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Abstract

This PhD thesis is a comprehensive exploration aimed at elevating the nu-
tritional profile of legume-derived ingredients and foods through different
strategies, including exploiting the biodiversity of underutilized crops, leverag-
ing natural modifications during germination, and repurposing food industry
by-products with the integration of high-power low-frequency ultrasound
technology. The research unfolds in two major segments: the first involves
the investigation of lupin and the second concentrates on the recycling of
a by-product from green pea canning. According to a preliminary litera-
ture review, lupin is an underutilized legume with an excellent nutritional
profile; its integration in the diet could be advantageous, especially among
vulnerable populations with inadequate intake of essential nutrients. Fur-
thermore, according to numerous authors, ultrasonication has emerged as
an up-and-coming technology, capable of improving many unit operations in
food processing, such as extraction, homogenization, filtration, dehydration,
freezing, thawing, and sanitization.

In the initial phase, the study focused on Andean lupin (Lupinus muta-
bilis): a screening was conducted across 33 ecotypes, plus 5 controls belonging
to the Mediterranean species, to assess free phenolic compounds and explore
the potential of FT-NIR for evaluating antioxidant properties. Additionally,
an optimized debittering method was proposed and compared with tradi-
tional ones for impact on residual alkaloids, taste profile (by e-tongue), and
antioxidants. Germination was also explored as a means to enhance lipophilic
antioxidants. The results unveiled the remarkable free phenolic content of
L. mutabilis (294.98-1342.98 mg/ke dry matter; DM), still present after the
necessary removal of alkaloids, surpassing those of the albus, angustifolius
and [uteus species. Notably, the models based on FT-NIR spectra showed
good retrieval for free phenolics, carotenoids, tocols, and antioxidant capacity
compared to conventional methods, thus paving the way for a rapid, reliable,
and non-destructive characterization of lupin seeds. The proposed debittering
method, employing sodium chloride or citric acid solutions, shortened the
traditional treatment (from 5 days to 45 h), reduced water consumption
(from 100 L/kg to 45), and better preserved the antioxidants in lupin seeds,
especially free phenolics, more prone to leaching. The e-tongue effectively
differentiated samples treated with the same solvent, forming distinct clusters,
with bitter and umami being the main tastes. Germination led to a consider-
able increase in carotenoid (12-fold) and vitamin E (from not quantifiable to
74.8 mg/kg DM) contents, representing a simple and effective treatment to
improve lupin nutritional value.

ix



The latter part of the thesis focused on recycling an industrially-generated
canning by-product from green peas. Ultrasound-assisted protein extraction,
by alkaline solubilization and isoelectric precipitation, was optimized, show-
casing the effectiveness of ultrasound technology, which tripled recovery (from
21.5% to 66.6%) and reduced treatment duration fourfold (from 4 h to 1 h),
when compared to the magnetic stirring method. The extract obtained had
a protein content of 74.9 g/100 DM and microbial contamination below the
guideline values; however, some protein degradation was also observed, likely
due to pre-sampling fermentation. The by- product was then explored as a
substrate for Propionibacterium freudenreichii fermentation to synthesize vi-
tamin B12. The fermentation process yielded substantial amounts of vitamin
(1374-1535 ng/g DM), and the resultant material was incorporated into bread
(32.0-52.3 ng/g of vitamin), aiming to address the deficiency of B12 in strictly
plant-based diets. The fortified product contained 32.0-52.3 ng/g B12, thus
from 40 to 70 g of bread would provide the recommended daily intake. This
section of the research highlights the potential for upcycling by-products to
enhance the nutritional value of food while contributing to waste reduction.

The study fills critical knowledge gaps regarding lupin bioactive com-
pounds and also introduces sustainable approaches for by-product utilization.
The optimized ultrasound-assisted protein extraction from the pea by-product
demonstrates a significant breakthrough, providing the food industry with
practical solutions to enhance nutritional content and create value-added
products. Future research should further explore the integration of the pro-
posed ingredients into food preparations, assessing nutrient bioaccessibility
by in vitro digestion and their potential impact on health and nutritional
status by cell culture. Furthermore, the consumers’ acceptability of foods and
ingredients should be appraised. The outcomes of this research are poised
to promote advancements in the production of healthier, sustainable, and
value-added food products.



Introduction

The contents of this chapter were partially published in:

Estivi, L., Brandolini, A., Condezo-Hoyos, L., & Hidalgo, A. (2022). Impact of
low-frequency ultrasound technology on physical, chemical and tech-
nological properties of cereals and pseudocereals. Ultrason Sonochem,
86, 106044. https://doi.org/10.1016/j.ultsonch.2022.106044

Estivi, L., Brandolini, A., Gasparini, A., & Hidalgo, A. (2023). Lupin as
a source of bioactive antioxidant compounds for food products.
Molecules, 28, 7529. https://doi.org/10.3390/molecules28227529

Current global food consumption is stuck in a paradox: while 770 million
people starve, 13.6% of global population is obese, with the highest incidence
in Oceania, North America and Europe (27-28%; FAO, 2022). Moreover,
among human activities the food chain has the greatest impact on the
environment. Facing the future overpopulation of 9.6 billion people by 2050,
deep changes in food supply are needed, including a transition from animal
to plant-derived protein sources, a trend already underway given the growing
number of vegetarians and vegans (Willett et al., 2019).

Legumes are often referred to as inexpensive and thrifty crops whose
seeds provide protein, dietary fibre and micro-nutrients besides calories, es-
pecially in the cereal-based diets of food deficit countries, where subsistence
agriculture is practised (Thavarajah et al., 2019). Pulses are acknowledged
as the main plant source of protein, whose amino acid composition is com-
plementary to cereal proteins, poor in lysine but rich in sulphur-containing
amino acids. Thanks to their nutritional profile, several health benefits are
associated with pulses consumption, making legumes a relevant component
of diet guidelines and recommendations. However, consumers’ resistance
in modifying their purchasing habits and the perceived “poor convenience”,
due to long-lasting cooking, still hinder legume consumption (Amoah et al.,
2023; Hughes et al., 2022; Thavarajah et al., 2019). The development of
user-friendly legume-derived ingredients and foods thus appears crucial in
facilitating legume integration into current diets. However, an up-to-date
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food industry cannot ignore the emerging issue of sustainability and should
adopt a holistic approach, taking advantage of strategies such as: exploiting
the biodiversity of underutilized legumes; modifying seeds composition by
germination; recovering and reusing food by-products; applying efficient new
technologies throughout the whole manufacturing process.

1.1 Lupin: an underutilized crop

Lupins are annual plants belonging to the Fabaceae family, genus Lupinus.
More than 400 species are known (Reinhard et al., 2006), originating from
the Mediterranean region, North Africa and North and South America. Four
Lupinus species, i.e., white lupin (Lupinus albus L.), yellow lupin (Lupinus
luteus L.), blue or narrow leaf lupin (Lupinus angustifolius L.) and Andean
lupin (Lupinus mutabilis Sweet.) are widely grown as green manure, forage
and food. L. angustifolius, L. albus and L. luteus (all from the Mediterranean
region) are the most widespread species worldwide, while L. mutabilis (a.k.a.
chocho or tarwi) is cultivated mainly in South America. According to
the Food and Agriculture Organization (FAO), in 2021 the lupin cropped
area was almost 1 million hectares worldwide, for a total production of
1.385 million metric tons; Australia is by far the most major lupin producer,
with 865619 t (about 63% of world production), followed by Poland (221390 t),
the Russian Federation (69723 t), Morocco (56856 t), Germany (53400 t),
Chile (37049 t), Greece (15830 t), Peru (15790 t), France (15130 t) and
South Africa (9876 t; fao.org/faostat; last accessed on 23 September 2023).
Lupins are considered catch crops because they can grow in a wide range
of soil and climate conditions, where other crops often fail, and because,
like other legumes, they fix the atmospheric nitrogen in the soil through
a symbiotic relationship with Rhizobium bacteria, and the fixed nitrogen
becomes available also for subsequent crops. The fruit of the lupins is a
pod that splits open along two seams and contains several seeds that may
be eaten as snacks, in salads or side dishes, while their flour is used in the
preparation of many foods, like vegetable milk, cheese and meat, fermented
products, mayonnaise, chips, noodles, pasta, baked goods, etc. (Albuja-Vaca
et al., 2019; Al-Saedi et al., 2020; Giiémes-Vera et al., 2008; Jayasena, Khu,
& Nasar-Abbas, 2010; Jayasena, Leung, & Nasar-Abbas, 2010; Ozcan et al.,
2021; Yaver & Bilgicli, 2021). The flour does not contain gluten-forming
proteins and is suitable for the manufacturing of gluten-free foods for people
with coeliac disease. Furthermore, from the seeds, it is possible to extract
an oil rich in monounsaturated and polyunsaturated fatty acids (Pascual-
Chagman et al., 2021; Rodriguez et al., 2022) as well as protein isolates
with outstanding physical, technological and functional properties (Alu’datt
et al., 2017; Lo et al., 2021; Paraskevopoulou et al., 2010). This excellent
composition confers to lupin-based foods many health benefits (Arnoldi et al.,
2015), thanks to anticancer, antimicrobial, antidiabetic, antihypertensive,
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antioxidant, anti-inflammatory and antimicrobial activities (Ishaq et al., 2022;
Okagu et al., 2021).

The proximate composition of lupin seeds is reported in Table 1.1. They
are characterized by high protein content, which may vary from 28 to
48 g/100 g depending on species, variety, growing conditions and soil types
(Kohajdovd et al., 2011; Ruiz-Lopez et al., 2019); the lowest values are found
in L. angustifolius and the highest in L. mutabilis (Bricefio Berru et al., 2021;
Carvajal-Larenas et al., 2016; Czubinski et al., 2019; Musco et al., 2017). The
main storage proteins are globulins (80-90%), which are classified into four
groups: o-conglutin (11S globulin), B-conglutin (7S globulin), y-conglutin
(7S basic globulin) and &-conglutin (2S sulphur-rich albumin; Foley et al.,
2011; Prusinski, 2017). Prolamins and glutelins are scarce (Gulewicz et al.,
2008). Lysine, isoleucine, leucine, phenylalanine and tyrosine are in propor-
tions appropriate for adults (FAO/WHO/ONU, 1985), while methionine and
cysteine (sulphur-containing amino acids), valine and tryptophan are the
principal limiting compounds (Sujak et al., 2006; Vogelsang-O’Dwyer et al.,
2000). Lupin seeds contain high levels of dietary fibre (Martinez-Villaluenga
et al., 2006; Musco et al., 2017), both before and after the removal of the
hulls (a common step before milling). In fact, the flour on average contains
41.5 g/100 g dietary fibre (about 75% insoluble), which mainly consists of
nonstarch polysaccharides (79% cellulose, 14% hemicellulose and 7% lignin)
located in the endosperm cell walls (Ciesiotka et al., 2005). Lipid content in
L. albus, L. luteus, and L. angustifolius seeds ranges from 4.6 to 13.5 g/100 g
(Boschin & Arnoldi, 2011; Erbag et al., 2005; Ruiz-Lépez et al., 2019; Siger
et al., 2023), while the L. mutabilis seeds have a higher concentration: Ruiz-
Lépez et al. (2019) determined a 14.7 g/100 g lipid content, while Briceflio
Berru et al. (2021) and Carvajal-Larenas (2019) recorded even higher values
(on average 16.1 and 18.9 g/100 g, respectively), but some genotypes even
reached 20 g/100 g (Carvalho et al., 2005). The oil extracted from lupin
beans is characterized by scarce saturated fatty acids (10-27%) and abundant
unsaturated fatty acids (78-87%), mainly oleic (25-63%), linoleic (13-57%)
and linolenic acid (3-11%; Al-Amrousi et al., 2022; Boschin & Arnoldi, 2011;
Musco et al., 2017; Sbihi et al., 2013; Siger et al., 2023; Yorgancilar &
Bilgicli, 2014), but maintains remarkably high oxidative stability (Czubiriski
& Siger, 2023; Multari et al., 2019; Rodriguez et al., 2022). Lupin seeds
contain very little starch (5-12%), while nonstarch polysaccharides are abun-
dant. Cellulose, hemicellulose and pectin are found in the hulls, while the
oligosaccharides are predominant in the cotyledons (Prusinski, 2017). The
total content of seed oligosaccharides (mainly stachyose and raffinose) varies
depending on species, cultivar and environment: for example, in L. albus
is 53.0 g/kg dry matter (DM; Mohamed & Rayas-Duarte, 1995) while in
L. mutabilis is 41.5 g/kg DM (Czubinski et al., 2021). Lupin seeds are also a
rich source of macro- (Ca, K, Na, and Mg) and micro-elements (Fe, Zn and
Mn; Trugo et al., 2003; Zelalem & Chandravanshi, 2014), vitamins (thiamine,
niacin and riboflavin) and phytochemicals with antioxidant capacity such as
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carotenoids, tocopherols and phenolic compounds (Brandolini et al., 2022;
Briceno Berru et al., 2021; Czubinski et al., 2021).

Compared to other legumes, lupin seeds are low in antinutritional factors
such as trypsin inhibitors, lectins and saponins (Martinez-Villaluenga et al.,
2006). Phytic acid, a compound that reduces the bioavailability of some
minerals through cation chelation, is scarce (0.25-0.62 g/100 g in white lupin
seeds; Martinez-Villaluenga et al., 2006; Saastamoinen et al., 2013) and
significantly inferior than in soybean (1.54-2.27%; Saastamoinen et al., 2013).
The main antinutritional compounds in lupin seeds are the quinolizidine
alkaloids (Cortés-Avendano et al., 2020; El-Adawy et al., 2001; Jiménez-
Martinez et al., 2001; Sujak et al., 2006), which have a bitter taste and
are often toxic, so they must be removed before consumption. The existing
varieties with genetically low alkaloid content (Kroc et al., 2019; Uauy et al.,
1995) have low yields, are more susceptible to pests and diseases and over
time are inclined to regain their bitterness (Cardoza et al., 2006; Uauy et al.,
1995). In general, debittering is achieved by removing the alkaloids from
whole seeds using water as a solvent. Nevertheless, the chemical composition
of the seeds is altered because several water-soluble molecules are also washed
away: minerals, carbohydrates and oligosaccharides decrease, while lipids and
proteins increase as a consequence of concentration due to the elimination
of the other compounds (Carvajal-Larenas et al., 2016; Cérdova-Ramos
et al., 2020; Erbag, 2010). The traditional debittering method starts with
hydration in water, followed by cooking and repeated washings for several days
(Carvajal-Larenas et al., 2014; Erbag, 2010). Besides disrupting cell walls and
facilitating alkaloid removal, cooking blocks germination, coagulates proteins,
inactivates enzymes and sanitizes the product (Carvajal-Larenas et al., 2013;
Gross et al., 1983). To shorten processing time and save water, several
improved debittering methods have been proposed. Generally, they include
longer boiling times (Jiménez-Martinez et al., 2001), post-cooking washing
with warm water (Guadagnucci Fontanari et al., 2012), different rinsing
solutions (Jiménez-Martinez et al., 2001; Mohammed et al., 2017; Villacrés
et al., 2020), germination (de Cortes Sénchez et al., 2005; Mohammed et al.,
2017), fermentation (Jiménez-Martinez et al., 2007) or a combination of these
methods (Erbag, 2010; Jiménez-Martinez et al., 2010).

