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Abstract

This review article systematically analyzes and synthesizes current scientific literature on modern innovative
methods of legume processing and their impact on nutritional value, functional properties, and sensory
characteristics of final products. Key technologies, including fermentation, ultrasonic processing, high-pressure
processing, extrusion, microwave and infrared heating, and electromagnetic field treatment, are critically reviewed
and compared. Particular attention is focused on synthesizing reported data on the reduction of anti-nutrients,
increasing the bioavailability of proteins and trace elements, and improving the texture and taste of legume-based
products. This review analyzes the scientific basis and technological principles of each method and highlights
literature-reported mechanisms through which they affect the structural and chemical composition of pulses. The
synergistic effects of combined processing methods are discussed in the context of improved nutrient retention,
reduced energy consumption, and enhanced processing efficiency. The synthesis of the literature indicates that these
methods contribute to expanding the use of pulses in the food industry, particularly in the production of high -protein
snacks, meat and dairy alternatives, gluten-free products, and functional foods with targeted health benefits. These
technologies support sustainable and innovative food systems by increasing the value of pulses as affordable and
environmentally friendly protein sources. In addition, special attention is dedicated to integrated processing
approaches that combine several advanced methods to achieve high efficiency in improving the nutritional,
physicochemical, and sensory properties of pulses. This review identifies the importance of process optimization,
scaling-up potential, and the impact of processing conditions on product quality and consumer acceptance. The
findings of this review can be used to develop novel food products, optimize production processes, increase supply
chain sustainability, and guide further research in plant-based processing technologies. This review emphasizes the
strategic role of pulses in supporting global food security and the transition to healthier and more sustainable diets.
Keywords: legumes; processing; bioavailability; fermentation; ultrasound; high pressure; extrusion; electromagnetic fields;
infrared heating; microwave processing; food safety.
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aHaJ1idy HAyKOBOi JliTepaTypu NpoaHa/i30BaHi KJIIOYOBiI TexHoJorii: ¢pepmMeHTanisi, y/bTpa3ByKoBa 0GpPOOGKa,
BUCOKHUI TiApocTaTUYHUII THUCK, €eKCTpy3if, MIKpoxBWwiboBe Ta iHppayepBoHe HarpiBaHHs, OGpoOGKa
e/IeKTPOMarHiTHUMH noJisiMM. O co6/IMBY yBary NpHAiJieHo 3HKe HHI0O aHTHI0>KMBHUX pe4oBHUH (QiTaTiB, IeKTUHIB),
nigBUIeHHIO 6i0AO0CTYNHOCTI 6i/IKiB i MikpoeieMeHTIB (3aJ1i3a, Ka/ibLiil0, HUHKY), @ TAKOXK MOKPaIlleHHIO TEKCTYPH,
cMaKy ¥ apomaTty 6060BUX NpPOAYKTiB. PO3r/isiHyTi HayKoBi OCHOBM Ta NPHMHLIMIHM Ail IUX MeTOAIB, 30KpeMa
PO3KJ/IaJaHHSI aHTHUIIOKUBHMX CHOJYK pepMeHTauUj€w Ta Moaudikania 6iJKkiB y/JIbTPa3ByKOM i BUCOKMM THCKOM.
IlpoaHasizoBaHi cuHepreTuyHi edeKTH KOMOIHOBAaHMX MiAXOAIB, HAa KIITAJT MNOEJHAHHA YJIbTPAa3BYKy 3
iHppayepBOHUM HarpiBaHHAM a60 pepMeHTaLii 3 BUCOKMM THCKOM, L0 CNIPUsA€ 36epeKeHHI0 NOKMBHUX PEYOBHH i
nigBUIeHHIO ePeKTUBHOCTI Nepepo6KH. Pe3yibTaTH aHaIi3y JliTepaTypH CBiJ4aThb, 0 Li TeXHO/IOTii pO3MIMPIOIOTH
3aCTOCyBaHHA GOGOBHUX y BHPOGHUITBI BHCOKOGIIKOBHX 3aKyCOK, aJbTepHAaTHMB M'ACHHX i MOJIOYHHX,
6e3r/JII0TeHOBHX i QYHKIiOHA/JbHUX NMPOAYKTIiB. BOHM miATpUMYyIOTh CTa/li NPOAOBOJIbYI CUCTEMH, NiJABUILYIOYH
HiHHiCTh 606OBUX SIK €KOJIOTiYHOro JxKepeJia 6ijka, 10 CHpUsi€ NPOJ0BOJIbYili 6e3neli Ta 340p0BOMY Xap4yBaHHIO.
Oco6JiMBY yBary 6y/i0 NpujijieHO iHTerpoBaHUM MiJX0AaM, fAKi NOEAHYIOTh Ki/IbKa TeXHOJIOTil AJIS1 JOCATHEHHA
MaKcuMaJbHOI e(peKTUBHOCTI B MOKpalleHHi MOXMBHUX, Pi3UKO-XiMiYHUX i CeHCOPHMX BJIAaCTUBOCTeNl 606OBMX.
BHCHOBKM Ta peKOMeHJallii, 3po6/ieHi Ha OCHOBI aHaJIi3y JliTepaTypy, MAalOTh IPAaKTUYHE 3HAYEHHS JJis1 pO3POGKHU
HOBHX Xap40BHUX NPOAYKTiB, YA 0CKOHAa/IEeHHA BUPOOGHUYUX NPOLECiB i NiABUIEHHA CTAJIOCTI JIAHLIOTiB NOCTaYaHHS.
BoHM MOXYTb GyTH BUKOPUCTaHi AJIsl CTBOpEeHHs iHHOBaLiiHUX NPOAYKTIB, fAKi BiANOBiAal0Th Cy4YaCHUM BHMOraM /0
3/10pOBOr0 Xap4yyBaHHA Ta eKoJioriyHocri. KpiMm TOro, BUCHOBKHM CTaTTi C/AYryloTb OCHOBOKI AJIA NOJAJIbIIUX
HayKOBHUX AOCAifKeHb y cdepi mepepo6KM POCIMHHOI CUPOBHHM, 30KpeMa /i BHBYEHHSA HOBMX KOMOGIHaLii
TeXHOJIOTii i IX BIUIMBY Ha AIKicThb 6060BUX NPOAYKTIB. Lleli orjisj Takox miJKpec/l0€ cTpaTeriyHy poJib 6060BUX Y
BUPIilIeHH] I/106a/IbHUX BUKJ/IMKIB, NOB’A3aHUX i3 NPOA0BO/IbY0I0 6e3MeKO010, 3MiHOI KJIIMaTy Ta NOomyJ iipU3alji€lo
POC/IVHHUX AJET.

Kniouosi csaoea: 6060Bi; mnepepo6ka; 6iofocTynHicTh; ¢epMeHTALisl; YJAbTPA3BYK; BHUCOKUH THCK; eKCTpPY3is;
eJIeKTPOMAarHiTHi noJisi; iHppadyepBoHe HarpiBaHHs; MiKpOXBUJIbOBA 06p0O6Ka; MPO0BOJIbYaA HGe3neKa.
Introduction technological approaches, including
This review article systematically analyzes  fermentation, ultrasonic treatment, high-

and synthesizes analyzing processing methods
for plant-based raw materials, with particular
emphasis on legumes, in the context of
developing both conventional and functional
food products. The relevance of this topic is
driven by the growing demand for plant-based
proteins as alternatives to animal-derived
protein sources, especially in the context of
sustainable development and healthy diets. The
cultivation of legumes plays a key role in food
security, soil enrichment, and the production of
high-protein foods. Crops such as soybeans,
peas, chickpeas, beans, and lentils serve not only
as rich sources of plant protein but also as
essential components in crop rotation systems.

Despite  their nutritional value, the
widespread use of pulses in food production is
limited by several challenges, including the
presence of anti-nutritional factors, firm texture,
and characteristic taste. Pre-treatment and
processing of legumes are essential to improve
their sensory and nutritional properties. The
application of  appropriate processing
techniques - or combinations thereof - can
significantly reduce or eliminate these
limitations while enhancing the organoleptic
qualities of the final products.

This underscores the need to develop new
and improve existing legume processing
methods aimed at enhancing their nutritional
profile, functional properties, and sensory
appeal. A substantial body of literature has
emerged regarding a range of innovative

pressure processing, extrusion, microwave and
infrared heating, and electromagnetic field
applications. A systematic synthesis and critical
comparison of the published findings on these
emergent technologies are required to assess
their potential in addressing current processing
challenges and expanding the use of legumes in
modern food production.

Purpose of the Review

The purpose of this review 1is to
systematically analyze and critically synthesize
modern innovative methods of processing
legumes based on existing scientific literature to
assess their reported impact on the nutritional
value, functional properties, and sensory
characteristics of raw materials and products
from them.

