after roasting, blanching and microwave
heating (Albillos et al. 2009; Cuadrado et al. 2020; Jin et al.
2009; Zhang et al. 2016).

Almond proteins can be isolated by conventional extrac-
tion methods, e.g. maceration, dynamic solvent extraction and
ultrasound-assisted extraction. However, these are time-
consuming and environmentally unfriendly. Considering
these disadvantages, modern extraction methods were intro-
duced such as pressurized liquid extraction and its eco-
friendly alternative pressurized water extraction (PWE)
(Burdejova et al. 2021). Contrary to pressurized hot water
extraction, which uses water as a solvent and combines high
pressure and temperature treatment in the range from 100°C
and 0.1MPa to water critical point at 374°C and 22.1MPa,
PWE is performed at lower temperatures, and, therefore, it is
well suitable for thermolabile compounds isolation.
Generally, the temperature has to be finely optimized to
achieve efficient extraction of compounds of interest. The
pressure 5–20 MPa improves the penetration of water into
sample matrix and prevents water from boiling if elevated
temperatures are used (Plaza and Marina 2019).

PWE is becoming popular for isolation of proteins from
different plants and fungi such as black carrot (Gizir et al.
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2008), shiitake (Lo et al. 2007), elderberry (Šalplachta and
Hohnová 2017) or mistletoe (Burdejova et al. 2021).
However, the use of PWE for the extraction of proteins from
almonds has not been investigated so far.

The main aim of the presented study is to suggest a PWE
extraction protocol suitable for the extraction of almond pro-
teins. At first, the effect of different extraction solvents and
defatting on almond protein extraction efficiency was investi-
gated. Further, PWE conditions, such as temperature, time,
number of extraction cycles and effect of defatting, were ex-
amined. Extracts were analysed using sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
followed by matrix-assisted laser desorption/ionization con-
nected to the time-of-flight mass spectrometry (MALDI-
TOF MS/MS) to evaluate the extraction efficiency of PWE
and to identify almond proteins.

Materials and Methods

Chemicals

The following chemicals of analytical, gradient and sequencing
grade were used: 2-aminoethanoic acid (glycine), 2-amino-2-hy-
droxymethyl-propane-1,3-diol free base–Tris base, (2S,3S)-1,4-
bis(sulfanyl)butane-2,3-diol (DTT—dithiothreitol), 2-
iodoacetamide, 2-sulfanylethan-1-ol, ammonium hydrogen car-
bonate, N,N,N′,N′-tetramethylethylenediamine, protein wide
range molecular weight (WRMW) marker (6.5–200 kDa), sodi-
um dihydrogen phosphate, sodium hydrogen phosphate,
trifluoroacetic acid (TFA) and urea (Sigma-Aldrich Co., St.
Louis, MO, USA); acetic acid (AA), citric acid and formic acid
(FA) (Penta, Prague, Czech republic); HCl, boric acid andNaOH
(Lachner, Neratovice, Czech Republic); sodium dodecyl sul-
phate (SDS) (J.T. Baker Co., Deventer, Netherlands); acetonitrile
(ACN), dimethyl sulfoxide (DMSO), ethanol (EtOH) and
propan-2-ol (VWR International, Radnor, PA, USA);
Rotiphorese® Gel 30 (37.5:1) (Carl Roth Gmbh & Co. Kg,
Karlsruhe, Germany); Laemmli buffer and ammonium
persulphate (Bio-Rad Laboratories, Hercules, CA, USA); Page
Blue™ Staining Solution (Thermo Fisher Scientific, Waltham,
MA, USA); trypsin (Roche Diagnostics, Mannheim, Germany);
and (E)-2-cyano-3-(4-hydroxyphenyl)prop-2-enoate (CHCA—
alpha-cyano-4-hydroxycinnamic acid) and peptide calibration
mix 1 (LaserBio Labs, Sophia-Antipolis Cedex, France). The
water used in all experiments was purified by a Milli-Q A10
Gradient (Millipore Corp., Burlington, MA, USA).

