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Abstract: Yellow field peas (Pisum sativum L.) hold significant value for producers, researchers, and
ingredient manufacturers due to their wealthy composition of protein, starch, and micronutrients.
The protein quality in peas is influenced by both intrinsic factors like amino acid composition and
spatial conformations and extrinsic factors including growth and processing conditions. The existing
literature substantiates that the structural modulation and optimization of functional, organoleptic,
and nutritional attributes of pea proteins can be obtained through a combination of chemical, physical,
and enzymatic approaches, resulting in superior protein ingredients. This review underscores recent
methodologies in pea protein extraction aimed at enhancing yield and functionality for diverse
food systems and also delineates existing research gaps related to mitigating off-flavor issues in
pea proteins. A comprehensive examination of conventional dry and wet methods is provided,
in conjunction with environmentally friendly approaches like ultrafiltration and enzyme-assisted
techniques. Additionally, the innovative application of hydrodynamic cavitation technology in
protein extraction is explored, focusing on its prospective role in flavor amelioration. This overview
offers a nuanced understanding of the advancements in pea protein extraction methods, catering to
the interests of varied stakeholders in the field.

Keywords: plant-based protein; functionality; processing; green extraction

1. Introduction

Field peas are cool-season legume pulse crops globally grown for use in human and
animal nutrition. In Canada and other countries, field peas are crops of economic interest
and are used as export commodities. The most common field pea is the yellow cotyledon
species, which is followed by the green cotyledon species and a few other species [1]. Pea
seeds are high in starch, protein, and micronutrients such as vitamins and minerals but low
in fats with varying proximate composition across different cultivars.

While pulse crops are the most popular protein sources for human consumption
in tropical and subtropical countries, their utilization is still in its infancy in Western
nations [2,3]. Until more recently, soybean had been the most consumed plant protein, but
there is a concern about allergenicity and genetic modification of the crop. Field peas have
gained popularity due to their beneficial health effects, low production cost, and environ-
mental sustainability [4,5]. The value of raw field peas is improved by processing into
starch, protein, and fiber-rich fractions, and these ingredients are used in food formulations
for nutritional enrichment or enhancement of techno-functional properties. Dry and wet
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fractionation or hybrid methods isolate pea protein constituents at different purity and
functionality levels [6-9]. The outcoming products are subsequently used as ingredients in
food formulations (i.e., stabilizers, emulsifiers, film-forming agents, and meat replacers).

The nutritional value and functional properties of proteins are dependent on the
quantity and quality of the protein. Pea proteins have a high potential to be utilized as
ingredients in the food industry because of their relatively balanced amino acid profile when
compared with other plant proteins like soybeans [10]. However, the use of pea protein
as a food ingredient is impaired by limitations including the presence of antinutritional
factors (impairs digestibility), objectionable flavor components, low net surface charge
density, and a complex globular structure. Furthermore, extraction methods at high pH
and temperature used in the preparation of commercial pea protein harm functionality and
consequently lower performance in food applications when compared with the laboratory-
prepared protein. High protein solubility is achieved under alkaline conditions; however,
the probability of aggregation is also high, which leads to reduced protein solubility,
especially at acidic pH conditions. A study by Malafronte et al. [11] showed that different
protein morphologies are produced by varying the drying conditions. Shell formations
of the protein could occur during spray drying, resulting in conformational buckling and
rheological changes [11]. Several works have sought to valorize pea protein ingredients
by the use of simple to cutting-edge technologies to improve functionalities and minimize
adverse effects on the native protein conformation. This review will discuss the effect
of different extraction and processing technologies on the functionalities of pea protein
as well as its application in food formulations. We will review recent approaches in
extraction methods to produce pea protein ingredients with higher yield, functionality, and
applicability in food systems and identify technology gaps where information is needed
to improve the flavor component. Furthermore, the functionality of pea protein will be
compared with a standard plant protein ingredient like soybean. Statistics show five
field pea market classifications in Canada; however, yellow field pea varieties account
for >75% of the 3.8 million pea acreage [12,13]. Hence, a lot of our discussion will be
around processing technologies for yellow field peas and some aspects of other varieties of
field peas.

2. A Comparison of the Chemical Characteristics of Pea Protein and Soybean Protein

Yellow field peas, like other pulses, are a leguminous crop grown mainly for the
consumption of dry seeds which are rich in macromolecules (protein, carbohydrates,
dietary fiber, and resistant starch) and micromolecules (minerals, vitamins, and phyto-
chemicals) but low in fats. The chemical composition of pea protein is affected by the
cultivar (i.e., genotype), growth conditions, and the protein extraction methods used to
produce concentrates and isolates. In addition, pea protein contains residual antinutritional
substances (i.e., protease inhibitors) and natural pigments (i.e., tannins and anthocyanins).
Mabharjan et al. [14] analyzed the effect and interaction between genotype, rainfall, and
temperature in different field pea genotypes grown in two different locations. The results
showed variation in protein content across the different genotypes, and the effect on protein
content came from the interaction between genotype and environment, but a significant
difference was observed with the different growing environments. Phytic acid content was
influenced by the growth environment as seeds grown in one location had 6.3-8.1 g/kg
and those in another location had 4.8-7.5 g/kg. Phytic acid in the field of pea seeds affects
the nutritional value by binding to essential minerals such as calcium, iron, magnesium,
and zinc, causing reduced bioavailability of nutrients [14]. In this section, a detailed review
of the chemical composition of pea protein will be carried out and compared with soybean,
another major source of plant protein for the food industry. The effect of some processing
methods on the chemical composition will be discussed.
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2.1. Proximate Analysis

The chemical composition of yellow field pea flours as determined by Millar et al. [15]
showed the following: protein content (21.0-22.0%), ash (2.76-3.5%), lipid (1.28-1.4%),
moisture (10.6-13.35%), and total dietary fiber (14.0-15.0%). As a result of the low lipid
content, the pea protein extraction process is relatively easy, faster, and cost-effective as
the defatting process is not required [16]. However, Garcia Arteaga et al. [17] reported
much higher values in the proximate composition of various pea protein species, as shown
in Table 1. Dehulled field seed flours from 12 cultivars grown in different countries and
harvest years showed variations in protein content (21.3-27.2%), ash content (2.5-3.6%), fat
(1.9-2.5%), and starch (32.5-56.2%), and protein isolates from the same cultivars showed
variations in protein (83.5-90.3%), ash (5.3-8.5%), and fat (4.7-9.0%) [17]. Lam et al. [18]
investigated the physicochemical and functional properties of protein isolates derived
from six pea cultivars grown in two different locations. The authors spotted differences
in protein content (89.7-92.5%), ash (6.2-7.3%), and total lipids (2.3-3.5%) but stated that
the differences had no practical significance. The total energy contributed by proteins for
yellow field pea seeds is reported to be 24.4 and 26.3% [18], which satisfies the definition of
high-protein foods [19]. Yellow field pea flour was also reported to provide at least 30% of
the recommended dietary intake for zinc (3.78 mg/100 g), magnesium (114.2 mg/100 g),
and potassium (1099.0 mg/100 g) [15]. Nikolopoulou et al. [20] showed that there was
a significant impact on the proximate composition of field peas grown in three different
locations for two years and established that high phytic acid content in pea seeds had a
relationship with growing soils rich in phosphorus and low rainfall.

Table 1. Proximate composition of isolated pea proteins from different cultivars.

Cultivar Dry Matter (%) Protein (%) Ash (%) Fat (%) Protein Yield
(g/kg)
Navarro 93.0 +0.03b 835+ 04¢ 534039 59+00¢ 33.8
Dolores 935+ 013 805+ 022 544019 474014 54.4
Greenwich 93.8 +0.03b 83.6+04¢ 60+06¢ 9.0+£022 34.8
Bluetime 9444002 841400 64+04¢ 84+03°7 422
Ostinato 94.1+0.02 86.0 £ 05P 76+04%  71404Pb 38.6
Kalifa 93.0 +0.03b 86.9+09P 59+01¢ 70£05P 46.2
Salamanca 93.7 + 0.6 85.0+03P 61+10¢ 87+062 422
Florida 9254+ 0.0° 874+11% 56+01d 74+07P 59.2
RLPY 141091 9344002 90.3+0.02 85+07a 734+08P 53.6
Orchestra 928 +03P 87.14+0.1P 67+11°¢ 62+09¢ 62.2
Astronaute 96.0 + 022 86.4+01P 54401 78+01Pb 42.1
Croft 9254+ 0.1P 86.7 + 0.6 62+01¢ 7840.1P 473

a-d Different letters indicate significant differences at the p < 0.05 level for each column. Result expressed as
mean =+ standard deviation (n = 2) adapted from Garcia-Arteaga [17].

The crude protein content in a pea protein isolate obtained by alkaline extraction
coupled with isoelectric pH precipitation (AE-IEP) was reported to be 83.33-84.67% (dry
weight basis, dwb), but there were no significant differences between the protein content
of isolates extracted at pH 8.5, 9.0, and 9.5 [21]. However, extraction at pH 9.0 produced
isolates with low contents of lipoxygenase (beany flavor factor). Lipid content in this study
was reported to be identical for all isolates (~1.47%), and the extraction method did not
influence the ash and moisture contents. The composition of a commercial pea protein
isolate prepared by AE-IEP and drum drying was reported to be as follows: total protein
(68.85%), lipid (0.5%), total carbohydrate (26.6%), starch (0.31%), ash (3.53%), moisture
(7.12), and legumin /vicilin (L/V) ratio (8.34) [22]. The protein content from the commer-
cial isolate was low when compared to literature records of other wet-fractionated pea
ingredients. Similarly, protein isolate compositions (dry weight basis, dwb) from different
cultivars produced by isoelectric pH precipitation (IEP) after initial saline solubilization
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had protein content (81-89%), moisture (7.6-8.8%), ash (1.33-2.55%), lipids (0.5-5.5%), and
carbohydrates (0.37-3.9%) [23].

As shown in Table 2, the major protein fractions in peas are the storage proteins,
which are globulins (115 and 7S) and albumins (2S), with globulins making up the largest
group of proteins (~65-85%). The electrophoretic profile of pea protein isolates under
non-reducing conditions shows bands of approx. 10-105 kDa, which are assigned to
dissociated hexameric legumin ~60 kDa subunits (x + 3), intact vicilin fractions (e« + 3 +v)
with bands of approx. 50 kDa, dissociated vicilin subunits (« + {3) of approx. 30-37 kDa,
and «, 3, and y subunits (approx. 14-20 kDa) [18]. The convicilin fraction is assigned the
70 kDa band, while lipoxygenase is assigned approx. 94-100 kDa. The same study reported
0.36-0.79 legumin /vicilin (L/V) ratios for the isolates and observed that the interaction
between the cultivar and environment had no impact on these values. The polypeptide
and allergen composition of pea protein could vary within the same cultivar grown under
similar environment, harvest, and storage conditions. One reason is that the L /V ratio could
change during the growth and maturity of the yellow field pea seeds. Dziuba et al. [24]
carried out a proteomic analysis of a pea protein isolate using 2D electrophoresis and
classified pea albumins as a heterogeneous group with 73 proteome accumulated spots in
three molecular weight ranges of 50-110, 20-35, and 13-17 kDa over a broad isoelectric point
range (pH 4.2-8.1). The pea albumin group comprises albumins (PA1), lectins, proteases,
and protease inhibitors [24,25].