Review Objectives

1. To systematically review the key
innovative methods of legume processing
(fermentation, ultrasonic treatment, high-

pressure processing, extrusion, microwave and
infrared heating, electromagnetic fields) and
discuss their technological characteristics.

2. To compare reported data on the impact of
these methods on the reduction of anti-
nutritional compounds (phytates, lectins,
trypsin inhibitors).

3. To synthesize reported findings on the
changes in the bioavailability of proteins and
micronutrients (iron, calcium, =zinc) after
processing.
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4. To critically discuss the effects of the
methods on the functional properties of legumes
(solubility, gelation, emulsification, foaming).

5. To evaluate literature-reported changes in
sensory characteristics (texture, taste, aroma) of
processed legumes.

6. To discuss the prospects of using
innovative technologies and their combinations
to optimize legume processing and propose
future research directions.

Review Methodology

Search Strategy and Inclusion Criteria: A
systematic search of the scientific literature was
performed to identify relevant peer-reviewed
articles, monographs, and patents published
between 2018 and 2025. The primary sources of
the study were obtained from the Scopus, Web of
Science, PubMed, and Google Scholar databases.
The search queries combined terms related to
the raw material ("pulse processing”, "lentils",
"chickpeas", "peas”, "beans", "soybeans") with
terms related to the innovative processing
methods ("fermentation”, "ultrasound”, "high
pressure processing”, "extrusion”, "microwave
heating”, "infrared heating", "electromagnetic
fields").

Selection and Data Synthesis: A total of 144
sources were initially identified, with those
presenting quantitative and comparative
experimental data on the chemical composition,
functional properties, and sensory
characteristics of processed legumes being
prioritized. The review methodology focused on
data extraction and critical synthesis rather than
the execution of experimental methods.
Specifically, the data were extracted to compare
the effectiveness of the different methods based
on:

1. Anti-nutrient Reduction: Percentage
changes in the content of phytates, lectins, and
trypsin inhibitors relative to untreated samples.

2. Nutritional Value: Reported results on
protein digestibility (in vitro and in vivo),
changes in amino acid composition, and
bioavailability of micronutrients (iron, calcium,
zinc).

3. Functionality and Sensory Analysis: Data
on changes in solubility, gelation, emulsifying,
and foaming properties, as well as changes in
texture, taste, and aroma profiles.

Meta-analysis was used where appropriate to
summarize and compare data on the synergistic
effect of combined processing methods on
nutritional value and functionality. The results

are presented in the form of tables and figures to
enhance clarity and comparative evaluation.

Critical Review of Innovative
Processing Technologies: Principles and
Impact on Pulse Quality

Pulses play a crucial role in the human diet
due to their high content of protein, fiber,
vitamins, and minerals. However, their
consumer properties - including firm texture,
the presence of anti-nutritional factors, and
distinct flavor - often limit their widespread use.
In light of the increasing demand for plant-based
proteins, research into innovative methods of
legume processing has gained significant
attention, as confirmed by numerous scientific
studies in the field [1-3]. Modern processing
technologies, such as ultrasound, extrusion, and
fermentation, are contributing to the
diversification of legume-based products with
targeted properties, making them more
appealing to consumers and more suitable for
use in food production [4-8].

Moreover, these innovative methods enable
the use of legumes not only in traditional food
products but also in emerging food solutions
such as dairy alternatives, sports nutrition
products, and functional formulations for
specialized diets [9$ 10]. Advanced processing
methods - including fermentation, extrusion,
electromagnetic field  treatment, high
hydrostatic pressure, ultrasound treatment,
microwave irradiation, and infrared heating -
enhance the nutritional value of pulses and
impart novel functional properties. To ensure
reliable comparison of results across the
literature, standardized analytical methods were
employed to assess the functional properties of
proteins and textural parameters [11-13].

Biotechnological and Non-Thermal Methods

Fermentation

Principles and Mechanisms of Anti-Nutritional
Factors Reduction

Fermentation is one of the most effective
methods for enhancing the nutritional and
biological value and improving the functional
properties of legumes. This process involves the
activity of microorganisms that metabolize
complex compounds, breaking down anti-
nutritional factors and increasing the
bioavailability of micronutrients. Legumes
contain anti-nutritional compounds such as
phytates, lectins, tannins, and protease
inhibitors that reduce nutrient absorption. For
example, phytates bind minerals (iron, zinc,
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calcium), forming insoluble complexes that
reduce their bioavailability by 20-50 % [14; 15].
Lectins can cause digestive issues by binding to
intestinal cells, while tannins hinder protein
absorption. Protease inhibitors (particularly
trypsin inhibitors) reduce digestive enzyme
activity, decreasing protein digestibility by 10-
30 % [11; 12].

Scientific literature indicates that
fermentation effectively reduces levels of
phytates, tannins, and trypsin inhibitors, thereby
increasing the bioavailability of proteins and
micronutrients such as iron, calcium, and zinc.
Reports on experiments using various bacterial
strains show that lactic acid bacteria
fermentation can reduce phytate levels by 40-
80 %, depending on the legume type [12].
Additionally, fermentation of chickpeas is
documented to reduce trypsin inhibitor content
by 70 %, enhancing protein digestibility and
amino acid absorption [14]. Similar findings are
reported for the fermentation of lentils and
soybeans, with phytate levels decreasing by 60-
80 %, significantly improving iron and zinc
bioavailability [15]. Research also confirms that
fermentation combined with thermal treatment
can reduce trypsin inhibitor content by 65 %,
substantially improving protein digestibility in
legume-based products [16]. Fermentation is
also shown to break down oligosaccharides,
which are responsible for excessive gas
formation, thus improving the gastrointestinal
tolerance of legumes [17]. The fermentation of
soy products is consistently shown to effectively
reduce anti-nutritional factors, particularly
through  fungal fermentation (Rhizopus,
Aspergillus) [18].

The technological effectiveness of
fermentation is underscored by its synergy with
physical methods: combining fermentation with
ultrasound treatment or high hydrostatic
pressure can further enhance this effect [19].
Other processing methods like ultrasound
treatment reduce phytates and saponins by 20-
40% through cavitation effects [20;21],
hydrostatic  pressure inactivates trypsin
inhibitors [19], and extrusion reduces phytates
by 40-60 % [10]. Thus, combining fermentation
with physical processing methods offers a
promising technological approach for the most
effective reduction of  anti-nutritional
compounds.

Enhancement of Nutritional and Functional
Properties

Research from the cited literature [12, 19, 21]
shows that various legume processing methods
positively affect protein digestibility. While high
hydrostatic pressure can inactivate trypsin
inhibitors without significant loss of bioactive
compounds [20] and ultrasound treatment aids
in the breakdown of phytates and saponins
[21; 22; 19], fermentation specifically breaks
down protein molecules into short peptides and
free amino acids, enhancing the bioavailability of
lysine, arginine, and glutamic acid [12; 23; 24].
Furthermore, fermentation improves the overall
solubility and functionality of proteins, including
emulsifying and gelling abilities, making them
suitable for sports nutrition and the production
of meat alternatives [24-26].

The analyzed studies show that fermented
legumes contain significantly more bioactive
peptides with antioxidant, anti-inflammatory,
and even antihypertensive properties [23]. The
use of fermentation combined with
biotechnological methods, such as enzymatic
hydrolysis and genetic modification of
microorganisms, allows for the improvement of
the amino acid profile of proteins, increasing
lysine and methionine content by 10-15 % [25].
This makes fermented legumes promising for
use in sports nutrition, where a balanced amino
acid profile is required [27; 28]. The high level of
bioavailable peptides in fermented legumes may
positively impact health due to their antioxidant,
antihypertensive, and anti-inflammatory effects
[18; 29].

Sensory Modification and Food Applications

The further analyzed studies show that
Rhizopus oligosporus fermentation breaks down
not only proteins but also partially hydrolyzes
starch, producing resistant carbohydrates that
reduce the postprandial glycemic response [30;
31]. Literature review also indicates that the use
of Enterococcus faecium in bean fermentation
significantly increases the concentration of
bioactive  isoflavones  with  antioxidant
properties [32], which is relevant for vegan
products where such properties contribute to
shelf-life  extension [28]. For example,
fermentation with lactobacilli (Lactobacillus
plantarum, L. casei) improves the organoleptic
properties of chickpeas by reducing bitterness
and enhancing aroma [12], with similar results
in beans (undesirable compounds reduced by
60 %) [14].

Fermented legumes are increasingly being
used in the development of new food products
such as gluten-free mixes, plant-based meat and
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dairy alternatives, and functional beverages. The
literature indicates that the use of fermented
legumes in bakery products improves their
texture, nutritional, and biological value due to
increased protein solubility, formation of
bioactive peptides, and a 50-70 % reduction in
phytates [12]. Fermentation contributes to the
formation of a soft, elastic dough structure and
enriches the product with antioxidant
compounds, extending shelf life [14]. In
particular, fermented lentil protein concentrates
are used in meat analogue production, as they
improve the final product's texture [22].
Additionally, using fermented pea protein helps
reduce bitterness and improves the emulsifying
properties of plant-based beverages and sauces
[33]. For instance, fermented peas are used as a
base for high-protein starters in the production
of dairy-free yogurts [34], and the addition of
fermented lentils to bakery products improves
their texture [35].

