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This review provides a comprehensive analysis of the sustainable potential of faba beans (Vicia faba) as an
emerging ingredient in food and biorefinery applications. The study highlights the biorefinery concept as
a key strategy to overcome challenges associated with antinutritional factors while maximizing the
utilization of faba bean proteins, starches, and fibers. Key physicochemical and techno-functional
properties of faba bean components are discussed, alongside their potential applications in food

formulations and other industrial sectors. The review also explores the impact of processing methods on
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Accepted 24th November 2025 the quality and functionality of faba bean-derived ingredients, emphasizing the importance of optimizing

extraction and modification techniques. Ultimately, faba beans represent a promising and sustainable
source of plant-based ingredients, contributing to circular economy principles and the development of
innovative food systems.
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Statement of the problem addressed and originality of the approach. The manuscript addresses the limited use of faba beans in food systems, despite their
strong agronomic, nutritional, and environmental advantages. The core problem is the presence of antinutritional factors and the lack of integrated knowledge
connecting biorefinery strategies, techno-functional properties, and industrial applications of proteins, starches, and fibers from faba bean. The approach is
original because it combines a full biorefinery perspective with detailed physicochemical, nutritional, and processing analyses. This integrated framework is
seldom presented in the literature and highlights new routes to valorize faba bean across food, nutraceutical, and bioeconomic sectors. Contribution of the work
to create new knowledge in the field. The review synthesizes dispersed evidence into a coherent and actionable model for faba bean valorization. It advances
knowledge by clarifying how processing technologies reduce antinutritional compounds while enhancing digestibility and functionality, mapping how protein,
starch, and fiber fractions behave under different extraction and modification strategies. It also highlights cultivar-dependent variations, techno-functional
behavior of faba bean ingredients, and structural mechanisms that control their performance in foods. The manuscript establishes a scientific basis for
ingredient development, enabling the design of improved plant-based formulations and biorefinery processes. Relevance of the work to advance research and
impact to the field of food science and technology. The work is relevant for strengthening sustainable food systems and accelerating the transition to plant-based
ingredients. By connecting agronomic advantages, biorefinery strategies, and the functional performance of macromolecules, the manuscript supports the
development of cleaner, efficient, and economically viable processes for faba bean utilization. The detailed discussion on proteins, starches, and fibers provides
guidance for researchers working on alternative proteins, dairy and meat analogs, functional foods, and circular bioeconomy models. The review has strong
potential to shape future research directions, especially in ingredient engineering, reduction of antinutritional factors, and the industrial adoption of
underutilized legumes.

1 Introduction

Legumes offer excellent agronomic and nutritional benefits;
however, their global consumption remains relatively low. This
can be attributed to diets that rely on only a few species, such as
beans and soybeans, while some legumes are classified as
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underutilized. Nevertheless, these legumes play a crucial role in
mitigating malnutrition and chronic diseases."> Moreover, they
can undergo biorefinery processes, an innovative concept aimed
at converting biomass into a wide range of high-value-added
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products.®* Faba bean (Vicia faba) is one such example, still
underutilized as a food source in various regions despite its rich
nutritional profile and significant role in preventing chronic
diseases e.g., cardiovascular diseases, cancer, diabetes, and
obesity. Additionally, it is useful in the treatment of Parkinson's
disease and is recognized as an effective nutraceutical for
hypertension control.* Its high starch content and absence of
cholesterol make it a viable alternative for combating global
malnutrition.® Furthermore, it is an excellent source of proteins,
fibers, minerals, vitamins, and bioactive compounds with
health benefits.***

The chemical composition of faba bean (FB) is influenced by
factors such as genetics, cultivation practices, soil, and climate,
which directly impact the concentration of nutrients and
bioactive compounds.® These factors determine their applica-
tions in the food industry and reinforce their potential for
global food security.®* In addition to being underutilized, FB
use is restricted due to the presence of antinutritional
compounds, such as vicine and convicine.**> To overcome this
challenge, biorefinery emerges as an effective alternative,
enabling the full utilization of FB and valorization of by-prod-
ucts.” This sustainable process, as highlighted by Dragone
et al.,* optimizes resources, reduces waste, and contributes to
closing material cycles, strengthening the circular economy and
expanding the potential applications of FB in the food, phar-
maceutical, and energy sectors.

The aim of this review is to comprehensively analyze the
sustainable potential of FB, highlighting biorefinery as a solu-
tion to the challenges posed by its antinutrients, as well as
exploring the application of FB in the production of proteins,
starches, and fibers. Furthermore, we discuss the role of FB in
the food industry and related sectors, positioning it as an
innovative source of ingredients with nutritional, technological,
and sensory benefits.

2 Biorefinery; principles,
technologies, and applications in
biomass valorization

Augustin & Cole® emphasize the urgent need for a radical
transformation of the global food system to achieve the United
Nations Sustainable Development Goals (SDGs). These goals
aim to promote sustainability through environmental preser-
vation and ensure the equitable distribution of food and social
policies. Goal 12 stands out by establishing sustainable
production and consumption standards, including the imple-
mentation of a ten-year plan for the efficient management of
natural resources and the reduction of food waste."* Ensuring
food security while protecting human health and the environ-
ment requires fundamental changes. To achieve this, it is
essential to foster innovation and develop more sustainable and
healthy food systems that balance environmental preservation
with fair economic growth.'>'® Additionally, the transition to
a green economy, balancing economic development and envi-
ronmental conservation, is crucial for long-term adaptation. In
this context, integrated management policies that prioritize
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conservation, efficiency, renewable energy, education, and
awareness are essential for the sustainable use of natural
resources.'”'®

Biorefinery is conceptualized as a sustainable system for
processing biomass to produce a wide range of marketable bi-
oeconomic products, including ingredients for human and
animal food, chemicals, materials, and bioenergy. According to
Dragone et al.,® the concept of biorefinery extends beyond the
sustainable conversion of biomass, encompassing its integra-
tion into a broader context that incorporates environmental,
economic, and social dimensions. Emerging as an economy
that offers new practices and opportunities, the development of
biorefinery faces challenges that require adaptive strategies to
meet new demands and discoveries.® In this context, promising
opportunities arise in the biological value chains of agricultural
and forestry biorefineries, as well as in the bioprocessing of
secondary food and agro-industrial streams." The success of
this model is contingent upon technological advancement and
collaboration between government, industry, and the techno-
logical sector, with the goal of structuring production chains
that generate economic and social benefits.*

Innovation in techniques and technologies is essential for
the advancement of biorefineries focused on the circular bi-
oeconomy, aiming to optimize processes and develop new food
products.’® However, the development of food ingredients still
occurs in a fragmented manner, hindering sustainable prog-
ress. Augustin & Cole® emphasize the importance of an inter-
disciplinary approach that integrates agriculture, nutrition,
materials science, and processing, fostering a more efficient
and innovative supply chain. According to Lange & Meyer,'® new
trends in biorefining are driven by strategic government
investments in partnerships with academia to promote green
growth, as well as by commercial incentives. The valorization
and processing of secondary streams are essential to ensure the
competitiveness and flexibility of traditional large-scale agri-
cultural and food processes, such as those producing starch and
plant proteins.