Table 2. Polypeptide composition of yellow field pea protein.

Classification Content

Protein Fraction Polypeptide Svedberg Unit  Features Author

Globulins 55-65%

Hexameric/quarternary Six paired « and
legumin (300-600 kDa)  f (60-80 kDa)

a and f3 subunits
115 linked by
disulfide linkage

Gueguen and Cerletti [26];
Lam et al. [18]; Tzitzikas et al. [27]

Non-covalent bonds

Trimeric vicilin «, B, and y . Chang et al. [28];
(175-180 kDa) (14-20 kDa) 75 between subunits Kaur Dhaliwal et al. [29]
and glycosylation
Trimeric convicilin ~70 kD 8 80% amino acid Kaur Dhaliwal et al. [29];
(210 kDa) a homology with 7S Mertens et al. [30]
53 amino acids and Barbana and Boye [31];
Albumins 18-25%  Pea albumins PAla (5.8 kDa) 2S De Santis et al. [32];

high Cys Kornet et al. [33]; Park et al. [25]

PATb (4.0 kDa) 25 37 amino acids and

high Cys

Lectins n/a n/a n/a

Lipoxygenase 90-100 kDa n/a n/a

Protease inhibitors n/a n/a

Natural pigments

(anthocyanins and tannins) n/a n/a
Prolamin 4-5% n/a n/a n/a High Glu and Pro Adebiyi and Aluko [34]
Glutelin 3-4% n/a n/a n/a n/a

The colors of pea protein isolates differ and are dependent on the cultivar, as de-
termined using the International Commission on Illumination (CIE) L*a*b* method. An
analysis of 12 of the 2S proteins showed a range for L* (87-91), which signifies lightness;
a* (—0.5-3.5) for the green cotyledon color; and b* (19-24), which is the yellow color. [17]
In another study, pea protein isolate (PPI) was shown to be darker with L* (69.8), a* (2.21),
and b* (19.25), when compared to the lighter soybean protein isolate (SPI) with L* (94.18),
a* (0.09), and b* (—0.92); the color variations may occur due to presence of pigments in
the seed flour or the protein drying method [35,36] The protein yield varies widely with
cultivar and ranges from 34 to 62 g/kg, which is not dependent on the protein content of
the isolate [17].

Soybean is an oil seed with approx. 20-30% lipid content depending on the cultivar [22].
The major proteins in soybean are glycinin (10.15-14S) and 3-conglycinin (7.15-8.75),
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making up >70% of the total protein [37]. A meta-analytical approach of data collected for
1944 samples of soybean meal obtained from 18 published papers (2002-2018) was used to
quantify the chemical composition based on country of origin [38]. Similar to variations
observed with peas, the results of the study showed that the country of origin affected the
chemical composition and amino acid profile of the soybean products by great margins. The
inconsistencies across the different locations arose from seed genotype, planting location,
environmental growth and harvesting conditions, and storage and processing conditions.
Analysis of the polypeptides showed that at ambient temperature and around neutral pH,
the legumin-like protein is a hexamer with a molecular weight of 300-380 kDa and each
subunit consists of a pair with an « or acidic unit (MW of ~35 kDa) and a 3 or basic unit (MW
of ~20 kDa) linked together by a disulfide bond [39]. The glycinin hexamers are dissociable
species that could fragment into smaller polypeptides and constituent molecules of trimers
(35-8S) under processing conditions like low ionic strength, heating, and pH. Glycinin can
form a 7S trimer of ~180 kDa at pH 3.8 or low ionic strength (i.e., 0.1 M) and neutral pH [39].
Soybean has five classifications based on polymorphism of the glycinin fractions, but
some compositional parameters differ within these groups, and since the proteins exhibit
molecular heterogeneity, the groups differ in functional properties. The vicilin-like 7S soy
protein consists of subunits o’ (57-72 kDa), o (57-68 kDa), and {3 (42-52 kDa); it exists as
hexamers and trimers at low (<0.1M) and high (>0.5 M) concentrations, respectively, and
is held together by non-covalent bonds [39]. The protein reversibly dissociates into 25-6S
subunits at low pH (<5) and ionic strength (<0.1 M). The content of 2S proteins in soybeans
are very low and consist of protease inhibitors, cytochrome c, and «-conglycinin. All three
subunits of 3-conglycinin and x-conglycinin are recognized as potential food allergens in
humans and different animal species [36,39].

2.2. Amino Acid Profile

As shown in Table 3, pea protein is limited in leucine as well as sulfur-containing
amino acids (SCAAs) such as methionine and cysteine [17]. However, the leucine content of
pea protein (5.7%) is slightly higher than that of soybean (5.0%), oat (3.8%), and hemp (2.6%)
proteins [10]. Similarly, other studies reported higher lysine (4.7%) and phenylalanine (3.7%)
for pea protein compared to soybean protein with values of 3.4% and 3.2%, respectively [10].
The essential amino acid composition of pea protein (23.6%) is slightly higher than that of
wheat (18.9%) and soybean (19.9%) proteins and meets the WHO/FAO/UNU daily intake
recommendation for adults [10]. Variations in amino acid composition are commonplace in
pea protein, and responsible factors could be growth environment, germination, cultivar,
storage, extraction methods, and processing conditions. Wet-fractionated pea protein isolate
is reported to contain fewer SCA As than dry-fractionated pea protein isolate because water-
soluble albumins might be lost during acid precipitation and cysteine and serine residues
are converted to dehydroalanine which is subsequently converted to lysine [40]. However,
the amino acid and chemical score of wet-fractionated pea protein is superior to that of
dry-fractionated pea protein with essential amino acids (EAAs) exceeding the FAO/WHO
daily recommended level of 277 mg/g protein [40]. Furthermore, optimal unfolding and
disruption of protein aggregates during wet fractionation facilitates increased protein
solubilization and the higher presence of hydrophobic amino acids [40].

The different protein fractions (globulin, albumin, prolamin, and glutelin) vary in
amino acid composition, and the major non-essential amino acids in globulins are as-
paragine, glutamine, glycine, arginine, isoleucine, leucine, phenylalanine, lysine, and
threonine, while albumins are rich in tryptophan, lysine, and threonine [23,41]. Protein
isolates obtained by lactic acid-assisted extraction exhibited improved amino acid composi-
tion because of the proteolytic activity of bacteria on the globulin and albumin fractions,
which led to increased solubilization through the production of smaller polypeptides, pep-
tides, and free amino acids [42]. Slight differences (~5%) were reported in the amino acid
composition of pea protein isolates arising from different cultivars and extraction methods
by Stone et al. [23], while Kaur Dhawali et al. [29] gave an update of up to 40% variations
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observed with some amino acids. Osen et al. [43] reported that the amino acid composition
of pea protein isolates was not affected by the thermal and mechanical energy of 40-140 °C
and 150 rpm, respectively, during extrusion, which suggests that there was no degradation
of amino acids. The protein quality of soybeans is comparable to the quality of animal
proteins because of the essential amino acid content. However, Gorissen et al. [10] showed
that both pea and soybean proteins meet the WHO/FAO/UNU requirement at approx.
30 and 27%, respectively, and like most plant proteins, soybean protein is also limiting
in SCAAs.

2.3. Comparative Nutritional Aspects

The quality of any food protein is assessed by the amino acid composition and pro-
tein digestibility. The protein-digestibility-corrected amino acid score (PDCAAS) is an
assessment model that has been in use for over 20 years, and it is based on the assumption
that all amino acids have the same digestibility as crude protein and calculated using
fecal digestibility. However, proteins are mostly digested in the small intestine, and an
accurate way to determine amino acid release and availability is using ileal digestibility in a
procedure called digestible indispensable amino acid score (DIAAS) [44]. The PDCAAS and
DIAAS of soybean and pea proteins were determined in the ileum of growing rats, and the
results showed no significant difference in both proteins with values of 98-99% and 94-97%,
respectively [45]. Although SCAAs are limiting in both plant proteins, the authors showed
relatively good availability and quality of methionine and cysteine in pea protein (92 and
98%, respectively) and soybean protein (89-91% and 94-97%, respectively) [45]. Another
study determined the combined mean DIAAS and PDCAAS of soy products as 84.5 + 11.4
and 85.6 £ 18.2%, respectively, using in vitro and in vivo assays [46]. Understandably,
pea flour has lower protein quality than the extracted protein, and a study reported a
low protein quality of pea flour (67.8%) when compared to cooked flour (69.19%) [47].
Commercial pea and soybean protein brands showed protein contents in the ranges of
77-81% and 61-91%, respectively [10].

2.4. Flavor Components

Volatile (e.g., aldehydes, ketones, acids, pyrazines, and sulfur compounds) and non-
volatile compounds (e.g., saponins, phenolic and alkaloid compounds) make up the flavor
components of pulses [48,49]. Flavor is a combination of taste (i.e., non-volatiles perceived
on the tongue), aroma (i.e., volatiles perceived nasally), texture (i.e., smoothness, viscosity,
and sliminess), and trigeminal responses (i.e., brain in response to tactile or temperature
stimuli). The off-flavor is a perception of an unpleasant taste or aroma and could be inherent
in pea protein or develop during harvesting, processing, and storage due to lipoxygenase
(LOX) activity, cultivar, harvest conditions, germination, and extraction methods [36,50,51].
An important inherent off-flavor in peas is the beany flavor which could be described as
bitter, mouthcoating, rusty, nutty, metallic, or pea-like [52]. Although research shows it
is difficult to attribute off-flavor to a single molecule, the presence of substances such as
3-methyl-1-butanol, 1-pentanol, 1-octen-3-ol, (E,E)-2,4-heptadienal, acetophenone, 1-octen-
3-one, and 3-isopropyl-2-methoxypyrazine are reported to be responsible for off-flavor
in peas [48]. The concentration of the substances in the pea ingredient contributes to the
intensity or absence of the off-flavor, and only a few differences in flavor attributes were
found among different cultivars [17,53]. Other compounds like hexanal can contribute to
off-flavors but have no beany flavor in themselves [48]. The presence of beany flavor in pea
ingredients is a challenge and limits their utilization in food applications. Similarly, the
utilization of soybean products in the developed world has been limited by the presence
of flavor compounds (i.e., ketones, aldehydes, furans, alcohols), and these compounds
could interact with protein and turn on other flavor compounds [54,55]. Beany flavor in
soybean is a result of the enzymatic oxidation of linoleic and linolenic acids catalyzed by
lipoxygenase. Aromatic compounds linked with beany flavor are hexanal, hexanol, and
trans,trans-2,4-nonadienal [54,55].
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Table 3. Protein quality and digestibility of emulsion stabilized with pea and soy protein (g/100 g
protein) and products (g/100 amino acids).