New approaches, such as combined
fermentation with ultrasound or enzymes, are
being explored, which can produce synergistic
effects and enhance the functional properties of
legumes [18]. Combining fermentation with
ultrasound treatment accelerates the enzymatic
breakdown of proteins and carbohydrates,
reducing processing time by 30% [25, 36]. The
use of hydrostatic pressure following
fermentation alters the functional properties of
proteins and helps better preserve B vitamins,
which are otherwise degraded during thermal
processing [19, 36]. Fermented legumes have
higher levels of B vitamins, particularly B, and
Bi2, which can be synthesized by certain
bacterial strains during fermentation [37]. In
conclusion, fermentation is a highly promising
tool for enhancing the nutritional and sensory
properties of legumes, increasing protein
content, and preserving vitamins, thus opening
new opportunities for their use in the production
of functional foods.

Ultrasound Treatment

Principles and  Anti-Nutritional
Mitigation

In addition to fermentation, a promising
method for improving protein digestibility and
reducing anti-nutritional factors is ultrasound
treatment, which also affects the functional and
sensory characteristics of legume-based
products. Ultrasound treatment not only
modifies the protein structure but also enhances
grain hydration, texture, and the sensory
properties of legume products. Reports from the

Factor

literature also show that ultrasound treatment
reduces the content of anti-nutritional
compounds, particularly phytates, thereby
increasing the overall nutritional value of the
product [21]. In addition to reducing phytates,
ultrasound treatment facilitates the degradation
of trypsin inhibitors, which improves protein
digestibility, especially in beans and peas [22]. It
has also been found that ultrasound treatment
contributes to the breakdown of saponins, which
are undesirable due to their bitter taste and
foaming properties [19].

Functional and Nutritional Modifications

Moreover, high-frequency sound waves
disrupt cellular structures, promoting protein
extraction and enhancing their functional
properties - enabling proteins to form denser
and more stable gels, better retain moisture, trap
air to create stable foams, and improve emulsion
formation and stability [38]. Besides increasing
protein isolate yield, ultrasound treatment can
modify the amino acid composition of proteins,
particularly by increasing the content of free
amino acids, which positively influences the
nutritional quality of the final product [28]. This
allows for an increase in protein isolate yield by
10-20 %, making the technology promising for
the industrial production of concentrated
legume-based protein products [39].

For example, ultrasound treatment of
chickpea protein improves its solubility and
gelation capacity, which is essential for the
production of alternative protein products [40].
Comparable findings are reported for soybean
protein, where ultrasound treatment enhanced
emulsion stability and foaming properties -
critical for forming textured products [41]. [t was
also documented that ultrasound treatment can
improve protein - starch interactions,
promoting the formation of stable gels and
emulsions in legume-based food products [42].

In addition, ultrasound treatment contributes
to the modification of protein secondary
structures, improving their solubility and water-
binding capacity - key factors for use in vegan
dairy alternatives [43]. The mechanical effect of
ultrasound treatment disrupts internal protein
bonds, enhancing their water-holding capacity.
This is particularly important for the
texturization of plant proteins in the food
industry [44]. The literature further indicates
that ultrasound treatment-activated proteins
exhibit improved emulsifying properties, which
is important for developing plant-based dairy
substitutes [20].
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The reduction of phytate levels through
ultrasound treatment can also improve mineral
bioavailability - such asiron and calcium - which
is crucial for the development of fortified protein
products [37]. Furthermore, analysis of studies
on red beans reveals that ultrasound treatment
increases protein digestibility by 15-20% due to
enhanced accessibility of active sites for
digestive enzymes [45].

Textural Enhancement and Synergistic Effects

Ultrasound treatment application
significantly reduces legume cooking time,
improves hydration properties, and promotes
uniform thermal processing [46]. It also helps
reduce mass loss during thermal treatment, an
important factor for optimizing production
processes and increasing product yield [33].
Ultrasound treatment also reduces legume
hardness after cooking, which is especially
important for varieties such as black beans and
adzuki beans, which typically require prolonged
cooking [32]. This effect is attributed to
ultrasound treatment-induced breakdown of
insoluble polysaccharides responsible for seed
coat hardness [35].

According to the analyzed studies, ultrasound
treatmentincreases water penetration rates into
legume seeds by 25-35% compared to
conventional soaking [34]. This is due to the
creation of micropores in cell walls, facilitating
water entry and improving moisture uniformity
in grains [47]. Ultrasound treatment may also
activate enzymes responsible for softening grain
texture, further reducing the cooking time of
legumes [24].

Ultrasound treatment is especially effective
for chickpeas and beans, as these legumes have
thick seed coats that slow moisture absorption
[48]. The combination of ultrasound treatment
with high-pressure processing enables a more
uniform distribution of proteins in solutions,
positively affecting their functional properties in
food applications [49].

According to the analyzed studies also
confirm that ultrasound treatment pretreatment
before extrusion reduces the hardness of the
resulting products - particularly high-protein
snacks made from lentils and peas [36].
Combining ultrasound treatment with thermal
treatment has also proven effective in improving
the texture of legume-based purees and pastes,
which is important for producing functional food
products [50]. The literature confirms that this
method combination helps reduce
oligosaccharide content, which is responsible for

increased flatulence in legume consumers [48].
Additionally, ultrasound treatment reduces
bitterness and the characteristic "beany"
aftertaste in protein isolates by altering protein
molecular structures and reducing unwanted
volatile compounds [51], as ultrasound
treatment is reported to facilitate the
modification of volatile aromatic compounds,
eliminating undesirable odors and improving
the overall sensory profile of legume-based
protein products [52].

Thermomechanical and Emerging Methods

Extrusion

Thermomechanical
Texturization

In addition to fermentation and ultrasound
treatment, extrusion is a promising method for
improving the texture and functional properties
of proteins in legume-based products. Due to the
high temperatures and mechanical forces
involved, this process allows for the modification
of protein and carbohydrate structures,
enhancing their bioavailability and improving
the sensory characteristics of the final product.
Extrusion is considered a promising technique
for enhancing the textural attributes of legume
products, enabling the creation of high-protein
products with modified functional properties
[13]. A key advantage of extrusion lies in the
formation of novel textural properties through
controlled denaturation of proteins and starch.
This is particularly relevant in the production of
high-protein snacks and meat alternatives [53;
54]. Specifically, high-moisture extrusion
facilitates the creation of protein fibrous
structures resembling muscle fibers, making this
method especially promising for the production
of meat analogues [55].

Anti-Nutritional Factor
Bioactive Compounds

The analyzed literature also confirms that
ultrasound treatment pretreatment before
extrusion reduces the hardness of the resulting
products - particularly high-protein snacks
made from lentils and peas [36]. Combining
ultrasound treatment with thermal treatment
has also proven effective in improving the
texture of legume-based purees and pastes,
which is important for producing functional food
products [50]. The literature confirms that this
method combination helps reduce
oligosaccharide content, which is responsible for
increased flatulence in legume consumers [48].
Additionally, ultrasound treatment reduces
bitterness and the characteristic "beany"

Principles and

Inactivation and
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aftertaste in protein isolates by altering protein
molecular structures and reducing unwanted
volatile compounds [51], as ultrasound
treatment is reported to facilitate the
modification of volatile aromatic compounds,
eliminating undesirable odors and improving
the overall sensory profile of legume-based
protein products [52].

Furthermore, the content and activity of
bioactive compounds, such as isoflavones in soy
(which have antioxidant properties), may also be
altered [56-59]. Extrusion promotes the release
of antioxidant compounds, particularly phenolic
compounds, which positively influence the
functional properties of the final products [60].
The literature confirms that low-temperature
extrusion helps preserve bioactive compounds,
especially polyphenols, which may exhibit anti-
inflammatory and antioxidant activities, giving
legume-based products added functional
properties [27].

Applying enzymatic pretreatments before
extrusion reduces the loss of essential amino
acids and increases the protein bioavailability in
the final product [61]. However, extrusion may
affect the total lysine content - an essential
amino acid that influences the nutritional value
of the final product - by reducing its quantity.
Nevertheless,  controlling  moisture and
temperature during extrusion can mitigate these
losses [62; 63].

Nutritional  Trade-offs
Extrusion Systems

It should be noted that high temperatures
may lead to partial denaturation of proteins,
which decreases their biological value [63].
However, analyzed literature shows that
applying modified extrusion conditions, such, as
combining it with ultrasound treatment or
pulsed electric field pretreatments, can minimize
the negative thermal effects on protein
composition [64]. Optimizing extrusion
parameters, particularly the temperature regime
and raw material moisture content, minimizes
protein denaturation and improves the textural
qualities of the final product [55]. The literature
confirms that combining extrusion with
fermentation or hydrothermal pretreatment
enhances protein structural characteristics and
increases their water solubility [26; 65].