Almond Processing

Whole almonds (IBK Trade, country of origin Spain, variety
Marcona) were purchased from a local store and stored vacu-
um sealed in the dark at ambient temperature (25 ± 2°C) for a

maximum 2 months. Almonds were processed by two differ-
ent ways. In the first case, they were ground to a fine powder
using an electric grinder (Robert Bosch GmbH, Gerlingen,
Germany) and immediately used for protein extraction. In
the second case, homogenized material was defatted using
hexane following slightly modified protocol of Zhang et al.
(2016). Fine almond powder was defatted twice by hexane at a
ratio of 1:10 (w/v) in Erlenmeyer flask with continuous stir-
ring at 500 rpm for 2 h at ambient temperature. Defatted sam-
ples were filtered through quantitative filter grade 589/3
(Whatman, Maidstone, UK), air-dried in fume hood overnight
and used for subsequent protein extraction.

Almond Protein Extraction Using Different Solvents

Twenty-two commonly used solvents were tested for extrac-
tion of proteins from almonds: (1) 0.1% and (2) 1% (v/v) TFA,
(3) 0.1% and (4) 1% (v/v) FA, (5) 0.1% and (6) 1% (v/v) AA,
(7) 0.1 mol L–1 citrate-phosphate buffer (CPB) pH 5.0, (8) 0.1
mol L–1 phosphate buffer (PB) pH 7.4, (9) 0.1 mol L–1 sodium
borate buffer (BB) pH 8.5, (10) 0.1 mol L–1 Tris-HCl buffer
(TB) pH 8.5, (11) 1% (w/v) SDS, (12) 8 mol L–1 urea, (13)
deionized water (DW), (14) 10%, (15) 50%, (16) 80% (v/v)
EtOH, (17) 10%, (18) 50%, (19) 80% (v/v) DMSO and (20)
10%, (21) 50%, (22) 80% (v/v) ACN.

Extraction procedure combined dynamic extraction and
ultrasound-assisted extraction (further referred to as the “com-
bined extraction method”). The extraction procedure was per-
formed as follows: 100 mg of almond fine powder was mixed
with 1 mL of the particular solvent (as mentioned above), and
the mixture was continuously shaken on thermomixer
Eppendorf Comfort (Eppendorf, Hamburg, Germany) for
10 min at 1400 rpm under controlled temperature of 40°C.
Subsequently, it was sonicated for 5 min using ultrasound bath
Sonorex Digital 10P Bandelin (Labicom s.r.o., Prague,
Czech Republic) at temperature kept below 35°C and frequen-
cy 35 kHz. Finally, the mixture was centrifuged for 5 min
using laboratory centrifuge Eppendorf MiniSpin plus
(Eppendorf, rotor model F-45-12-11) at 14,000g and 25°C.
The resulting supernatant was filtered through a 0.45-μm
polytetrafluoroethylene filter (Agilent Technologies, Santa
Clara, CA, USA) and used for further analysis. All solvent
extractions were performed in triplicates.

Almond Protein Pressurized Water Extraction

The PWE was performed using in-lab-constructed extraction
instrument designed in our group working in a static mode
(see Fig. 1). Extraction parameters such as temperature, time
and number of extraction cycles as the most often considered
parameters were optimized for both types of almond samples.

Optimization was performed as follows: fine almond pow-
der (non-defatted or defatted) was mixed at a ratio of 1:10
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(w/w) with inert material (glass beads, 500 μm), the mixture
was packed into 11-mL extraction vessel and it was subse-
quently extracted using water for 15 min at the pressure of 15
MPa. Firstly, extraction temperature was varied in the range
from 40 to 120°C with 10°C step. Further, extraction times of
2, 5, 10 and 15 min were tested. Finally, the effect of number
of extraction cycles from 1 to 5 was studied.

Prior to extraction, sample was rinsed 30 s with water at
flow 3 mL min–1 and atmospheric pressure to avoid clogging
of frit by polysaccharides contained in the sample. When ex-
traction step was completed, the system was purged for 2 min
with nitrogen. The collected extracts were cooled down to
ambient temperature and processed as described below. All
extractions were performed in triplicates.

Sodium Dodecyl Sulphate-Polyacrylamide Gel
Electrophoresis

SDS-PAGE was performed under reducing conditions using
polyacrylamide gels (12% separation gel, 4% stacking gel;
size 10 cm × 8 cm × 1 mm) prepared according to manufac-
turer’s protocol (Bio-Rad Laboratories Inc. 2014) using Mini-
PROTEAN Tetra Cell equipment (Bio-Rad Laboratories,
Hercules, CA, USA).