DIAAS (Peas)  DIAAS (Soybeans) FAO/WHO/

Essential Amino Acids Pea Protein [56]  Soybean Protein [56]

Emulsions [58] Milk [58] UNU [57]
Threonine 3.80 3.90 3.86 3.73 2.30
Methionine 0.90 1.40 0.42 1.42 1.60
Phenylalanine 5.70 5.50 5.95 5.30 1.36
Histidine 2.40 2.50 5.60 7.10 1.50
Lysine 6.70 5.60 7.10 5.65 4.50
Valine 4.90 5.10 4.95 4.70 3.90
Isoleucine 4.40 4.90 4.85 4.74 3.00
Leucine 7.60 5.60 8.74 7.46 5.90
Tryptophan 0.90 1.30 3.23 2.82 0.60
Non-essential amino acids
Serine 5.40 5.20
Glycine 4.00 4.40
Glutamic acid 16.40 20.50
Aspartic acid 11.80 11.90
Proline 4.40 4.90
Cysteine 1.20 1.00 0.6
Alanine 0.71 4.20
Tyrosine 4.00 3.90
Arginine 7.80 8.40

Several studies have been carried out to identify and reduce the odor-active volatile
agents responsible for beany flavor in pulses. An article by Trindler et al. [48] gave a com-
prehensive review of the current state of knowledge on aromas and flavors associated with
field pea protein. Off-flavors caused by inherent factors can not only be removed, masked,
or modified but can also be prevented by breeding new cultivars. Off-flavors that develop
because of external factors (i.e., storage temperature and moisture) can be controlled by
careful handling of the peas and tuning of extraction methods. Physical, chemical, and enzy-
matic methods have been engaged in dealing with off-flavors in pulses. Thermal processing
such as blanching at 60-100 °C can deactivate peroxidases and lipoxygenases [59,60]. Lactic
acid fermentation of pea protein led to reduced or masked off-flavors by decreasing the
content of n-hexanal (a lipoxygenase-derived molecule) and other contributors to the beany
flavors [59,61-63]. Hexanal is a product of the degradation of unsaturated fatty acids and
is the most abundant aldehyde detected in peas [64]. The content of aromatic compounds
increased in fermented yellow pea flour, and the quantity of aromatic compounds pro-
duced was dependent on the bacteria strain and fermentation time [65]. Sensory analysis
to evaluate flavor in pita bread and tortillas made from oven-roasted and micronized flour
showed pitas from treated flour had higher aroma acceptability scores than those from
untreated flours [66]. This result means that thermal treatment improves the flavor profile
of the pea ingredient. Glycation of pea protein isolates with gum Arabic by incubation
for 24 h improved the flavor profile remarkably (<1 ppm) through reductions in beany
flavor markers [67]. Electronic tongue and sensory evaluation showed that enzymatic
hydrolysis and the low-temperature Maillard reaction of pea protein reduced the bitter
taste and increased the umami and salty tastes [68].

Recent advances have been made in monitoring flavor development, profiling, and
reduction. Benavides-Paz et al. [69] monitored the development of volatile compounds dur-
ing pH-optimized extraction of PPI using solvent-assistant flavor evaporation (SAFE), gas
chromatography—mass spectrometry olfactometry (GC-MS-O), and gas chromatography—
time-of-flight mass spectrometry (GC-TOF-MS). Wang et al. [49] performed aqueous sol-
vent washing of air-classified pea-protein-enriched flour using different concentrations of
ethanol and isopropanol to eliminate off-flavors. The effect of alcohol washing on volatiles,
non-volatiles, proximate composition, and functionalities was compared between the un-



Foods 2023, 12, 3978

8 of 34

treated and treated samples. The volatile compounds were analyzed using headspace solid-
phase microextraction (HS-SPME) coupled with gas chromatography/mass spectrometry
(GC-MS). The results showed reductions in volatile compounds by 50 and 80% for ethanol
and isopropanol washes, respectively. Some functionalities (i.e., protein content and in vitro
protein digestibility) were enhanced by the alcohol washing while others (i.e., solubility
and amino acid scores) were reduced after the washes. Another potential method for the
elimination of flavors in plant protein sources was reported by Guldiken et al. [64], where
different adsorbent resins, namely Amberlite-XAD16N, Amberlite-XAD7HP, Amberlite-
XAD4, Sepabeads-SP207, and Diaion-HP20, were used to wash volatile and non-volatile
compounds in lentil protein isolate. The results showed that treatments reduced the
amounts of aldehydes, ketones, nitrogen compounds, alcohols, furans, terpenes, and enone
in the protein, but total acids, aromatic compounds, and esters increased. However, the
study concluded that the technique is a potential tool to be employed in the production of
bland plant protein ingredients.

3. Technologies for Pea Seed Isolation

Field pea seeds contain 20—40% protein; 60% starch and dietary fibers; and other
constituents, namely lipids (1.5-2%) minerals, vitamins, polyphenols, oxalates, saponins,
and phytic acid [29]. Therefore, the separation of the protein fraction from starch and
non-starch materials is necessary. Pea protein ingredients (flours, fiber, concentrates,
and isolates) can be produced through dry, wet, or mild fractionation, and the different
ingredients have varying protein contents (Table 4, Figures 1 and 2). To maximize yield and
enhance the nutritional, structural, and functional properties of the protein ingredient, it is
essential to choose the appropriate methods matching the intent of the end-user. Before
fractionation, the seeds are cleaned, dried, sorted, and then dehulled/split to preserve
the functional properties of the derived protein ingredient [8]. Different fractionation
techniques affect the protein ingredient differently; i.e., wet fractionation produces pulse
protein with an essential amino acid content within the range of recommended daily
consumption and enhanced emulsification and foaming properties, while dry fractionation
preserves the native state of the protein and enhances hydration properties [70,71]. Higher
protein purities are attained with wet fractionation, but the native structure and functional
properties are altered to some degree. In this section, a few techniques in dry and wet
fractionation will be discussed.

Peailour

Soak in water at pH 8.0

|

| Centrifuge

|

|

Freeze dry I — | Supernatant |
Protein precipitation at
pH45
Supernatant I —— | Centrifuge |-—b

}

Diafiltration at pH
7.0

l

ALBRF

!

Redisperse at pH
70

l

GLB RF

Figure 1. Flowchart showing a mild fractionation method adapted from Kornet et al [33]. ALB RF:

albumin-rich fraction; GLB RF: globulin-rich fractions.
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Table 4. Summary of processing and fractionation techniques.

Method

Plant Source

Objective

Summary of Finding

Author

Dry fractionation

Pea

Using dry milling in combination
with air classification to improve
protein enrichment

Approx. 50% purity and 77% protein
yield were obtained using the method.
The native functionality of the protein
was preserved.

Pelgrom et al. [7]

Peas, beans, chickpeas

and lentils

Optimize milling using different
settings to achieve maximum
detachment of starch granules

Optimal detachment was achieved, but
protein content was influenced by the
intrinsic properties of the pulse.

Pelgrom et al. [8]

Pea, lentils,
and chickpeas

Air classification and electrostatic
separation for protein enrichment

Higher protein purity (>60%),
improved yield, less energy
consumption, and preserved native
protein functionality.

Xing et al. [9]

Pea and faba beans

Effect of dehulling on physical,
chemical, and technological
properties of the fractions

Dehulling slightly increased the
protein content of the fine fractions and
improved starch enrichment of the
coarse fractions. The techno-functional
properties were not enhanced with
dehulling.

Saldanha do
Carmo et al. [72]

Enhanced pea protein separation

Protein content was increased

Pea using Lorentz force-assisted charge o Zhu et al. [71]
carrier and triboelectric separation.
Effect of the protein content of pea
flour on physicochemical, Variations in protein content
Pea antinutritional, and functional influenced the properties of Fenn et al. [73]
properties of air-classified air-classified pea flour.
protein fractions
. 1 o
Determine the effect of relative ieelintli‘ileir}\lug:glati ac}l)a;)s\;ffiz(;t/;oegfglcltee?o
Pea and chickpea humidity on particle dispersibility &ar . S Politiek et al. [74]
o reduced particle dispersibility
and flowability 1
and flowability.
Compare the functional and
Mung bean, field pea, rheological properties of Protein content of the protein-rich

and cowpea

dry-fractionated ingredients from
mung bean, yellow pea,
and cowpea

fractions was dependent on the air
classifier speed.

Schlangen et al. [75]

Wet and aqueous fractionation

Method produced high-purity (75%)

Aquegus/. Pea Mild wet fract.lonatlon using wa.ter protein concentrates with Moller et al. [76]
ultrafiltration only and continuous ultrafiltration a1
improved solubility.
Alkaline . . . Wet fractionation produced isolates
. Compare protein functionality of oy .
extraction and . - with high protein content, the presence
. . . Pea isolates obtained from dry and wet . . . . Zhu et al. [71]
isoelectric point . . of essential amino acids, and improved
o (IP) fractionation P . .
precipitation emulsification and foaming properties.
Functional properties of protein The purity of the globulin fractions
Chickpeas and isolates obtained by AE-IP method  was improved to >90%, and the protein Chang et al. [28]
green peas combined with modified salt composition played a major role in the & ’
dissolution precipitation functional properties.
AE-IP extraction in conjunction Protein content and yield were .
Pea with lactic acid fermentation improved by 20-30%. Emlan et al. [42]
Compare the gelling properties of ~ Gels from AE-IP in conjunction with
Pea isolates obtained from different ultrafiltration had good gel strength, Yang et al. [70]
fractionation techniques but weak gels formed with Al alone.
Method produced both globulins and
Pea Mild wet fractionation coupled albumins; functionality was dependent Moller et al. [77]

with isoelectric precipitation

on the dominant protein fraction
in a sample.

Enzyme-assisted
extraction method

Pea and flaxseed

Comparison of the properties of
protein obtained from different
extraction methods

Enzymatic solvent extraction produced
high protein quality, and enzymatic
extraction produced protein with good
emulsifying properties.

Tirgar et al. [78]
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Table 4. Cont.

Method Plant Source Objective Summary of Finding Author

Investigate the effect of enzymatic

hydrolysis on the The different proteases enhanced the

Garcia-arteaga

Pea techno-functional and sensory properties of the protein and etal. [79]
. . lowered bitterness.
properties of pea protein isolates
Fractionation based on solubility Alkaline-soluble fractions (gh(l)telms).
. were the most abundant (87.0%) while
. in weak salt, water, alcohol, and . . ..
Osborne Commercial pea . : : alcohol-soluble fraction (prolamins) Adebiyi and
. . . weak acid or alkaline solution . ) o
fractionation protein . . . was the lowest in both yield (1.52%) Aluko [34]
using Osborne fractionation d . 57.7%). The oth
with dialysis and protein content (57.7%). The other
fractions had protein content >79.0%.
Fractionation of globulins and Albumins and globulins were isolated
Pea flour albumins using isoelectric and showed good foam and Kornet et al. [33]
point isolation emulsification properties, respectively.

Dehulling/Decortication/Seed Coat
Removal Whole seed

Steam

Hull fiber
Milling/Grinding

Split seed

Wet Milling

Ground Hull Fiber

Wet Component Separation

(i.e., alkaline extraction and
isoe lectric precipitation, -
membrane ultrafiltration

L4
Dry Component Separation
(i.e., air classification,
triboe lectric separation

Protein Isolate Cell Wall Fibre

Starch Isolate

Starch-rich Protein-rich

concentrate concentrate

Figure 2. Wet and dry fractionation of pea protein. Adapted from Pulse Canada [80].