At the same time, extrusion can result in the
loss of thermosensitive bioactive compounds,
including certain B-group vitamins [66].
Significant losses are especially noted for
thiamine (B1) and folic acid (Bo), but the use of

and  Synergistic

combined technologies - such as pulsed electric
fields or vacuum extrusion - helps preserve
these nutrients [66; 67]. To minimize vitamin
losses in extruded legume products, modified
technologies are applied, such as double
extrusion at reduced temperatures (80-120 °C)
or the addition of extra functional ingredients
like ascorbic acid and tocopherols, which act as
antioxidants and protect B vitamins from
thermal degradation [66; 68]. Moreover,
combining  extrusion with fermentation
compensates for these losses via microbial
biosynthesis of beneficial compounds [69].

Also, combining extrusion with pulsed
electric fields shows promise, as it helps
preserve sensitive bioactive compounds and
improves the organoleptic qualities of products
[70]. The literature confirms on extruded legume
blends also indicates their application in snack
production allows for the creation of products
with enhanced crispiness and improved
structure, making them more appealing to
consumers. For instance, chickpea and lentil
extrusion products have an expansion ratio of
2.5-3.5 and a crispness force of 10-15 N, which
is 20-30 % higher than that of traditional cereal
snacks [50; 62; 64]. Therefore, extrusion is one
of the most promising methods for processing
legumes, combining texture modification,
improved protein digestibility, and reduced
levels of anti-nutritional compounds. Combining
extrusion with fermentation, ultrasound
treatment, or other advanced technologies
allows for even greater effectiveness in
producing high-quality functional foods.

Biotechnological and Non-Thermal Methods

High Hydrostatic Pressure

Non-Thermal Principles
Preservation

Similar to fermentation and ultrasound
treatment, the application of high hydrostatic
pressure aims to enhance the functional
properties of legume proteins. However, unlike
thermal treatment, this method retains the
nutritional value of the product without
significant losses of vitamins and bioactive
compounds. Compared to thermal methods, high
hydrostatic pressure treatment offers the
advantage of preserving sensory qualities and
the natural color of legumes [71]. The high
hydrostatic  pressure treatment method
effectively modifies the protein structure of
legumes, enhancing their emulsifying and
foaming properties [72]. High hydrostatic
pressure treatment also improves the stability of

and Nutritional
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protein dispersions and their water-holding
capacity, which is essential for structuring plant-
based protein products [73; 74] and for use as
ingredients in meat and dairy analogues [75].
Moreover, high hydrostatic pressure treatment
influences the gelation properties of legume
proteins, which is also beneficial in developing
meat substitutes [76].

Impact on Protein Structure and Anti-
Nutritional Factor Inactivation

The literature confirms that high hydrostatic
pressure treatment improves the solubility of
pea and bean proteins, which is useful in the
development of functional foods, as increased
solubility — after  high-pressure treatment
facilitates the wuse of these proteins in
concentrated protein ingredients [77, 78]. High
hydrostatic pressure treatment improves the
digestibility of amino acids in legume products
by denaturing anti-nutritional compounds, such
as trypsin inhibitors, and unfolding protein
structures, thereby increasing the accessibility of
digestive enzymes to amino acids [71]. This
makes legume products more valuable as
protein sources for consumers [19]. This method
also effectively reduces the content of anti-
nutritional factors such as trypsin inhibitors
without prolonged thermal processing [20].

Additionally, high hydrostatic pressure
treatment helps retain vitamins and bioactive
compounds,  positively  influencing  the
nutritional value of the product - especially B-
group vitamins, riboflavin, and niacin [79; 80].
This method minimizes the loss of antioxidant
compounds, such as polyphenols and flavonoids,
which naturally occur in legumes [81; 82]. This
is particularly important for legume-based
products intended for functional nutrition
applications, such as sports nutrition or dietary
product development [83].

Sensory Quality and Synergistic Applications

Furthermore, high hydrostatic pressure
treatment enhances the color uniformity of
legumes in puree form and prevents the
formation of undesirable aromatic compounds
that may appear during traditional thermal
processing [84; 85]. This makes high pressure a
desirable method for producing legume
ingredients with a neutral taste and stable
texture [86]. The analyzed literature also
confirms that high hydrostatic pressure
treatment allows for the preservation of the
natural taste and aroma of legumes, which is
crucial for their wide application in the food
industry [24].

However, excessive pressure can lead to
protein aggregation, which is undesirable as it
affects the texture of the final product [35]. The
combination of high hydrostatic pressure
treatment with fermentation improves the
nutritional value of legumes by promoting the
synthesis of probiotic compounds and reducing
the content of anti-nutritional factors [87]. The
literature also highlights the potential of high
hydrostatic pressure treatment in combination
with ultrasound for enhancing the functional
properties of legume proteins - particularly
solubility (by 15-25%), gelation, and
emulsification capacity [36; 88; 89].

Thermomechanical and Emerging Methods

Rapid Thermal Methods

Microwave Irradiation

Similar to high pressure, microwave
irradiation treatment is a promising method for
the rapid processing of legumes, enabling
reduced cooking time and the preservation of
bioactive compounds without significant loss of
nutrients [90]. The use of microwave heating
allows up to 90 % of the initial protein content to
be retained, which is significantly higher
compared to traditional boiling methods [91;
92]. Moreover, microwave treatment enhances
the bioavailability of inositol phosphates in
legume processing by-products through the
hydrolysis of phytates, which releases inositol
phosphates from anti-nutritional complexes
[93]. This contributes to the development of new
functional ingredients with prebiotic properties
for food enrichment. Microwave irradiation
treatment also supports the retention of
carotenoids in legumes, making it an effective
method for preserving bioactive compounds
[94].

Studies literature on soybeans have shown
that microwave treatment retains up to 85 % of
the initial isoflavone content, making it superior
to traditional thermal processing [95].
Additionally, microwave processing has proven
effective in preserving vitamin E and (3-carotene
inlegumes, which is important for legume-based
fortified products [96; 97]. When combined with
pre-soaking, microwave irradiation treatment
helps preserve the antioxidant activity of
legumes [98]. Furthermore, microwave
irradiation treatment can increase the
availability of polyphenols in chickpeas and
lentils, which positively influences the
antioxidant status of the product [99].

Microwave irradiation treatment helps
reduce the content of oligosaccharides, which
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are a major cause of bloating after legume
consumption [32]. The literature confirms that
this method can improve texture and reduce the
levels of anti-nutritional factors, particularly as
lectins become less active under microwave
heating [100]. Microwave treatment also
reduces the levels of tannins and saponins,
which improves taste and increases protein
bioavailability [101; 102]. Combining
microwave heating with pre-soaking can reduce
phytate content by 30-50 % [103].

The use of microwave heating for drying and
thermal processing of legumes significantly
reduces processing time and improves the
hydration properties of the product, making this
method promising for industrial production
[100; 104]. A promising direction is the use of
microwave treatment to improve protein
digestibility in combined products such as
legume-cereal blends [105].

Particularly effective is the combination of
microwave irradiation treatment with infrared
drying, which minimizes the loss of bioactive
compounds and improves the texture of legume
ingredients [106; 107]. The combined use of
microwave heating and infrared drying reduces
protein loss and increases structural stability,
which is crucial for the food industry [52; 108].
The analyzed studies indicate that combining
extrusion with microwave heating can
significantly reduce the levels of trypsin
inhibitors and phytates, thereby increasing
protein  digestibility [109]. Furthermore,
microwave irradiation treatment can effectively
enhance the bioavailability of inositol
phosphates in legume processing by-products by
hydrolyzing phytates, which releases inositol
phosphates from anti-nutritional complexes
[110]. This contributes to the development of
new functional ingredients with prebiotic
properties for food enrichment.

Infrared Heating

Like microwave irradiation, infrared heating
treatment is a fast and efficient method of
thermal processing for legumes, allowing for
reduced cooking time and improved functional
characteristics. Infrared heating treatment is an
effective treatment for legumes, enabling
reduced cooking time, improved protein
functionality, and decreased levels of anti-
nutritional factors [111; 112]. The analyzed
studies show that infrared heating treatment
reduces anti-nutritional compounds such as
phytates and protease inhibitors in beans and
chickpeas by up to 50%, improving digestibility

[113; 114]. Additionally, this method enhances
the hydration properties of legumes by
accelerating grain swelling, which is important
for shortening subsequent cooking time [115].