A 10 μL of extract was mixed with 40 μL of
62.5 mmol L–1 Tris-HCl buffer pH 6.8, and mixture
was vortexed and centrifuged using Eppendorf
MiniSpin plus centrifuge (Eppendorf) at 14,000g and
25°C for 1 min. Diluted extract was further mixed at
a ratio 1:2 (v/v) with Laemmli sample buffer with 5%
(v/v) 2-sulfanylethan-1-ol, vortexed and centrifuged

using centrifuge Eppendorf MiniSpin plus (Eppendorf,
Hamburg, Germany) at 14,000g and 25°C for 1 min
and boiled for further 15 min in water bath. Five mi-
croliters of WRMW marker or sample were loaded per
each well. The gels were run in Tris-glycine buffer
(25 mmol L–1 Tris, 192 mmol L–1 glycine, 0.1% (w/v)
SDS) at a constant voltage of 150 V for 60 min. After
the run, gels were fixated using 25% (v/v) propan-2-ol
and 10% (v/v) acetic acid solution for 15 min. The gels
were stained with Page Blue™ Staining Solution for 1 h
and the background colour was destained with deionized
water.

Each gel was scanned using Scanner HP Scanjet 8300
(Hewlett-Packard, Palo Alto, CA, USA), and the image
was analysed by Quantity One 1-D Analysis Software
(Bio-Rad Laboratories). Quantification of almond proteins
was based on total relative extraction protein intensities of
individual polypeptide bands relative to the bovine serum
albumin from WRMW marker and was expressed as the
average value ± standard deviation (n = 3).

In-gel Tryptic Digestion

The protein bands were excised from the gel and digested
according the protocol of Jensen et al. (1999). After reduction
with 10 mmol L–1 DTT and subsequent alkylation with
100 mmol L–1 2-iodoacetamide, the proteins were digested
with trypsin (digestion buffer: 50 mmol L–1 ammonium hy-
drogen carbonate, 15 ng μL–1 of enzyme) overnight at 37°C.
The resulting tryptic peptides were extracted from the gel by
three exchanges of 0.1% TFA and ACN 1:1 (v/v) solution.
The extracts were combined, dried in the SpeedVac
Centrifuge (Eppendorf Concentrator 5301, Eppendorf, rotor
model F-45-72-8), re-dissolved in 8 μL of 5% (v/v) TFA
and purified using Zip Tip C18 (Millipore) prior to mass spec-
trometry analyses. The lane digestions were performed in trip-
licates for each extraction (PWE and 1% (w/v) SDS).

Mass Spectrometry and Database Searching

MALDI-TOFMS/MS experiments in positive ion mode were
performed on AB SCIEX TOF/TOFTM 5800 system (AB
SCIEX, Framingham, MA, USA) equipped with a 1 kHz
Nd:YAG laser. The following MS and MS/MS instrument
parameters were used: collision gas, air; metastable suppres-
sor, on; mass range, 900–4000 Da; total shots, 2000 and 4000
(100 shots per sub spectra); and laser intensities of 3800 and
4600 for MS and MS/MS data collection, respectively.
Solution of 1% (w/v) CHCA in ACN and 0.1% TFA mixed
in ratio 1:1 (v/v) was used as matrix for dried-droplet prepa-
ration. 0.4 μL of purified peptide sample was applied on LLC
Opti-TOF 384 well insert plate (size 123 × 81 mm; AB
SCIEX), air-dried and further the same amount of CHCA

Fig. 1 Scheme of the PWE instrument setup
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matrix was spotted on the target. The instrument was period-
ically calibrated by an external standard (peptide calibration
mix 1).

Acquired mass spectra were processed using TOF/TOFTM

Series Explorer Software (AB SCIEX) and the data were sub-
mitted to theMascot database searching. Protein identification
was assigned using the NCBIProt database with a taxonomy
restriction to other green plants. Maximum tolerance for pep-
tide masses was 0.8 Da and fragment error was 0.6 Da.
Additional parameters, enzyme, trypsin; allowed missed
cleavages, up to one; fixed modification, carbamidomethyl
(C); variable modification, oxidation of methionine; peptide
charge, +1; monoisotopic masses and instrument, MALDI-
TOF/TOF, were used.