3.1. Dry Fractionation

The two major steps involved in dry fractionation are milling (pin, roller, hammer,
or stone) and air classification (Table 4). Dehulling and dry milling are pre-processing
techniques that optimize protein enrichment during air classification [8]. Dehulling of
the seeds is carried out to remove the seed coat before milling into flour [81]. Dehulling
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could be dry or wet; dry dehulling involves pitting the seed surface by abrasion [81],
microwave technology [82], and ultrasound treatment [83], while wet dehulling involves
soaking or tempering seeds in water as well as chemical or enzymatic treatment [81].
Subsequently, the pea seeds are milled to particles with a diameter < 40 um to detach the
protein from other seed materials [8,9]. The particle size of the flour is important because
too coarse or too fine milling could hinder the proper separation of proteins from the starch
granules and other cellular materials. The particle size is dependent on the speed of the
classifier wheel and retention times; for example, in the case of the milling of lupine seed
flour, increased classifier speed reduced the particle size from 280 pm to 10-14 pm [8].
During milling, starch granules and cellular matrix rich in protein and fibers are released
by grinding the cotyledon into powder [9]. This step is performed carefully to minimize
the production of damaged starch. After milling, air classification is applied to separate
the small protein bodies from the larger starch granules for protein enrichment, and the
separation is based on the size, shape, and density of the particles [7,8]. Very fine milling
impairs the efficiency of air classification because separation is easier when non-protein
materials like starch granules and fibers have larger particle sizes than protein. Increased air
classifier speed could produce protein-enriched fractions with higher protein content and
enhanced gelation properties [75]. Combining air classification and electrostatic separation
produced a pea protein product with higher purity (63-68%) than the 57% obtainable by air
classification only [9]. An alternative method to air classification is the use of sieves, which
is based on variations in particle size [81].

Several factors have been mentioned as affecting protein separation efficiency, namely
seed hardness or softness and fiber, ash, and oil contents. High fat content in chickpeas
(6%) was shown to increase the chances for flour particle agglomeration, which impaired
separation, whereas low fat (1%) in lentils and peas promoted sufficient separation [9],
suggesting that defatting of the flour before dry fractionation is one way to improve the
protein content as the adhesive forces that impair flowability would be reduced [8]. De-
agglomeration (DA) is a parameter that measures the flowability or dispersibility of the
flours in the air during classification. The dispersibility of flours is influenced by particle—
particle adhesion, high humidity, and size; i.e., finer flour particle sizes would disperse
better under low pressure [8,74]. Dispersibility and air classification of oil-rich flours can
be enhanced using food-grade flowability aids. Aerosil (12 nm) and potato starch (44 pm)
were added to lupine flour (high oil content); the air classification was improved at low
pressure, and increased protein content was observed [8].

Electrostatic separation has been used to improve the quality of protein ingredients
produced by dry fractionation [8,9,73]. Different electrostatic methods have been adapted
to combine with or replace air classification, and these include triboelectrification or tribo-
charging, Lorentz force-assisted, electric and magnetic field separation [71]. The principle is
the use of the triboelectric charging properties of the material to obtain protein concentrates.
For example, proteins will carry higher charges on the ionizable R groups and the amino
and carboxyl termini than carbohydrates. making separation easy. Combined electrostatic
treatment and milling of lupine seeds produced a protein material with a purity 15% higher
than that using air classification [84], and higher protein recovery was recorded in navy
bean protein after two-stage triboelectric treatment [85]. Modest protein enrichment of
fine-milled peas and lentils could also be achieved using electrostatic separation [9]. Dry
pea protein with 72% purity was obtained by a hybrid method between air classification
and electromagnetic processes [9]. Furthermore, the best selection of the charging wall
tube material (aluminum, steel, nylon, and PTFE) and its effect on electrostatic selection
in the protein enrichment of lupine were evaluated [86]. The finding was that the tube
material did not affect the separation, but the hydrodynamic conditions of the process
were important.

The advantage of dry fractionation over wet fractionation is that the native functional-
ity of the protein is retained, and dry fractionation is a more sustainable technique in terms
of water and energy uses (Figure 3) [7,73]. For example, wet fractionation consumes >50 kg
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and 5.4 x 107° k] /kg of water and energy for spray drying, respectively, per kg of recov-
ered protein while dry fractionation has negligible water and energy (3.6 x 107 kJ/kg)
usage [28]. During dry fractionation, more valuable components will be maintained in
the protein matrix; however, antinutritional compounds such as protease inhibitors and
lipoxygenases, which impair digestibility and contribute to the development of beany fla-
vor, respectively, are also retained [87]. Overall, during dry fractionation, milder processing
conditions (i.e., pH, temperature, and ionic strength) are required for fractionation [87].

Dry fractionation
Energy

Energy

Pea

Mill

Flour

Fine fraction
Scale
Fes e Coarse fraction -
— Mass

4 2000 kg 300 kg 70 kg

Mill Air classification\_ Loss g b
|Ey 2000 MJ 300MJ  80MJ

Wet fractionation
Energy Energy Energy NaOH Energy

Protein
isolate

Separation
Vapour
Side stream Side stream
containing starch containing
and fibres oligosaccharides

Figure 3. Energy consumption of dry and wet fractionation is shown as Sankey’s model. Adapted
from Schutyser et al. [87].

3.2. Wet Fractionation

Wet fractionation is a conventional protein extraction method with the potential of
producing high-purity (up to 95%) and high-yield (~60-90%) protein ingredients depend-
ing on the source [88] (Table 4). During dry milling, the small particles adhere to the
larger ones after the structural break-up, which impairs the optimal separation into pure
components [89]. However, the addition of water disentangles the particles to produce
better separation [89]. However, this method has drawbacks such as the loss of the protein’s
native state and functionality (e.g., solubility) resulting from the use of harsh processing
conditions (salt, ionic strength, pH, and temperature) and the high cost of energy and water
leading to an overall high production cost [90,91]. The final ingredient is dried into a fine
powder (referred to as concentrate or isolate) by freeze-drying or spray-drying techniques
for ease of storage and transportation. It is possible to strategically target steps in wet
fractionation to optimize the production of protein ingredients with enhanced and varying
functionalities [33].

3.2.1. Alkaline Solubilization Coupled with Isoelectric pH Precipitation (AE-IP)

Alkaline solubilization coupled with isoelectric pH precipitation is a popular wet
fractionation technique mainly because of the high-purity protein ingredients obtained
(Table 4). This method is based on the solubilization of plant proteins, usually at pH 8-11,
resulting from the increased electronegative charge on the protein surface; the solubilized
proteins are then recovered by acid-induced precipitation at the isoelectric point, which
is usually pH 4-6 for most pulses. At acidic pH values, the amide group of the protein
gains an extra proton, which results in an electropositive charge, while the carboxyl group
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loses a proton at alkaline pH, producing an electronegative charge. To maximize protein
yield and purity, processing conditions such as extraction pH, temperature, and flour—
solvent ratio could be optimized [73,92,93]. Defatting is a pre-step in which the lipid
content of the flour is reduced to improve hydrophilicity. Without defatting, protein-lipid
interactions minimize solubility and impair protein yield during extraction [29]. During
extraction, a mixture is prepared from pea flour by mixing with water and adjusted to
alkaline pH; the mixture is then subjected to continuous stirring to dissolve the protein and
other cellular constituents. The protein is then separated from the starch by passing the
mixture through a centrifuge to obtain a protein-enriched supernatant. The supernatant
is adjusted to the protein’s isoelectric point using hydrochloric acid (HCI), which causes
protein precipitation that can be recovered as the solid portion after centrifugation. The
precipitate is resuspended in water, neutralized with sodium hydroxide (NaOH), and
frozen or spray-dried to obtain protein concentrates or isolates with purities of <90% or
>90%, respectively, on a dry weight basis [94,95]. An alkaline pH environment during
the extraction is achieved using the addition of KOH or NaOH, and because maximal
solubilization is obtained, and a high protein yield is achieved [29]. Alkaline solubilization
was shown to also cleave disulfide bonds, hence improving protein recovery and yield [96].

Conditions reported to affect AE-IEP protein extraction are the temperature, flour-to-
solvent ratio, alkaline solution concentration, and processing time, and these conditions can
be optimized to maximize protein yield and recovery [33,97]. The presence of compounds
like phenolics, organic acids, lipids, and nucleic acids could cause protein degradation,
which results in low protein yield and functionality [87]. The AE-IEP method reportedly
depletes sulfur-containing amino acids (SCAAs) in the protein through the loss of albumins
during solubilization at the isoelectric point, impairs the bioavailability of SCAAs (71%) and
His (80%), and converts cysteine and serine residues in the protein to dehydroalanine, which
could be transformed to lysine [98]. The electrophoretic profile of pea protein fractionated
by wet methods showed weakly stained polypeptide bands around 11-30 kDa, which may
be due to depleted albumins, and intense bands around 48-63 kDa indicating aggregate
formation by the denatured proteins [98]. The secondary structure of wet-fractionated pea
protein is also changed because hydrogen bonds are broken and electrostatic repulsion is
induced during alkali treatment, which leads to the rearrangement of polypeptide chains to
produce high contents of secondary structures like 3-sheets and (3-turns [98,99]. Similarly,
the tertiary structure of pea protein is also altered by the action of the organic acids or alkali
on the disulfide bonds that stabilize the internal structure leaving a loose spatial structure of
the protein, which is reflected as exposed internal chromophores, i.e., Try, Tyr, and Phe [98].
The nitrogen solubility of dry-fractionated protein (i.e., 76 and 89% at acidic and alkaline
PH, respectively) was found to be higher than that of wet-fractioned protein (i.e., 57 and
76% at acidic and alkaline pH, respectively), and this is directly linked to increased content
of hydrophobic amino acids, increased surface hydrophobicity, and depleted content of
water-soluble albumins [8,85,98]. Functional properties of different cultivars of spray-dried
pea protein isolates extracted by AE-IP were determined by Cui et al. [51], and the result
revealed that most of the functional properties were dependent on the cultivar. However,
emulsion stability and foam properties (capacity and stability) were directly affected by
the extraction method. In spite of the pitfalls linked with wet fractionation, modifications
to this technique have been reported to produce protein isolates with preserved native
structures, thereby maintaining the quality of functional properties. Chang et al. [28] used
AE-IP extraction coupled with a modified salt dissolution precipitation method to extract
legumin and vicilin fractions at a large scale from defatted green peas and chickpeas. The
result showed that a high purity of the fractions was achieved (80 and 90% for legumin and
vicilin, respectively). The result showed improved protein content of the pea globulin and
fractions (~80-96%) and improvement in other functional properties (solubility, emulsion,
and foam properties) when compared with the conventional AE-IP method [100].
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Also, amino acid and chemical scores in wet-fractionated protein were reported to
be higher than those in dry-fractionated pea protein [98]. This was evaluated by total
amino acid content and total essential amino acid (EAA) content, which exceeded the
FAO/WHO recommended level (277 mg/g), and the abundance of hydrophobic amino
acids resulting from maximal structural deformation of the protein [98]. Lactic acid bacteria
(LAB) were used to lower the pH during the AE/IEP extraction of pea protein [42]. The
method resulted in a ~20-30% increase in the protein content and yield due to the increased
solubility of the protein through the proteolytic activity of LAB.