Infrared heating treatment also positively
affects protein functionality. Specifically, it
increases the solubility of proteins in lentil and
pea flours by 20-30 %, expanding their potential
use in high-protein product manufacturing
[116]. Moreover, the literature confirms that
infrared heating treatment promotes the
formation of new protein structures with
improved gelling and emulsifying properties,
which is especially valuable in the production of
alternative protein products [117; 118]. Infrared
heating treatment is particularly promising for
improving the technological properties of
proteins in the production of legume-based meat
substitutes [119]. In particular, infrared heating
treatment has been found to enhance the
foaming capacity of proteins, which is key to
creating structured legume-based protein
products [120].

The analyzed literature also confirms show
that infrared heating treatment can be used for
drying legumes, reducing nutrient loss and
increasing the shelf life of final products [121].
This method is especially effective for preparing
legumes for further processing, such as in the
production of powdered ingredients for
functional food design [122]. Notably, combining
infrared heating treatment with extrusion
enables the creation of products with improved
texture and stability. For example, in the
production of extruded legume snacks, the use of
infrared heating treatment helps preserve better
crispness and uniform structure expansion,
increasing the puffing ratio [123; 124].

Another promising direction is the use of
infrared heating treatment in combination with
fermentation to improve the sensory properties
of legume-based products. This not only reduces
anti-nutritional compounds but also enhances
flavor characteristics by forming new aromatic
compounds [125; 126].

A promising approach involves combining
infrared heating treatment with other
technologies, such as microwave irradiation
treatment and high hydrostatic pressure
treatment, to enhance the functional properties
of legume proteins and preserve bioactive
compounds [127; 128].

However, it is important to note that
excessive infrared heating treatment exposure
can lead to partial sugar caramelization and the
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formation of melanoidins, which affect product
color and flavor characteristics [129].
Optimizing the temperature regime and
processing time helps reduce these unwanted
effects and maximally preserve the nutritional
value of legumes [130]. Due to deeper energy
penetration into legume grains, infrared heating
treatment promotes faster heating and more
uniform heat distribution within the product,
reducing the risk of overheating and degradation
of heat-sensitive components [131].

Thus, infrared heating treatment is an
effective technology for legume processing,
allowing for reduced cooking time, improved
texture, increased protein digestibility, and
decreased anti-nutritional factors. Combining
infrared heating treatment with other innovative
methods opens new opportunities for
developing functional products based on legume
raw materials.

Thermomechanical and Emerging Methods

Electromagnetic Fields Treatment

Principles and Functional Enhancement

Similar to infrared heating, electromagnetic
field processing is an innovative technology that
affects the structure and functional properties of
proteins, improves the texture of legumes, and
reduces the level of anti-nutritional factors.
Electromagnetic Field Treatment of legumes is
considered one of the promising technologies
that allows for the enhancement of the functional
and nutritional properties of legume seeds
without significant thermal impact. In particular,
pulsed electromagnetic fields, alternating
current, and direct current methods are actively
studied for their effects on protein structure,
texture, preservation of bioactive compounds,
and improved protein digestibility [132; 133].
Electromagnetic Field Treatment alters the
structure of proteins and enhances their
functional properties. For instance, the analyzed
studies have confirmed that Pulsed
Electromagnetic Field Treatment of pea protein
increases its solubility and improves its gelling
ability, which is crucial for the production of
protein isolates and emulsified products [110].
Additionally, Electromagnetic Field Treatments
enhance intermolecular interactions between
protein chains, positively influencing the
foaming and water-binding capacities of legume
protein components [134].

It is important to note that the effect of
Electromagnetic Field Treatment depends on its
intensity and frequency. For example, the use of
low-frequency electromagnetic waves in protein

isolates reduces protein aggregation, thereby
improving their solubility and water-binding
capacity [135]. At the same time, high-frequency
electromagnetic pulses can modify starch
structures in legumes, enhancing their gelling
abilities [136].

Preservation of Bioactive Compounds and
Digestibility

Electromagnetic Field Treatment also
positively affects the antioxidant activity of
legumes. It has been found that the use of
Alternating Current Treatment in the processing
of protein isolates reduces oxidative damage to
amino acids, helping to preserve the bioactive
properties of the product [137]. A similar effect
was observed with the use of Pulsed
Electromagnetic  Field Treatment, which
prevented the degradation of B-group vitamins
in lentils and beans [138].

The analyzed literature also confirms indicate
the potential use of Electromagnetic Field
Treatments to improve protein digestibility. For
example, ftreating protein isolates with
electromagnetic waves prior to fermentation
significantly increases the degree of protein
hydrolysis and their bioavailability [139]. This is
particularly important for the production of
functional food products based on legumes
enriched with bioavailable amino acids and
peptides [140].

Anti-Nutritional
Synergistic Potential

Moreover, the use of Electromagnetic Field
Treatment - especially Pulsed Electromagnetic
Field Treatment - can reduce the content of anti-
nutritional factors such as phytates, tannins, and
trypsin inhibitors by 20-40% without significant
loss of micronutrients like iron, zinc, and calcium
[132, 141]. The mechanism of Electromagnetic
Field Treatment action involves electroporation
of cell membranes and conformational changes
of anti-nutritional molecules, promoting their
degradation or release from mineral complexes,
thereby enhancing their bioavailability [110;
133]. For instance, Pulsed Electromagnetic Field
Treatment of peas and beans reduces phytate
levels by 25-35%, improving iron bioavailability
by 15-20% compared to untreated samples
[141]. Unlike thermal methods such as extrusion
or microwave irradiation, which may cause
losses of heat-sensitive nutrients,
Electromagnetic Field Treatment ensures non-
thermal processing, preserving up to 95 % of B
vitamins and polyphenols [70; 141].
Furthermore, combining Electromagnetic Field

Factor  Mitigation and
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Treatment with ultrasound treatment enhances
the effect, reducing tannin content by 40-50 %
and increasing protein solubility by 10-15 %
due to the synergy of electromechanical effects
[36; 133]. This method is promising for
producing functional ingredients from legumes,
such as protein isolates and powders used in
gluten-free products and plant-based meat
alternatives [110; 141]. However, limited data
on the long-term effects of Electromagnetic Field
Treatment on the sensory characteristics of
products and the high cost of equipment require
further research for industrial application [70].

The analyzed literature also confirms that
Electromagnetic Field Treatments can be used as
a pre-treatment before other methods such as
fermentation or extrusion to improve the
functional properties of the final product [142].
For example, the literature confirms have shown
that Electromagnetic Field Treatment exposure
promotes the strengthening of protein-starch
matrices in high-protein flour blends made from
chickpeas and lentils, improving the stability and
texture of the final product [143]. Additionally,
Electromagnetic ~ Field  Treatments may
contribute to the breakdown of starch into forms
more accessible for enzymatic hydrolysis,
enhancing digestibility [144].

In conclusion, Electromagnetic Field
Treatment is a promising method for processing
legumes, enabling improvements in their
functional properties, protein digestibility, and
reduction of anti-nutritional factors. Further
research is needed to optimize processing
parameters and integrate this technology into
the production of legume-based functional
foods.

Comparative  Analysis of Key
Performance Indicators

The comprehensive review of scientific
literature underscores the transformative
impact of innovative processing techniques on
the nutritional profile, functional attributes, and
sensory qualities of legumes. These advanced
methods address critical limitations associated
with legumes, such as the presence of
antinutritional compounds, thereby enhancing
their suitability for diverse food applications.
Specifically, technologies such as fermentation,
ultrasonic treatment, high hydrostatic pressure,
extrusion, microwave  heating, infrared
processing, and electromagnetic field treatment
have been identified as pivotal in improving the
quality and utility of legume-based products.

Each method contributes uniquely to reducing
undesirable components, enhancing nutrient
bioavailability, and optimizing sensory appeal,
thus broadening the scope of legumes in the food
industry.

Fermentation, a time-tested yet highly
effective method, significantly reduces the levels
of antinutritional factors, including phytates,
lectins, and protease inhibitors, which are
known to hinder nutrient absorption. By
leveraging microbial activity, fermentation
degrades these compounds, resulting in a
substantial increase in the bioavailability of
essential proteins and micronutrients such as
iron, calcium, and zinc. This process not only
enhances the nutritional value butalso improves
the digestibility of legumes, making them more
suitable for incorporation into functional foods
and dietary supplements. Furthermore,
fermentation contributes to the development of
favorable sensory characteristics, mitigating the
characteristic "beany" flavor and enhancing
palatability.

Ultrasonic treatment, another innovative
approach, employs high-frequency sound waves
to modify the structural properties of legume
components. This method markedly improves
protein solubility, which is crucial for
applications requiring stable emulsions or gels,
such as plant-based dairy alternatives.
Additionally, ultrasonic treatment reduces the
content of phytates and saponins, compounds
that impair mineral absorption and contribute to
undesirable sensory traits like bitterness. By
facilitating hydration and softening legume
textures, this technique also reduces cooking
times, thereby enhancing processing efficiency
and product yield in industrial settings.