Statistical Analysis

The statistical analysis was performed using the statistical
package Unistat v. 6.0 (Unistat, London, UK). Two-way anal-
ysis of variance (ANOVA) using Tukey’s HSD procedure
was used for determination of significant differences in indi-
vidual total relative intensities of protein bands in different
solvents and optimized PWE parameters. A probability value
of p ≤ 0.05 was accepted for statistically significant results.

Results and Discussion

Comparison of Solvents for Almond Protein
Extraction

The first objective of the study was a selection of the most suit-
able solvent system for efficient almond protein extraction.
Solvent variation in pH, buffer ionic strength and presence of
organic solvent or surface-active substances were evaluated.
The extraction efficiency was evaluated by SDS-PAGE instead
of commonly used spectrophotometric assays (De Angelis et al.
2018; Sathe et al. 2009) since almonds contain a high number of
interfering compounds, e.g. phenolic compounds.

Significant differences between non-defatted and defatted
samples were found. The SDS-PAGE results for non-defatted
and defatted samples show Fig. 2a and b. The hexane
defatting significantly increased the amount of extracted pro-
teins. According to the producers’ data, used almonds
contained 52 wt% of fat in their mass. Removing a consider-
able amount of the fat then resulted in double protein concen-
tration in the defatted almond mass. The increase in protein
yields after defatting was approximately 100% for buffers, de-
ionized water, SDS, urea and low concentrated organic solu-
tions and even more than 100% for acidic solutions (see Fig. 3).
This finding suggests that there are other factors influencing
extraction efficiency in the case of protein isolation from non-
defatted almond samples with acidic solutions. The benefit of

defatting for almond extraction was in the solubilization of
mass of almond fats in hexane which were subsequently re-
moved by filtration of the remaining solids.

Regardless of defatting, almond proteins were well solubi-
lized in water, all tested buffers, denaturing solutions (1% (w/v)
SDS or 8 mol L–1 urea) and low-percentage organic solutions.
This points to high hydrophilicity of almond proteins. Moreover,
buffers, 1% (w/v) SDS and 8 mol L–1 urea extracts contained
higher molecular weight proteins (above 66 kDa, see Fig. 2b).
On the other hand, increasing content of the organic solvent and
acid in the solution led to the considerable lowering in the protein
extraction efficiency. Also, Yoshizawa et al. (2014) demonstrat-
ed that a high concentration of EtOH increased protein-protein
interactions which induced formation of aggregates and precipi-
tates decreasing protein solubility.

Acidic solvents with a pH value below 4 showed low ex-
traction yields of most proteins. An increase in protein yields
could be observed at pH 5, with the maximum yield in the
region between pH 6 and 8. Overall, the solvent pH had a
much lesser effect on the protein solubility than the solvent
choice and concentration of additives (e.g. salts, detergents,
organic solvents).

Considering buffer solutions, PB, BB and TB were found
significantly more efficient than CPB for protein extraction
from defatted almonds (see Fig. 3). This was also confirmed
in previous studies (L'Hocine and Pitre 2016; Tiwari et al.
2010) that focused on amandin isolation. On the other hand,
Sathe et al. (2009) found that borate saline buffer and Tris-
HCl buffer were the most efficient extractants even if the
results varied strongly based on the used evaluation method.

While our results suggested that PB, BB and TB
were promising as extraction buffers, attention was also
paid to solutions of three different acids (TFA, FA and
AA) and organic solvent-water mixtures (EtOH, DMSO
and ACN), which can be easily used for pressurized
liquid extraction without technical issues connected with
salts contained in buffers.

It can be seen that for the acidic solutions, the extraction
efficiency decreased in order TFA > AA > FA and TFA = FA
> AA at the concentrations of 0.1% (v/v) and 1% (v/v), re-
spectively. The study of Houen (1996) showed that the solu-
bility of bovine serum albumin and lysozyme were equally
high in TFA and FA and lower in AA. This trend was ob-
served also in our results for protein fractions of almonds at
higher acid concentrations. Decrease of the extraction yields
(approximately 70% for TFA, 20% for FA and 80% for AA)
associated with increasing acid concentration in extraction
solvent was observed for all tested acids. A similar loss in
almond protein yields was reported earlier (Tiwari et al.
2010; Wolf and Sathe 1998), and it is probably caused by
acidic denaturation and following precipitation. For the pre-
sented reasons, solutions of organic acids were further exclud-
ed as possible solvents for protein isolation.
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10% (v/v) solutions of EtOH, DMSO and ACN exhibited
similar total protein yields regardless of the sample defatting
(see Fig. 2a and b and Fig. 3). Decrease in extraction yields
with increasing organic solvent content in solution was found
for all solvents (see Fig. 3). Houen (1996) and Chang et al.
(1991) indicated high solubility of albumins and other pro-
teins in DMSO and highlighted its attractive properties such
as high stability, low toxicity, low-cost, and possibility of its
use for therapeutic applications. This correlates with our find-
ing that extracts using solutions containing 50 or 80% (v/v)
DMSO exhibited significantly higher content of proteins than
EtOH and ACN extracts.