3.2.2. Ultrafiltration Processing (UF)

Ultrafiltration processing is a non-thermal, pressure-driven, and membrane-based
separation technique with applications in protein fractionation, concentration, desalting,
and clarification [96,101-104]. Ultrafiltration is a mild method because the native structure
and functionalities of the protein are preserved, and it could be termed a green technique
due to the absence of harmful chemicals and effluents [90]. Membrane UF technology is
commonly characterized by a molecular weight cut-off (MWCO) and utilizes membranes
with pore sizes of 0.001-0.1 um, which act as physical sieves capable of retaining molecules
with a molecular weight of ~30,000 kDa [90]. The MWCO is defined as the molecular weight
above which ~90% of molecules are rejected by the membrane [91]. To obtain fractions
with distinct sizes, the solubilized protein is sequentially passed through a smaller-sized
membrane (e.g., 10 kDa), and the permeate is collected as the <10 kDa fraction. The retained
solution is further passed through a bigger membrane size (e.g., 30 kDa), and the permeate
is collected as the 10-30 kDa fraction while the retentate is the >30 kDa fraction. A reversed
technique could start with a larger molecular membrane and the retentate collected from
one size to the other. An addition to membrane UF technology is diafiltration, which
involves the periodic addition of distilled water to the retentate during the process to
reduce solution viscosity and increase the permeation rate through the membrane. UF
technology has been widely used in dairy processing to improve the concentration of milk
proteins or reduce lactose content in milk [92,93].

Membrane UF is used in combination with other techniques during protein extraction
to produce ingredients with high native content and functionality. A comprehensive review
of the application of the ultrafiltration technique in food applications was published by
Ratnaningsih et al. [94]. An earlier study by Boye et al. [95] showed that the protein content
of pea protein concentrates extracted by membrane UF and diafiltration increased by 4-fold
compared to the flour content and was slightly higher than the protein content of the
protein isolates obtained by AE-IP. More recently, Yang et al. [70] reported higher albumin
content in pea protein fractions obtained through membrane UF and diafiltration than
that obtained by AE-IP and the micellar precipitation technique. Also, the gel properties
(capacity, morphology, and strength) and solubility of pea protein obtained from mem-
brane UF of alkaline or salt extracts were superior to those of gels obtained from soybean
protein [70]. Other studies reported the use of membrane UF and diafiltration in size-based
separation and purification of pea protein and peptides from enzymatic digest. [96,102].
Hansen et al. [105] prepared salt-extracted PPI by coupling UF and diafiltration with mild
solubilization of the protein at pH 7.5. The results revealed that protein content, yield, and
functional properties of the laboratory-prepared PPI were enhanced when compared with
a commercial brand and the method had the potential to be scaled up [105]. Additionally,
Amat et al. [101] used UF technology to investigate interactions and complex formations
between phytic acid, calcium, and pea protein fractions which could impair digestibility
and bioavailability.

Limitations to UF technology are membrane fouling and concentration polarization,
which decrease permeate flux [91]. Fouling reduces the efficiency of the process and
reduces protein yield, and the remedy is the selection of appropriate membranes for protein
separation [106]. Although the review shows that not much has been done with the UF
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technology in the processing of pea protein, it is clear from the few studies reported in the
literature that UF is a non-invasive, easy-to-use, and green technology with proven results
in protein processing.

3.2.3. Micellar Precipitation

Micellar precipitation (MP) is a mild extraction method that produces proteins with
a high native structure content. In this method, proteins are extracted in a salt solution
at a neutral pH, and the insoluble materials are separated using centrifugation. Subse-
quently, the proteins are recovered through precipitation and the formation of micelles
by the addition of cold water to the high-salt protein extract at different ratios. Micelles
form in water as nanosized aggregates where the polar heads orient with the outer en-
vironment and the hydrophobic moieties are within the core. Another variation of this
method is the reverse micellar precipitation which forms nanostructured aggregates of
surfactant molecules in a non-polar environment containing water at the core of the struc-
ture. A thorough review of the process and applications of this method was carried out by
Sanchez-Velazquez et al. [107] and Mondor and Hernandez-alvarez [108].

Although the MP technique has been reported as an efficient extraction method for
proteins, the literature has scanty information about its use for pea protein extraction. A
study by Yang et al. [70] showed that MP extraction favored the extraction of pea globulins
as the albumins were lost in the supernatant. The same authors showed that MP-extracted
PPI had high fluorescence intensity (unfolded), high protein content, and high surface
charge when compared with PPI produced using other extraction methods. The high
surface charge was attributed to the low albumin content of the MP isolates as albumins
have higher isoelectric points. Also, the MP isolates formed gels with high mechanical
strength (compressive stress = 80 kPa) comparable to that of gels from soybean protein
isolate. Although the surface charge of the MP isolates was high, these isolates exhibited
relatively low solubility (67%), which resulted from partial precipitation of proteins during
centrifugation. However, an earlier study by Stone et al. [23] compared the functionalities
of pea proteins from three cultivars extracted using AE-IP, MP, and salt extraction (SE). The
result showed that the MP isolates for the three cultivars were low in solubility (43-49%),
protein yield (31%), and surface hydrophobicity (14-16 arbitrary units). However, there
was no statistically significant difference between the surface charge (—21 mV at pH 7) for
all cultivars and extraction methods. Similarly, Tanger et al. [109] reported low protein
yield with PPI extracted using the MP technique, which is due to high losses (28-40%)
at the initial solubilization stage and others (23-36%) during the precipitation step when
compared with AE-IP and SE. The authors further suggested that MP protein extracts
had a high legumin/vicilin ratio and high native structure content compared to SE and
AE-IP, which was attributed to the observed high denaturation temperature and enthalpy
changes, respectively.

3.2.4. Salt Extraction—Dialysis

The salt extraction method employs the basic salt-in (solubilization) and salt-out
(concentration) principles of proteins [110]. The concentration step of salting out could be
replaced with dialysis or membrane ultrafiltration. Yang et al. [70] compared the gelling
properties of pea protein extracted using AE-IP with or without membrane UF, SE coupled
with dialysis (SD) or membrane UF (SU), and MP. The results showed that protein contents
of the SD and SU were not significantly different (~86%), but at pH 7, SD had higher
surface hydrophobicity (732.19) than SU (594.91), which in turn had a higher surface charge
(—23.47 mV). Consequently, SU had higher solubility (87%) at pH 7 than SD (63%) and the
other extraction methods. Understandably, the isolates from SD and SU emitted higher
fluorescence, which signifies a more compact conformation than the isolates prepared by
AE-IP. SD produced particulate and weaker gels from fewer junction zones due to low
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legumin content while SU formed highly interconnected polymer-like gels facilitated by
the presence of disulfide linkages. Another study reported that SE is the only method when
compared with AE-IP and MP that retains both globulins and albumins after extraction as
this method has no precipitation step [109]. The authors reported a relatively high yield
(40%) but very low enthalpy change at pH 7 with (10%) or without salt, which signifies an
unordered structure resulting from solubilization at pH 11.6. The optimal solubilization
conditions suggested by these authors to maintain high native structure content with SE
were pH 8 as reported by Stone et al. [23] or the use of a more neutral salt as reported by
Sun and Arntfield [111].

3.2.5. Water Extraction

Water extraction is a mild fractionation method that uses water with or without
the adjustment of pH. This technology has the potential to produce proteins with high
native structure content, but like all the methods discussed so far, there are limitations,
which include low protein yield and recovery, low purity, and high water consumption.
Geert et al. [112] showed that the use of less refined pea protein fractions may be an
advantage because the presence of other compounds could enhance some functionalities
like emulsion formation and stability, in addition to reduced consumption of water and
energy as observed with other wet fractionation methods. Similarly, another study by
Moller et al. [76] showed that multiple washing steps with water alone efficiently separate
the proteins from the starch. Furthermore, the authors reported a higher protein purity of
75% after the ultrafiltration of the soluble proteins, and the recovered water was recirculated.
This technique is not very popular but is worth studying because of the potential of
sustainably producing protein ingredients with high functionality.

3.2.6. Enzyme-Assisted Extraction (EAE) Method

Enzyme-assisted methods are green and environmentally friendly techniques [99,113].
The degrading enzymes act on major components such as cell walls (cellulose, pectin, and
hemicellulose) to release protein bodies and break down proteins into smaller molecular
sizes for improved solubility and ease of fractionation [114,115]. Protease activities will
reduce the chances of protein denaturation and prevent the formation of complexes between
the released proteins and other cellular components [115]. For example, proteases working
under alkaline conditions have an optimum pH of 8-10 and a temperature of 45-60 °C [116].
EAE is shown to be a beneficial recovery technique for plant proteins and has more
advantages than the conventional methods because the products formed have high purity
and low production of toxic residues [117]. This method has been widely used in protein
fractionation from different plant sources using either single or multiple enzymes. The
drawbacks of this technology are that it is time-consuming and difficult to scale up and
has high operational costs, high energy consumption, irreversible matrix alteration, and
stringent protocols to maintain optimum conditions for the enzymes. However, scaling up
enzymatic methods is very promising for the industry, and although it is difficult, it is also
possible [118].

3.3. Scaling Up of Laboratory Extraction of Pea Protein Isolates to Industrial Scale

Different extraction and processing techniques have been used at the laboratory scale
where process controls are relatively easy to manipulate. Scaling up these techniques
requires high optimization of the processes at larger scales to maintain proper exposure
to processing conditions and the purity, yield, and quality of the end product. Although
scale-up is essential for industrial production, the information in the literature about pilot
plants and industrial-scale pea protein extraction methods is very scanty. However, a few
recent studies have reported some progress in the scaling up of pea protein extraction
methods. Hansen et al. [105] determined the scalability of mild AE-IP or salt extraction
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coupled with ultrafiltration from the bench scale to the pilot plant scale and evaluated the
effect of scaling on the functional properties of PPI. The authors reported some unavoidable
differences in the extraction processes such as varying separation powers of the centrifuges
and varying parameters of the ultrafiltration process. Furthermore, the process spanned
two days, and precautions had to be taken to prevent microbial growth. Schmidt et al. [119]
showed that upscaling of protein extraction from a laboratory centrifuge to a pilot plant
decanter centrifuge was feasible, and the protein yield increased. Overall, the future of
the innovations and methods employed in the extraction of plant protein depends on the
ability of the researchers to scale up to optimized industrial-scale production levels.

4. Functional Properties of Pea Proteins

The functional properties of pea proteins are the qualities exploited for food formu-
lation and processing, and these properties are closely related to the physicochemical
properties of the protein. To effectively use pea protein in food applications, some form
of pretreatment is required to improve flexibility, surface properties, digestibility, and
flavor attributes. These methods can be classified as chemical (e.g., glycation, conjugation,
phosphorylation), physical (e.g., thermal, micro-fluidization, sonication, high-pressure
homogenization, atmospheric cold plasma, hydrodynamic cavitation), and biological (e.g.,
enzymatic hydrolysis, fermentation, germination). In this section, the common functional
properties of pea protein will be discussed along with conventional or cutting-edge tech-
nologies that have been employed in the modulation of the physicochemical properties
and, consequentially, the functionalities. Also, we will discuss some novel processing
methods already in use in soybean protein processing as potential techniques in pea
protein processing.