In the case of FB, Karlsson et al.>* emphasize that main-
taining FB in animal feed while exploring biorefinery alterna-
tives, such as integrated protein and bioenergy production, can
provide substantial environmental benefits. The combination
of these alternatives may contribute to reducing greenhouse gas
emissions and increase the efficiency of natural resource use,
such as water and land. However, the full harvest of FB crops
may result in negative impacts on soil health, compromising
organic carbon stocks and impairing soil fertility. This can
negatively affect the long-term sustainability of agricultural
practices. Therefore, FB biorefinery presents significant oppor-
tunities for improvement, mainly through the development of
more sustainable agricultural practices and technologies that
allow for greater nutrient recovery from the soil, promoting
more efficient and environmentally responsible exploitation.

In light of the above, it is important to present the essential
aspects of FB, e.g., their market characteristics and cultivation,
including morphology, distribution, and advantages, in order to
fill the gaps in current knowledge on the subject. The focus is
also on FB, investigating its antinutrients present, the
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challenges they impose, and the strategies to mitigate them,
aiming to clarify their limitations and solutions. Additionally,
the biochemical aspects of the main macromolecules, such as
starch, proteins, and fibers, are analyzed, providing crucial
information to optimize the utilization of FB, highlighting their
potential for biorefinery and future applications.

3 Market and cultivation of faba
beans; morphology, distribution, and
advantages

FB were identified as early as 7000-8000 BC in Tell el-Kerkh,
northwest Syria, and approximately 8000 BC in the southern
Levant, standing out as one of the oldest, most diverse, and
essential cold-climate food legumes, with high nutritional
value. Originating from the Fertile Crescent and the Middle
East, it was domesticated millennia ago and is now widely
cultivated in various environments around the world as an
annual crop.””* Additionally, their culinary versatility and the
variety of preparation methods make them a valuable ingre-
dient in food.* With an annual production of approximately 4.5
million tons, derived from about 2.5 million hectares culti-
vated,” FB are the fourth most widely grown cold-season
legume in the world, ranking behind only peas (Pisum sat-
ivum), chickpeas (Cicer arietinum L.), and lentils (Lens culinaris
Medik.).

FB has erected, rough stems that can reach heights of 0.3 to 2
m, often with one or more hollow stems at the base, forming
a thick growth habit. Its compound leaves are large, containing
oval or lanceolate leaflets up to 8 cm in length, giving them
a lush appearance. Each cluster can produce 1 to 4 cylindrical
pods that are initially green and smooth. The pods are long,
curved, and vary in shades of green, providing a fleshy and
protective texture for the seeds. These seeds are oval, glossy,
measuring 1 to 2 cm in length, and exhibit a variety of colors.
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Seed size varies significantly within each variety and cultivar,
influenced by their position in the pod (Fig. 1). FB varieties
show diversity in seed size and coloration, with smaller seeds
often used in animal feed and as cover crops, while medium to
large seeds are consumed either dry or fresh.”***”

Unlike most legumes, whose germination is affected by low
soil temperatures, FB exhibit high tolerance to these conditions.
As one of the few grain legumes adapted to cold climates, its
seeds show greater resistance to thermal stress, favoring culti-
vation in regions with short growing seasons. This species is
widely cultivated in various parts of the world, especially in
temperate climates, where it thrives in well-drained, nutrient-
rich soils. The largest FB-producing countries today are Aus-
tralia, Brazil, China, France, Germany, India, Indonesia, Japan,
Russia, South Korea, the United Kingdom, the United States,
Canada, Italy, and Spain, located in diverse regions around the
world.®

Although sensitive to intense frosts, its planting in the fall is
common in regions with moderate winters. However, high
temperatures and water deficit can compromise flowering and
pod formation, requiring proper management to optimize
productivity.””*® Displaying wide adaptation to various soil
types, FB prefer a pH between 6.5 and 8. In soils with a pH < 5.5,
the ability to fix atmospheric nitrogen is compromised, nega-
tively impacting production. Among the legumes cultivated in
the fall-winter season, FB exhibit the highest tolerance to excess
water in the soil. However, waterlogging during the flowering
phase can negatively affect yield, causing persistent effects even
after soil drainage. The ideal sowing period varies according to
climate, being in the fall for moderate climates and in late
winter or early spring for colder regions. In Mediterranean
regions, they are planted at the end of summer and harvested in
the fall*>>+3°

With a rapidly growing global market in recent years, FB are
widely cultivated across all inhabited continents. However, this
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Fig. 1 Faba bean characterization; morphology, national productivity (base year 2023), and climate requirements.
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growth is subject to variations influenced by factors such as
climatic conditions, commercial demand, agricultural policies,
and technological advances in the production sector.*® Accord-
ing to recent estimates, the global FB market value increased
from USD 3.06 billion in 2020 to USD 3.18 billion in 2021, with
a compound annual growth rate (CAGR) of 3.77%. This growth
is primarily driven by the rising demand for natural and plant-
based proteins. Projections indicate that the market will expand
from USD 3.41 billion in 2023 to USD 3.51 billion in 2024, with
a CAGR = 2.9%, reaching USD 3.47 billion in 2025, with a CAGR
=2.19%, and USD 4.09 billion by 2028, with a CAGR of 3.9%.>*%!
Between 2023 and 2032, a significant increase in FB market is
forecasted, with estimates pointing to an increase in market
value from 8.9 million tons in 2023 to 12.5 million tons in 2032.
This represents a global CAGR = 3.9%.*

The projected growth in FB market is driven by several
factors, including the increasing interest in sustainability and
eco-friendly production methods, the growing adoption of
plant-based fermentation processes, consumer preference for
natural products and clean labels, the expansion of export
opportunities, and the ongoing trend towards plant-based diets.
Future key trends are expected to include the development of
innovative fermented ingredients, an increased focus on
personalized nutrition, greater attention to probiotics and gut
health, the growth of artisanal fermentation practices, and
continuous technological advancements in the industry.

In 2022, Brazil recorded a production of 12 061 tons of FB,
cultivated on an area of 35 609 hectares, with an average yield of
339 kg per hectare, resulting in an estimated production value
of 90 396 thousand reais.** However, updated data from IBGE**
indicates a decrease in production indicators compared to the
previous year. The variation in productivity can be attributed to
several factors, including growing conditions, adopted agricul-
tural practices, and the varieties cultivated. In 2023, FB
production was 10372 tons, with a harvested area of 33153
hectares, an average yield of 313 kg per hectare, and an esti-
mated production value of 82454 thousand reais. Table 1
presents the states responsible for FB production.