The main antioxidant of lupin (i.e., tocopherols, carotenoids and phenolic
compounds) are sensitive to heat, oxidation or washout, so their content
may vary greatly after debittering. Therefore, lupin antioxidants should
be determined in plausible conditions of use after alkaloids removal, which
is unavoidable even for some so-called sweet varieties. While lipophilic
antioxidants appeared scarcely affected, or even concentrated, by debittering
(Brandolini et al., 2022; Bricefio Berru et al., 2021), with regards to phenolic
compounds, the available studies provide very limited information; moreover,
the soluble conjugated and insoluble bound fractions of phenolic compounds
have barely been studied.
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1.2 Germination

Germination is the sum of events that break the seed quiescence status and
allow the embryonic axis to appear. As a first step, the seed hydrates so
the pre-existent enzymes are activated and initiate the Krebs cycle, the
endosperm reserves are mobilized, and the protein synthesis becomes in-
tensive. Germination ends with cells elongation, which leads to root and
shoot emission (Srivastava, 2002). The activation of dormant enzymes dur-
ing germination leads to significant changes in biochemical and nutritional
characteristics. The o- and 3-amylases rapidly degrade the carbohydrates,
with a consequent surge in reducing sugars, while other enzymes decom-
pose cell walls and enhance the accessibility of internal nutrients (Olaerts
& Courtin, 2018). Proteins are hydrolysed, increasing peptides and amino
acids availability (Olaerts & Courtin, 2018). Various bioactive compounds,
such as tocols, thiamine, riboflavin, folic acid, vitamin C and carotenoids,
are bio-synthesized to generate the nutrients necessary for seedling growth
(Aborus et al., 2018; Olaerts & Courtin, 2018). The metabolic activities fuel
phenolic compounds biosynthesis (Benincasa et al., 2015; Hidalgo et al., 2019),
while the degradation of cell walls leads to an increase of readily available
free phenolic compounds (Van Hung et al., 2011). The abundant presence of
bioactive molecules boosts the antioxidant capacity (Alvarez-Jubete et al.,
2010). Furthermore, sprouting increases phytase activity, leading to phytic
acid degradation and better micronutrients absorption in the gastrointestinal
tract (Alvarez-Jubete et al., 2010; Gupta et al., 2015). Overall, controlled
germination improves the nutritional composition of the kernels, but the
enzymatic activity may have a negative impact on some technological prop-
erties of the flours (e.g., leavening), stressing the importance of a carefully
controlled process to avoid excessive hydrolysis (Olaerts & Courtin, 2018).

In legumes, germination can be conveniently used a “green food engi-
neering method” (Gan et al., 2017) to reduce antinutritional factors such as
trypsin and amylase inhibitors, tannins, lectins (Anaemene & Fadupin, 2022;
Savelkoul et al., 1992), oxalic acid (Anaemene & Fadupin, 2022), phytic acid
(Anaemene & Fadupin, 2022; Dagnia et al., 1992; Mohammed et al., 2017;
Satya et al., 2010) and oligosaccharides (Chilomer et al., 2013; El-Adawy,
2002; Vidal-Valverde et al., 2002). Table 1.2 summarizes the effect of germina-
tion on compounds with vitamin or antioxidant activity in different legumes.
Generally, large variations are observed, even within the same type of legume,
due to different conditions or ecotypes. B vitamins tend to increase, with the
notable exception of thiamine, usually lower in germinated pulses, but whose
loss can be limited adjusting the photoperiod (Prodanov et al., 1997). Total
carotenoids and phenolic compounds often decrease after germination, while
ascorbic acid and a-tocopherol always increase. Overall, limited information
is available about how germination affects the individual carotenoids and
whether any substantial increase in antioxidants occurs in germinated lupin.
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1.3 Recovery and upcycling of food by-products

In 2011, about 1.3 billion tonnes of food were wasted in the world, accounting
for roughly one third of global food production (FAO, 2011). Currently, FAO
(2019) defines food loss and waste (FLW) as

“the decrease in quantity or quality of food along the food supply
chain. [...]Food loss results from decisions and actions by suppliers.
[...] Therefore it concerns all stages of the food supply chain up to, but
excluding, the point where there is interaction with the final consumer
and thus excludes retail, food service providers and consumers. Food
waste is the result of purchasing decisions by consumers, or decisions
by retailers and food service providers that affect consumer behaviour.”

Food loss is currently preferably expressed on a relative basis to provide a
more durable estimate. Roughly 14% of the current food production is lost
on average, with the greatest share from roots, tubers and oil-bearing crops
(25.5% of loss) followed by fruit and vegetables (21.6%), meat and animals
products (12%), and cereals and pulses (8.7%; FAO, 2019). Around 17% of
food is instead wasted at households (67%), food services (26%) and retailers
(13%), corresponding to 931 million tonnes (Mt) in 2019 (UNEP, 2021). In
the European Union (i.e., EU28) the 2011 FLW was estimated in 129.2 Mt,
equivalent to 257 kg per capita; fruit and vegetables had an overall impact
of 46%, being characterized by the highest food loss (33 Mt) and food waste
(26.2 Mt). However, high uncertainty is associated with this kind of analysis:
the coefficient of variation was 16% for food loss, while it spanned from 12%
to 46% for food waste assessed at retail, household and food service (Caldeira
et al., 2019).

FLW absorbs 31% of global food production and has shown no decreasing
trend in the last decade. Besides the ethical issue, it poses a serious environ-
mental footprint due to the unnecessary surplus of greenhouse gases emissions
(4.4 billion tonnes of CO, equivalent), blue water exploitation (250 km®) and
occupied soil (1.4 billion hectares; Xue et al., 2017). Moreover, due to the
large amount of organic matter, food waste presents a high chemical and
biochemical oxygen demand, thus resulting hazardous and pollutant (Anal,
2017). Reducing the amount of FLW has become a priority since the defini-
tion by United Nations of the Sustainable Development Goal (SDG) 12.3,
aimed at

“halving per capita global food waste at the retail and consumer levels
and reducing food loss along production and supply chains (including
post-harvest losses) by 2030.” (FAO, 2019)

The food diverted to feed, cropping or industrial purposes can be consid-
ered lost or wasted only if originally destined to human consumption. Inedible
parts, although not considered food, cannot be deducted from food loss, which
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is based on gross production and includes all post-harvest losses (FAO, 2019).
Some processes inherently generate inedible residues by dividing raw materials
into their components, as in the case of the pomace resulting from juice extrac-
tion. These materials (e.g., fruits and vegetables pomace, seeds or peels) could
be considered as non-food side-streams, when disposed of, or source of food,
whether they are re-utilized for food manufacturing. The European Directive
2008/98/EC (2008) clarifies this concept distinguishing waste (art. 3),

“any substance or object which the holder discards or intends or is
required to discard”,

from by-product (art. 5),

“a substance or object, resulting from a production process, the primary
aim of which is not the production of that item, [...]if the following
conditions are met:

a) further use of the substance or object is certain;

b) the substance or object can be used directly without any further
processing other than normal industrial practice;

¢) the substance or object is produced as an integral part of a
production process; and

d) further use is lawful, i.e. the substance or object fulfils all relevant
product, environmental and health protection requirements for
the specific use and will not lead to overall adverse environmental
or human health impacts.”

The same Directive provides a general framework defining (art. 4)

“a priority order in waste prevention and management legislation and
policy:
a) prevention;
b) preparing for re-use;
¢) recycling;
d) other recovery, (e.g. energy recovery); and
) disposal.”

@

In agreement with the SDG 12.3, the Directive 2018/851/EC (2018) was
recently adopted partially amending the Directive 2008/98 /EC (2008) and
highlighting the necessity for a “transition towards a circular economy” and
a “prudent, efficient and rational utilization of natural resources”.

Food by-products were traditionally destined to livestock feeding or, in the
worst case, to incineration or landfill. The current trend aims at their re-use
for human nutrition by two main strategies: the extraction of functional
or bioactive fractions (e.g., dietary fibre, protein, phenolic compounds) or
the direct addition in traditional formulations (Caponio et al., 2022; Socas-
Rodriguez et al., 2021; Tassoni et al., 2020). Galanakis (2012) defined a
general framework for the extraction and recovery of food components based
on the following five stages.
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e Macroscopic pre-treatment, aimed at preparing the matrix by regulation
of the water content. Drying, centrifugation, compression, filtration or
wetting are the typical treatments of this stage.

e Macro- micromolecules separation: interfering fractions are isolated by
alcohol or isoelectric precipitation, or ultrafiltration.

o Extraction: target molecules are solubilized in a carrier (e.g., solvent,
acid or alkali) exhibiting, ideally, the highest affinity and specificity.
Ethanol is frequently used, but deep eutectic mixtures and supercrit-
ical fluids are gaining popularity offering a non-toxic, non-hazardous
alternative to traditional apolar solvents (e.g., hexane).

¢ Isolation and purification: co-extracted impurities are removed by
selective techniques (e.g., dialysis, reverse osmosis, nanofiltration, chro-
matography).

e Product formation by freeze- or spray-drying, emulsification, encapsu-
lation, extrusion.

This structure is then tailored according to the by-product characteristics.
Mild conditions (e.g., low temperatures, enzymatic hydrolysis, use of green
solvents) and emerging technology (e.g., high-power ultrasound, micro- and
nano-filtration, microwaves, pulsed electric fields, high voltage electrical
discharge, electric-osmotic dewatering) are increasingly adopted to minimize
the impact on sensitive extracts, improve the recovery, shorten treatments
duration and, in some cases, to maintain the process economical (Ben-Othman
et al., 2020; Galanakis, 2012). Novel technologies are often called “green
technologies” thanks to their efficient consumption of energy and solvents.
However, relevant entry barriers hinder their diffusion, including high costs of
the facilities, advanced know-how, difficult scalability (Plazzotta & Manzocco,
2019). The complexity of the extraction processes may be pushed to the point
of complete fractionation. For instance, in the model proposed by Banerjee et
al. (2017), fruit processing wastes are separated into protein, oil, polyphenols,
pectins, and the residual material is used as biofuel. A zero-waste approach
is expensive, but the added-value of the extracts easily overcomes the costs
when their purity allows the employment in the manufacturing of drugs,
cosmetics or food supplements (Mazzutti et al., 2020).

The recycling of by-products into food must undergo a preliminary fea-
sibility assessment: food waste should be available in sufficient amount,
continuously and with constant composition (Plazzotta & Manzocco, 2019).
By-products often display a high moisture content along with sugar, pro-
tein or lipid substrates, thus being prone to microbial degradation. Heavy
metals, pesticides, toxins, pathogens, dioxins or PCBs easily contaminate
food waste materials and could be further concentrated during processing
(Socas-Rodriguez et al., 2021). Also for this reason, in the European Union
by-products employed as ingredients must have a solid history of safe use,
otherwise they come under the nowvel foods regulation, being authorized only
after safety assessment (Reg. 2015/2283/EU, 2015). Finally, consumers’ ac-
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ceptability must be taken into account, considering that people generally have
conservative food habits and distrust innovations; nonetheless, sustainability
has become a driver of demand (Plazzotta & Manzocco, 2019).

Overall median food loss in the legume sector is concentrated in the
post-harvest (10.4%) and processing (5.3%) stages, values far below of those
estimated for vegetables, because pulses (i.e., legume dry seeds) are barely
perishable. Conversely, about 26% of green legumes is lost during the post-
harvest (faostat.org), of which from 5% to 25% due to industrial processing
(i.e., canning, freezing or drying; Tassoni et al., 2020). Based on the pro-
duction data summarized in Table 1.3, the greatest flows of by-products are
associated with fresh beans and peas, so they are composed of pods, hulls
(also indicated as husks or seed coats), leaves, stems and dark, spotted or
broken seeds (Tassoni et al., 2020).

Table 1.3. Global (World) and European (EU27) gross production of legumes in
2021 expressed as millions tonnes (Mt) and relative shares (%; faostat.org).

World (Mt) World (%) EU27 (Mt) EU27 (%)

Soya beans 371.69 2.71

Peanuts | 53.93

Total pulses 88.97 100 4.48 100
Beans 27.72 31

Chick peas 15.87 18

Peas 12.40 14 1.84 41
Cow peas 8.99 10 0.00

Faba beans 5.96 7 1.12 25
Lentils 5.61 6

Pigeon peas 5.48 6

Other pulses 4.69 5 1.19 27
Lupins 1.38 2 0.32 7
Vetches 0.63 1

Bambara beans 0.24

Total fresh legumes 45.67 2.18

Beans 23.41 51 1.08 50
Peas 20.53 45 0.86 39
Faba beans 1.73 4 0.24 11

1 Reported under oilseed crops despite belonging to Fabaceae.

The recycling of these materials is highly focused on protein extraction,
although the protein content ranges widely among hulls (5-14%), pods (10—
14%), cotyledon parts (23-27%) and oilseed meals (34-55%), with a median
value of 14% (Kamani et al., 2023). Dry fractionation is rarely applicable,
due to moisture content, while alkaline solubilization followed by isoelectric
precipitation is by far the preferred method. However, drastic pH changes
are often detrimental for protein interfacial properties due to irreversible de-
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naturation and aggregation, thus milder techniques like enzymatic hydrolysis
and separation by membrane ultrafiltration may be employed. To improve
the recovery, protein extraction is frequently assisted with microwaves, high-
pressure homogenization (Kamani et al., 2023; Nartea et al., 2023; Tassoni et
al., 2020) or high-power ultrasound (Estivi et al., 2022), a thriving technology
extensively discussed in the following section.