High hydrostatic pressure processing stands
out for its ability to preserve heat-sensitive
nutrients, including vitamins and antioxidants,
which are often degraded during traditional
thermal treatments. By applying intense
pressure, high hydrostatic pressure denatures
antinutritional factors and unfolds protein
structures, enhancing the functionality of
protein dispersions. This results in improved
emulsifying, foaming, and gelling properties,
making - treated legumes ideal for formulating
textured products like meat analogues.
Moreover, high hydrostatic pressure maintains
the natural color and flavor of legumes, ensuring
consumer acceptability while maximizing
nutritional benefits.
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Extrusion, a thermomechanical process, is
particularly effective in altering the texture of
legume proteins, promoting the formation of
fibrous structures that closely mimic the
mouthfeel of meat. This makes it an ideal
technique for producing plant-based meat
analogues, a rapidly growing sector in the food
industry. Extrusion also reduces phytate levels,
thereby improving the bioavailability of
minerals like iron and calcium. However, careful
control of processing parameters is required to
minimize the loss of thermosensitive nutrients,
such as lysine, which can occur at high
temperatures. The resulting products exhibit
enhanced sensory  attributes, including
crispiness and structural integrity, appealing to
health-conscious consumers.

Microwave and infrared processing offer
rapid and energy-efficient alternatives to
conventional thermal methods, significantly
reducing cooking times while preserving key
antioxidant compounds, such as polyphenols
and flavonoids. These techniques minimize
nutrient degradation, ensuring that legumes
retain their functional and nutritional
properties. Microwave heating, in particular,
hydrolyzes  phytates, releasing inositol
phosphates that enhance mineral bioavailability,
while infrared processing improves hydration
and protein solubility, facilitating the production
of high-protein flours and ingredients for
functional foods.

Electromagnetic field treatment, an emerging
non-thermal  technology, enhances the
antioxidant activity and gelling capacity of
legume proteins. By inducing electroporation
and conformational changes, the
electromagnetic field reduces the content of
antinutritional factors, such as phytates and
tannins, without compromising micronutrient
levels. This method also improves protein
digestibility and solubility, making it promising
for developing high-value functional ingredients.
However, its industrial application is currently
limited by equipment costs and the need for
further research to optimize processing
parameters.

The integration of these methods in combined
processing approaches yields synergistic effects,

significantly amplifying their individual benefits.
For instance, combining fermentation with
extrusion enhances protein digestibility and
reduces lysine losses, resulting in high-quality
meat analogues with superior nutritional
profiles. Similarly, pairing ultrasonic treatment
with high hydrostatic pressure improves
gelation and emulsification properties, enabling
the production of stable, textured products.
These combined strategies not only maximize
nutrient retention but also streamline
processing, reducing energy consumption and
improving overall efficiency.

The adoption of innovative
methods revolutionizes the utilization of
legumes in the food industry, addressing
nutritional, functional, and sensory challenges.
By reducing antinutritional factors, enhancing
bioavailability, and improving sensory appeal,
these technologies facilitate the development of
diverse, sustainable, and health-promoting food
products. Combined approaches further enhance
these outcomes, offering a pathway to scalable,
efficient, and consumer-friendly solutions that
align with global demands for plant-based
nutrition.

1. Identification of Key Legume Processing
Methods

Seven innovative processing methods are key
to modern legume utilization: fermentation,
ultrasound treatment, high hydrostatic pressure,
extrusion, microwave heating, infrared heating,
and electromagnetic field processing [1; 4; 7; 9;
10; 12; 13]. Each method utilizes wunique
mechanisms-ranging from microbial hydrolysis
during fermentation to the mechanical effects of
extrusion and the pressure impact of high
hydrostatic pressure - to fundamentally alter the
legume matrix [5; 10; 11; 15]. These advanced
technologies offer significant advantages over
traditional methods (such as simple soaking and
boiling), primarily through the possibility of
precise control over processing parameters,
which is vital for achieving specific functional
properties [1;2;8;16]. The importance of
legumes for global food security drives research
focused on crops such as chickpeas, peas, lentils,
and soybeans [1; 4; 13; 14; 17].

processing
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Fig. 1. Prevalence of Innovative Methods in Legume Research

The diagram presented in Figure 1
illustrates the frequency of method usage in
scientific literature. Fermentation (35 %) and
extrusion (30%) dominate the research
landscape, confirmed by numerous publications
[3; 11; 15; 18]. This prevalence is based on their
established industrial efficiency and accessibility
for processing high-volume crops. For example,
extrusion is intensely studied for creating meat
analogues from pea and soy protein isolates [12;
13; 19], while fermentation is a crucial pre-
treatment step for lentils and chickpeas to reduce
anti-nutritional factors [14; 16; 20]. Neji et al
(2022), for instance, specifically analyzed the
impact of physical processing on pea protein
extracts [3].

Conversely, methods requiring specialized
and high-cost equipment, such as electromagnetic
field processing and high hydrostatic pressure,

appear less frequently in the literature [15; 17-
19]. High hydrostatic pressure studies, when
conducted, often  focus on  high-value
modifications, such as improving the gelling and
emulsifying capacity of bean and lentil proteins [5;
18-20]. Similarly, the use of infrared heating is a
growing field, showing promise for effectively
enhancing the nutritional profile of yellow pea and
green lentil flours by reducing anti-nutritional
factors [6; 20]. The observed research trend, as
noted by S et al. (2022), demonstrates a balance

between scalable, established methods
(fermentation, extrusion) and novel, precision
technologies  (high  hydrostatic  pressure,

electromagnetic field) that require further study
into economic feasibility [7; 21].

2. Impact of Methods on Antinutritional
Factors

Table 1
Changes in Antinutritional Compound Content After Processing
Phytate Trypsin
Processing methods (%) Lectins (%)  inhibitors (%) Author, Year Culture Country  Ref.
Garrido-Galand et  Chickpea,
Fermentation 140-80 lupto 90 1 60-70 al, 2021 Lentil India/Spain [12]
Pasqualoneetal, = Common
Extrusion 130-60 170-90 - 2022 Bean Italy [53]
Ultrasound Treatment 120-40 - - Ghafoor etal., 2020 Pea Protein USA [54]
High Hydrostatic
Pressure (HHP) 120-40 - - Neji et al.,, 2022 Soy Protein  Canada [55]
Microwave Heating 130-50 - - Wang etal, 2023 Faba Bean  China [56]
Infrared Heating 130-50 - - Laing et al, 2023 Yellow Pea  Canada [57]
Electromagnetic Field Insufficient Gomez-Poloetal,
(EMF) 120-30 data - 2021 Black Bean Mexico [58]

Note: | indicates a decrease in content. The symbol “-” means no/limited data.

Table 1 demonstrates that fermentation yields
the most significant reduction in anti-nutritional
factor content: phytates by 40-80 %, lectins by up

to 90%, and trypsin inhibitors by 60-70 % due to
microbial enzyme action. Garrido-Galand et al.
(2021), for instance, confirmed the high
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effectiveness of fermentation for reducing anti-
nutritional factors in chickpeas [12]. Extrusion is
also a highly effective method, reducing phytates
by 30-60 % and lectins by 70-90 % through
thermal inactivation. However, Pasqualone et al.
(2022) notes lower overall effectiveness of
extrusion in reducing lectins in common beans,
with outcomes largely depending on temperature
and moisture content [12;53]. Non-thermal
methods, such as ultrasound and high hydrostatic

pressure, achieve a moderate decrease in phytate
content (20-40 %). Thermal methods, like
microwave and infrared heating, achieve a mid-
range reduction in phytates (30-50 %), as Wang
et al. (2023) report in their study on faba beans
[56]. Electromagnetic field processing provides
the least significant reduction in anti-nutritional
factors (20-30%), and data for this method
remain limited [58].
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Fig. 2. Comparison of Phytate Reduction by Processing Method

The diagram presented in Figure 2 illustrates
the relative effectiveness of innovative methods in
reducing phytate content, a critical anti-
nutritional factor [1;4;10; 15]. The analysis
clearly highlights the superiority of fermentation,
which achieves the most significant reduction
(40-80 %) [12;16]. This high efficiency is
attributed to the sustained activity of microbial
phytase enzymes, particularly effective in cultures
like chickpeas and lentils [12; 14; 22]. Extrusion
and microwave/infrared heating follow closely,
achieving moderate phytate reduction (30-60 %)
through thermal hydrolysis in crops such as faba
beans and yellow peas [6; 17; 20].

Conversely, non-thermal methods like
electromagnetic field processing and high
hydrostatic pressure, as well as ultrasound
treatment, demonstrate the lowest impact on
phytate reduction (20-40%) [5;7;18]. The
observed lower impact of electromagnetic field
processing and high hydrostatic pressure is often
attributed to limited research and optimization for
this specific Anti-Nutritional Factor, although
studies on black beans and soy proteins are
emerging  [19; 21; 23].  Furthermore, the
complexity of the equipment required for high
hydrostatic pressure and electromagnetic field

processing contributes to the scarcity of
comprehensive data when compared to the well-
established fermentation and thermal methods
[3; 24; 25].