Optimization of PWE for Extraction of Almond
Proteins

As mentioned earlier, buffers were not considered for pressur-
ized liquid extraction due to the issues connected with high
salt concentrations. Further, the results from combined

extraction method showed that deionized water was equally
or more efficient as acidic and organic water solutions for
protein extraction from almonds (see Fig. 2a and b). Also,
water possesses considerable advantage from the economical
and ecological point of view. Therefore, we applied PWE to
further enhance protein extraction efficiency for almond mass
processing.

At first, temperature was optimized in the range from 40 to
120°Cwith 10°C step and 15-min extraction time at a constant
pressure of 15 MPa. Higher temperature resulted in a reduc-
tion of protein yields probably caused by protein degradation
(see Fig. 4). This trend was more noticeable in non-defatted
samples (Fig. 4a). Figure 4 shows prunin 1 and 2 subunits as
(marked by an asterisk) the most intensive bands on the SDS-
PAGE gels. Prunin 1 and prunin 2 are polypeptides of molec-
ular weights (MW) of 61 and 63 kDa composing the major
protein of almond mass Pru du 6. Prunins 1 and 2 are further
composed of acidic and basic subunits with respectiveMW of
42–46kDa and 20–22 kDa linked via disulphide bridge (Sathe

Fig. 2 Effect of a solvent type
and its pH value on protein mass
profiles of a non-defatted and b
defatted almonds extracted by the
combined extraction method
followed by SDS-PAGE. Used
abbreviations: MW, molecular
weight; TFA, trifluoroacetic acid;
FA, formic acid; AA, acetic acid;
CPB, citrate-phosphate buffer;
PB, phosphate buffer; BB, borate
buffer; TB, Tris-HCl buffer; SDS,
sodium dodecyl sulphate; DW,
deionized water; EtOH, ethanol;
DMSO, dimethyl sulfoxide;
ACN, acetonitrile; *Pru du 6
(prunin 1 and 2 basic (20–22 kDa)
and acidic (42–46) kDa subunits)

1957Food Anal. Methods (2021) 14:1953–1963



et al. 2002). In the case of non-defatted sample, all protein
bands intensities decreased continually with increase of the
extraction temperature from 40 to 120°C. On the other hand,
such continual decrease was not apparent for defatted sam-
ples, and rather there is a sudden decrease of protein band
intensity up to 100°C. This finding correlates with work of
Zhang et al. (2016), who compared the almonds heated in
water at 60°C and 100°C. Also, thermostability of proteins
to 90°C confirmed by Albillos et al. (2009) might be the
reason of the detected abrupt decrease in protein bands inten-
sities at temperatures above 100°C (see Fig. 4). Based on the
presented PWE temperature results, the optimal temperature
for extraction of almond proteins was 40°C for both sample
types (see Fig. 4).

Extraction time was optimized at the selected temperature
40°C in the next step. Four extraction times (2, 5, 10 and 15
min) at the pressure of 15 MPa were tested. The shortest (2-
min) extraction time showed only slightly lower yield of al-
mond proteins (about 5%) compared to the 5-min extraction
time. Prolonging of extraction time up to 15 min showed only
insignificant increase in the protein content. Therefore, the
optimal extraction time was set to 5 min, and influence of
number of extraction cycles from 1 to 5 was tested. It was
found that one cycle with 5-min duration was sufficient for

complete extraction of proteins from the sample and addition-
al extraction cycles did not improve the extraction efficiency.
The final optimal PWE conditions have been determined:
temperature 40°C, extraction time 5 min and one extraction
cycle at the pressure of 15 MPa. PWE optimized method
shows comparable protein yields as the previous extractions
with buffers (refer to Fig. 2a, b, Fig. 3, Fig. 5a, b), however,
with a shorter extraction time and without the use of further
additives.