FB plays a key role in agriculture, contributing to increased
soil fertility and promoting sustainable farming practices. Its
biological nitrogen fixation capacity is remarkable, surpassing
other legumes such as peas and lentils.>>*” Furthermore, its

Table 1 Faba bean production in Brazilian states in 2023 (IBGE, 2023)
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wide adaptability allows for cultivation in various climatic
conditions, making it a versatile crop in different regions.*>*”
The cultivation of FB may play an important role in pest control,
as its plant characteristics attract a wide variety of predators and
parasitoids.*® Additionally, its complex structure may favor the
presence of arachnids, raising the hypothesis that FB could
increase the density of arthropods acting as natural biological
control agents, even as an annual monoculture. Therefore, it is
suggested that proper management of its habitat could enhance
ecosystem services related to natural biocontrol.*****

With rapid growth and high biomass production, FB stands
out for its tolerance to stress caused by trace elements, posi-
tioning it as a promising candidate for phytoremediation.
Phytoremediation is a technique used for the removal, immo-
bilization, or degradation of contaminants from soil and water,
minimizing environmental impacts and health risks. When
incorporated into crop rotation systems, FB becomes a valuable
tool for farmers seeking more sustainable agricultural practices.
In addition to increasing the yield of subsequent crops and
reducing the environmental footprint, it contributes to
improving soil fertility when grown in mixed cropping systems,
enabling its efficient combination with other crops.**® Accord-
ing to Mexe et al.,* the incorporation of FB into crop rotation
systems not only promotes diversification but also plays
a significant role in optimizing farm management. With rela-
tively low installation costs and considerable potential to
improve soil quality, the crop emerges as an attractive alterna-
tive from an economic perspective. It is highlighted that its
interaction with nitrogen-fixing bacteria allows cultivation
without the need for nitrogen fertilization.?>**

Agroforestry, which involves the simultaneous cultivation of
two or more crops, is an efficient strategy to optimize the use of
resources such as water, nutrients, light, and temperature,
promoting plant growth and productivity. Additionally, this
practice fosters beneficial interactions between crops and soil
microorganisms, creating more favorable conditions for plant
development.*® When grown in association with cereals, tubers,
and vegetables, FB enhance the quality of food crops, as they
have the ability to improve soil health.***® According to Marcos-
Pérez et al.,** even with a 30% reduction in fertilizer application,
the presence of FB in the intercropping system contributes to an
increase in the total nutrient production, regardless of the

Production value Quantity produced Harvested area Average yield
State (RS) (tons) (hectares) (kg per hectare) Largest producing city
Ceara 26.996 3.514 14.695 239 Tarrafas — CE
Paraiba 25.948 3.260 9.231 353 Alagoa Grande - PB
Pernambuco 11.694 1.405 4.082 344 Surubim - PE
Rio Grande do Norte 6.257 669 1.854 361 Tenente Laurentino Cruz - RN
Piaui 5.512 661 1.965 336 Tanque do Piaui - PI
Alagoas 2.992 541 500 1.082 Boca da Mata - AL
Maranhao 1.482 190 672 283 Passagem Franca - MA
Tocantins 1.387 94 101 931 Centenario - TO
Sergipe 134 26 46 565 Pacatuba - SE
Rio Grande do Sul 51 12 7 1.714 Venancio Aires - RS
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cultivation model adopted. Thus, they become an essential
component in the sustainable intensification of agricultural
systems, contributing to the improvement of biodiversity,
ecosystem services, and the reduction of dependency on
nitrogen fertilizers in food production.?”*

4 Antinutrients in faba bean;
challenges and reduction strategies

Pereira et al.*> highlight that, with the increasing interest in
diversifying diets through the consumption of food crops, it is
essential to understand the bioavailability of nutrients from
plant foods during digestion, also considering the effects of
antinutritional compounds. Although antinutrients are often
seen as harmful, a balanced intake of these compounds can
actually bring health benefits, especially in the context of
nutraceutical and functional properties. In order for these
benefits to be realized, it is crucial to adopt proper processing
techniques that reduce the formation of undesirable
compounds.

FB are an excellent source of proteins, fibers, minerals,
vitamins, and bioactive compounds that offer various health
benefits.**® However, their use has been limited due to the
presence of antinutritional factors, typical of legumes. Among
these compounds, notable ones include trypsin inhibitors,
lectins, phytic acid, saponins, condensed tannins, as well as the
pyrimidine glycosides vicine and convicine, which are concen-
trated in the cotyledons of the seeds, both fresh and dried.*"**
Chemically, vicine 1is defined as 2,6-diamino-4,5-di-
hydroxypyrimidine-5-(B-p-glucopyranoside), and convicine as
2,4,5-trihydroxy-6-aminopyrimidine-5-(B-p-glucopyranoside).*
Due to their adverse effects, several studies have aimed to
modify their biosynthesis in order to reduce or eliminate the
presence of these antinutrients.'"*?

The concentration of vicine and convicine in fresh or dry
faba seeds is influenced by their interaction with other
constituents, especially starch and protein, which are predom-
inant in their composition. Additionally, environmental factors
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play a significant role in the variation of these compounds,
leading to differences between cultivars and growing years.
Despite advancements in the development of varieties with up
to a 90% reduction in concentration, complete elimination has
not yet been achieved.”** The levels of vicine and convicine in
different FB-derived products are shown in Table 2, high-
lighting variations related to the treatments applied and the
varieties used. Accordingly, treatments such as sonication have
a significant impact on reducing the levels of vicine and con-
vicine, which is relevant for improving the nutritional quality
and reducing the antinutritional effects of FB. Additionally, the
variations between different varieties emphasize the impor-
tance of selecting those with lower concentrations of these
compounds, whether for food consumption or industrial
applications.

These antinutrients are hydrolyzed by a native B-glucosidase,
resulting in the formation of the aglycones divicine and iso-
uramil. The ingestion of vicine and convicine, present in FB,
can cause favism in individuals with a genetic deficiency of
glucose-6-phosphate dehydrogenase (G6PD) in erythrocytes
(Fig. 2), leading to hemolytic anemia, which can be fatal.
Furthermore, these compounds have been shown to decrease
feed efficiency in monogastric animals. In parallel, some strat-
egies are exploring to remove these components from food
matrices. This process aims to enable the development of
protein isolates and derivative products free from these anti-
nutrients, allowing for their broader and safer application in the
food industry.*>*¢

According to Khazaei et al.,” a faba line with low levels of
vicine and convicine was identified in the 1980s and incorpo-
rated into modern cultivars, being considered safe for individ-
uals with G6PD deficiency. A robust molecular marker now
enables assisted selection to reduce these compounds.
However, its biosynthetic pathway is still not fully elucidated
and remains under investigation. It is worth noting that
a coordinated international effort has been advancing this
understanding, which could lead to even greater reductions or
even the elimination of these substances. In response to these
challenges, the elimination of vicine and convicine has been

Table 2 Content of the main pyrimidine glycosides (vicine and convicine) in faba products

Pyrimidine glycosides
Products Vicine Convicine References
Raw flour 4.92 (mg per g DM) 3.91 (mg per g DM) 44
Native protein 3.80 —
Sonicated protein (5 min) 3.67 —
(10 min) 3.58 —
(15 min) 3.58 —
(30 min) 3.64 —
(45 min) 3.64 —
(60 min) 3.56 —
Protein isolate — 0.30 (mg per g DM) 45
2.18 (mg per g DM) 1.52
Flour from the Alexia variety 5.647 (ngg ) 2.032 (g g ") 2
Flour from the Boxer variety 6.818 2.707
Flour from the Gloria variety 7.014 1.906

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a central goal in FB genetic improvement programs worldwide.
Recently, the development of cultivars with low levels of these
antinutritional glycosides has represented a significant
advance, expanding the safe usage possibilities of this legume.
This progress is particularly meaningful, as it allows FB to be
more widely used in human and animal food, mitigating the
risks associated with the consumption of these toxic
compounds.*>***%* It is important to note that the higher initial
costs of these lines are associated with investments in research
and genetic improvement, as well as expenses related to the
production of seeds for specific varieties.