4.1. Solubility

Solubility is a measure of protein-solvent and protein—protein interactions and is
largely dependent on a combination of factors such as the surface properties (charge and
hydrophobicity) and non-covalent interactions of the protein. Karaca et al. [120] reported a
correlation between the surface charge and solubility of native pea protein isolates; however,
no relationship was established between the solubility and surface charge of commercial
pea protein, probably due to the presence of aggregates [121]. Pea protein exhibits a pH-
dependent solubility pattern, which is based on its amphiphilicity whereby solubility is
higher below and above the isoelectric point [122]. This is because carboxylic groups of the
protein are protonated at acidic pH and deprotonated at alkaline pH. At high pH, a negative
surface charge on the protein facilitates the presence of electrostatic repulsive forces, and
optimal unfolding of the structure is obtained [121]. Other functional properties of protein
hinge on solubility for ease of homogeneity, flexibility, and mobility. Macej et al. [4] reported
a direct relationship between the solubility of six pea genotypes and the emulsification
activity index and indicated that the solubility of laboratory-prepared pea protein was
better than that of commercial brands. This variance comes from the denaturation and
formation of protein aggregates through some extraction processes and/or during heat-
dependent spray drying [121]. The native structure of pea protein is globular and compact
with less flexibility, and the net surface charge density is low as some ionizable (charged)
groups are hidden in the core of the structure. High contents of the «-helical structure in
proteins improve flexibility and solubility, as seen in animal proteins [123]. The secondary
structure of pulse proteins consists largely of 3-sheets, 3-strands, and (3-turns and has
only a relatively small proportion of a-helical structures [124]. To improve solubility, the
flexibility of the structure must be enhanced to expose the hidden groups [122]. Like
most plant proteins, the solubility of native pea proteins at neutral pH is low (~20%)
when compared with animal proteins, e.g., native 3-lactoglobulin with >80% solubility at
pH 7.0 [125].
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Another factor that affects the solubility of pea protein is variations in the ratio of
the different subunits. Going by Osborne’s classification, globulins are weak-salt-soluble,
albumins are water-soluble, prolamins are alcohol-soluble, and glutelins are acid-soluble.
Vicilin proteins are more soluble than legumins because they have a low molecular weight
(LMW), are glycosylated, and contain no disulfide linkages (increased flexibility), while the
o and (3 subunits of the legumin proteins are linked together by disulfide linkage, which
contributes to structural rigidity [28,126]. Conversely, Liang and Tang [127] reported that
legumin exhibits better solubility at pH 5 than vicilin. Laboratory-produced native and
modified pea proteins have been shown to possess improved solubility of up to >80%
(>pH 7.0). Another study showed that the L/V ratio in pea protein could affect solubility
because vicilin is glycosylated, more hydrophilic, and contains higher amounts of charged
amino acids like aspartic and glutamic acids [18].

A study was carried out to bridge the functionality gap between commercial and
laboratory-prepared pea protein isolates by the treatment of the commercial protein with
high-pressure homogenization (HPH) at 205 and 500 psi [121]. The results showed a
significant increase in the solubility of the commercial pea protein powders after HPH
treatment but impaired solubility for the laboratory equivalent, which had relatively high
solubility before the treatment [121]. The solubility loss could be because of the exposure
of hydrophobic groups, which may have induced protein—protein interactions. On the
contrary, treatment of a commercial pea protein isolate (5%, w/v) with high pressure at
600 MPa for 5 min and heat treatment at 95 °C for 15 min was reported to impair its
solubility [128]. Phosphorylation modification of PPI improved solubility by 171.21% as
the hydration properties improved and the hydration layer was enlarged by the addition
of polar phosphate groups. A combination of HPH and ultrasound-assisted Maillard
reaction improved the solubility of pea protein by 80-98% at pH below and above the
isoelectric point due to increased steric repulsion between protein molecules with attached
carbohydrates on the surface [129]. A >50 kDa pea protein aggregate fraction obtained
by heat treatment at pH 3 coupled with membrane ultrafiltration had better solubility at
pH 3-9 than the native proteins [96]. This was because of enhanced protein and water
interaction after the treatment when compared with the native protein. Another hybrid
technique, which combined pH shifting (pH 7.0-12.0) with ultrasound and heating to
modulate the structure of pea protein, led to an increase in solubility from 30% to 90% [130].

4.2. Water-Holding Capacity (WHC) and Oil-Holding Capacity (OHC)

The WHC and OHC represent the total amounts of water and oil, respectively, that
1 g of a protein powder can absorb without expulsion. These properties are related to
the texture, mouthfeel, and flavor retention of products and are based on the interactions
of the protein with water or oil and other solutes [124,131]. WHC is a vital prerequisite
functionality for the use of proteins in food applications such as meats and bread and may
not have a direct relationship with solubility but with gelation [7,132,133]. This relationship
was seen with an increase in WHC and gel strength when the oil weight fractions of the
PPI-stabilized emulsion gels prepared at 37 °C for 6 h increased [134]. The WHC and OHC
of pea proteins are reported to be comparable with those of soybean protein but superior to
those of kidney bean protein, which makes PPI a suitable ingredient in the processing of
products that require hydration and shortening [134].

Treatments to improve WHC and OHC of pea protein aim at structural modulation
of the protein to expose the hydrophilic and hydrophobic groups, respectively. High en-
ergy media mill (HEMM)-treated pea dietary fiber (PDF) improved the WHC (37%) and
OHC (123%) of a pea protein beverage because the treatment increased viscosity and steric
properties [135]. High-intensity ultrasound treatment of pea protein powder (amplitude
0-100%) improved OHC (approx. 56%) as the intensity increased with a concomitant
decrease in WHC (approx. 38%) [136]. Infrared heating (120 or 140 °C) of pea seeds and
tempering to 20 or 30% moisture content before milling improved the WHC and OHC.
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Another study reported that ethanol washing of PPC improved the WHC by approx. 54%
while the OHC decreased by approx. 34% as a result of reduced non-polar group con-
tent [137]. Furthermore, solid-phase and submerged fermentation of pea-protein-enriched
flour using Aspergillus oryzae, Rhizopus oryzae, Rhizopus oligosporus, Lactobacillus plantarum,
and Bacillus subtilis strains significantly improved both WHC and OHC due to the optimal
exposure of polar and non-polar groups [138]. Additionally, pea protein blended with
other flours was shown to improve WHC or OHC. Another blend between PPI and brown
rice protein isolate (ratio 4:6) crosslinked with microbial glutaminase (1 U/g) improved
the WHC by 91.6% while the OHC was reduced by approx. 39.3% [139]. This is because
crosslinking at optimal substrate concentration produced a continuous network structure
that could trap water [139]. However, enzymatic treatment and crosslinking of blended pea
protein (with hemp 1:1, rice 3:2, and oat protein 1:1) reduced WHC, and increased OHC
was observed in a few combinations [140]. Another study incorporated oat (3-glucan as a
fat substitute in a 1% pea protein yogurt and improved the WHC by 6% as a result of the
dense network structures formed by the polysaccharide [141].

4.3. Foaming Capacity and Stability

Foams are two-phase dispersion systems of air cells separated by a thin continuous
liquid layer, the lamella [142]. Foaming capacity is the ability of a substance under certain
conditions (pH, ionic strength, and temperature) to quickly form a film around air bubbles
in a food system (e.g., whipped cream, ice cream, and meringue), and foam stability
could be evaluated as the volume of foam and liquid drainage that occurs over a fixed
period [23,143]. The interest in foam properties is driven by the sensory pleasure derived
from foamed products (e.g., the feel of ice cream or meringue kisses), and the sensory
property of the product is dependent on the size distribution of the air bubbles within
the food system. Foam systems with smaller and evenly distributed air bubbles produce
food products with more appealing sensory properties. The capability of a protein to
facilitate foaming is directly dependent on performance at the water/air interface [144].
Factors that influence foam properties include flexibility, film formation, dispersibility, and
solubility [145-147]. Pea albumin 1 (PA1) has a foaming ability superior to that of pea
protein concentrate (PPC) and globulins because of the ability to form air bubbles at least
four times smaller than globulins, which was observed as high foam overrun (258%) and
stability after 272 min [33]. Lower foam overruns (<81%) and stability (<70 min) were
produced by the PPC and the globulin fractions due to larger size and higher surface charge
when compared to the PA1 [33]. The results may be attributed to the higher surface activity
of PA1 in the first 10 s, which facilitates the formation of a stiffer interfacial layer, in addition
to the formation and retention/stability of higher foam levels than the PPC and globulin
fraction [33].

The processing environment and pretreatment techniques influence the foam proper-
ties of proteins. For example, treatment of PPI at 90-100 °C and pH 5.0 (isoelectric point)
significantly reduced the foaming ability as both conditions reduced surface properties
and increased electrostatic attractive forces [148]. The unfolded structure of proteins could
optimize foam properties because of the exposure of hydrophobic groups to the surface.
The use of high-pressure supercritical CO2 treatment improved foam stability by unfolding
the structure and creating affinity between CO2 and the hydrophobic moieties to improve
the surface properties [149]. However, Lam et al. [18] showed that foaming capacity is not
dependent on the intrinsic properties of the protein (e.g., surface properties and L/V ratio)
but on structure and conformation (e.g., flexibility), which allow for quick adsorption at
the lamella. Variations in foam properties were observed for protein isolates derived from
different cultivars and extraction methods by Stone et al. [23] with results that showed
better foaming capacity for salt extraction (SE) isolates and better foam stability for AE-IEP
isolates. This observation may be because SE isolates were able to unfold, quickly adsorb
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to the air/water interface, and reduce the surface tension while AE-IEP proteins produced
stable foams indicating strong interfacial films were formed by the adsorbed proteins.
Similarly, PPC from different cultivars obtained by air classification had a wide range of
foaming capacity (208-455%), which was positively correlated with the protein content [73].

Chang et al. [150] treated pea vicilin by pH shifting, controlled heating, and high-
intensity ultrasound or a combination of methods to determine their effects on functional
properties. The results showed that pH shifting and controlled heating at 80 °C for 30 min
improved the foam capacity by approx. 105% when compared to the untreated pea vicilin
(73.53%) while foam stability was not different from the control. During controlled heat-
ing, soluble aggregates could be formed, 3-sheets were converted to x-helices, and the
surface properties (i.e., surface hydrophobicity) were enhanced [150]. Similarly, Asen and
Aluko [96] reported improved foam capacity and stability (>10 and >7%, respectively) for
soluble pea protein aggregates prepared at a controlled temperature (100 °C for 30 min) and
at different pH values coupled with membrane UF (>50 kDa MWCO), especially at pH 3.0,
7.0, and 9.0. Another study showed that the addition of tea saponin to PPI (50 mg/mL)
improved foam capacity (210%) when compared with PPI alone (113%), while stability
was improved at a lower protein concentration (10 mg/mL) [151]. A high protein con-
centration would facilitate optimal adsorption at the air—-water interface to form a thicker
and larger surface area, but foam stability was favored by a low protein concentration due
to cell coarsening and coalescence [151]. The combined surface activity of 0.4% saponin—
PPI complexes at the air-water interface enhanced foam capacity (263.33%) [151]. Also,
Shen et al. [152] showed that the addition of TWEEN 20 to PPI improved foam capacity via
protein displacement by the more effective nonionic surfactant at the interface, and foam
stability was achieved by network formation on the protein film.