Wet by-products are usually dried and milled to flour, to be used as
an ingredient. Sometimes blanching is adopted to pre-gelatinize starch and
reduce contaminant bacteria. The addition of legume by-products powder
as bulking agent or source of fibre, sometimes in the purified form, has
been extensively evaluated in bread, cake, extruded snacks, crackers, cookies,
gluten-free pasta, noodles, low-fat chicken nuggets, soups and mayonnaise
(Nartea et al., 2023). Besides solid by-products, since 2014 aquafaba (i.e., the
cooking water of canned chickpeas) gained notoriety when vegan community
discovered that its emulsifying properties could imitate egg white in whipped
food preparations (Serventi, 2020). Aquafaba was successfully tested as egg
replacer in sponge cake (Mustafa et al., 2018) and meringue (Stantiall et al.,
2018). Another liquid by-product with peculiar properties is the washing
water from lupin debittering. From it, lupanine and sparteine alkaloids can
be purified and employed in the manufacturing of drugs (Esteves et al., 2020)
or insecticides (Cely-Veloza et al., 2023).

The major drawbacks reported after foods supplementation with legume
by-products are related to sensory acceptability due to unpleasant aspect,
texture or flavour. Additionally, the presence of heat-stable antinutritional
factors (i.e., phytic acid, trypsin inhibitors, tannins, saponins and oligosac-
charides) must be acknowledged, albeit lactic fermentation is emerging as a
novel strategy suitable for their reduction (Gobbetti et al., 2020; Nartea et al.,
2023). In addition, fermentation releases phenolic aglycones from bound and
conjugated fractions, improving their bioaccessibility (Gobbetti et al., 2020).
This is particularly relevant because legume by-product are often richer in
phenolics than cotyledons (Duefias et al., 2004).

1.4 High-power ultrasound for food processing

Ultrasound is a mechanical wave with frequency higher than 20 kHz, beyond
the audible frequency range of humans. It can be differentiated in three
frequency ranges:

¢ 20 to 100 kHz, conventional high-power or low-frequency ultrasound
(US, hereafter);

e 100 kHz to 2 MHz, sonochemistry range;

e 5 to 10 MHz, medical or analytical range (T. J. Mason & Peters, 2002).

Over the past twenty years, low-frequency ultrasound (US) has gained popu-
larity in the food industry and today represents a versatile technology used
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to improve yield and/or accelerate various unit operations such as extraction,
homogenization, filtration, dehydration, freezing, thawing and sanitization
(Awad et al., 2012; Bhargava et al., 2021; Mohammadi et al., 2021). The
simplicity of use, the relatively low costs of the systems and their operation,
and the reduction of treatment times, and therefore of energy costs, are the
basis of the success of ultrasound (Bhargava et al., 2021; T. J. Mason &
Cintas, 2002; T. J. Mason et al., 1996).

US can be employed to make changes in liquids, dispersions, solid and
gaseous media, but in any case a liquid, thus incompressible, medium is
necessary (Feng & Yang, 2011). In fact, US effects are mainly related to the
cavitation phenomenon: during the negative pressure half-wave (rarefaction)
the medium is stressed by tensile forces that increase the distance among
molecules; once the cavitation threshold is reached, the liquid breaks down
and empty bubbles form. When a cavity cannot tolerate the pressure of
surrounding liquid, it implodes violently and energy is immediately released.
Cavities collapse is far more rapid than heat diffusion, creating a localized
hot spot while the liquid bulk remains cold (Suslick, 1990). Inside the
cavities, temperatures of 1700-4700 °C and pressures of 180-300 MPa are
reached (T. J. Mason & Peters, 2002). As temperature rises, cavitation
threshold goes down due to drops in surface tension and viscosity, thus a
liquid will start to cavitate at lower sound pressure. However, water vapour
pressure will be higher and vapour-filled bubbles will form, reducing pressure
difference and cushioning bubbles implosions (T. J. Mason & Lorimer, 2002).
Very high tensile forces are needed for cavitation. Energy and intensity,
along with medium viscosity, surface tension, vapour pressure, nature and
concentration of dissolved gas, presence of solid particles, temperature, and
pressure determine the extent of cavitation (Soria & Villamiel, 2010). Gas-
filled bubbles or particulate produce weak spots in the liquid that allow
the process to begin; alternatively, pre-generated cavitation bubbles can
work as nuclei. The most common frequency range applied is 20-40 KHz,
because cavitation is hardly achieved at high frequencies unless very great
intensities are adopted (Suslick, 1990). The true mechanical power in the
liquid is usually far lower than the nominal one; in addition, devices with
different efficiency, geometry and transducers can be used and the liquid bulk
volume may change as well. Therefore, to compare results it is necessary to
experimentally evaluate the specific amount of energy per volume unit, an
often-overlooked aspect (Guimaraes et al., 2020). The volumetric power can
be estimated by the following formula (Margulis & Margulis, 2003):

dT
P=mC,—
T
where m is the water mass (g), C,, its specific heat (4.186 Jg=!°C™") and ar
the temperature increase (°Cs™1) during the first 90 s of sonication. Besides
the mechanical effect, US generates free radicals through water homolytic
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cleavage: H,O — H" + OH' (T. J. Mason & Peters, 2002; Suslick, 1990).
However, free radicals are produced at the fastest rate from water at around
200 kHz (i.e., in the sonochemistry range; T. J. Mason & Peters, 2002),
while at 20 kHz their development is minimal (Ashokkumar et al., 2008;
T. J. Mason & Peters, 2002).

Several studies have suggested ultrasound as a useful technology to accel-
erate seed hydration and promote germination (Borsato et al., 2019; Ding
et al., 2018; Kalita et al., 2021; Miano et al., 2017; Xia et al., 2020; Yaldagard
et al., 2008). According to Miano et al. (2016) two different mechanisms
are involved: a) direct, related to inertial flow and sponge effect, where the
ultrasound-induced cavitation creates a compression-rarefaction turnover that
squeezes and releases the matrix, pumping water through pre-existing pores;
and b) indirect, related to the formation of new micro-channels because of
physical damage to the tissues. However, low water activity does not allow
cavitation, hence dry seeds (a,, ~ 0.65) undergo slow hydration (Miano et al.,
2016). In fact, new cavities begin to form in the matrix only when an ade-
quate a,, is reached, implying that US treatments are effective when applied
on pre-soaked matrices (Chatchavanthatri et al., 2020). Generally, faster
germination and higher success ratio are observed in ultrasound-treated seeds,
primarily thanks to the improved hydration. In fact, cavitation causes fissures
in the pericarp, augmenting the availability of water and oxygen (Ding et al.,
2018; Yaldagard et al., 2008) and probably facilitates the mobilization of
endosperm nutrients by disrupting cell membranes (Yaldagard et al., 2008).
In addition, US-treated wheat seeds exhibit greater antioxidant activities
of catalase, superoxide dismutase and glutathione reductase: apparently,
reactive oxygen species (ROS) generated by cavitation elicit an antioxidant
response able to enhance plant vigour (Y.-p. Chen et al., 2013).

Currently, the most popular US application is improving extraction pro-
cesses by enhancing yield (i.e., recovery) and abbreviating duration. In the
presence of ultrasound, it is possible to adopt non-toxic green solvents (e.g.,
water, ethanol or deep eutectic solvents), which are safe, non-polluting and
often cheaper than traditional counterparts (Shang et al., 2019; Vilkhu et al.,
2008). The improvement in yields with ultrasonication is mainly due to the
mechanical impact, which facilitates the diffusion of solutes by formation of
pores and channels; disruption of cellular compartments; the micro-movement
that renews the solvent layer in contact with the solutes, maintaining a high
concentration gradient (Ashokkumar, 2015; Vilkhu et al., 2008). Combining
ultrasound with other techniques (e.g., enzymatic pretreatment, supercritical
fluids) allows the extraction of oil from seeds and their by-products in aque-
ous environment (Cravotto et al., 2004; Pingret et al., 2013). However, the
recovery of hydrophilic nutraceuticals remains the most common use of US:
numerous sources described its efficiency in extracting phenolic compounds
from cereal industry by-products (Cengiz et al., 2021; L. Chen et al., 2018;
X. Chen et al., 2020; Cherif et al., 2020; Das et al., 2017; Pordevi¢ & Antov,
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2017; Jha et al., 2017; X. Luo et al., 2018; Muangrat et al., 2018; J. Wang
et al., 2008; Zeng et al., 2019; Zheng et al., 2016). Giopato Viell et al.
(2020) suggested that cavitation could release phenolic compounds from the
insoluble bound fraction. US treatment of legume flours is instead mainly
aimed at obtaining protein isolates through alkaline extraction and isoelectric
precipitation (Byanju et al., 2020; Quintero-Quiroz et al., 2021; F. Wang
et al., 2020). Over-treatment with ultrasound leads to poor performances:
power excess lowers yields since cavitation bubbles hinder wave propagation,
while too long treatments increase the quantity of suspended impurities
worsening solvent penetration. In addition, dissipation of high power can be
detrimental for heat-sensitive compounds, requiring the use of intermittent
cycles. The extractive capacity may also be interpreted as the removal of
anti-nutritional or toxic components: Mohammadi et al. (2021) and Yadav
et al. (2021) documented a greater reduction of phytates in rice bran and
millet flour, respectively, Navarro del Hierro et al. (2018) of saponins in
quinoa, lentil, fenugreek, soy and lupin flours, and Miano et al. (2019) of
quinolizidine alkaloids in lupin seeds.

Ultrasound can also improve and regulate the technological properties
of food macromolecules. In protein, cavitation disrupts weak interactions
(i.e., electrostatic bonds, hydrogen bonds, hydrophobic effect), thus leading
to conformation changes in the secondary and tertiary structures. During
ultrasound-induced denaturation, proteins unfold exposing the hydrophobic
core, rich in phenylalanine, tyrosine, and tryptophan residues, and thus aug-
menting the surface hydrophobicity and improving the interfacial properties
(Constantino & Garcia-Rojas, 2020; Jia et al., 2010; Jin et al., 2012; S. Li,
Yang, Zhang, Ma, Liang, et al., 2016; S. Li, Yang, Zhang, Ma, Qu, et al.,
2016; X. Li et al., 2018; Nazari et al., 2018; O’Sullivan et al., 2016; Ren
et al., 2017, 2018; X. Yang et al., 2017, 2020; H. Zhang et al., 2020; K. Zhang
et al.; 2022; X. Zhang et al., 2021; Y. Zhang, Li, et al., 2018; Y. Zhang, Ma,
Wang, Qu, Wali, & Zhou, 2015; C. Zhou et al., 2013). Disulphides are also
affected, although far higher energy is required to reduce covalent S-S bonds
(226 kJmol ') than to disrupt weak interactions (13 kJmol*; Ashokkumar
et al., 2008; K. Zhang et al., 2022; Y. Zhang, Li, et al., 2018). This can
be exploited for regulating the firmness of gluten (H. Zhang et al., 2020;
Y. Zhang, Li, et al., 2018; Y. Zhang, Ma, Wang, Qu, Li, et al., 2015). The
above described changes do not affect protein molecular weight, but can break
down aggregates (K. Zhang et al., 2022). Nevertheless, overtreatment may
result, on the opposite, in new intermolecular disulphide and hydrophobic
interactions, forming larger aggregates (Constantino & Garcia-Rojas, 2020;
O’Sullivan et al., 2016; Quintero-Quiroz et al., 2021; Vera et al., 2019; K.
Zhang et al., 2022; C. Zhou et al., 2013). With regards to protein secondary
structure, the relative number of a-helices decreases with sonication in favour
of B-sheets and random coils (S. Li, Yang, Zhang, Ma, Liang, et al., 2016;
X. Li et al., 2018; X. Yang et al., 2017; H. Zhang et al., 2020; K. Zhang
et al., 2022; Y. Zhang, Ma, Wang, Qu, Li, et al., 2015; Y. Zhang, Ma, Wang,
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Qu, Wali, & Zhou, 2015), while intramolecular B-sheets are converted to
intermolecular (Y. Zhang, Ma, Wang, Qu, Li, et al., 2015).

In starch granules, ultrasound treatments induce pores, depressions and
cracks because of the rapid water jets produced by the cavitation bubbles
collapse. Ultrasonication breaks down waxy starches particles into smaller
ones, but causes aggregation in amylose-rich starches (Boufi et al., 2018;
Kang et al., 2016; C. Li et al., 2017). According to Kang et al. (2016) and
C. Li et al. (2017), US first disrupts weak interactions and then cleaves
covalent C-O-C o-1,6 glycosidic bonds (apparently less stable than o-1,4
bonds), thus leading to amylopectin debranching (Q.-Y. Yang et al., 2019).
Generally, a decrease in gelatinization enthalpy is observed, due to the loss of
amylopectin double helices, essential for granule integrity (Amini et al., 2015;
Boufi et al., 2018; Cooke & Gidley, 1992; Huang et al., 2007; C. Li et al.,
2017; Yu et al., 2013; X. Zhou et al., 2021). B-type starches, which have a
hexagonal arrangement enclosing a cavity occupied by freezable water, are
more susceptible to US-induced modification (Z. Luo et al., 2008; Pérez et al.,
2009). These changes affect some of the pasting properties of the flours, as
peak viscosity, breakdown, and setback, but not the pasting temperature
(Hu et al., 2015; Huang et al., 2007; Isono et al., 1994; C. Li et al., 2017;
M. Li et al., 2018; Y. Li et al., 2019; Z. Luo et al., 2008; Q.-Y. Yang et al.,
2019; Zuo et al., 2009). According to C. Li et al. (2017) and Zuo et al.
(2009), the decrease in viscosity is due to amylose and long linear amylopectin
depolymerization. In fact, the partial hydrolysis of amylose results in a weaker
network and smaller increase in viscosity during setback (W. R. Mason, 2009;
Varavinit et al., 2003). Lastly, complete starch liquefaction can be achieved,
which is useful for saccharification (Montalbo-Lomboy et al., 2010; Shewale
& Pandit, 2009).
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Aim

This PhD thesis aimed at developing legume-derived ingredients and foods
enriched in bioactive compounds through different strategies, like: exploiting
underutilized crops; taking advantage of the natural modifications occurring
during germination; recovery and upcycling food industry by-products with
the possible adoption of high-power low-frequency ultrasound technology.