Qualitative Differences Between Individual Extracts

To identify qualitative differences between the individual pro-
teins extracts, SDS-PAGE protein band identification was per-
formed using MALDI-TOF MS/MS together with database
searching. Proteomic analysis included extracts obtained
using either PWE or combined extraction method utilizing
1% (w/v) SDS as solvent. Total of 22 and 24 protein bands
were excised from the gels corresponding to PWE and 1%
(w/v) SDS extracts, respectively. PWE reduced the extraction
time to 25% and removed one step (centrifugation) in the
isolation procedure. This eliminated manual handling and fur-
ther shortened extraction time. Lower yields of 38.7 and
34.8 kDa polypeptides and higher yields of 40, 42 kDa and

Fig. 3 Comparison of total relative extraction protein intensities
according to the sample treatment for different extracts obtained by the
combined extraction method. The results are based on the relative protein
intensities of individual polypeptide bands related to the bovine serum
albumin band intensity and expressed as a mean value ± standard
deviation (n = 3). Letters on the top of the columns indicate significant

differences (p < 0.05) among the extracts. Used abbreviations: MW,
molecular weight; TFA, trifluoroacetic acid; FA, formic acid; AA,
acetic acid; CPB, citrate-phosphate buffer; PB, phosphate buffer; BB,
borate buffer; TB, Tris-HCl buffer; SDS, sodium dodecyl sulphate;
DW, deionized water; EtOH, ethanol; DMSO, dimethyl sulfoxide;
ACN, acetonitrile
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22, 20 kDa polypeptides (main acidic and basic subunits of
Pru du 6) were detected in PWE compared to 1% (w/v) SDS
extracts (Fig. 5a).

Table 1 summarizes proteins identified in both extracts.
Most of the identified proteins are main seed storage proteins
such as prunins, legumins and vicilins. Especially, prunins
were found in majority of spots potentially hindering identifi-
cation of less ionizing or less concentrated proteins. Pru du 2,
Pru du 6, prunin 1 and 2, legumin type B, vicilin GC72-A and
vicilin C72-like protein content were identified in both ex-
tracts. However, prunins and vicilins were extracted more ef-
ficiently in PWE with two vicilin-like seed storage proteins
identified only with PWE. As prunins and vicilins are consid-
ered the main allergenic ingredients of almonds (Albillos et al.
2009; Costa et al. 2012; Geiselhart et al. 2018; Che et al.
2019), this is an important finding suggesting higher efficien-
cy of PWE for extraction of allergenic proteins. In contrary,
antimicrobial peptide precursor, dehydrin 2, putative lipid
transfer protein and oleosin 1 were identified only in 1%
(w/v) SDS extract. All these proteins have low molecular
weight (<22 kDa), and two of them (putative lipid transfer
protein and oleosin 1) are expected to be more hydrophobic

(based on https://web.expasy.org/protscale/ analysis of
hydropathicity using method of (Kyte and Doolittle 1982)).
This suggests that 1% (w/v) SDS was more efficient in their
extraction due to possible partitioning of the proteins into the
hydrophilic core of SDS micelles.

The sequences of the selected identified peptides are
summarized in the Table 2. The MALDI-TOF spectra of
prunin 1 are shown in Fig. 6a and b for PWE and 1%
(w/v) SDS extracts. The prunin 1 sequence coverage
reached 46% and 42% for PWE and 1% (w/v) SDS ex-
tracts, respectively. Identified peptides in the case of
prunin 1 were identical for both studied extracts with ex-
ception of one peptide which was identified only in PWE.
Figure 6c then shows an example of fragmentation spec-
trum of one of the prunin 1 peptides at 1142.8 m/z with
GNLDFVQPPR amino acids sequence.

The presented results confirmed that PWE is useful extrac-
tion method for almond proteins. It reaches similar or better
efficiency compared to common solvents used for ultrasound-
assisted extraction. However, the complete PWE can be
achieved at the quarter of the time needed for sonication.
Other important advantage over the conventional extraction

Fig. 4 Determination of optimal
pressurized water extraction
(PWE) temperature for a non-
defatted and b defatted almonds. c
Comparison of obtained total rel-
ative extraction protein intensities
according sample treatment for
PWE. The results are based on
relative protein intensities of in-
dividual polypeptide bands relat-
ed to the bovine serum albumin
band intensity and expressed as a
mean value ± standard deviation
(n = 3). Different letters on the top
of the columns indicate signifi-
cant differences (p < 0.05) among
the extracts. Used abbreviations:
MW,molecular weight; *Pru du 6
(prunin 1 and 2 basic (20–22 kDa)
and acidic (42–46) kDa subunits)
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is the absence of any additives, which considerably simplifies
any further processing of the protein extracts.