3. Changes
Bioavailability

Fermentation is reported to increase protein
digestibility by 15-25 % and the bioavailability of
iron and zinc by 20-40 % through the effective
hydrolysis of phytates and breakdown of complex
peptides [12; 14; 16; 22]. Analysis of the scientific
literature indicates that chickpeas and lentils
consistently demonstrates this beneficial effect

in Protein and Micronutrient

[12; 26; 27]. Ultrasound treatment and High
Hydrostatic Pressure improve protein
digestibility by 10-15% and 10-20 %,
respectively, primarily by inducing partial
unfolding of protein structures [5; 18; 28].

Extrusion enhances iron bioavailability by 15-
30 % due to significant phytate degradation;
however, high shear and thermal stress can result
in considerable losses of essential amino acids,
with lysine losses reaching 10-20 % [3; 19; 29].
Kumar et al. (2020) indicates that these lysine
losses in pea and soy proteins may even reach up
to 30 % at extremely high extrusion temperatures
[38; 30]. Microwave heating generally preserves
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protein integrity, retaining about 90 % of proteins, 15 %, though data on protein effects remain
while infrared heating retains 85 % [6; 20; 31]. limited, focusing mainly on common bean proteins
Electromagnetic field processing is noted for [19; 21]. Boye etal. (2022) confirms these general
enhancing zinc bioavailability by a modest 10- trends across various legume proteins [3; 7].
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Fig. 3. Changes in Iron Bioavailability by Processing Method

The diagram in Figure 3 visually represents the
change in iron bioavailability resulting from
different processing methods. The analysis
confirms that fermentation and extrusion lead to
the highest increase in iron bioavailability, mainly
due to the most effective degradation of phytates
— the primary iron-binding compound [11; 12;

legumes like lentils and faba beans for use in
fortified food products [2; 14; 32]. Conversely, the
minimal increase observed for methods like high
hydrostatic pressure and electromagnetic field
highlights areas requiring further research to
optimize processing parameters for micronutrient
release in specific crops, such as black beans [17;

13]. This enhanced nutritional value is 23;33].
particularly critical when processing staple 4. Impact on Functional Properties
Table 2
Improvement of Functional Properties of Proteins
Protein Foaming

Processing solubility  ability Gelation Other Functional Author,

methods (%) (%) (%) Improvements Year Culture Country Ref.
Enhances emulsion Chickpea

Ultrasound stability thanks to Zhang et al, protein

treatment 110-20 115-25 - cavitation 2021 isolate China [40]

High Hydrostatic Improves the stability Nejietal, Pea protein

Pressure (HHP) - - 120-30 ofemulsions 2022 isolate Canada [3]
Crucial for the creation
of a fibrous structure ~ Wangetal,

Extrusion 15-10 - - (meat analogues) 2021 Soy protein USA [21]
110-15% in
emulsifying properties, Rizzello et

Fermentation 110-15 - - enhanced texture al,, 2020 Lentil flour Italy [70]
Low impacton

Microwave gelation, promotes Mahmood Mung bean

Heating 115-20 - - protein unfolding etal, 2022 protein Pakistan [143]

Laingetal, Yellow pea

Infrared Heating T 15-20 - - Low impacton gelation 2023 flour Canada [57]
Modification of protein

Electromagnetic chains, increases water Gémez-Polo Black bean

Field (EMF) - - 1710-15 retention etal, 2021 protein Mexico [58]

Notes: T means improvement of the indicator, | means its decrease
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Table 2 clearly shows that ultrasound
treatment  significantly = increases  protein
solubility by 10-20% and foaming capacity by 15-
25 %, primarily due to cavitation effects that
partially unfold the protein structure [40]. Zhang
et al. (2021) confirmed this high efficiency for
chickpea protein isolates [40]. High Hydrostatic
Pressure is highly effective in structural
modification, notably enhancing gelation by 20-
30% and significantly aiding the formation of
stable emulsions, as observed by Neji et al. (2022)
using pea protein isolates [3]. Extrusion, while
promoting the development of desirable fibrous
textures crucial for meat analogues, is reported to
reduce protein solubility by 5-10% due to
denaturation, particularly in soy proteins [21].

Fermentation improves emulsifying properties by
10-15 % and is vital for enhancing the texture of
products made from lentil flour [70]. Both
microwave and infrared heating increase
solubility by 15-20% by inducing controlled
protein unfolding [143; 57]. Electromagnetic field
processing is documented to increase gelation by
10-15 % through the modification of protein
chains, enhancing water retention capacity [58].
Wang et al. (2021) generally confirm these
findings, noting that the specific efficacy of a
method, such as ultrasound treatment, is higher
for chickpeas than for soybeans due to inherent
differences in protein composition, which
warrants further, targeted research [21; 40].
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Fig. 4. Impact of Legume Processing Methods on Protein Solubility

The analysis presented in Figure 4 visually
demonstrates the effectiveness of various
treatments on protein solubility [1;7;9].
Ultrasonic treatment and microwave heating
significantly improve protein solubility (up to
20%) [40; 143; 28; 30]. This  substantial
improvement results from physicochemical
alterations in protein molecular structures,
making the proteins more available for interaction
with water [2; 10; 13; 27]. Zhang et al. (2021)
confirmed this effect specifically in chickpea
protein isolates due to the phenomenon of
cavitation [40; 54]. Microwave heating shows
similar effectiveness in improving the solubility of
proteins from mung beans and kidney beans [143;
31; 34].

This enhancement is particularly important in
processing proteins, such as those derived from
soybeans and peas, which naturally possess low
solubility, and is critical for producing functional
ingredients and protein isolates used in beverages
and emulsions [3; 5; 21]. Conversely, methods like

extrusion are often associated with a decrease in
solubility due to protein denaturation and
aggregation under high heat and shear stress,
particularly affecting pea and soy proteins [29;
38]. High hydrostatic pressure and fermentation
provide varying, sometimes moderate, effects on
solubility depending on the specific legume and
processing parameters used [55; 70; 35; 36].

5. Changes in Sensory Characteristics

Fermentation significantly enhances the
sensory profile by reducing the undesirable
“beany” flavor and improving overall taste
characteristics by 20-30 % [12; 14; 16; 22]. This
improvement is due to the microbial formation of
beneficial aromatic compounds and the
breakdown of volatile precursors, a notable effect
observed in chickpeas and lentils [12; 26; 27].
Conversely, Extrusion creates a desirable crunchy
texture but often leads to bitterness, which results
from the Maillard Reaction and the formation of
melanoidins and heterocyclic compounds [3; 19;
29]. This can lower sensory scores by 5-10 % in
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final products, particularly those made from pea
and soy proteins [3; 30]. Pasqualone et al. (2022)
confirms the textural effects of extrusion, while
Kumar et al. (2020) points out the development of
pronounced bitterness, which requires further
research and optimization of the process
parameters [38; 53; 30].

Ultrasonic treatment and high hydrostatic
pressure improve texture, leading to greater
softness (scores +10-15 %) by modifying protein-
starch interactions, an effect studied in soybeans
and common beans [5; 18; 28]. Microwave heating

helps to retain natural aroma compounds [31; 35],
while infrared heating may cause slight surface
caramelization, affecting the appearance and
flavor of yellow pea flours [6; 20]. Electromagnetic
field processing improves product texture by 5-
10 % through the modification of protein
structure, showing promise for black bean
products [19; 21]. The impact of all these methods
on the final sensory quality is highly dependent on
the specific legume culture and the parameters
applied [7; 8; 36; 37; 39].
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Fig. 5. Changes in Taste Sensory Properties by Processing Method

The diagram in Figure 5 underscores the
distinct advantages of fermentation in enhancing
taste characteristics (up to +30 %) [12; 22; 14].
This positive effect is highly valued when utilizing
chickpeas and lentils for plant-based food
development. In contrast, extrusion often ranks

products [3; 38; 53]. This comparison highlights
the trade-off inherent in thermal processing: while
extrusion provides excellent texture, it sacrifices
optimal flavor; fermentation, conversely,
optimizes flavor but does not structurally
texturize the protein [11; 13; 29; 32; 33].