4.4. Emulsification Properties

Emulsification properties are the most widely studied functional properties of pea
proteins, and the reason is that oil-in-water (O/W) emulsions are common in several food
applications (e.g., milk, yogurt, soups). Emulsifiers are required to reduce the surface
tension at the oil-water interface to stabilize the emulsions, and pea proteins have been
identified as potential natural emulsifiers because of their physicochemical properties.
Research has shown that commercial pea proteins have limited use in emulsification as
functionality is reduced due to greater denaturation and protein aggregation resulting
from harsh processing conditions (e.g., AE-IEP, hot air oven, and spray drying); hence,
pretreatment is required [121,153]. Pretreatment of native proteins is required because
of the compact and globular conformation that prevents the optimal encapsulation of
oil droplets. In previous reports, cultivar and extraction methods have been reported
to play a role in determining the emulsification functions of proteins [154]. Intrinsic
(molar mass, hydrophobicity /hydrophilicity ratio, charge, and conformational stability)
and extrinsic factors (pH, ionic strength, and temperature) play an influential role in the
determination of the emulsifying properties of proteins [155]. Unlike foam properties,
the emulsification properties of proteins have been shown to be favored by the surface
charge because flocculation can occur when the net charge around the oil droplets and
the electrostatic repulsive force are reduced [16]. Monomodal distribution and small oil
droplet sizes are some indices of a good emulsifier, and the stability of an emulsion is
achieved by the formation of a thick viscoelastic film at the interface and the presence of
steric hindrance and electrostatic interactions [156]. The larger size and higher net charge
of PPC and the globulin fraction facilitated the formation of stable emulsion droplets, while
albumin-stabilized emulsions were only stable at higher protein concentrations [33].

The literature is replete with studies on different pretreatment methods used to mod-
ulate the emulsification properties of pea protein. Just to mention a few, a study showed
that grinding PPI to powder for 10-20 min significantly reduced the particle size of the
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droplets, increased the surface charge, and improved emulsion stability [157]. Combining
pH shifting with ultrasound and heating led to improvements in the solubility and surface
hydrophobicity of PPI by 33 and 30%, respectively, and a subsequent improvement in
emulsion stability [130]. Heat treatment of PPI at 95 °C for 30 min also improved emulsifi-
cation properties compared to those of the unheated pea protein, and higher proportions
of vicilin and the basic subunit of legumin became adsorbed to the oil-water interfacial
layer of the emulsions [158]. In addition, ultrasonic drying at 30 °C produced PPI with
smaller protein aggregates and enhanced solubility and emulsification properties com-
pared to those of the continuous sheet-like morphology formed by conventional hot air
drying at 60 °C [153]. High-intensity ultrasound treatment of water-soluble pea protein
fractions at 200, 300, and 500 W for 5, 10, and 20 min changed the secondary and tertiary
structures and improved solubility and foam stability but impaired the emulsification prop-
erties [159]. The interfacial and emulsification properties of pea proteins were enhanced
by high-intensity ultrasound treatment (57-60 W.cm—2 for 5 min) at 50% amplitude [160].
PPI—k-carrageenan-complex-stabilized emulsions exhibited enhanced emulsion activity
and stability, which was influenced by the hydrophilic groups from the k-carrageenan [161].
Likewise, emulsion activity indices of PPC and PPI extracted from roasted pea seed (150 °C
for 10-20 min) were enhanced at pH 7.0 due to improved solubility [162].

4.5. Gelation Properties

Gels are formed when large molecules crosslink to form a 3D structure that is an
intermediate between a solid and a liquid; these structural changes can be induced by heat,
chemical, and enzymatic treatments. The ability of proteins to form gels is evaluated as
the least gelation concentration (LGC), which is the lowest protein concentration required
to form a self-supporting gel; the lower the LGC, the better the gelation ability of the
protein. During gelation, various steps occur, including denaturation, aggregation, and
formation of a protein network. Functional groups such as the sulfhydryl are exposed
when the structure is unfolded, and irreversible aggregates are formed through disulfide
bridge, hydrogen bond, hydrophobic, and/or van der Waals interactions [132]. The formed
gels become self-supporting at a sufficient protein concentration, which is dependent
on the protein source. Protein gels modify the texture of foods (e.g., seafood and meat
replacements), and pea protein gels have attracted attention as an alternative to soybean
protein, but the weaker gelling properties of soybean proteins have limited applications in
food formulations [163,164].

Gelation is influenced by factors that include the extraction method; relative ratio of
protein subunits; solubility; protein content; and other cellular materials like carbohydrates,
lipids, and fiber [34,70,165]. The vicilin fractions of pea protein have been shown to possess
better gelation ability than the legumin fractions, and PPI with a higher vicilin proportion
formed better gels [164,166]. Legumin subunits under heat treatment (90 °C) will denature
and form large insoluble aggregates through disulfide bonds, while vicilin forms smaller
aggregates stabilized by non-covalent interactions [70]. Pea protein gels could be described
as firm and flexible for meat analogs or weak gels for semi-solid foods like tofu and
yogurt [70,164], and the optimal pH for gelation of pea protein has been reported to be
around neutral [34,120,166]. Commercial PPI has been reported to produce weak gels
and higher (20-23%) LGC [34,164]. However, various types of processing could improve
the quality of gels prepared from pea proteins. Transparent and thermo-reversible pea
protein gels like gelatin were prepared by the ammonium sulfate precipitation method at
pH 2.4-4.2, 10-15% protein concentration, and a compressive stress of ~6.32 kPa, which
formed gels dominated by hydrogen bonds but no disulfide bonds and hydrophobic
interactions [98]. The rheological and structural properties of heat-induced pea protein
gels were enhanced by pH-shifting treatment where the protein solution was prepared in
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a buffer at pH 7.4, adjusted to pH 12, and then reverted to pH 7 followed by heating at
92 °C for 1-2 h to form gels [98]. A uniform polymer-like gel network microstructure was
obtained by this method because the treatment enabled the optimal unfolding of the protein
structure and exposure of reactive groups to facilitate intermolecular interactions [98].

An earlier work by Sun and Arntfield [111] reported better gel quality and lower LGC
of native PPI (14.5%) after the addition of 0.3 M NaCl, which reduced electrostatic repul-
sive forces and increased intermolecular interactions between the protein molecules with
subsequent formation of a network. Enzymatic treatment (microbial transglutaminase) of
gels containing 20-23% pea protein improved the structural quality, producing firmer and
more flexible gels suitable for formulating meats and seafood [164]. A study of the effects
of different extraction methods on pea protein gel properties showed that PPI extracted
by micellar precipitation or UF of alkaline- or salt-extracted isolates formed gels with
good compressive strength (60-80 kPa) because of optimal unfolding and the formation of
strong protein-protein interactions [70]. The physical properties of meat analogs prepared
by high-moisture extrusion (50 g/100g) of pea protein were enhanced by the addition of
Haematococcus pluvialis residue (HPR) at 1040 g/100 g; HPR gave the extrudate a reddish
meat color and a loosened layered fibrous structure [167]. Another study improved the
properties of pea protein aggregates prepared at >90 °C by the addition of k-carrageenan
(0.5%) and a low protein concentration (7.5%) [163]. The surface hydrophobicity of the
aggregates was modulated, which increased the capacity of the proteins to act as building
blocks to form a three-dimensional network and subsequently produce gels with superior
mechanical strength, while the untreated protein could not form gels [163]. Additionally,
treatment of PPI with novel cold atmospheric plasma sources produced soluble protein ag-
gregates through disulfide linkages and increased the surface hydrophobicity and 3-sheets,
which resulted in the formation of a strong 3D gel network [168].

4.6. Digestibility of Pea Protein

The nutritional quality of a protein is defined by the FAO/WHO based on the amino
acid content and in vivo bioassay digestibility (FAO/WHO/UNU 2007). The FAO/WHO
proposed the description of the nutritional quality of protein using digestibility based on
individual amino acids (digestible indispensable amino acid score, DIAAS) rather than
digestion based on the whole amino acid composition (protein-digestibility-corrected amino
acid score, PDCAAS) [169]. A factor responsible for the underutilization of pea protein
is its low digestibility when compared to animal protein. A study compared the DIAAS
of four dairy proteins and four plant proteins (pea protein concentrate, soybean protein
isolate, soya flour, and whole grain wheat) in pigs [44]. The DIAAS values were calculated
as recommended for PDCAAS, and the results showed greater PDCAAS-like values for
the dairy proteins than for the plant proteins. Another study compared the nutritional
quality of milk casein and pea protein isolate in 15 healthy humans, and the results showed
significantly lower digestibility of pea leucine, valine, lysine, and phenylalanine [170].
However, the results showed that although pea protein had less DIAAS than milk casein
(1.0 and 1.45, respectively), pea protein demonstrated the ability to meet all amino acid
requirements. Also, the real ileal digestibility and net postprandial protein utilization
(NPPU) of pea protein were not different from those of milk casein [170].

The presence of naturally occurring antinutritional materials such as antigenic pro-
teins, protease inhibitors, a-amylase inhibitors, lectins, alkaloids, saponins, and tannins
would reduce the digestibility of pea proteins and nutrient availability in the gut [171].
Other contributing factors could occur during heat or alkaline processing. Dehulling,
soaking, germination, conventional /microwave cooking (e.g., boiling, roasting, or frying),
and fermentation are methods commonly used to improve the palatability, digestibility,
and bioavailability of pea protein by inactivation of the antinutritional materials. A com-
prehensive review of the effect of processing conditions and fractionation on pea protein
and other pulses was conducted by Rivera del Rio et al. [172].
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Another study evaluated the effect of different processing treatments on the antinutri-
tional materials and digestibility of the same cultivar of yellow field peas grown around
four different locations in Saskatchewan [173]. The result showed a significant reduction
in the activity of trypsin inhibitors and tannin and increased digestibility in peas that
were processed by conventional and microwave cooking and in germinated and roasted
pea seeds. This is because tannins are highly labile and soluble and will leach out or de-
grade easily during processing. Also, completely dehulled seeds had lower tannin content
(1.56 mg Ecat/g) than the native pea seeds (2.37 mg Ecat/g) because tannin content is pre-
dominant in the seed coat. However, dehulled seeds had a lower reduction in the activity
of trypsin inhibitors compared with seeds processed by heat treatment and germination.
Furthermore, fermentation has been used to reduce the presence of antinutritional materials
in isolated pea protein. A study showed that 11 h fermentation of pea protein concentrate
using Lactobacillus plantarum reduced the activity of protease inhibitors, but digestibility
was reduced at the 11th hour from 67.0% to 54.6% due to a reduced score of sulfur amino
acids [174]. On the contrary, Skalickova et al. [175] fermented pea flour for 72 h at 37 °C,
and the result showed that digestibility was enhanced and there were improved levels of
glutamine, cysteine, and methionine. Limiting the SCAA level in pea protein will influence
digestibility, which is another reason for the lower digestibility in plant proteins than in
animal proteins [10], and digestibility could further be reduced during fermentation [174].
The solution to maintaining the content of SCAAs in pea protein during fermentation will
be the use of bacteria that have less impact on SCAAs. Improved digestibility was also
shown to increase the bioaccessibility of manganese and iron [175].