In the first part of this research, lupin was chosen as an example of a
underutilized legume and three studies were conducted to: evaluate the free
phenolic compounds across 33 ecotypes of Lupinus mutabilis, kindly provided
by the Universidad Nacional Agraria La Molina (Lima, Peru), and perform a
preliminary investigation of FT-NIR suitability as a non-destructive approach
to assess antioxidant properties; fine-tune an optimized debittering method
evaluating its effect on antioxidants; assess germination as a process for
improving the content in lipophilic antioxidants.

The second part of this thesis focused on the recycling of an industrially-
generated by-product resulting from canning of green peas. Casalasco Societa
Agricola SPA kindly provided the material that was employed in two studies.
The former aimed at optimizing an ultrasound-assisted method for protein
extraction, while in the latter the by-product was assessed as a substrate
for Propionibacterium freudenreichii fermentation to synthesize vitamin B12
and fortify bread. This task was accomplished during a period abroad of six
months at the University of Helsinki.
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The contents of this chapter were published in:
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Hidalgo, A., & Brandolini, A. (2022). Free phenolic compounds,
antioxidant capacity and FT-NIR survey of debittered Lupinus mu-
tabilis seeds. Processes, 10, 1637. https://doi.org/10.3390/pr10081637

Abstract

Lupinus mutabilis protein-rich seeds must be debittered before consumption.
The aim of this research was to assess free phenolic compounds, antioxi-
dant capacity and FT-NIR spectra of flours from debittered seeds of 33
Andean ecotypes of L. mutabilis, and five varieties belonging to L. luteus,
L. angustifolius and L. albus as controls. The free phenolics were quantified
by RP-HPLC, while the antioxidant capacity was evaluated spectrophotomet-
rically through the Reducing Power, ABTS, FRAP and DPPH methods. The
free phenolics of L. mutabilis were mostly (97-100%) flavonoids (genistein and
genistein derivatives, apigenin, catechin and naringenin). Other compounds,
detected in low quantities, were phenolic acids (cinnamic acid derivatives).
The highest total free phenolic concentration was observed in H6 INIA BP
(1343 mg/kg DM), followed by Chacas, Moteado beige, Hudnuco and Lircay.
The antioxidant capacity of the L. mutabilis ecotypes exceeded that of the
controls and was correlated to flavonoids content. Additionally, a relationship
between free phenolic compounds and spectral bands was established by
FT-NIR, paving the way for a fast, reliable and non-destructive approach to
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lupin seeds characterization. Even after debittering, lupin flours maintained
high free phenolic concentrations and antioxidant capacity.

3.1 Introduction

The growing interest of consumers for nutritional quality and the benefi-
cial effects of foods on health is constantly stimulating the search for new
raw materials with good macronutrients composition and rich in bioactive
compounds. In this context, the rediscovery of traditional but often under-
utilized crops from different regions of the world is an appealing and realistic
alternative. The Andean lupin (L. mutabilis Sweet), locally called tarwi or
chocho, is a South American legume belonging to a genus which includes
three species of worldwide agricultural interest, i.e., L. albus, L. luteus and
L. angustifolius (Musco et al., 2017). The Andean lupin, cultivated for mil-
lennia in the temperate and cold climates of the Andes in South America,
combines thrifty agronomic requirements with excellent nutritional properties,
thus representing a promising resource for the preparation of high nutritional
value food products.

Lupin seeds have a balanced composition, characterized by an excellent
content of proteins, lipids and micronutrients (Béhr et al., 2014; Carvajal-
Larenas et al., 2016; Ruiz-Lépez et al., 2019), as well as by numerous bioactive
compounds with antioxidant capacity, such as tocols (Boschin & Arnoldi,
2011; Bricefo Berru et al., 2021; Czubinski et al., 2021), carotenoids (Bricefio
Berru et al., 2021; Czubinski et al., 2021) and phenolics (Brandolini et al.,
2022; Czubinski et al., 2021; Grela et al., 2017). Particularly interesting are
the phenolic compounds, primary antioxidants that stabilize free radicals
protecting cell membranes, proteins, lipids and DNA from oxidative damage
(Nimse & Pal, 2015). Lupins also contain quinolizidine alkaloids, bitter and
toxic compounds which must be removed before consumption through a
long debittering procedure that includes boiling and repeated water washes
(Carvajal-Larenas et al., 2014; Cérdova-Ramos, Glorio-Paulet, Camarena,
et al., 2020; Jiménez-Martinez et al., 2010); to avoid this process, some
breeding programmes are selecting genotypes characterized by low levels of
alkaloids (Galek et al., 2017; Gulisano et al., 2019; Ruiz-Lépez et al., 2019).
Once debittered, lupin seeds have many potential applications as food for
humans and animals, and as additives for cosmetic, pharmaceutical and
medical industries (Gulisano et al., 2019; Sbihi et al., 2013).

Most of the published results on the phenolic composition and antioxidant
capacity of lupins are about Mediterranean lupins, and refer to bitter seeds.
However, the boiling and repeated washings needed for debittering induce a
drastic reduction of water-soluble compounds, such as minerals, mono-, di-
and oligosaccharides (Carvajal-Larenas et al., 2014; Cérdova-Ramos, Glorio-
Paulet, Camarena, et al., 2020; Jiménez-Martinez et al., 2010), and phenolics
(Brandolini et al., 2022; Cérdova-Ramos, Glorio-Paulet, Hidalgo, & Camarena,
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2020; Villacrés et al., 2020). In fact, after debittering, a 96-97% reduction in
total polyphenols across three L. mutabilis ecotypes was observed (Villacrés
et al., 2020), while in three other Andean lupins an average of 76% phenolics
decrease was noticed; flavonoids (-71%) were particularly susceptible, while
phenolic acids (-57%) seemed to be more resilient (Brandolini et al., 2022).

The industry is looking for rapid, low-cost, eco-friendly but accurate meth-
ods for chemical composition determination. Among rapid measurement tech-
niques, Near Infrared (NIR) spectroscopy was demonstrated to be a reliable
approach for food product characterization. Indeed, NIR spectra, deriving
from the interaction light-matter in the region of 12500-400 cm ™!, contain
abundant information on the molecular interaction between functional groups.

The widespread industrial utilization of the Andean lupin is hampered
by the limited number of studies analysing its composition and technological
characteristics, as well as the lack of improved varieties suitable for cultivation
in the main lupin cropping areas. A recent study characterized chemical com-
position, carotenoids and tocols of 33 Andean ecotypes of Lupinus mutabilis,
originating from different eco-geographic regions of Peru (Bricefio Berru et al.,
2021). To identify the most suitable ecotypes for developing high nutritional
value food products, the aim of this research was to improve the characteriza-
tion of these very same materials by determining the free phenolic compounds
and antioxidant capacity of the water-debittered seeds. A second aim was to
perform a preliminary investigation of FT-NIR suitability as a fast, reliable
and non-destructive approach to assess the antioxidant properties of lupins.

3.2 Materials and methods

3.2.1 Materials

The seeds of the 33 Lupinus mutabilis ecotypes analysed (Supplementary
Table S.1), kindly provided by the Leguminous Program of the Universidad
Nacional Agraria La Molina (Lima, Peru), were originally collected in different
regions of the Peruvian Andes (Supplementary Figure S.1). One Lupinus
albus from Peru (cv. Dulce 7), as well as two L. albus (cv. Ares and Multitalia),
one Lupinus angustifolius (cv. Boregine) and one Lupinus luteus (cv. Percoz)
from Ttaly were tested as controls (Supplementary Table S.1).

3.2.2 Debittering and milling

To remove the alkaloids, debittering was conducted according to Cérdova-
Ramos, Glorio-Paulet, Camarena, et al. (2020). The lupin beans were
hydrated at room temperature for 12 h with a 1:6 (w/v) seeds:water ratio;
boiled for 1 h (hydrated seeds:water 1:3 w/v), changing water after 30 min;
soaked in water (cooked seeds:water 1:3 w/v) at room temperature for 5
days, substituting the water every day; strained and then dried at 50°C in a
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SW-10S dryer (Xinhang, Henan, China) for 18 h; and stored in the dark at
room temperature until milling.

The debittered lupin grains were ground with a Grindomix GM 200 knife
mill (Retsch GmbH, Germany) at 6000 rpm for 35 s. The whole meals were
sifted through a 20.0 mesh (0.85 mm) sieve, vacuum-packed in high-density
polyethylene bags and stored at 4 °C until the analyses.

3.2.3 Free phenolic compounds

The extraction of free phenolic compounds was carried out according to
the procedure reported by Brandolini et al. (2022). Approximately 1 g
of flour was weighed into capped centrifuge tubes and 15 mL of methanol
80% in water were added. After vortexing with a Wizard Advanced IR
Vortex Mixer (Velp Scientifica, Usmate Velate, Italy) for about 45-60 s, the
samples were placed in an ultrasonic bath for 10 min, vortexed again for few
seconds and centrifuged at 16100 g for 10 min at 8 °C with a LISA centrifuge
(AFT Groups, Chateau-Gontier, France). The supernatants, which contain
the free phenolics, were recovered in a 250 mL flask and covered with foil
to protect the content from light. The extraction was repeated two more
times. The three extracts were merged, evaporated under vacuum using a
Laborota 4000 Efficient rotavapor (Heidolph, Milan, Italy) for 40 min at
35°C and completely dried by nitrogen flow for 1 min. The dry samples
were re-suspended with 2 mL of methanol:chromatographic water 8:2 (v/v),
vortexed and filtered on a 0.45 pm PTFE membrane (Diana Beck Scientific,
Angera, Italy).

The reverse-phase HPLC analysis was performed according to Aborus
et al. (2018) using column Adamas® C18-AQ 250 x 4.6 mm, 5 um and a guard
column C18 10 x 4.6 mm, 5 pm (SepaChrom SRL, Rho, Italy) thermostated
at 30°C. The system included the following: injector Rheodyne 7125 (VWR,
Hitachi, Tokyo, Japan) mounting a 20 pL loop; pump L-2130 Elite LaChrom
(VWR, Hitachi); column oven L-2300 Elite LaChrom (VWR, Hitachi); Diode
Array Detector L-2450 Elite LaChrom (Merck, Hitachi, Tokyo, Japan); soft-
ware EZChrom Client/Server v3.1.7). Elution was achieved using acetonitrile
(A) and 1% (v/v) formic acid in water (B) mobile phases at 1 mL/min flow
rate with the following gradient profile: 0-10 min, from 10% to 25% A with
linear rise; 10-20 min linear rise to 60% A; 20-30 min linear rise to 70%;
10 min reverse to 10% A; 5 min of equilibration time.

The identity of the compound was confirmed by the congruence of reten-
tion times and UV/VIS spectra with those of pure authentic standards. The
unidentified peaks were quantified using the calibration curve of the compound
with a similar absorption spectrum and named as “phenolic derivative”, as pro-
posed by several authors (Brandolini et al., 2022; Campos & Markham, 2007;
Duenas et al., 2009; Magalhaes, Taveira, et al., 2017; Zalewski et al., 2020);
additionally, the derivatives of each compound were grouped together. For
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phenolics quantification, the calibration curves of the identified phenolics were
constructed using standards (Sigma-Aldrich) recorded at 280 nm for catechin
(13.9-99.2 mg/L), genistein (27.5-110.0 mg/L), naringenin (2.3-9.0 mg/L),
cinnamic acid (4.1-19.1 mg/L); at 320 nm for apigenin (1.0-20.0 mg/L); at
360 nm for diosmin (5.2-104.8 mg/L). Based on the calibration curve, the
limit of detection was calculated as the intercept value of the regression line,
plus three times the standard error of the estimate (Miller & Miller, 1998).
The calibration curves were linear in the concentration intervals assessed,
with the respectively following detection limits: 1.86, 1.52, 0.15, 0.19, 1.19
and 0.41 mg/L. The results are reported as mg/kg dry matter (DM).

3.2.4 Antioxidant capacity

Exactly 0.100 £ 0.010 g of flour was mixed in a Eppendorf tube with 1 mL of
80% methanol in water, vortexed, placed in an ultrasonic bath for 10 min,
shaken for 20 min and centrifuged (4224 Centrifuge, ALC, Milan, Italy) at
15290 g for 10 min. After recovering the supernatant, the extraction was
repeated and the two supernatants combined. The antioxidant capacity of deb-
ittered lupins was evaluated by the reducing power (RP) method, according
to Oyaizu (1986), the ABTS method according to Re et al. (1999), the FRAP
method and the DPPH method according to Yilmaz et al. (2015). The antiox-
idant capacity was expressed as millimoles Trolox equivalent (TE)/kg (DM).
All the assays were carried out in three independent samples.

The antioxidant capacity of 20 of the 33 Lupinus mutabilis ecotypes
here analysed, as well as that of the controls, was previously reported in
Briceno Berru (2023).

3.2.5 Near infrared spectroscopy

The debittered lupin flours were analysed by a Fourier Transform (FT)-NIR
spectrometer (MPA, Bruker Optics, Ettlingen, Germany) equipped with
an integrating sphere module, with a 25 mm diameter window, working
in diffuse reflectance mode and a RT-PbS external detector (non-linearity
correction: cut-off 3350 cm™!, efficiency: 0.9). Two 1 g aliquots of each
sample were analysed by positioning the glass cups containing the sample
on the measuring window. The spectra were collected in the range 12500
to 3600 cm ™! (resolution, 8 cm™?; scanner velocity, 10 kHz; background, 32
scans; sample, 32 scans). OPUS software (v. 6.5, Bruker Optics, Ettlingen,
Germany) was used for instrumental control and for spectra acquisition.