To enhance the nutritional value of FB and make it more
suitable for consumption, various methods are applied to
reduce its antinutritional factors. Among the main techniques
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used are peeling, soaking, cooking, autoclaving, germination,
extrusion, fermentation, and enzymatic treatment (Fig. 3).
According to Pereira et al.,*” soaking in distilled water or an
acidic solution stands out for reducing wundesirable
compounds, such as convicine. Thermal cooking improves
protein digestibility and reduces antinutrients, with autoclaving
proving to be more efficient than traditional boiling. Extrusion,
a high-shear and short-time technique, significantly contributes
to the reduction of antinutritional factors and enhances the
sensory properties of the food. Fermentation is also an effective
method, as it promotes the hydrolysis of antinutrients through
microbial action. In this context, the use of microorganisms
such as Lactobacillus bulgaricus and Bacillus subtilis has shown
good results in eliminating these undesirable compounds. In
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Fig. 3 Most common industrial processes for reducing antinutritional factors in faba products and by-products.
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Fig. 4 Concept of faba bean biorefinery as a means of developing new food ingredients for industrial applications.

addition to these strategies, Pereira et al.** also highlight the
importance of gamma irradiation, which helps reduce trypsin
inhibitors, phytic acid, and oligosaccharides associated with
flatulence, as well as dielectric heating, performed by micro-
wave or radiofrequency, which contributes to the reduction of
tannins, saponins, and phytic acid while improving protein
digestibility.

Lu et al.*® studied the extraction of wet protein from dry FB
with the goal of minimizing antinutritional factors, applying
response surface methodology. To overcome the limitation of
the presence of antinutritional compounds, the researchers
developed an extraction method based on an aqueous alkaline
process followed by isoelectric precipitation with different salt
concentrations. This procedure resulted in the extraction of
15.8 g protein/100 g flour, with a protein content >83% in the
final extract. Moreover, the technique proved effective in
reducing antinutrients, lowering phytic acid (28.0%) and lectin
(87.5%) levels. It is worth noting that the protein extraction
resulted in a significant reduction of vicine and convicine in FB
flour. While the flour contained 1238 pg g~ * of vicine and 37.9
ug g ' of convicine, in the protein isolate, these values dropped
to 19 ug g ' and <1 pg g ', corresponding to reductions of
98.5% and 99.7%, respectively.

Tuccillo et al.* identified that vicine and convicine are
associated with unpleasant flavors, with their derivatives being
responsible for bitterness, although this relationship has not
been extensively investigated. It is highlighted that the presence
of free phenolics, along with these compounds, has been linked
to intense residual flavors, bitterness, and a dry mouthfeel.
Furthermore, lipid oxidation products have been associated
with pea, cereal, and unpleasant odors and flavors. Based on
this, it provides an additional reason for controlling these
compounds. After removal during processing, FB can be used in
a wide range of protein-rich products, offering a sustainable
alternative to animal-derived protein sources, in line with
current consumption trends.*

© 2025 The Author(s). Published by the Royal Society of Chemistry

5 Proteins of faba bean

Fig. 4 illustrates the process of converting dried FB seeds into
grains, which, after undergoing biorefinery processes, are
transformed into high-value macromolecules such as protein
isolates, fibers, and starch. FB are a promising source of plant-
based protein due to their high concentration of native protein,
making them economically viable for the production of protein
derivatives.”® Their protein fractions exhibit differences in
amino acid (AA) composition, physicochemical properties, and
molecular weight. Among these fractions, the salt-soluble
globulin, which accounts for 40-50% of the total seed protein,
is particularly notable, along with the water-soluble albumin
(12-16%), prolamin (2-4%), and the alkali-soluble fraction
(20-30%).7>%% According to Table 3, significant variations in AA
profile of the Alexia, Boxer, and Gloria FB varieties highlight the
importance of selecting the variety for food applications aiming
for an optimized protein profile.

According to Oluwajuyitan & Aluko,* the protein fractions of
albumin, globulin, and glutelin from FB contain a variety of
AAs, including: hydrophobic (alanine, valine, isoleucine,
leucine, tyrosine, phenylalanine, tryptophan, proline, methio-
nine), positively charged (histidine, lysine), negatively charged

Table 3 Amino acid content in different faba bean varieties.?

Varieties of faba beans

Amino acids Alexia Boxer Gloria
Histidine 28.2 33.6 31.0
Isoleucine 23.4 33.1 25.8
Leucine 55.0 72.1 58.0
Lysine 49.7 65.4 52.4
Phenylalanine 30.5 36.6 33.3
Threonine 28.6 37.3 32.1
Valine 26.0 42.3 38.4
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(asparagine, glutamine, and glutamic acid), aromatic (phenyl-
alanine, tryptophan, and tyrosine), sulfur-containing (cysteine
and methionine), and branched-chain AAs (valine, isoleucine,
leucine). Additionally, FB is rich in essential AAs e.g., histidine,
isoleucine, leucine, lysine, methionine, phenylalanine, threo-
nine, tryptophan, and valine. The main storage proteins, such
as glycinin, phaseolin, and vicilin, are predominantly located in
the cotyledon and embryonic axis of the seeds.” In FB, the
proteins are divided into two main fractions: globulins, which
account for >80% of these fractions, composed of legumin,
vicilin, and convicilin, known as 11S and 7S based on their
sedimentation coefficients in ultracentrifugation. Additionally,
albumins present a balanced nutritional profile, characterized
by a high content of lysine and sulfur-containing AAs such as
methionine and cysteine.

With its richness in lysine and other essential nutrients, FB
stands out as a significant source of nutritional compounds.
Additionally, it contains levodopa (1-DOPA) a precursor to
dopamine, which holds potential as a bioactive compound for
the treatment of Parkinson's disease.*® This protein composi-
tion is essential in determining the nutritional and functional
quality of FB as a source of plant-based protein.'>** Warsame
et al.>® analyzed different FB genotypes and identified over 100
proteins, highlighting its complex proteome. Mass spectrom-
etry revealed that most of the analyzed bands contained
multiple protein types, including 15 polymorphic bands with
variations in the a-subunits of legumin. Rare subunits of 36 and
40 kDa were detected in the genotypes LG Cartouche and
NV657, respectively, and were classified as legumin type B and
type A. These variations may influence the genetic composition,
nutritional quality, and processing of seed protein. In addition
to storage proteins, other functional classes were identified,
such as lipoxygenase, heat shock proteins, sucrose-binding
proteins, albumin, and defensins.