4.7. Functional Gap between Laboratory-Prepared Pea Protein Isolates and Commercial Brands

The food industry is one of the highest consumers of water and energy, and for
this sector to remain in business and maintain sustainable growth, the use of processing
techniques that offer increased efficiency and reduced water and energy consumption must
be employed [176]. However, most of the processing methods that fit this description
are carried out at the bench scale, as discussed in the previous sections. For example,
the most common protein extraction method and drying technique at the industrial scale
are AE-IP and spray drying, respectively. However, studies have shown a functional
divide between laboratory-prepared pea protein isolates and commercial brands. Burger
et al. [121] compared the physicochemical properties of spray-dried pea protein isolates,
and the result showed low solubility, high surface hydrophobicity, and high aggregate
formation in four out of the five protein samples. AE-IP is a relatively cheap and easy
method of extraction when compared with other methods because of the favorable outcome
of high protein purity and yield. However, the limitations of this method include the loss
of some functionalities due to denaturation during the solubilization step at pH 8-11 [177].
The authors employed high-pressure homogenization to break up the aggregates which
reduced surface hydrophobicity and solubility. Other authors have reported the use of
heat pretreatment coupled with membrane ultrafiltration to improve the physicochemical
and functional properties of commercial pea protein isolates [96]. High temperatures used
in spray drying have been shown to alter the spatial conformations of the protein and
impair functionalities; these effects are not seen in proteins prepared by freeze drying [178].
Bridging the divide between commercial and laboratory-prepared pea protein isolates or
concentrates would require scaling up the lab protocols/methods and/or carrying out
pretreatment steps to improve the spatial conformations of the protein.

4.8. Potential Processing Technologies Not Yet Applied to Pea Protein

Our discourse so far has been based on processing technologies that have been applied
in the extraction and structural modulation of pea protein. Under chemical treatments, tech-
niques like glycation, acylation, phosphorylation, and pH shifting have been widely used in
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pea protein processing. Other common methods are the biological class (i.e., fermentation,
enzymatic hydrolysis, and germination) and physical class (i.e., thermal, ultrasound, ex-
trusion, ultrafiltration, cold plasma, high-pressure treatment, and irradiation). However,
our search reveals some physical methods (i.e., hydrodynamic cavitation and cavitation jet
technology) that have been used in the processing of soybean protein but have not been
applied to pea protein processing. A study showed that the application of hydrodynamic
cavitation (HC at 550 W for 0, 15, 30 min) to soybean glycinin aggregates dissociated the
aggregates and enhanced the physicochemical and functional properties of the protein [179].
Another study showed that cavitation jet technology improved the solubility of protein in
soymilk flour [180].

This literature review indicates a notable gap in research related to the utilization of
pressure-assisted protein processing technologies to augment yield and functionality. A
promising avenue for future investigation is the exploration of the impacts of high pressure
(HP) and abrupt pressure changes in hydrodynamic cavitation (HC) on the yield and
quality of pea protein, as both methodologies are harmonious with the wet fractionation
technique. Additionally, HC technology can offer controlled heating, which is crucial for the
inactivation of the lipoxygenase enzyme responsible for the oxidation of polyunsaturated
fatty acids and resultant off-flavors in pea proteins. Initial studies have demonstrated
the positive influence of HP treatment, within 50-125 MPa, on soybean protein extraction
yield, with conditions for HP attainable through high-pressure homogenizers (HPH) at
pressures exceeding 35 MPa [181]. However, the limited throughput capacity of HP tech-
niques restricts their commercial viability. Conversely, HC does not require pervasive high
pressure and possesses superior throughput capacity. The localized pressure drop in the
cavitation zone generates intense turbulence, shear stress, shock waves, and cell disruption,
facilitating an increased yield of bioactive compounds, including proteins, when small
particle raw material is dispersed in the liquid flow. Martynenko et al. [182] provided an
extensive description of the principles and apparatuses related to hydrodynamic cavitation.
This environmentally green approach offers several benefits such as diminished energy,
extraction time, and solvent usage and yields higher-quality protein ingredients [183].
Regrettably, the capabilities of HC in pea protein extraction remain largely untapped and
warrant further exploration.

5. Food Applications

Plant-based proteins like PPI are taking center stage in research and food formulations
for several reasons (i.e., religious inclinations, cost, health, availability, nutritional, envi-
ronmental sustainability, and functional properties). Using pea proteins as ingredients in
food and beverage formulation was well captured in a review by Boukid et al. [184]. The
functional properties of proteins such as solubility; water- and oil-holding capacity; and
gelation, foaming, and emulsification properties are exploited for the formulation of various
food products. Pea protein is reportedly the best-suited and most popular plant-based
protein to replace animal proteins because of its cost efficiency and reduced adverse effects
on health and the environment. One of the most utilized processing techniques in pea
protein utilization is the extrusion cooking method using high moisture (HME; >40%) or
low moisture (LME; <35%) to produce meat and seafood analogs or extruded puff snacks,
respectively [185]. Pea protein flours, concentrates, and isolates have been widely used
for the formulation of composite flours together with ingredients from cereals and other
legumes or pulses to produce extruded food snacks [186-189]. These fortified extruded
snacks exhibit superior nutritional quality (high protein and balanced amino acid content)
compared to snacks extruded from cereals only [185]. Extruded snack balls made from pea
flour (60-90%) and cereal flour (rice or wheat) were less appreciated for taste (based on
the beany flavor imparted by pea) by consumers, especially at high pea concentration, but
increased crispiness and puffiness were positive perceptions reported by consumers [190].
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Crackers produced from dehulled oats and PPI (COP) showed superior textural and nu-
tritional quality when compared with two commercial crackers [191]. For example, the
protein contents of the COP and commercial crackers were 25 and 10%, respectively, and
the COP crackers were chewier than the commercial brand. However, sensory analysis was
not carried out to determine consumer acceptance.

Nowadays, there is a surge in the consumption of plant-protein-based meat or seafood
analog products. Pea proteins can create HME fibrous-textured extrudates to mimic meat
products [43,167,192]. Wheat protein has been the popular option for producing meat
replacements due to the viscoelastic and rheological properties of gluten which acts as a
binder and is used in composites with soybean protein isolates. Currently, gluten-free and
hypoallergenic ingredients like peas, rice, oats, and other pulses are replacing the use of
wheat and soybeans [192,193]. The incorporation of oat protein (30%) with pea protein
improved the sensory characteristics of meat analogs [193], and trained panelists’ evaluation
of vegetable patties showed that products from soybean protein had more favorable scores
(taste and texture) than different pulse proteins, including pea protein [192]. However, no
significant differences were observed in the taste and texture of veggie patties produced
from pea, lentil, and fava bean proteins [192].

Research in the replacement of other protein sources with pea protein in the production
of beverages is progressing and yielding positive outcomes. The application of different
plant proteins (pea, soybean, rice, and almond) in fermented beverages showed that the
product from pea protein exhibited the highest viscosity and coagulum strength with no
syneresis [194]. Klost and Drusch [195] prepared a base formulation for plant-protein-
based yogurt alternatives using 10% pea protein isolate with or without oil and fiber
supplementation. However, sensory evaluation of the product was not reported. Partial
replacement of milk protein by pea protein (0—40 g/100 g protein) and fermentation had no
favorable outcome on sensory attributes of yogurt; an increase in the concentration of pea
protein led to higher acidity, higher syneresis, and weak gels [196].

PPI has been widely used as a carrier in nanoencapsulation technology to preserve
and transport labile nutrients and nutraceuticals. Akkam et al. [197] prepared pea protein
nanoemulsions (10 mg/mL) with 1.0% (w/w) cholecalciferol/canola oil to improve the
stability of vitamin D when fortified in food formulations such as milk and juices. Na-
noemulsions that carried 20 pg vitamin D/mL exhibited superior water holding, foam,
emulsification, and antioxidant properties when compared to the PPI prepared by ultra-
sound treatment [197]. The addition of the nanoemulsions and vitamin D did not alter
the sensory properties of the juices and milk but enhanced the stability of vitamin D and
nutritional value of the formulations, and consumer evaluation based on overall impression,
aroma, consistency, and color was positive. Nanoparticles formed from a chitosan—PPI
complex for the encapsulation of hyssop essential oil exhibited higher antioxidant activity
than the free hyssop essential oil [198].

6. Concluding Remarks and Future Research Directions

Yellow field pea is a high-protein crop with variations in chemical composition from
different cultivars, and even when the same cultivar is grown in the same environment, the
harvest and storage conditions are important factors. Extensive work has been carried out
on optimizing the functional properties of pea proteins for applications in the food industry.
The major challenges in using pea protein as an ingredient are the intrinsic and extrinsic
factors (i.e., native form, processing, and storage). These lead to discrepancies and gaps in
the functional properties and flavor output of the ingredient. Notably, laboratory-prepared
field pea proteins maintain most of their native functionality, while commercial pea ingredi-
ents mainly have high degrees of denaturation because of conventional extraction methods
like AE-IEP and spray drying conditions. Research has shown that the existing conven-
tional extraction methods (dry and wet fractionation) do not provide optimal results (yield,
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purity, and functionality) alone and may be more effective when used as a hybrid model.
Dry fractionation could produce protein concentrates with preserved native properties,
but their purity is low (40-50% protein content), while protein isolates obtained from wet
fractionation have high purity but are denatured with impaired functionalities. The purity
of dry-fractionated proteins could be improved by ~15% using electrostatic methods in
combination with or as an alternative to air classification. Milder wet or aqueous fractiona-
tion methods (e.g., enzyme-assisted, ultrafiltration) have been used either as a standalone
technology or in combination with the AE-IEP method to produce proteins with superior
yield, purity, and functionality when compared to conventional methods. A divide exists
between the functional properties of laboratory-prepared and commercially prepared pea
protein products because of the harsh extraction methods used for the latter. This gap can
be effectively bridged using milder technologies (hybrid or standalone) to maximize yield,
purity, and protein functionalities. In addition to the choice of the appropriate extraction
method, research has shown that the use of chemical, physical, and enzymatic methods to
modulate the complex conformation and improve the organoleptic and nutritional prop-
erties of pea protein have great potential to produce proteins with a high quality that is
suitable for industrial use and consumer acceptability. This literature review indicates a
notable gap in research related to the utilization of feedstock pretreatment technologies
to enhance pea protein extraction in terms of yields and functionalities. For example,
cavitation technology, based on ultrasonication or hydrodynamic pressure changes in the
flow stream, is widely accepted for cell disruption. It has been applied in the extraction
of soybean protein and should be explored for pea protein extraction. The authors are
currently working on a project to utilize hydrodynamic cavitation for the pretreatment of
yellow peas for protein extraction. The impact of abrupt pressure changes produced by
hydrodynamic cavitation on the yield and quality of pea protein will be explored. The
economic advantages of the pretreatment technologies and hybrid methods inspire industry
interest in commercial implementation.
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