3.2.6 Statistical analysis

To assess the differences among Andean lupins, species or geographical area
of origin for the traits analysed, a one-way analysis of variance (ANOVA) was
performed. The geographical areas were: North (groups A + B), Centre North
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(C+D), Centre South (E+F) and South (G + H). Normal distribution of the
data was verified and, if needed, the log-transformation was applied. When
significant differences were detected, Fisher’s least significant differences
(LSD) at p < 0.05 were calculated. Pearson’s linear correlation between the
total free phenolic acid content of lupins and their antioxidant capacity was
also determined. All these analyses were performed using the Statgraphics®
Centurion 18 statistical programme (StatPoint Technologies Inc., Warrengton,
VA, USA). The average values, standard deviations and standard errors were
computed using the Excel® program (Microsoft, Redmond, WA, USA).
Furthermore, Principal Component Analysis (PCA) was applied to explore
sample distribution of debittered seeds, according to species or geographical
area of origin, for the traits analysed in this work (free phenolics and antioxi-
dant capacities) and in previous research (carotenoids and tocols) on the same
samples (Bricefio Berru et al., 2021), as well as to assess variable relation-
ships (Wold et al., 1984). Regression models were developed by partial least
squares (PLS), combining NIR spectral information (X) with the dependent
information (Y), i.e., phenolic compounds and antioxidant capacity data. The
spectral range was reduced to the most informative region (9000-3800 cm™1)
and transformed by different spectral pre-processing techniques (alone or
in combination), i.e., no spectral pre-processing; standard normal variation
(SNV); smoothing (Savitzky-Golay with filter width 15); first derivative
(Savitzky-Golay with filter width 15); second derivative (Savitzky-Golay with
filter width 15); and always followed by mean centring. In addition, a vari-
able selection procedure was performed using interval Partial Least Square
(i-PLS; Ngrgaard et al., 2000), to identify the best subset of spectral variables
for the elaboration of the PLS regression models. The model dimensional-
ity, i.e., the number of latent variables (LV), was assessed by the venetian
blind cross-validation strategy. Statistical parameters such as root mean
error in calibration (RMSEca1,) and cross-validation (RMSEcy); root mean
square percentage error in calibration (RMSPEca1,) and cross-validation
(RMSPEcy); coefficient of determination of both calibration (R2car,) and
cross-validation (R2cv), and bias and ratio of performance to deviation
(RPD) were used to assess model performance. The PCA and PLS models
were developed with PLS Toolbox (Eigenvector, Manson, WA, USA) working
under MATLAB environment (R2016b, The Mathworks, Natick, MA, USA).

3.3 Results and discussion

3.3.1 Phenolics composition and content

The phenolic composition of the analysed debittered Andean lupins is re-
ported in Supplementary Table S.2, while one chromatogram is shown in the
Supplementary Figure S.2 as an example. Seven compounds were detected:
the flavonoids genistein; genistein derivative; apigenin derivative; catechin
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derivative; diosmin derivative; naringenin derivative; and, among phenolic
acid, cinnamic acid derivatives. The most abundant phenolics were the
flavonoids, encompassing 97.0-100.0% of total phenolics, followed by the phe-
nolic acids (not detected—2.1%). Genistein derivative (465 + 25 mg/kg DM)
and genistein (136 &+ 10 mg/kg DM) represented 67.4% and 19.7% of total
flavonoids, respectively. Four compounds (genistein and derivatives of genis-
tein, apigenin and diosmin) were present across all Andean lupins, while
others were below the detection limits in one (naringenin derivative) or more
(catechin derivative, and cinnamic acid derivative) samples. The phenolics
profile and concentration was similar to that described by Brandolini et al.
(2022) for three debittered Andean lupin ecotypes, but lacking the vanillic
acid, p-hydroxybenzoic acid and 2,4-hydroxybenzoic acid derivatives. Tian
et al. (2024) assessed the flavonoids profile in the debittered seeds of ten of
the L. mutabilis ecotypes here studied: total flavonoids ranged from 1252 to
2032 mg/kg DM, while the main compounds identified were the isoflavones
methoxy-genistein (ranging from 20% to 54% of total flavonoids), genistein
(11-27%) and methoxy-genistein-hexoside (4-20%).

The ANOVAs detected highly significant differences (p < 0.001) among
ecotypes for all the traits analysed. The H6 INIA BP showed the highest
total free phenolics concentration (1342.98 mg/kg DM), followed by Chacas
(1290.67 mg/kg DM), Hudnuco 2 (1226.32 mg/kg DM), Moteado beige
(1208.69 mg/kg DM) and Lircay (1170.61 mg/kg DM), while the ecotypes CD
Junin 7-2 (382.54 mg/kg DM) and Churibamba (294.98 mg/kg DM) had the
lowest (Figure 3.1). Gélvez-Ranilla et al. (2009), studying the isoflavones of
bitter seeds from six Andean lupins from the Legume and Cereal program of
the Universidad Agraria of Lima, Peru, observed a broad variation, with one
sample (H6, the source of the two H6 INIA ecotypes) having isoflavones and
antioxidant capacity (DPPH method) far superior to the other L. mutabilis,
including three accessions present in this research, SCG 22, Yunguyo and
Andares (sic, probably a transcription error for Andenes).

The ANOVAs (not reported) showed the existence of highly significant
differences (p < 0.05 to p < 0.001) between Andean lupins and the controls
for all the phenolic compounds, except apigenin; hence, the differences were
highly significant (p < 0.001) for total phenolics content too. The lupin
controls, belonging to the L. albus and L. angustifolius species, had very low
phenolics content (6.8-31.3 mg/kg DM) and completely different composition
(Table 3.1), limited to apigenin derivatives and, for Dulce 7, to genistein and
its derivative. On the other hand, the L. luteus control showed a phenolics
content (398.7 mg/kg DM) in the lower range of the L. mutabilis tested and
a comparable composition, rich in flavonoids. Several authors (Czubinski
et al., 2019; Ferchichi et al., 2021; Magalhaes, Taveira, et al., 2017; Siger
et al., 2012) observed that non-debittered L. luteus seeds have higher phenolic
acids and flavonoids content than L. albus and L. angustifolius. A higher
total phenolic content in L. mutabilis is also shown from the results and the
principal component analysis performed by Czubinski et al. (2021).
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Figure 3.1. Total flavonoids, total phenolic acids and total free phenolics in
debittered seeds of 33 L. mutabilis, three L. albus, one L. angustifolius and one
L. luteus. The ecotype codes are defined in Supplementary Table S.1. Error bars
represent standard deviation.

In non-debittered seed samples, Galvez-Ranilla et al. (2009) noticed that
their L. albus and L. angustifolius controls had very low or non-detectable
concentrations of isoflavones, while apigenin and two p-coumaric derivatives
were observed in L. albus (Karamadé et al., 2018), and ferulic, sinapic and
p-coumaric acids were recorded in L. angustifolius (Krél et al., 2018). On
the other hand, from bitter seeds of the three Mediterranean lupin species,
Lampart-Szczapa et al. (2003) recovered protocatechuic, p-hydroxybenzoic,
chlorogenic, vanillic, p-coumaric and ferulic acids, while Siger et al. (2012)
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Table 3.1. Average values (mean =+ standard error) of free phenolics content
(mg/kg DM) and antioxidant capacity (mmol TE/kg DM) in debittered seeds of 33
L. mutabilis, three L. albus, one L. angustifolius and one L. luteus. Ranges of values
are reported in parentheses.

L. mutabilis L. albus L. angustifolius L. luteus
Genistein 135.78 £+ 10.49 2.21+£0.01 nd 40.39 + 3.89
(38.03-352.12)  (nd-13.26)
Genistein der 464.69 +25.30  0.82 +0.01 nd 230.00 4+ 13.68
(219.57-1062.84)  (nd-4.95)
Apigenin der 13.02+ 1.01 6.19£0.79 14.82 £ 1.47 27.82+ 0.39
(2.70-27.99)  (6.79-17.31)
Catechin der 6.11+ 1.06 nd nd nd
(nd-36.49)
Diosmin der 64.69 + 4.35 nd nd 98.43 + 5.47
(7.23-168.19)
Naringenin der 5.36 £ 0.31 nd nd 2.03+ 0.07
(nd-11.58)
Cinnamic acid 3.49+ 047 nd nd nd
der (nd—11.92)

Y free phenolics  693.16 £34.74  9.23+£0.79 14.82+1.47 398.68 + 15.84
(204.98-1342.98) (6.79-31.27)

Reducing power 2534+ 0.15  1.03+£0.19  0.894+0.02  4.01+ 0.53
(1.09-6.68)  (1.44-3.10)

ABTS 4017+ 1.74 741+3.03 9234049 3134+ 0.80
(17.25-74.27)  (2.36-21.98)

DPPH 263+ 0.14 0344006 050+0.02 086+ 0.07
(1.06-6.47)  (0.25-1.40)

FRAP 1841+ 0.74 23040.06 5.08+0.11 1244+ 0.04

(9.48-30.90)  (3.90-5.21)

der, derivative; nd, not detected, i.e., below the detection limit.

identified apigenin along with gallic, protocatechuic, p-hydroxybenzoic, caffeic
and p-coumaric acids. Further examples of the great intra- and inter-species
heterogeneity come from Czubinski et al. (2019), who found only apigenin
derivatives in the three species L. albus, L. angustifolius and L. luteus (382.4—
569.7, 784.0-1027.3 and 1380.2-1417.7 mg/kg DM, respectively), and from
Kalogeropoulos et al. (2010) who, conversely, reported the prevalence of
phenolic acids on flavonoids in L. albus (14.1 and 8.2 mg/kg DM, respectively).
The broad differences observed between, and within, species were correctly
attributed to the effects of genetic selection and long-term adaptation towards
eco-geographical areas with different edaphic, climatic and pathogenic charac-
teristics (Ferchichi et al., 2021). Additionally, debittering is often unavoidable
for sweet varieties as well (Villacrés et al., 2020), and this process entails an
additional source of variability due to different methods and conditions.
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3.3.2 Antioxidant capacity and its correlation with phenolics content

The antioxidant capacity of the L. mutabilis ecotypes, measured by reducing
power, DPPH, ABTS and FRAP, is presented in Figure 3.2. The ANOVAs
highlighted the presence of significant differences (p < 0.001) among samples
for all methods. Andenes 80, H6 INTA BN, H6 INIA BP, Moteado beige and
Lircay were the ecotypes with the highest values across most tests; conversely,
Congona and Churibamba displayed the lowest results.

The ABTS average result for L. mutabilis (40.2 mmol TE/kg DM) is in
the same order of magnitude of non-debittered L. albus and L. angustifolius
analysed by Martinez-Villaluenga et al. (47.2-71.4 mmol TE/kg DM; 2009);
some ecotypes (e.g., Andenes 80, Puno 2 blanquita, Andenes INTA and Lircay)
reached the highest values, 1.5—1.8-fold the mean.

The antioxidant capacity of the controls was significantly different and
inferior to that of the Andean lupins in three out of four tests (DPPH,
ABTS and FRAP). Among the European lupins, L. luteus showed the highest
values (Table 3.1). Interestingly, the debittered Andean lupin results were
similar or only slightly inferior to those recorded in bitter beans of the
Mediterranean lupins. In fact, ABTS and FRAP antioxidant capacities
of 53-123 pmol TE/g DM and 9.4-12.4 pmol Fe** /g DM were recorded in
L. albus (Karamac et al., 2018); 87-152 pmol TE /g extract (ABTS) and 0.108-
0.235 pmol Fe** /g extract (RP) were observed in L. angustifolius (Krél et al.,
2018); and DPPH values of 3.51-6.58 nmol TE/g DM in L. albus, 6.89-7.54
in L. angustifolius and 8.12-9.03 in L. luteus were detected (Siger et al., 2012).
Generally, a decrease in antioxidant activity is evident after debittering, as
documented by several authors (Cérdova-Ramos, Glorio-Paulet, Hidalgo,
& Camarena, 2020; Mohammed et al., 2017; Villacrés et al., 2020), and is
most likely due to soluble phenolics thermal degradation and washout (Khan
et al., 2015; Villacrés et al., 2020). In fact, the bound fraction and the
lipophilic antioxidants appear unaffected or even concentrated by the removal
of other components (Brandolini et al., 2022; Bricefio Berru et al., 2021),
while quinolizidine alkaloids do not exhibit antioxidant activities (Chan &
Hui, 2000; Hassine et al., 2021; Magalhaes, Fernandes, et al., 2017).

The linear correlations between antioxidant capacity and individual phe-
nolics (Table 3.2) were mostly significant, with the exceptions of diosmin
derivative and cinnamic acid derivative, which did not present any correlation.
The results of the four antioxidant capacity tests were always significantly
correlated (p < 0.01 and p < 0.001) to flavonoids and total phenolics con-
centrations, while phenolic acids, scarcely present in the debittered Andean
lupins, did not show significant correlation. Hassine et al. (2021) found
significant, very high, Pearson’s correlation coefficients between ABTS and
total phenolics or phenolic acids (0.948 and 0.905, respectively).

The results of the PCA performed on the phenolic contents (flavonoids,
phenolic acids, tocols, carotenoids and total free phenolics) and the antiox-
idant capacity (reducing power, DPPH, ABTS and FRAP) are shown in
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Figure 3.2. Antioxidant capacity (reducing power, DPPH, ABTS and FRAP
methods) in debittered seeds of 33 L. mutabilis, three L. albus, one L. angustifolius
and one L. luteus. The ecotype codes are defined in Supplementary Table S.1. Error
bars represent standard deviation.
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Table 3.2. Pearson’s linear correlation coefficients (n = 38) among antioxidant ca-
pacity (RP, reducing power; ABTS, 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid); DPPH, 2,2-diphenyl-1-picrylhydrazyl; FRAP, ferric reducing antioxidant
power) and free phenolics content of all Lupinus samples.

RP ABTS DPPH  FRAP
0557 0697

Genistein 0.35" 0.52""

Genistein der 0.59""  0.60"" 076"  0.80""
Apigenin der 0.38" 0.49"" 0.47"" 0.58™""
Catechin der 0.05 0.42" 0.47"" 0.45**
Diosmin der 0.16 0.21 0.17 0.32
Naringenin der 0.10 0.45"" 0.34" 0.35*
Cinnamic acid der 0.04 —-0.04 —0.05 —0.11
Flavonoids 0.61"" 045" 0.63"" 071"
Phenolic acids 0.01 —0.25 —0.27 —0.40*
Total phenolics 0.63"  0.48" 0.64"" 071"

der, derivative; *, p < 0.05; **, p < 0.01; *** p < 0.001.
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Figure 3.3. Biplot of the principal component analysis performed on phenolic
contents (flavonoids, phenolic acids and total free phenolics), tocols, carotenoids,
and antioxidant capacity (reducing power, DPPH, ABTS and FRAP) in debittered
seeds of 33 L. mutabilis, three L. albus, one L. angustifolius, and one L. luteus. The
ecotype codes are defined in Supplementary Table S.1. Carotenoids and tocols data
are from a previous study (Bricefio Berru et al., 2021).
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Figure 3.3. The biplot confirmed that L. albus and L. angustifolius differ from
the Andean lupins for all of the phenolic compounds and the antioxidant
capacity, whereas L. luteus showed phenolic contents and antioxidant capacity
comparable to those of L. mutabilis. Indeed, the L. albus and L. angustifolius
controls assumed highly negative PC1 scores (< —0.2), thus positioning far
away from the other samples. On the opposite side of the PC1 axis it was
possible to notice the positioning of the ecotypes with the highest total free
phenolics concentration, i.e., H6 INIA BP, Lircay, Moteado beige, Chacas,
Huanuco 2 and Andenes 80. This result is linked to a higher carotenoids con-
tent in L. albus and L. angustifolius coupled to lower flavonoids and phenolic
acids contents, as also confirmed by the negative loadings for carotenoids
and positive loadings for the other compounds. The variable loadings con-
firmed the existing relationship between antioxidant capacity and tocols,
flavonoids and total phenolics, as their loadings were near DPPH, ABTS and
FRAP, indicating that they are related and contribute similarly to samples
distribution.