The functional properties of a protein are directly dependent
on its 3D conformation, which can be altered by physical,
chemical, or biological interventions. These structural changes
result in significant modifications in its functionalities.
Processes such as partial denaturation and controlled aggre-
gation are used to improve the solubility, thermal stability,
foam formation, and emulsification of plant proteins.***”*® The
3D structure of proteins is fundamental to their biological
functions, and any alteration can significantly impact their
activity and effectiveness. These modifications can influence
the protein's interaction with other molecules, its ability to
catalyze specific chemical reactions, or its affinity for receptors
in target cells. Depending on the desired application, these
changes can impart distinct characteristics to the final prod-
ucts, adding value to them.**’

The breaking of disulfide bonds in FB proteins involves the
rupture of covalent links between sulfur atoms present in these
proteins. This phenomenon can be triggered by various condi-
tions, such as changes in pH, temperature, or enzymatic action,
resulting in alterations in the structure and functional proper-
ties of FB proteins. Understanding this process is crucial for
controlling the properties of FB proteins in various applica-
tions, such as in the food industry and biotechnology.'®*”
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Solubility and water-holding capacity are essential indicators of
protein quality, particularly as functional food ingredients. The
isoelectric point of FB proteins is approximately pH 4.0, where
their solubility is minimal. However, as the pH increases, the
solubility of the proteins gradually increases, reaching its
maximum around pH 8.0.*%*7¢

The physicochemical and techno-functional properties of
proteins extracted from FB make them suitable for various
applications in the industry. However, compared to soy
proteins, they tend to have lower solubility and gelling capacity.
These characteristics are directly related to the type of protein,
its chemical composition, AA sequence, and secondary and
tertiary structures.***® The foaming properties of protein prep-
arations, derived from their chemical structure, represent
a relevant functional characteristic.> The increasing presence
of plant-based protein products in the global market highlights
the potential of FB products to significantly contribute to this
market."®

The ability of proteins to influence the texture and sensory
properties of final products is a key factor. In the case of FB
proteins, their use is determined by their emulsifying and
foaming properties, as well as their ability to form gels.®>**
Various technologies have been developed for the use of FB
whole flour and its enriched fractions. Among these, starch and
protein concentrate stand out, obtained through dry fraction-
ation and air classification, as well as the protein isolate,
produced by wet fractionation. These ingredients are employed
in the production of dairy analogs, meat, and other foods and
products. However, challenges related to taste, odor, and
texture remain, and their causes are currently being investi-
gated.’ Plant proteins have relatively limited functionality
compared to animal-based proteins, which can restrict their
applications in various food products. This factor must be
considered when developing new formulations.*® Additionally,
the use of technologies capable of modifying their structures
can enhance their techno-functional characteristics and
address the challenges faced in using plant proteins as ingre-
dients in food products.*

Table 4 presents studies that have evaluated FB proteins,
including their extraction process, components, and techno-
functional characteristics. Badjona et al.** emphasize that the
reduction of pyrimidine glycoside levels suggests that aqueous
extraction could be crucial for obtaining higher protein purity.
On the other hand, Krause et al.** (2023) noted that the proteins
exhibited larger size and lower water solubility, which contrib-
utes to their optimal digestibility and high foam stability. Due
to the low solubility, the most suitable applications for these
proteins would be in solid matrices, such as alternatives for
baked goods. Krause et al.** reported that the analyzed proteins
are smaller in size and have a high foam formation capacity,
although with lower digestibility. These characteristics make
them promising for use in plant-based beverages that are both
foamy and protein-rich. The functionality of the proteins is also
influenced by the purity of the protein fraction.®> The authors
highlighted that the protein composition of FB affects the
textural properties of gels, with gels formulated from protein
isolates showing significant differences compared to those

© 2025 The Author(s). Published by the Royal Society of Chemistry
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made from blends, even when the solid content is kept
constant.

Regarding FB flour, it stands out for its high protein content,
reaching 27.5% in its raw form, a value higher than that of yellow
pea flour.*”®* However, its protein matrix is strongly associated with
starch and fiber, which makes digestion more difficult. While
germination does not significantly alter the protein composition,
it increases a-amylase activity, which can modify protein solu-
bility and influence their functional properties. Additionally,
studies show substantial differences between cultivars in terms
of nutrients and antinutrients, directly impacting the bioavail-
ability of nutrients.” Therefore, the nutritional gain from FB
varies depending on the cultivar used, a crucial factor for opti-
mizing its use in different food application.

6 Starches in faba bean

Starch is the main component of FB, constituting between 22%
and 45% of the seed.** It is primarily composed of two poly-
mers: amylose and amylopectin. These two polymers, formed by
repeated units of glucose linked by glycosidic bonds, account
for approximately 98-99% of starch by dry weight.®® Amylose
consists of a-(1 — 4) p-glucopyranosyl units, while amylopectin
is made up of branched chains of glucans, with branching
occurring through a-(1 — 6) linkages at the reducing ends. The
ratio between amylose and amylopectin, as well as the presence
of minor starch components, varies depending on the botanical
origin and variety of legumes.*”

It is important to highlight that the methods currently used
to quantify amylopectin may present inaccuracies, indicating
the need for more refined and reliable approaches.®® The
structure of amylopectins in FB starch shows a lower proportion
(21.5%) of branched chains with a degree of polymerization
(DP) between 6 and 12, in contrast to a higher proportion (56%)
of branched chains with a DP = 13-24. The average length of the
branched chains in amylopectins is approximately 20.4 (DP).*®

Sofi et al.*®® observed a wide variety of shapes in FB starch
granules, including oval, round, elliptical, and irregular forms,
characterized by the presence of cavities on their surfaces. The
polymorphic structure of starch can be categorized into three
main forms: A, B, and C. While type A polymorphs are
predominant in cereal starches, type B polymorphs are more
common in starches from tubers and cereals with high amylose
content. Type C polymorph, a mixture of types A and B, is
considered intermediate and is commonly found in starches
from legumes.” FB-derived starch is a complex macromolecule
widely used due to its versatility, playing an important role not
only in the food industry but also in various industrial sectors.
Its functionality can be enhanced through physical, chemical,
and enzymatic modifications.®” It shows limited solubility and
restricted swelling, but greater solubility at intermediate
temperatures compared to cereal starches. Its structure features
longer branched amylopectin chains and a type C polymorphic
arrangement, which significantly contribute to its functional
properties and the final product quality. FB starch stands out as
an excellent substitute for industries traditionally reliant on
corn starch.®® Despite its potential, research on FB starch
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remains limited, and the exploration of new methods could
reveal even broader industrial applications. Its physicochemical
properties, such as amylose leaching, swelling, and solubility,
vary depending on the integrity of the starch and the presence of
fissured granules. Additionally, the granules exhibit a relatively
low leaching temperature range, suggesting significant leach-
ing, possibly due to weaker molecular interactions.®