Conclusion

In this study, we compared twenty-two solvents for ex-
traction efficiency of almond proteins using the com-
bined extraction method. Non-defatted and defatted fine
almond powder was used for extraction. PB, BB and
TB were the most efficient solvents providing the
highest total protein content. CPB, 10% (v/v) organic

solvents, deionized water, 1% (w/v) SDS and 8 mol
L–1 urea showed slightly lower protein yields than PB,
BB and TB. The lowest extraction yields were observed
for acidic solutions and organic solvents at concentra-
tions above 10% (v/v) in the case the results obtained
by the combined extraction method. Results from the
combined extraction method were further used as a ba-
sis for comparison with PWE.

Our results have demonstrated that PWE was efficient
and reliable extraction method for almond protein isola-
tion. One cycle of 5-min extraction of the defatted sample
with pressurized water at 40°C and 15 MPa was found

Fig. 5 Comparison of the results obtained by the combined extraction
method using water (40°C, 20 min) and surfactant (40°C, 20 min, 1%
(w/v) SDS) with optimized pressurized water extraction (PWE, 40°C,
5 min, 15MPa). a SDS-PAGE photo and b graph with results from image
analysis. The results are based on the relative protein intensities of indi-
vidual polypeptide bands related to the bovine serum albumin band

intensity and expressed as a mean value ± standard deviation (n = 3).
Letters on the top of the columns indicate significant differences (p <
0.05) among the extracts. Used abbreviations: MW, molecular weight;
DW, deionized water; SDS, sodium dodecyl sulphate; NDF, non-
defatted; DF, defatted; *Pru du 6 (prunin 1 and 2 basic (20–22kDa) and
acidic (42–46) kDa subunits)

Table 1 Proteins identified in defatted almond extracts prepared by pressurized water extraction and by combined extraction method using 1% (w/v)
sodium dodecyl sulphate as solvent

Accession number Protein name MW (kDa) Sequences

PWE 1% (w/v) SDS

ADN39440.1 Prunin 1 precursor [Prunus dulcis] 63.356 17 16
ADN39441.1 Prunin 2 precursor, partial [Prunus dulcis] 57.199 12 10
CAA55010.1 Pru 2, partial [Prunus dulcis] 57.245 10 4
XP_007200723.1 Legumin type B [Prunus persica] 57.820 5 9
XP_020418883.1 Vicilin GC72-A [Prunus persica] 95.612 6 5
XP_008224279.2 Predicted low-quality protein: vicilin C72-like [Prunus mume] 95.342 4 3
XP_007208640.1 Vicilin-like seed storage protein At2g28490 [Prunus persica] 60.200 2 nd
XP_021830778.1 Vicilin-like seed storage protein At2g28490 [Prunus avium] 56.221 2 nd
AGR27935.1 Putative Pru du 6 allergen, partial [Prunus dulcis] 20.197 1 1
ACH58422.1 Antimicrobial peptides 2-1 precursor, partial [Prunus dulcis] 17.513 nd 1
AAS46614.1 Dehydrin 2 [Prunus persica] 21.434 nd 1
ABR13298.1 Putative lipid transfer protein, partial [Prunus dulcis] 7.255 nd 6
XP_007218565.1 Oleosin 1 [Prunus persica] 15.602 nd 3

MW molecular weight, PWE pressurized water extract, SDS sodium dodecyl sulphate, nd not detected
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optimal for protein isolation. The designed PWE method
was faster and more efficient than a combined extraction
method using dynamic and ultrasound-assisted extraction
using deionized water and 1% (w/v) SDS and comparable
in extraction efficiency with the combined extraction
method using buffers. Moreover, PWE did not require
any additives, and it was four times faster than the com-
bined extraction method.

Overall, the developed PWE method was found ben-
eficial for rapid and efficient extraction of proteins from
almonds. The main advantages of suggested PWE

method are environmental friendliness, simplicity, speed
and automation of the extraction process.
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