3.3.3 Geographical origin

The ANOVAs conducted after grouping the Andean lupins in geographical
areas, viz North, Centre-North, Centre-South and South, did not highlight
any significant difference for phenolic content among ecotypes of the different
regions. This result was corroborated by the PCA (Figure 3.3), as no sample
grouping was observed according to the origin. On the other hand, ABTS,
DPPH and FRAP antioxidant capacities were significantly different between
groups at p < 0.05 and RP was significant at p < 0.089. On average, the
ecotypes coming from the Centre-South and South of Peru showed higher
antioxidant capacity than those from the Centre-North and North areas
(Table 3.3).

Since no geographical diversities were found for polyphenols content, these
differences may be due to other antioxidant compounds present in Andean
lupins, such as tocols, carotenoids, etc. In fact, Bricefio Berru et al. (2021),
in the very same ecotypes, observed greater concentration of 3-tocopherol in
samples coming from the Centre-South and South regions of Peru, as well as
of lutein and total carotenoids in samples from the South, and attributed
them to the selection pressure exerted by the harsher climatic conditions of
those environments.

3.3.4 Near infrared spectra and regression models

All the species showed similar FT-NIR spectra before (Figure 3.4a) and
after the SNV transformation (Figure 3.4b). An absorption band around
8550-8300 cm~! could be attributed to the second overtone of —CH,, and
the relatively wide peak at 6900 cm ™! can be assigned to the O-H stretch
first overtone of hydroxyl groups (Tomar et al., 2021). Around 5785 cm™*
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Figure 3.4. FT-NIR spectra collected for the 33 L. mutabilis ecotypes, three
L. albus (cv. Dulce 7, Ares and Multitalia), one L. angustifolius (cv. Boregine) and
one L. luteus (cv. Percoz): (a) raw spectra; (b) FT-NIR spectra after the SNV
transformation.
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Table 3.3. Mean value (+ standard error) of free phenolics (mg/kg DM) and
antioxidant capacity (mmol TE/kg DM) of 33 L. mutabilis from different regions of
Peru. RP, reducing power; ABTS, 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid); DPPH, 2,2-diphenyl-1-picrylhydrazyl; FRAP, ferric reducing antioxidant
power.

North Centre-North Centre-South South
N° ecotypes 5 13 9 6

Flavonoids 592.34 £ 67.65 699.20 £ 84.36 796.46 = 116.43  589.92 £ 167.02
Phenolic acids 270+ 1.15 4.65+ 1.19 272+ 1.20 282+ 4.54
Total phenolics 595.04 +66.71  703.85 £ 84.32 799.18 £115.91 592.74 + 67.91

RP 2.634+ 0.50** 226+ 0.19> 3.10+ 0.59> 219+ 0.58P
ABTS 36.17+ 3.90P°¢ 34.95+ 3.84° 44.024+ 4.242P 49.02+ 17.272
DPPH 213+ 0.32P 2274+ 0220 342+ 050* 264+ 0.922P
FRAP 15.734+ 2.27° 1652+ 1.42P 2152+ 2.292 20.094+ 5.932P

Values in the same row with different letters are significantly different (p < 0.05) follow-
ing Fisher’s LSD test.

and 5680 cm ™! were present the signals related to the first overtone of C—
H stretching (Can et al., 2018), while the peak near 5200 cm~! could be
attributed to O—H bending/stretching of polysaccharides, converging with
those of water; the absorption at 4332 cm ™! may be linked to C-H bending
(Tomar et al., 2021). The only remarkable difference among the FT-NIR
spectra of the different species was in the 4800-4600 cm™! region, where
sharp peaks at 4850 cm ™! and 4660 cm ™! were observed for the Andean
lupins and L. luteus. This region was previously recognized as the most
relevant for the assessment of phenolic contents in faba beans (Wang et al.,
2014), and in tannins and flavonoids (Goodchild et al., 1998) due to the
asymmetric C—O—-0O stretches (Zhang et al., 2017). Hence, the differences
detected in this region confirmed the lower total phenolics content of L. albus
and L. angustifolius.

The PCA performed with the FT-NIR spectra again split the L. albus and
L. angustifolius samples from the other lupins along the PC1 (Figure 3.5a),
linked to PC1 positive loadings of the region 4850 cm™! and 4660 cm™!
(Figure 3.5b), where sharp peaks were observed in the FT-NIR spectra
collected for Andean lupins and L. [luteus. Their differentiation from the
other lupins is confirmed by their high total carotenoid values, coupled to low
tocols, flavonoids and total phenolic acids contents, antioxidant capacities,
and b* colour coordinate. Similarly, four Andean lupins (Andenes INTA,
Lircay, Altagracia and Puno 2 blanquita) formed a small cluster in the
top right quadrant (Figure 3.5a); their location is linked to high positive
loadings, for both PC1 and PC2, in the region 5000-5500 cm ™! (Figure 3.5b),
characterized by a peak near 5200 cm~! related to O-H bending/stretching
of polysaccharides, converging with those of water. The four ecotypes were
always among the top scorers for total tocols content, ABTS and FRAP
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Figure 3.5. Principal component analysis performed on the FT-NIR spectra
of debittered seeds of 33 L. mutabilis, three L. albus, one L. angustifolius and one
L. luteus; the ecotype codes are defined in Supplementary Table S.1. (a) PC1 vs
PC2 scores plot. (b) PC1 and PC2 loadings plot.
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antioxidant capacity of the methanolic extracts and total free phenolics
content, and b* colour coordinate. Finally, the isolated Huallanca ecotype
(Figure 3.5a, in the bottom left quadrant) was characterized by the lowest
total carotenoids content and ABTS antioxidant capacity of the methanolic
extracts.

The relationship between phenolic content and FT-NIR spectra was
further investigated by the development of i-PLS regression models. The best
models were obtained after SNV transformation for total phenolics (R?cy of
0.84, RMSEcy of 112.40 mg/kg DM), flavonoids (R2cy of 0.83, RMSEcy of
116.80 mg/kg DM), carotenoids (R2cy of 0.86, RMSEcy of 0.51 mg/kg DM),
tocols (R?cy of 0.86, RMSEcy of 23.80 mg/kg DM) and antioxidant capacity
as FRAP (R2gy of 0.76, RMSEcy of 2.89 mmol TE/kg DM); more details are
reported in Table 3.4. The spectral regions selected by the i-PLS algorithm
confirmed the relevance of the absorption bands related to phenolics presence.
Similar results are reported by Tomar et al. (2021) for the prediction of
phenolics (range 0.04-0.21 g/100 g) in pearl millet (Pennisetum glaucum L.),
with standard error in cross validation of 0.0199 g/100 g. Carbas et al. (2020)
reached higher performance in predicting phenolics and flavonoids (RPD of
5.20 and 5.18, respectively), but poorer performance for FRAP prediction
(RPD of 2.02). Their regression models, developed for total phenolics and
flavonoids, however, had a range of variability not comparable to those
examined in this research, impeding any comparison of the results, together
with a lower number of samples used for calibration (n = 21).

Even if the numerosity of the analysed samples is not substantial for model
validation in prediction, its performance in cross-validation was evaluated in
terms of retrieval, in respect to conventional method results. The average
retrieval of the regression models was 100.0, 100.7, 105.1, 99.6 and 92.4%
for total phenolics, flavonoids, carotenoids, tocols and antioxidant capacity,
respectively. This means that on average the PLS models retrieve the
compounds content as the reference method for total phenolics, flavonoids
and tocols. The PLS model developed for carotenoids tends to overestimate
the presence of compounds in the sample; instead, the model to predict
FRAP, on average, underestimates the antioxidant capacity, in respect to the
one measured by the colorimetric assay.

3.4 Conclusions

Even after a drastic debittering process that included boiling and recurrent
washing, the Andean lupins maintained good free phenolic compounds con-
centrations, ranging from 340.81 to 1393.32 mg/kg DM. The flavonoids repre-
sented about 95% of the total free phenolics. The L. albus and L. angustifolius
used as controls had different phenols composition and content, while the
L. luteus had similar profile but inferior values. Accordingly, the antioxidant
capacity of the L. mutabilis ecotypes exceeded that of the controls and was
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largely correlated to flavonoids concentration. Five ecotypes (H6 INIA BP,
Chacas, Moteado beige, Hudanuco 2 and Lircay) showed excellent phenolics
concentration and antioxidant capacity. The results demonstrate that after
debittering, Andean lupin seeds are still rich in phenolic compounds with
high antioxidant value, and as such are very promising for the preparation of
high nutritional value food products for human consumption. Additionally,
the FT-NIR results demonstrated the relationship between the free phenolic
compounds and the spectral bands, thus paving the way for a fast, reliable
and non-destructive approach to lupin seed characterization for phenolics
content and antioxidant capacity. To this end, an increase of the lupin
seed dataset would be critical to strengthen the prediction reliability of the
regression models.
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with different solvents and ultrasound on carotenoids, tocopherols
and phenolics of Lupinus albus seeds. Antioxidants, 11, 2481. https:
//doi.org/10.3390/antiox11122481

Abstract

Lupin seeds are rich in proteins, lipids and bioactive compounds, but before
consumption must be debittered to remove toxic alkaloids. Traditionally,
debittering is a water-intensive and protracted process, lasting up to six
days. To develop a more efficient procedure, different washing solutions
(0.5% and 1% NaCl or citric acid), with or without the use of ultrasound,
were applied on Lupinus albus seeds and compared to two control methods,
the first with water and the second with a sodium chloride solution. The
sonication did not accelerate debittering, while the sodium chloride and
citric acid solutions significantly shortened debittering time, reduced water
consumption and decreased alkaloid content to commercial values (0.31-
1.03 g/kg dry matter). Debittering with a 1% citric acid solution saved 88 h
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and 65 L water/kg dry lupin compared to the water control method, and
13 h and 31 L water/kg dry lupin compared to the salt solution control
method. The electronic tongue grouped the experimental and commercial
samples in well-defined clusters; bitter and umami tastes were the main
factors, well correlated with alkaloid content. The proposed procedure,
either with citric acid or sodium chloride, could be easily adopted by the
industry to reduce time and costs of lupin debittering. The sonication, when
it was significant, led to a large loss of bioactive compounds, which was
most likely due to its extraction capability. The seeds that were debittered
without ultrasound presented high concentrations of tocopherols (172.8—
241.3 mg/kg DM), carotenoids (10.9-25.1 mg/kg DM), and soluble-free
(106.9-361.1 mg/kg DM), soluble-conjugated (93.9-118.9 mg/kg DM), and
insoluble-bound (59.2-156.7 mg/kg DM) phenolics. The soluble-free fraction
showed the greatest loss after a prolonged treatment. Overall, debittering
with citric acid or NaCl preserved the highest concentration of antioxidant
compounds by shortening the treatment time, thus preventing extensive
leaching.

4.1 Introduction

Lupin seeds are a promising food resource for their high content of proteins,
unsaturated lipids and bioactive compounds (Brandolini et al., 2022; Briceflo
Berru et al., 2021). They can be consumed as snack or side dish; otherwise,
lupin flour may be used to prepare sauces, vegetable milk, cheese and meat,
fermented products (tofu, tempeh, etc.), pasta and noodles, baked goods
(cakes, biscuits, tortillas, muffins and bread), etc. (Albuja-Vaca et al., 2019;
Al-Saedi et al., 2020; Giémes-Vera et al., 2008; Jayasena, Khu, & Nasar-
Abbas, 2010; Jayasena, Leung, & Nasar-Abbas, 2010; Ozcan et al., 2021).
Furthermore, lupin seeds are a good source of oil (Guadagnucci Fontanari
et al., 2018; Pascual-Chagman et al., 2021) as well as of protein isolates
(Lo et al., 2021) that, besides the intrinsic nutritional value, have physi-
cal and functional properties comparable to soybean and boast interesting
technological properties like water and oil absorption, emulsifying, foaming,
gelling and stabilizing capacity (Alu’datt et al., 2017; Duranti et al., 2008;
Lampart-Szczapa et al., 2006; Lo et al., 2021; Paraskevopoulou et al., 2010;
Pollard et al., 2002). Lupin flours lack gluten-forming proteins hence they
can be used in gluten-free foods for people suffering from coeliac disease.
The greatest obstacle to lupin utilization in human and animal nutrition is
the high content of bitter (and often toxic) quinolizidine alkaloids, which grant
the plant protection against pathogens and pests. To reduce alkaloid content
and make the seeds suitable for consumption, appropriate technological
processes have been developed. In parallel, varieties with low alkaloid levels
have been selected (Kroc et al., 2019; Muzquiz et al., 1994; Uauy et al., 1995).
This last strategy, however, is still of limited effectiveness since the so-called
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“sweet” varieties are less productive, more susceptible to pests and diseases,
and tend to reacquire their bitterness over time (Uauy et al., 1995).

The most widespread debittering methods rely on extracting the alka-
loids from whole seeds using water as solvent. The traditional debittering
method, widely adopted by the industry (Taverniti, 2019), starts with prelim-
inary hydration, followed by cooking and repeated washings for several days
(Carvajal-Larenas et al., 2014; Erbag, 2010). Besides disrupting cell walls
and facilitating alkaloids removal, cooking blocks germination, coagulates
proteins, inactivates enzymes and sanitizes the product (Carvajal-Larenas
et al., 2013; Gross et al., 1983).

However, debittering triggers changes in the chemical composition of the
seeds because many water-soluble molecules are washed away. Compared
to non-debittered seeds, the contents in minerals, fibre, carbohydrates and
oligosaccharides decrease during the process; conversely, protein and lipid
levels increase for a concentration effect due to the removal of the other
compounds (Carvajal-Larenas et al., 2016; Cérdova-Ramos, Glorio-Paulet,
Camarena, et al., 2020; Erbag, 2010). Debittering also affects the bioactive
composition of the seeds, as it can remove or degrade part of the antioxidant
compounds (Cérdova-Ramos, Glorio-Paulet, Hidalgo, & Camarena, 2020;
Villacrés, Quelal, et al., 2020) and reduce the nutritional value of lupin-based
foods. Hence the necessity to develop debittering processes that are able to
shorten the treatment time, reduce the water consumption and minimize the
bioactive compound loss.