The exact effects of storage temperature on the starch structure
are not yet fully understood. These structural changes reflect the
complexity of FB starch and its relationship with the grain
composition. Furthermore, FB starch exhibits relevant physico-
chemical properties, such as a pH of 7.23, water absorption
capacity of 1680 g kg™, oil absorption capacity of 1790 g kg™, and
an apparent density of 0.95 g L™ The extraction of FB starch
presents a high amylose content (33.55%), which has a direct
impact on fundamental properties such as gelatinization, retro-
gradation, and resistance to enzymatic digestion. The type C
crystalline pattern, characteristic of this starch, influences its
solubility and swelling capacity, essential factors for determining
its applications in products that require greater thermal stability
and resistance during processing. These properties make FB
starch a promising alternative in various fields, including the food
and pharmaceutical industries, where the modulation of these
characteristics is crucial for the development of products with
optimized performance.” It is essential to emphasize the classi-
fication of starches based on their degradation rate in the intestine
and subsequent glucose absorption into the bloodstream: rapidly
digestible, slowly digestible, and resistant starch. Both rapidly and
slowly digestible starch are completely digested in the small
intestine; however, slowly digestible starch is processed at a slower
rate.”” The consumption of rapidly digestible starch leads to
arapid increase in blood glucose levels due to its quick digestion.*

Regarding enzymatic digestion resistance, FB starch exhibits
low proportions of rapidly digestible starch and a predomi-
nance of resistant starch. It is known that structural factors, e.g.,
the starch source and amylose content, influence its digest-
ibility, while cooking has less impact. However, post-cooking
storage, particularly drying, further reduces digestibility,
resulting in lower hydrolysis rates and an increase in resistant
starch associated with fiber. These findings highlight the
complexity of FB starch digestion and its potential impact on
health.*****” Moussou et al. (2019) support this topic, present-
ing results in which FB have high levels of non-amylose poly-
saccharides, with an average of 172.26 mg g~ *. It highlights that
the digestibility of starch in FB flour was slower compared to
other legumes, showing a higher content of slow-digesting
starch and a lower content of resistant starch. Therefore, FB
have significant potential as a nutritious and healthy food
ingredient. Table 5 provides detailed information on the prop-
erties of FB starch.

According to Zhang et al.,”* FB starch requires more energy
for gelatinization due to its high crystallinity. This increase in
crystallinity results in a broader gelatinization temperature
range and a higher gelatinization enthalpy. On the other hand,*
reported lower crystallinity and gelatinization enthalpy,
implying a faster and more efficient gelatinization process.
Additionally, this isolated starch exhibited reduced pasting

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2 gg g viscosity but a high gelation capacity, favoring the formation of
% “ g & firmer and more stable gels. This characteristic makes FB starch
8 g E Z particularly interesting for applications in food products, e.g.,
& Qe gelatin substitutes and thickeners, as well as a promising
. . R 8 EP oy alternative for industries seeking ingredients with good gelation
S5SR558858 B4 %bf and texturization properties. Johansson et al.®> observed that
HREPEEEEEE R TR [ rasion PIoperes. 1
2l B NsgNgg® 5203 the substitution of protein with starch reduced gel fracture
S a 2 é a 2 82 a 2 é l g _E“ @ stress and deformation. In the analyzed gels, protein formed the
. &3 %}g continuous phase, while starch granules were dispersed
S S % s N . % i% = throughout the matrix. These changes in textural properties
sg2dgegss ¢ £ g were influenced by water adsorption and the structural rein-
S 8 % : ‘3 & : é % 2 %‘a o g; forcement provided by the protein components. Additionally,
a e R .%"% £ % Gangola et al.” reported that adding FB flour and starch isolate
= :E ‘5% increased the concentrations of protein and starch, altering the
‘é% g s structure of amylopectin. The in vitro digestibility of starch was
i o g E influenced by glucan chains, with short chains promoting
Q '0\32 ;E digestion, while medium and long chains reduced digestibility.
g g% 2 Setia et al.®* highlight that starch in FB flour makes up 43.3%
= s of its raw composition, with digestibility lower than that of
z g é(\_l) § yellow pea flour due to its association with proteins and fibers.
= ‘2 g8 During cooking, digestibility increases significantly through
g § g% gelatinization, which facilitates the hydration and breakdown
g 28 2 of starch. This process also alters the viscosity and texture of the
© o § %%» flour, affecting its application in food products. Digestibility
?\ig LI varies depending on the cultivar, cooking conditions, and
. 2y g5 interaction with other components of the food matrix, making it
2 = g 28 essential to understand these modifications to optimize its use
= § g T in food formulations. Sudrez-Diéguez et al’* developed and
¢ & QQE‘ optimized a lab process to obtain resistant starch from FB,
_ % % ;% using a retrogradation technique to increase its content. This
g é 83 §0 study demonstrated that FB starch can be a potential functional
@ lﬁ“% ) ingredient due to its reduced and slower digestibility.” Among
g &:« g gg the techniques, wet milling is the most common method for
= SS0w starch extraction, with yields ranging from 33% to 48%. FB
_‘5 é)- i é- starch has a high resistant starch content (46.7%), low levels of
o § 8 'E'mi;ﬁb rapidly digestible starch (15.3%), and slowly digestible starch
o< g ) £ (34.5%).” Additionally, it has low solubility (9.92 g/100 g) and
g = OG;-E é swelling power (12.67 g g~ %), due to the strong bonding forces
= “?‘E’ és between the granules.”
2285 Studies on the rheology of legume starches indicate textural
_ & § el g and solubility variations, influenced by composition and gran-
5 & —ﬁ % § = ular structure.®®”* FB starch shows an increase in swelling with
T temperature, followed by a reduction above 85 °C, a behavior
. g (g I E associated with its amylose content and the semicrystalline
g ) é gg é structure of the granules.” The moderate viscosity of FB starch
§ E %g 28 places it between corn starch, which forms thicker pastes, and
- < § E § b wheat and pea starches, which have lower thickening capacities.
§ 2 | ow ° - ‘\?')é g E{Q{ Additionally, its lower solubility and greater thermal stability,
g 5 2| < ~ q \:_:f E -g compared to other legume starches, give FB starch potential for
5 Eo £3 industrial applications that require shear resistance and control
- g % % over retrogradation. In this context, it stands out as an inter-
- = % = ; X ; <8 ‘i g mediate alternative, ideal for products that require moderate
s 58S % = B E consistency, thermal stability, and balanced properties of
@ E =2 Tz E = % E? i g gelatinization and retrogradation.” Among the notable char-
" 8 £3 £g £R %_g & ,g acteristics of FB starch, its high degree of crystallinity stands
2 S| Eg E5 Es > EEK out, requiring more energy for gelatinization.” The high gela-
i El 8¢ &8 o< « I 83 tinization temperature, viscosity during pasting, rapid
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retrogradation, gel elasticity, and relatively low digestibility are
attributed to its high amylose content.®* Studies on legume
starches highlight gelatinization as an essential process in
thermal properties, marked by the transition from an ordered to
a disordered structure.***