lower due to the aforementioned flavor 6. Prospects for Combined Processing
deficiencies, which include bitterness in the final Technologies
Table 3
Effectiveness of Combined Processing Methods
mprovement of
Reduction of protein functions
Combined method  phytates (%) (%) Additional benefits  Author, Year  Culture Country Ref.
Stronger synergistic Chickpea
Fermentation + T20-30 (Solubility, effect than Zhang etal, protein
Ultrasonic treatment | 60-85 Emulsification) individual methods 2021 isolate China  [40]
T15-25 Significant reduction
Fermentation — (Digestibility, in lysine loss due to Kumaretal, Pea protein
Extrusion 1 65-80 Texture) pre-treatment 2020 isolate Canada [38]
Ultrasonic treatment Improved emulsion
+ High Hydrostatic T25-35 (Gelation, stability and water  Nejietal, Pea protein
Pressure - Stability) retention 2022 isolate Canada [3]
Enables precise
flavor and color
Microwave Heating control (necessary ~ Wangetal, Faba bean
+ Infrared Heating 1 40-60 - for flours) 2023 flour China  [21]
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Notes: Arrows indicate improvement or decrease in performance compared to untreated samples.
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Fig. 6. Synergistic Effect of Combined Methods on Protein Digestibility

Table 3 shows that combining methods
leverages synergistic effects to achieve superior
results. Fermentation followed by Ultrasonic
treatment is highly effective, reducing phytate
content by 60-85% and increasing protein
solubility and emulsification by 20-30 % [40].
Zhang et al. (2021) confirmed this synergy for
chickpea protein isolates, noting that the
combined method is significantly stronger than
individual treatments [40]. Pre-treatment by
fermentation before extrusion is crucial for
preserving nutritional quality; it reduces phytate
content and enhances protein digestibility and
texture by 15-25 %, while significantly mitigating
the lysine losses typically caused by high
temperatures during extrusion [38]. Kumar et al.
(2020) emphasized this benefit for pea protein
isolates [38].

The combination of Ultrasonic treatment with
High Hydrostatic Pressure (HHP) improves
protein functional properties, notably increasing
gelation capacity and stability by 25-35 % [3]. Neji
et al. (2022) demonstrated this effect using pea
protein isolate, highlighting improved stability
and water retention [3]. Finally, combining
Microwave Heating with Infrared Heating reduces
phytate content by 40-60 % and is a promising
approach for faba bean flour, offering precise
control over flavor and color characteristics of the
final product [21]. Wang et al. (2021) notes the
complexity involved in controlling the precise
processing parameters for such thermal
combinations [21].

The results presented in Figure 6 clearly
illustrate  the  significant advantage  of
fermentation combined with ultrasonic treatment,
demonstrating substantial potential for the
production of functional foods [3; 40; 54; 38]. This

synergistic effect, primarily studied wusing
chickpea and pea protein isolates, leads to the
highest observed increase in protein digestibility
by promoting optimal protein unfolding and
degradation of anti-nutritional factors [12; 16; 26;
32].

The review and analysis results highlight the
specific advantages of individual methods and
their combinations: fermentation is optimal for

improving nutritional and taste qualities,
ultrasound and high hydrostatic pressure - for
enhancing functionality, and extrusion - for

developing texture. The combination of methods
provides a synergistic effect and facilitates the
formation of desired properties in processed raw
materials. Compared to traditional techniques,
innovative technologies show higher efficiency,
although, as noted in Boye’s research, their cost
remains a major limitation to wide adoption [3].
This analysis forms a basis for further research
aimed at optimizing processing parameters to
improve flavor characteristics and assess
economic feasibility.

Literature analysis indicates that innovative
methods of legume processing offer unique
advantages, but their effectiveness depends on the
intended  application and the  specific
characteristics of the raw material.

Fermentation stands out as the most effective
method for improving nutritional value by
reducing the content of anti-nutritional factors
(phytates by 40-80%, lectins up to 90%) and
enhancing the bioavailability of proteins and
micronutrients (by 15-40%), which aligns with
the findings of Garrido-Galand [12]. However, its
duration and the need to control microbial strains
complicate large-scale application.
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Ultrasound treatment optimizes functional
properties, particularly protein solubility (by 10-
20 %) and gelation, due to the cavitation effect, but
its high energy consumption may limit economic
feasibility, especially for small-scale production
[21].

High hydrostatic pressure surpasses thermal
methods in preserving heat-sensitive nutrients
such as B vitamins and polyphenols, while also
improving texture [19]. However, excessive
pressure may cause protein aggregation,
negatively affecting emulsion stability, as noted in
[72].

Extrusion is ideally suited for creating fibrous
structures in meat analogs, but losses of lysine (up
to 20-30 %) at high temperatures and potential
bitterness from Maillard Reaction products
necessitate process optimization [38]. Microwave
and infrared treatments help reduce cooking time
(by up to 50 %) and preserve up to 90 % of
nutrients, although infrared heating may cause
caramelization, altering product taste and color
[100].

Electromagnetic field processing shows
potential for enhancing antioxidant activity and
gelation. However, its application is limited due to
insufficient data and the complexity of the
equipment, warranting further research [70].

Combined methods, such as fermentation with
ultrasound or high hydrostatic pressure with
extrusion, demonstrate synergistic effects: for
example, fermentation combined with ultrasound
reduces phytate content by 60-85 % and shortens
processing time by 30% [70; 143]. Nevertheless,
their implementation is complicated by the need
for precise parameter control and higher costs
compared to traditional methods, as highlighted in
Boye’s research [3].

Compared to classical approaches (boiling,
soaking), innovative technologies offer better
product quality control, but their energy intensity
and the cost of processing equipment remain
limiting factors for widespread adoption. For
instance, high hydrostatic pressure and
ultrasound outperform boiling in nutrient
preservation but require significant investment.

The environmental aspect also deserves
attention: microwave and electromagnetic
treatments potentially reduce the carbon
footprint due to processing speed, whereas
extrusion may be less sustainable because of its
high energy demands.

Future research should focus on optimizing
parameters (temperature, pressure, duration),
reducing energy consumption, and developing

affordable combined technologies to fully unlock
the potential of legumes for use in the food
industry.

Conclusions

Innovative processing methods for legumes—
including Fermentation, Ultrasonic Treatment,
High Hydrostatic Pressure (HHP), Extrusion,
Microwave and Infrared  Heating, and
Electromagnetic Field (EMF) Treatment—
represent a critical paradigm shift, significantly
expanding the potential to enhance the nutritional
value, functional properties, and sensory
characteristics of raw legume materials and
derived products. The systematic synthesis of the
literature clearly establishes the comparative
strengths of each method. Fermentation is
unequivocally the superior method for nutritional
enhancement and flavor improvement, effectively
reducing Anti-Nutritional Factors (ANFs) across
various legumes, such as reducing phytates by 40-
80 % (e.g, in chickpeas and lentils) and lectins by
up to 90 %. This enzymatic action directly
improves protein and micronutrient
bioavailability (by 15-25%) and eliminates
undesirable "beany” flavors, making it essential
for high-quality food formulation. Conversely,
Extrusion, while indispensable for texturization
(creating the fibrous structures required for meat
analogues from soy and pea proteins), carries a
major caveat, as the thermal stress can induce
significant lysine losses (10-20% or more),
emphasizing the need for advanced pre-
treatment. For functional modification, Ultrasonic
Treatment and HHP offer precision control:
Ultrasonic processing optimizes protein solubility
(by 10-20 %, particularly in chickpea isolates)
and hydration, while HHP is crucial for preserving
heat-sensitive  nutrients and dramatically
improving gelling properties (by 20-30 %,
notably in pea proteins), which is vital for stable
emulsions. The moderate thermal methods,
Microwave and Infrared Heating, accelerate
processing and provide effective ANF reduction
while preserving high levels of nutrients (up to
90 %), and EMF Treatment offers targeted,
moderate gains in zinc bioavailability and protein
functionality (e.g., increasing gelation by 10-15 %
in black beans). The highest overall efficiency is
achieved through synergistic combined methods:
for instance, Fermentation combined with
Ultrasonic Treatment reduces phytate content by
60-85 % and simultaneously improves solubility
by 20-30 % (chickpea), while Fermentation prior
to Extrusion significantly mitigates the critical
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issue of lysine loss in pea protein. These
technologies promote the broader and more
sustainable application of legumes in the
production of functional foods, plant-based meat
and dairy alternatives, and gluten-free products.
For their successful industrial implementation
and scaling, the findings underscore the necessity
of dedicated research focused on optimizing
processing parameters for combined methods
while rigorously assessing energy consumption
and economic feasibility as key factors for
overcoming the current limitations to wide
adoption.

A very important stage is the future prospects
for research. Future development should focus on
optimizing parameters for specific legume
varieties (e.g., chickpeas, peas, soybeans) in order
to precisely regulate the formation of bioactive
peptides and beneficial aromatic compounds for
specific end products [1; 12]. A critical path is the
development of continuous, large-scale hybrid
systems that seamlessly integrate highly efficient
pretreatments such as ultrasonic treatment,
infrared treatment to improve hydration and
solubility [40; 54], with established industrial
methods such as extrusion, thereby creating a
cost-effective, high-throughput process that
significantly reduces overall energy consumption
[7]. In addition, advanced research should utilize
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