Several improved debittering methods have been proposed. Generally,
they include longer boiling times (Jiménez-Martinez et al., 2001), post-cooking
washing with warm water (Guadagnucci Fontanari et al., 2012), different
rinsing solutions (Jiménez-Martinez et al., 2001; Mohammed et al., 2017;
Villacrés, Alvarez, & Rossell, 2020), germination (de Cortes Sanchez et al.,
2005; Mohammed et al., 2017), fermentation (Jiménez-Martinez et al., 2007)
or their combination (Erbag, 2010; Jiménez-Martinez et al., 2010). Recently,
low frequency ultrasound (US) has been tested with promising results on lupin
seeds hydration and debittering (Miano et al., 2019; Yaver & Bilgigli, 2021).
The US technology is already employed by the food processing industry to
accelerate many operations, such as compounds extraction and products
homogenization, filtration, dehydration, freezing, thawing and sanitization
(Bhargava et al., 2021; Mohammadi et al., 2021; Schmidt et al., 2019).
Furthermore, US is very effective in improving the yield and reducing the
duration of micro- and macromolecules extraction (Estivi et al., 2022).

The aim of this work was therefore to improve the debittering process of
Lupinus albus seeds using different solvents (water and solutions with 0.5% or
1.0% of NaCl or citric acid), either with or without ultrasound assistance, and
to compare the proposed method with control methods with respect to their
effect on the content of antioxidant bioactive compounds (i.e., carotenoids,
tocopherols, and phenolics).
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4.2 Materials and methods

421 Materials

Two different lots (Lot 1 and Lot 2) of Lupinus albus seeds from Chile, pur-
chased from Colombo Legumi e Frutta Secca (Modica, Italy), were analysed.
Four commercial debittered L. albus snacks (C1 and C2, without liquid in
sealed plastic boxes; C3, in brine in sealed plastic bag; C4, without liquid
under vacuum bag) were collected from local (Milan, Italy) supermarkets.
All the reagents were purchased from Sigma-Aldrich (Burlington, USA).

4.2.2 Seeds debittering

Two trials were performed to assess

1. the influence of sonication (with or without) and solvent (water, NaCl
1% or citric acid 1%) on alkaloid content: the seeds of Lot 1 were
debittered applying the experimental method for two different soaking
times (28.5 h and 45 h, respectively);

2. the effect of solvent (water, NaCl 0.5%, NaCl 1%, citric acid 0.5% or
citric acid 1%) and soaking time (45, 57 or 69 h) on alkaloid content
and taste profile: the seeds of Lot 2 were debittered by the experimental
method, without sonication. Seeds debittered by the control methods,
as well as four commercial samples, were also considered.

Control method with water—100 g of seeds were debittered according to Erbag
(2010), with the minor modifications made by Cérdova-Ramos, Glorio-Paulet,
Camarena, et al. (2020). After a hydration phase (1:6 w/v seeds:water
ratio) for 12 h at room temperature, the seeds were cooked in boiling water
(hydrated seeds:water 1:3 w/v) for 1 h, changing the water after 30 min, and
finally washed by water soaking (cooked seeds:water 1:3 w/v) for 5 days at
room temperature, replacing the water every 12 h.

Control method with sodium chloride solution—100 g of seeds were debit-
tered as described by Villacrés, Alvarez, and Rossell (2020). After an 8 h hy-
dration at 80 °C (seeds:water with NaCl 0.5%, ratio 1:3 w/v), the solution was
replaced and the seeds were cooked for 1 h at 91 °C (1:3 w/v), renewing the sol-
vent halfway through cooking. Five washes were then carried out using water
with NaCl 0.5% at 35 °C up to 28 h (first and second wash: 1:15 w/v, 3 h each;
third wash: 1:5 w/v, 16 h; fourth wash: 1:7.5 w/v, 3 h; fifth wash: 1:5 w/v,
3 h). Two final washes with water at 18 °C (seeds:water 1:5 w/v), the first last-
ing 18 h and the second 3 h, were performed to remove the excess of salinity.

Ezperimental method—The experimental debittering method proposed in
this study (Figure 4.1) was developed and fine-tuned after several preliminary
trials (not shown). Five different debittering solutions were tested: distilled
water, NaCl 0.5% and 1%, citric acid 0.5% and 1%. Additionally, two different
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Figure 4.1. Time sequence (in hours) of the different phases of the proposed
debittering process.

treatments were tested: without and with ultrasound. The UP400St US
homogenizer (Hielscher Ultrasonics GmbH, Teltow, Germany), operating
at 24 kHz and mounting a 14 mm diameter probe, was used to treat the
seeds during washing (60% amplitude) and cooking (100% amplitude). The
net power of the probe, determined by the calorimetric method as reported
by Margulis and Margulis (2003) sonicating distilled water at the tested
combinations of temperature and amplitude, was equal to 65.0 + 3.3 W at
50°C and 60% amplitude, and to 26.9 & 1.7W at 95°C and 100% amplitude.

After an initial washing phase of 30 min at 50 °C (Figure 4.1), performed
either without or with US, 100 g seeds were soaked for 1 h and then cooked
for 30 min at 95°C, without or with US. Soaking and cooking steps were
repeated after replacing the solvent. Afterwards, the solvent was changed
again and a series of soakings at room temperature/washings for 30 min at
50°C (without or with US) was carried out, renewing the solvent according
to the timeline in (Figure 4.1). After the last washing (i.e., tp = 28.5 h), from
0 to 3 soakings with distilled water were carried out for 12 h, to complete the
debittering and remove salt or citric acid from the seeds. A dry seeds:solvent
1:5 (w/v) ratio was always employed.
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For the Lot 1 seeds, the final rinsing was done at 25.5 h to interrupt the
process after 28.5 h. For Lot 2, samples were taken at the end of the first
(t; = 45 h), second (t2 = 57 h) and third (¢3 = 69 h) final soaking,.

The debittered seeds from trial 1 were dried 8 h at 60°C in a Venticell
55 ventilated oven (MMM-Group, Planegg/Miinchen, Germany); the seeds
from trial 2 were lyophilized under vacuum (10~2 mbar) in an Edwards 304
freeze dryer (Atlas Copco, Stockholm, Sweden). The dried seeds were ground
with an MDI 204 disc mill (Buhler, Uzwil, Switzerland) and stored at —20°C
until the time of analysis.

4.2.3 Seeds characteristics

The 100-seeds weight was determined in triplicate with an analytical scale
(E154, Gibertini Elettronica SRL, Novate Milanese, Italy). Seed size (major
diameter, minor diameter and thickness) was measured on 100 seeds using a
CD-15DC calliper (Mitutoyo Italiana SRL, Lainate, Italy). The moisture was
determined gravimetrically according to the 925.10 method (AOAC, 2000).

4.2.4 Alkaloid content

The alkaloids quantification was performed in triplicate by colorimetric
titration as described by von Baer et al. (1979) with minor modifications.
Briefly, exactly 0.6 g of sample were weighed in a mortar, 0.6 mL of 15%
potassium hydroxide and 1.8 g of basic aluminium oxide were added, and the
mix was manually homogenized. The sample was then transferred to a 25 mL
glass tube with a screw cap, 10 mL of chloroform were added, and the content
was shaken with a TX4 Digital IR Vortex Mixer (VELP Scientifica, Usmate
Velate, Italy) for 1 min. After sedimentation, the supernatant containing the
alkaloids was filtered through paper and collected in a 100 mL flat-bottomed
boiling flask; the chloroform extraction was repeated several times, until
1 mL of the most recent extract, dried with nitrogen and re-suspended in
5 drops of 0.01 N sulphuric acid, had a negative reaction with 4 drops of
Dragendorff’s reagent. The merged extracts were evaporated under vacuum
using a Laborota 4000 Efficient rotavapor (Heidolph, Schwabach, Germany)
at 35°C for about 8 min. For titration, 5 mL of 0.01 N sulphuric acid were
added and the flask was gently mixed. The excess of acid was titrated in
the presence of 4 drops of methyl red with 0.01 N sodium hydroxide by
means of a 10 mL burette. The alkaloid content, expressed as g/kg dry
matter (DM), was calculated with the Equation 4.1, considering that 1 mL
of 0.01 N sulphuric acid equals 2.48 mg of lupanine (INEN, 2005).

An empirical evaluation of the residual bitterness was also performed in
all the trials by tasting the seeds.

248 . [5 — VNaOH (mL)]

Alkaloid (g/kg DM) = weight (g) - [100 — moisture (%)]

(4.1)
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4.2.5 Electronic tongue

E-tongue measurements were carried out by Taste-Sensing System SA 402B
(Intelligent Sensor Technology Co., Atsugi City, Japan). The system consists
of sensors whose surface is attached with artificial lipid membranes having
different response properties to chemical compounds on the basis of their
taste. Five detecting sensors (CAQ; CT0; C00; AAE; AEL) and two reference
electrodes were used, separated in two arrays according to membrane charge.

The extracts were prepared according to Marengo et al. (2016), with some
modifications. Exactly 3 g sample were weighed into a 500 mL centrifuge
bottle, 100 mL of KCI 10 mM were added and the mixture was homogenized
with a Ultra-Turrax T25 (IKA, Koénigswinter, Germany) at 15000 rpm for
2 min. The homogenizer probe was washed with 20 mL of 10 mM KCI,
collected in the bottle to obtain a sample/solvent ratio of 1:40 (w/v). The
tube was centrifuged with a Sorvall RC-5B Plus Superspeed Centrifuge
(Thermo Fisher Scientific, Waltham, MA, USA) at 6085 ¢ for 5 min at room
temperature. The supernatant was filtered on paper and analysed.

The detecting sensors and the reference electrodes were first dipped into
the reference solution (30 mM KCI and 0.3 mM tartaric acid); the electric
potential was measured for each sensor and defined as Vr. Then the sensors
were dipped for 30 s into the sample solution and for each sensor the measured
potential was defined as V's. For each sensor the “relative value” (Rv) is
the difference between the potential of the sample and the reference solution
(Vs —Vr). The sensors were rinsed with fresh reference solution for 6 s and
then dipped into the reference solution again. The new potential was defined
as Vr’. From the difference between the potential of the reference solution after
and before sample measurement (Vr’ — Vr), the “CPA value” (CPAuv; i.e.,
Change of membrane Potential caused by Absorption) was detected. Before
starting a new measurement cycle, the sensors were rinsed for 90 s with a
washing solution (ethanol 30%) and then for 180 s with the reference solution.

Each sample was evaluated in triplicate and the “taste values” were
calculated multiplying sensor outputs by appropriate coefficients based on
Weber-Fechner’s law, which provides the intensity of sensation considering
the sensor properties for tastes (Kobayashi et al., 2010). In particular, the
“taste values” were estimated as follows:

Sourness = 0.3316 Rv(c a0)

Saltiness = —0.252 Rv(cro)

Bitterness = —0.140 Rv(coo) + 0.084 Rv(cro)
Aftertaste-bitterness = —0.210 C'PAv(cgo)
Astringency = 0.1575 Rv(ag1) + 0.1575 Rv(cro)
Aftertaste-astringency = —0.252 CPAv 4y
Umami = —0.1575 Rv(aak)
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4.2.6 Carotenoids and tocopherols

Carotenoids and tocopherols were extracted by thermal saponification and
quantified by normal-phase HPLC as outlined by Brandolini et al. (2022).
Briefly, 2 g sample were saponified for 45 min at 70 °C, under nitrogen,
with 5 mL ethanolic pyrogallol 60 g/L, 2 mL ethanol 95%, 2 mL sodium
chloride 10 g/L and 2 mL potassium hydroxide 600 g/L. After saponification,
the samples were cooled in an ice bath and 15 mL sodium chloride 10 g/L
were added. The suspension was liquid-liquid partitioned twice with 15 mL
hexane:ethyl acetate 9:1 (v/v). The organic layer was collected, evaporated
under vacuum (Laborota 4000 Efficient) and dried with nitrogen flux; the
residue was dissolved in 2 mL hexane:2-propanol 99:1 (v/v) and filtered
through a 0.45pm PTFE membrane (Millipore, Carrigtwohill Co., Cork,
Treland).

For carotenoids separation, the filtered solution was injected in a HPLC
system operating with: injector Rheodyne 7125 (VWR, Hitachi, Tokyo,
Japan) mounting a 50 pL loop; mobile phase, hexane:2-propanol 95:5 (v/v);
isocratic flow rate, 1.5 mL/min; pump 1-2130 Elite LaChrom (Hitachi,
Tokyo, Japan); Alltima Silica column 250 x 4.6 mm, 5 pm and Alltima Silica
guard column 7.5 x 4.6 mm, 5 pm (Alltech Associates Inc., Deerfield, USA).
The carotenoids were detected at 445 nm by a 2996 PhotoDiode Array
Detector (Waters Chromatography Division, Millipore, Milford, MA, USA)
set in the range of 200-650 nm and connected to the Empower 2 software
(Waters).

For tocopherols separation, the filtered solution was injected in a HPLC
system operating with: injector Rheodyne 7125 (VWR, Hitachi) mounting a
50 uL loop; mobile phase, hexane:ethyl acetate:acetic acid 97.3:1.8:0.9 (v/v/v);
isocratic flow rate, 1.6 mL/min; pump L-2130 Elite LaChrom (Hitachi); All-
tima Silica column, 250 x 4.6 mm, 5pm and Alltima Silica guard column
7.5 x 4.6 mm, 5um (Alltech Associates Inc.); fluorimetric detector 821-FP In-
telligent Spectrofluorometer (Jasco, Tokyo, Japan) set at excitation-emission
wavelengths of 290 nm and 330 nm, respectively, and connected to the
Empower 2 software through the e-SAT/IN module (Waters).