Retrogradation involves the reformation of double helices by
amylopectin chains, resulting in the partial restoration of the
crystalline structure.” The gelatinization and retrogradation
temperatures of FB starch vary, being lower compared to other
types of starch, due to the less compact packing of the B poly-
morphs.® Akintayo et al. (2022) emphasize that these processes
are influenced by several factors, including genotype and loca-
tion, as indicated by the studies. Due to the low organization of
amylopectin crystallites, FB starch exhibits lower gelatinization
and retrogradation enthalpies. Retrogradation, in general,
manifests less distinctly compared to gelatinization, and its
intensity increases after storage, influenced by amylose leach-
ing and the amylose-amylopectin interaction.®® It is observed
that the retrogradation enthalpy (AH,), which reflects the
thermal energy involved in crystalline fusion and dissociation,
along with the unraveling of the starch double helices, generally
shows lower values than the gelatinization enthalpy.®*”*”” The
gelatinization enthalpy indicates the energy required for the
starch to dissolve and form a paste when heated, while the
retrogradation enthalpy refers to the energy needed for the
starch to reorganize and form crystals upon cooling. For
example, studies that stored FB paste starch at 4 °C for seven
days recorded a lower retrogradation enthalpy (6.5 J g™ )
compared to the gelatinization enthalpy (12.4 J g~ *).%%7%77

It is noteworthy that lower retrogradation enthalpies suggest
the starch tends to be more stable, with a lower tendency to
harden, resulting in a more consistent texture during storage.
FB starch, with its low gelatinization enthalpies, undergoes
transformations during storage that can explain variations in
gelatinization and retrogradation parameters. Although there
are conflicting reports about its thermal stability, the ability of
the swollen granules to maintain their integrity is a rheological
advantage. Its potential is broad, encompassing strong gel food
products, bioplastics, baking, and distillery applications, in
addition to offering indirect benefits such as improved feed
formulation and environmental preservation.®” According to
Ambigaipalan et al. (2011),” FB starch has a lower amylose
leaching temperature range (70-75 °C) compared to other types
of starch. However, due to the lower interaction between its
components, amylose leaching is more extensive. This factor
may influence the starch's paste temperature, causing FB starch
to reach peak viscosity at relatively lower temperatures.®
Ambigaipalan et al. (2011) suggest that this variation could be
due to differences between cultivars or the presence of cracks in
the starch granules. Regarding solubility, FB starch has the
lowest solubility among legumes, possibly due to greater
molecular integrity. All legumes showed an increase in solu-
bility with rising temperature, indicating disorganization of the
starch granules.

In conclusion, in terms of supply, cereals, roots, and tubers
have traditionally been the main sources of starch, especially for
industrial applications. However, due to the industry's pursuit

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of new functionalities, technological, and health benefits, there
is growing interest in unconventional sources, such as legumes,
which are now gaining recognition.***” The fractionation of FB
for the production of food ingredients has been generating
increasing interest. However, the technological attributes of FB
starch are still poorly understood. Its desirable functionality
makes it suitable for various applications in the food industry,
and starch modification can enhance its properties, further
expanding its potential uses.*

7 Faba bean fibers

Dietary fibers are recognized by nutritionists as one of the most
important essential nutrients, ranking seventh in terms of
nutritional significance. They play a crucial role in promoting
digestive health, aiding in the regulation of bowel movement,
preventing diseases such as colon cancer and diverticulitis, and
significantly contributing to blood sugar control, which is
especially relevant for individuals with diabetes.®**”® The ability
of fibers to increase viscosity and retain components is related
to their physical properties, while their fermentability in the
colon depends on their chemical structure.” It is known that
various processing methods can have either a positive or
negative impact on the final fiber content in FB and other
crops.® In addition to their role in the digestive tract, fibers are
also widely recognized as thickeners, stabilizers, and emulsi-
fiers, contributing to the texture and stability of various
foods.** Notably, the average dietary fiber intake in most
European countries generally does not meet the recommended
levels.” Table 6 presents the main fibers present in FB, high-
lighting their respective amounts.

FB are widely recognized as an excellent source of dietary
fiber, with low amounts of soluble fibers (0.6-1.1%) and higher
amounts of insoluble fibers (10.7-16.0%).> Insoluble fibers
contribute to the feeling of fullness and can help maintain
a healthy weight, while soluble fibers are beneficial for
controlling blood glucose levels, especially for individuals with
diabetes or a predisposition to metabolic diseases.”® It is
emphasized that two distinct sources can be used in fiber
extraction, namely the cotyledon and the hull.** The fiber
content in whole FB varies considerably, typically ranging
between 15% and 30%, with the main components being
hemicellulose, cellulose, and lignin. To optimize the nutritional
benefits, it is highly recommended to consume FB in their
whole form. The dietary fiber present, for example, in the seed
coat of FB plays a crucial role in digestive health, aiding in the
regulation of intestinal transit and the prevention of gastroin-
testinal diseases. Therefore, incorporating the seed coat of FB
into the daily diet not only increases fiber intake but also
provides a range of additional health benefits, making FB
a nutritionally valuable and versatile choice.”**%

The seed coat of FB, which is the outer layer of the seed, is
widely recognized as an exceptionally rich source of dietary fiber,
with a remarkable concentration of 82.3%.* This part of FB not
only provides a high amount of fiber but also serves as a signifi-
cant source of antioxidant phenolic compounds, e.g., flavonoids
and tannins, as well as essential minerals like iron, calcium, and
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potassium. The presence of these compounds gives the seed coat
antioxidant and potentially anti-inflammatory properties, which
are beneficial for human health.” In addition to playing a crucial
role in intestinal health by modulating the microbiota—stimu-
lating beneficial bacteria while inhibiting pathogens—fibers also
possess properties such as water retention, viscosity, volume,
fermentability, and bile acid binding. These characteristics
directly influence gastrointestinal function and various physio-
logical responses.”*"** Gu et al.*® observed that FB have a signif-
icantly higher dietary fiber content compared to lima bean, pinto
bean, and red bean flours. This high fiber content in FB stands
out not only for its quantity but also for its composition and the
associated nutritional benefits.

Fibers have various applications, with gelation being one of
the most notable. Gels formed by the combination of protein
and fiber exhibit superior performance compared to those
made solely with protein, indicating the continuous beneficial
effect of fiber. This behavior aligns with the stable hydration
properties of insoluble fibers, which are not affected by

Table 6 Studies evaluating the fibers of faba beans®
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temperature.®* The gels demonstrated promising results when
replacing proteins with fibers, showing a reduction in fracture
stress and strain, along with an increase in Young's modulus
and storage modulus. In the mixtures studied by Johansson
et al.,* the protein formed the continuous phase, while starch
granules and fiber particles were homogeneously distributed
within the gels, creating small cavities (<1 pm) where fiber and
amylose aggregated. The addition of fiber and/or starch intro-
duced heterogeneities in the protein matrix, which contributed
to improved mechanical properties of the gel, such as reduced
fracture stress and strain. Additionally, the water absorption
capacity of fiber and starch granules increased protein
concentration and moisture stability, reinforcing the overall gel
structure. Johansson et al.®* evaluated the gelation of protein
extracted from FB at different pH values, as well as the impact of
adding fibers derived from a byproduct of protein extraction,
using cotyledon and hull as fiber sources. Gels produced at pH 4
and 5 exhibited reduced fracture stress and strain but displayed
a higher Young's modulus compared to gels formed at pH 7.

Product TFC SF IF

NDF  ADF Other information References

Lyophilized fiber fraction — — Lignin: 0.97
Cellulose: 14.20

Hemicellulose: 13.77

Flour from the Estrela cultivar 16.59 0.62 15.96
Fanfarra cultivar 14.11 1.06 13.05
Banquete cultivar 12.19 0.55 11.64
Flour 13.80 4.74 9.07
Raw flour 17.4 — —
Soaked flour 18.3

Germinated flour (24 h) 16.9

(48 h) 18.8

28.94 15.17 The partial substitution of proteins with 62
fibers reduces fracture stress, increases

the storage modulus, and preserves the
protein network structure in the gels

There are variations in fiber content 2
among faba cultivars. Soluble fiber helps
reduce blood sugar levels, improves

insulin response, and has beneficial

effects on cancer, blood pressure, and
inflammation. Insoluble fiber, on the

other hand, increases fecal volume and
accelerates gastrointestinal transit. The
soluble and insoluble fiber fractions

ranged from 0.55% to 1.06%, and from
10.70% to 15.96%, respectively

Faba flour exhibited a significantly 88
higher total dietary fiber content

compared to wheat flour, due to its

higher insoluble fiber content. While

soluble fiber easily dissolves in water,
forming viscous solutions, insoluble

fiber is not soluble and reaches the large
intestine undigested

Faba flour exhibited a higher total dietary =~ 63
fiber content than yellow pea flour,

reaching 17.4% in its raw form. Insoluble
fiber was predominant and remained
relatively stable during germination. The
soaking and germination process

affected the structure of the protein and
fiber matrix, making the starch more
accessible to digestion. Additionally,

fiber plays an important role in the

viscosity and functionality of the flours,
influencing the technological and
nutritional properties of the final

products

“ TFC = total fiber content; SF = soluble fibers; IF = insoluble fibers; NDF = neutral detergent fiber; ADF = acid detergent fiber.
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Fig.5 Proposed applications of the faba bean biorefinery concept for mitigating antinutritional factors and enabling new industrial applications.

The addition of fiber, regardless of its origin (cotyledon or hull),
significantly influenced the textural properties of the gels.
Microscopic analyses revealed aggregated microstructures in
the pH 4 and 5 gels, whereas the pH 7 gels displayed a fine-
stranded protein network. Furthermore, low-field nuclear
magnetic resonance (LF-NMR) highlighted differences in water
mobility among the gels, attributed to variations in micro-
structure and the water-binding properties of the fibers.
Prebiotics are considered a promising and safe approach to
addressing various health-related challenges, although further
research is needed to optimize food systems that maximize
their functional properties. The insoluble dietary fiber found in
legumes, such as FB, has been associated with prebiotic effects,
along with antioxidant, anti-inflammatory, and anticancer
activities.*® Additionally, bioactive peptides derived from FB
have demonstrated significant ABTS and DPPH radical-
scavenging capacity, as well as ferrous ion-chelating poten-
tial.®® It is important to highlight that fiber consists of carbo-
hydrate polymers with more than ten monomeric units that are
not digested by endogenous enzymes in the human small
intestine. In FB, its presence contributes to glycemic regulation,
cholesterol reduction, and intestinal health promotion.*”

8 Future trends

The future of FB utilization is strongly tied to advancements in
food technology, biotechnology, and sustainable agriculture.
Some emerging trends include (Fig. 5):

Improved processing techniques: novel technologies such as
enzymatic hydrolysis, fermentation, and physical treatments
(e.g., pulsed electric fields, ultrasonication) will enhance the
digestibility, functional properties, and sensory characteristics
of FB-based ingredients.

Plant-based innovations: the growing demand for alternative
proteins in dairy and meat analogs will drive research into

© 2025 The Author(s). Published by the Royal Society of Chemistry

optimizing FB protein functionality, improving solubility, and
reducing off-flavors.

Prebiotic and functional foods: the development of
prebiotic-rich FB products, including fiber-enriched formula-
tions, could support gut health and expand their use in func-
tional food markets.

Circular economy applications: integration of FB bi-
orefineries into sustainable food production chains will
contribute to waste reduction and valorization of agricultural
byproducts.

Genetic and breeding advances: genetic modifications and
breeding programs targeting low-antinutrient FB varieties will
facilitate broader adoption in the food industry.

FB play a crucial role in fostering more sustainable and
resilient food systems. Their ability to enhance soil fertility,
reduce dependence on finite natural resources, and provide
balanced diets makes them a valuable component in addressing
global agricultural and food security challenges. Moreover,
promoting the consumption of FB not only contributes to
public health by offering a nutrient-dense alternative to
conventional protein sources but also drives a positive transi-
tion toward a more sustainable food future. Investing in the
cultivation, consumption, and research of FB is essential to
unlocking their full nutritional and functional potential.
However, addressing the presence of antinutritional
compounds such as vicine and convicine is crucial to improving
their digestibility and bioavailability. Advancements in food
processing technologies, including fermentation, enzymatic
treatments, and novel extraction methods, are necessary to
optimize the utilization of FB in diverse food applications.
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ABTS: Acido 2,2'-azinobis(3-etilbenzotiazolina-6-s)
ADF: Acid detergent fiber

AML: Amylose

AMP: Amylopectin

BD: Breakdown

CAGR: Compound annual growth rate

D: Digestibility

DP: Degree of polymerization

DPPH: 2,2-Difenil-1-picrilhidrazil

eg.: Exempli gratia

EP: Expansion power
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FFC: Foam formation capacity

FS: Foam stability

FV: Final viscosity
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G6PD: Glucose-6-phosphate dehydrogenase
GC: Crystallinity degree

GT: Pasting temperature

IBGE: Brazilian institute of geography and statistics
IF: Insoluble fibers

L-DOPA: Levodopa

LF-NMR: Low-field nuclear magnetic resonance
LT: Light transmittance

mg per g DM: Milligrams per gram of dry matter
MS: Modified starch

NDF: Neutral detergent fiber

OBC: Oil-binding capacity

PP: Pasting properties

PS: Protein solubility

PT: Peak time

PV: Peak viscosity

R$: Brazilian real (BRL)

RDS: Rapidly digestible starch

RS: Resistant starch

RS: Resistant starch

RSF: Retrograded starch fusion

S: Solubility

SB: Setback

SDGs: Sustainable development goals
SDS: Slowly digestible starch

SF: Soluble fibers

Te: Conclusion temperature
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To Onset temperature

Tp: Peak temperature
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WHC: Water-holding capacity

AH: Gelatinization enthalpy

AH,: Retrogradation enthalpy

ATy Gelatinization temperature range
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