For carotenoid and tocopherol quantification, calibration curves were
built using standards of lutein (Fluka, St. Louis, MO, USA), B-carotene
(Sigma, St. Louis, MO, USA), zeaxanthin and -cryptoxanthin (Extrasynthese,
Genay, France), a-tocopherol (Fluka BioChemika, Buchs, Switzerland), (-
tocopherol, y-tocopherol, and 8-tocopherol (Supelco, Bellefonte, PA, USA).
The calibration curves are reported in the Supplementary Table S.3. Based
on the calibration curve, the limit of detection (LOD) and the limit of
quantification (LOQ) were calculated as the intercept value of the regression
line plus 3 times (LOD) or 10 times (LOQ) the standard error of the estimate
(Miller & Miller, 2010). The tests were performed in duplicate and the results
are expressed as mg/kg DM.
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4.2.7 Phenolic compounds

The analysis of soluble-free, soluble-conjugated and insoluble-bound phenolic
compounds was performed by reverse-phase HPLC as outlined by Bran-
dolini et al. (2022). Exactly 1 g of sample was extracted three times with
15 mL of methanol 80% in water. After centrifugation (LISA, AFI Groups,
Chéateau-Gontier, France) at 11200 g, the pooled supernatants (containing
the soluble-free or the soluble-conjugated fractions) and the sediment (con-
taining the insoluble-bound fraction) were recovered. For the free phenolics
determination, the supernatant was evaporated under vacuum at 35°C for
50 min with a Laborota 4000 Efficient rotary evaporator, dried under nitrogen
flux, re-suspended in 2 mL of methanol:water 8:2 (v/v), and filtered with a
0.45um PTFE membrane (Millipore). For the soluble-conjugated phenolics,
the supernatant was partially evaporated under vacuum at 35°C for 18 min.
Then, the samples were hydrolysed under nitrogen and continuous shaking
with 15 mL of 4 M NaOH for 4 h at room temperature, were brought to
pH 1.5-2 with 6 M HCI, and then were extracted twice with 20 mL of diethyl
ether:ethyl acetate 1:1 (v/v). The extracts were clarified with anhydrous
sodium sulphate, filtered through 110 pm glass fibre (Whatman, Maidstone,
England), evaporated under vacuum at 35 °C for 5 min, re-suspended in 2 mL
of methanol:water 1:1 (v/v), and filtered with a 0.45 pm PTFE membrane.
For the analysis of the insoluble-bound phenolic compounds, the sediment was
hydrolysed and then extracted as outlined above for the soluble-conjugated
phenolics.

The RP-HPLC analysis of the extracts and the peaks identification were
performed as previously described in the Section 3.2.3. The calibration curves
of the identified phenolics were constructed using standards (Sigma-Aldrich,
St. Louis, MO, USA) recorded at 280 nm for catechin (13.9-99.2 mg/L),
genistein (27.5-110.0 mg/L) and naringenin (2.3-9.0 mg/L); at 320 nm for
apigenin (1.0-20.0 mg/L) and sinapic acid (0.5-21.4 mg/L); at 360 nm for
diosmin (5.2-104.8 mg/L). The quantification was performed twice and the
results are expressed as mg/kg DM.

4.2.8 Statistical analysis

To compare the morphological characteristics of the two lots of lupin seeds,
the data were processed by means of a t-test. To compare the samples
within each test the data underwent one-way analysis of variance (ANOVA),
while to evaluate the effect of treatment (T), solvent (S) and time (t) or the
effect of time and solvent, the data were processed by three- and two-way
ANOVAs. The normal distribution of the data was always verified; the
inverse transformation of the square root was only necessary for the alkaloid
content in the test about the different debittering methods. When significant
differences (p < 0.05) were detected, Fisher’s LSD test at 95% significance
level was applied. All analyses were performed with the Statgraphics®
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Centurion 18 statistical programme (StatPoint Technologies Inc., Warrengton,
VA, USA). Means, standard deviations and standard errors were computed
using the Excel® software (Microsoft, Redmond, WA, USA). The electronic
tongue data was processed using the XLSTAT statistical and data analysis
software (Addinsoft, New York, USA). Principal Component Analysis (PCA)
was applied as an exploratory tool to uncover in a reduced space the data
structure and the relationships between objects and variables, thanks to
graphical outputs (i.e., score plot, loading plot and bi-plot; Wold et al., 1987).

4.3 Results and discussion

4.3.1 Morphological characteristics of the seeds

The morphological characteristics of the two Lupinus albus lots are presented
in Table 4.1. The Lot 2 seeds were significantly bigger and heavier (p < 0.05)
than those of Lot 1. In both batches, the average weight of a seed was higher
than those (0.151-0.479 g) reported by several authors (Annicchiarico et al.,
2014; Julier et al., 1993, 1995; Mera et al., 2006), but still fell within the
range (0.100-1.000 g) described by Huyghe (1997), who stressed the existence
of extreme intraspecific variability both for weight and size. Additionally,
cropping year and climatic conditions influence these parameters even within
the same variety (Annicchiarico et al., 2014).

Table 4.1. Morphological characteristics, alkaloid content (mean + standard
deviation) and results of the t-test for the two lots of Lupinus albus seeds used in
the analyses.

Lot 1 Lot 2
100-seeds weight (g) 56.84 4+ 0.83°  74.75 + 0.90*
Major diameter (mm) 13.30 £ 0.57°  14.28 4 0.64°
Minor diameter (mm) 12.37 £0.27°  13.60 &+ 0.51*
Thickness (mm) 504+0.39°  5.32+0.35"

Alkaloid content (g/kg DM)  20.35+0.17°  20.92 4+ 0.01°

Different letters indicate significant differences between sam-
ples according to the t-test (p < 0.05).

4.3.2 Effect of debittering method on alkaloid content

The alkaloid content in the untreated seeds of Lot 1 and Lot 2 was 20.35+0.17
and 20.92 £+ 0.01 g/kg DM respectively (Table 4.1); the difference between
the two lots was low but statistically significant (p < 0.05). These results are
coherent with those of Muzquiz et al. (1994), who recorded a range between
17.0 and 26.9 g/kg among 28 bitter L. albus.
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The results of trial 1 are summarized in Figure 4.2, which shows the resid-
ual alkaloid concentration after debittering with deionized water, NaCl 1% or
citric acid 1% solutions, with or without ultrasonication (US), and after two
different soaking times. The ANOVA (Supplementary Table S.4) evidenced a
highly significant effect (p < 0.001) of solvent and time, but the sonication
did not significantly reduce the alkaloid content; the interaction between
solvent and time was also significant, while those including the US treatment
were not. Hence, US did not improve at all the debittering process. The
LSD test demonstrated that citric acid produced a stronger debittering effect
(residual alkaloids: 0.80 4 0.09 g/kg DM) than NaCl (1.37 £ 0.15 g/kg DM),
and that water was the worst solvent (5.42 £+ 0.24 g/kg DM).
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Figure 4.2. Alkaloid content (g/kg DM) of Lupinus albus seeds after debittering
for 28.5 h (circles) or 45 h (triangles), without (empty) or with (filled) ultrasound
(US), and with different solvents (water, NaCl 1% and citric acid 1%). Error bars
indicate the standard deviations.

Sonication did not improve the removal of alkaloids, contrary to the
report of Miano et al. (2019), probably because the seeds were cooked before
the US treatment: cooking denatures cellular membranes and breaks cell
compartments of the seed, performing the same function of sonication. A
positive US effect may occur at the very beginning of the treatment, fostering
seed hydration and formation of pores and canals, but the relatively long times
required for debittering probably masked it. However, the preliminary trials
demonstrated that US treatment was not enough to replace the cooking step:
even if US accelerates alkaloids removal during the early debittering stages, it
does not constitute a process improvement for practical purposes. Moreover,
Miano et al. (2019), under their specific ultrasound protocol, did not reach
a satisfactory debittering as their residual alkaloids score was 15.1 g/kg DM.

The positive debittering effect of sodium chloride is attributable to the
increase in the microporosity of the seeds, which facilitates the solvent penetra-
tion and the alkaloids leakage (Sievwright & Shipe, 1986). Furthermore, the
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osmotic effect of sodium chloride may favour the disorganization of phospho-
lipid membranes and cellular compartments (Hameed et al., 2021) as well as
foster mass transport from seed tissues to the saline solution (Casp Vanaclocha
& Abril Requena, 2003). The better debittering capacity of saline solutions
compared to water was likewise reported by Villacrés, Alvarez, and Rossell
(2020). These results also agree with Jiménez-Martinez et al. (2010) and
Karara (1987), who demonstrated greater debittering efficiency using, respec-
tively, 0.1 M acetic acid and 0.1% citric acid solutions instead of pure water.

With the notable exceptions of caffeine and ephedrine, alkaloids are
soluble in non-polar solvents only when they are in the form of conjugated
bases, while the affinity is inverted for the corresponding conjugated acids
and their salts (Kukula-Koch & Widelski, 2017; Ortiz & Mukherjee, 1982).
This explains both the positive removal effect of citric acid solutions and the
limited capacity of water alone. Lupanine, the main alkaloid in the seeds of
Lupinus spp. (Boschin et al., 2008; Otterbach et al., 2019), having a pKa
of 9.2 (Wink & Mende, 1987), exhibits higher solubility in acidic aqueous
solutions than in water, being present in its protonated form, lupanine-(1+).
Furthermore, the formation of salts with the carboxylic acids is commonly
used as a carrier for water-insoluble conjugated bases with pharmaceutical
activity (Bharate, 2021). An alternative explanation could come from Giel-
Pietraszuk et al. (2007), who observed that a slight excess of hydrogen ions
(pH 6.2) is sufficient to hydrolyse the C-N bond of the &-lactam, converting
part of the lupanine into the corresponding acyclic molecule (lupanic acid),
whose fate during debittering is however unknown. In this case, the pH of
the citric acid solutions (2.2-2.4), far lower than 6.2, might have shifted the
equilibrium towards lupanic acid, richer in polar groups and hence probably
more water-soluble and easier to wash away than lupanine.

The results of trial 2, assessing the alkaloid content of the Lot 2 seeds,
untreated and treated with distilled water, NaCl 0.5% and 1%, citric acid
0.5% and 1%, and applying three debittering times (45 h; 57 h; 67 h), are
shown in Table 4.2. Additionally, the results obtained with the control
methods, as well as the concentration in four commercial ready-to-eat lupin
snacks (C1-C4), are reported. Among the samples debittered according to
the experimental method, those treated with the citric acid solutions gave
the best results in terms of operating times, since in only 45 h the sample
with citric acid 1% reached an alkaloid level (0.56 £ 0.09 g/kg DM) not
significantly different (p < 0.05) from those of the C1 and C2 commercial
samples. When the treatment time was extended, performing additional
soakings, the value further decreased to 0.31 & 0.09 g/kg DM, comparable to
the C3 commercial snack. It must be stressed that lupin snacks are generally
stored in 6% NaCl brine until packaging (Erbag, 2010), and sometimes even
after (e.g., the C3 sample), leading to a prolongation of debittering.

The 1% solutions were significantly more efficient in removing the alka-
loids than the 0.5% solutions. In fact, with NaCl 1% a residual amount
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of 0.72 + 0.15 mg/kg DM in the seeds was reached after 57 h, while with
NaCl 0.5% the concentration was 1.16 &+ 0.12 g/kg DM. Similarly, after 45 h
the sample debittered with citric acid 1% achieved 0.56 + 0.09 g/kg DM,
while that treated with citric acid 0.5% still showed 1.11 4 0.06 g/kg DM. At
equal solute concentration and time, citric acid had a significantly greater
debittering power than sodium chloride. Water was the solvent with the
poorest performance, as already shown in the previous analyses: it is note-
worthy that not even after three final soakings (69 h of treatment) the seeds
reached an alkaloid content suitable for consumption. Based on these results,
further trials were attempted to fine-tune the experimental method, when
using only water, by increasing the seed:solvent ratio and/or soaking time;
however, no satisfactory results were achieved.

The above-detailed results are further validated by the two-way ANOVA
computed only on the data of the seeds treated with the experimental method,
considering the time and the solvent as factors. The two-way ANOVA
(Supplementary Table S.5) showed that both factors and their interaction
were significant: the LSD test highlighted significant differences among all
soaking times as well as among solvents, except for NaCl 1% and citric acid
0.5%, equally effective.

The seeds debittered according to the control method with water achieved
a residual alkaloid value of 0.95+0.12 g/kg DM only after 133 h and 100 L of
water/kg dry seeds. The NaCl solution control method reduced the alkaloid
content to 0.66 = 0.01 g/kg DM after 58 h, consuming 66 L of water/kg dry
seeds. This result is similar to those of the samples treated with NaCl 1%
and citric acid 0.5% for 57 h (40 L of water consumed per kg of dry seeds),
as well as with citric acid 1% for 45 h (35 L water/kg dry seed); however,
the experimental method saved time and water, thus reducing the volume
of toxic effluents to be disposed of or to be treated to recover lupanine, a
building block in the synthesis of pharmaceutical molecules (Esteves et al.,
2020). Additionally, the seeds debittered with citric acid 1% for 57 h attained
an even lower alkaloid concentration (0.37 + 0.06 g/kg DM), not statistically
different from the minimum observed in commercial snacks (C3 sample);
treatments up to 69 h are not necessary, because they did not further reduce
the alkaloid content. It must be remembered that, according to the scores
recorded in commercial snacks (0.35-0.99 g/kg DM) and in seeds debittered
with the control procedures, alkaloid concentration below 1.00 g/kg DM are
considerable suitable for consumption. Interestingly, this value was also the
lowest threshold for bitterness perception when tasting the seeds.

4.3.3 Effect of debittering method on electronic tongue profile

Figure 4.3a displays the PCA bi-plot of e-tongue data in combination with
alkaloid content collected on the four commercial ready-to-eat lupin snacks
and on the seeds untreated and treated with control and experimental meth-
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ods. The sample distribution in the plane defined by the first two principal
components (PC1 and PC2), explaining 72.23% of the total variance (49.05%
for PC1 and 23.18% for PC2), shows that the untreated control sample,
located in the positive part of PC1, was characterized by the alkaloid content
and its taste was perceived more bitter and umami than the samples treated
with water (W) or debittered by the water control method (WCTR), the NaCl
solution control method (SCTR), and the 0.5% and 1% NaCl solutions. On
the opposite side of PC1, the seeds treated with 0.5% or 1% citric acid (CA)
solutions were characterized by sourness and perceived less bitter than the
other seeds. All the commercial samples (C1-C4), clustered in the positive
part of PC2, were characterized by saltiness: although they came from several
companies using different processes, their sodium chloride content was high
and ranged between 6.3 and 9.9 g/100 g DM, as declared on their nutritional
labels. It is noteworthy that lupins debittered with NaCl solutions (control
and experimental methods) were located far from the commercial samples,
and close to the samples treated with water, confirming the effectiveness of
the final washing and soaking steps in salt removal.

Overall, the e-tongue showed a good ability to discriminate samples
according to their debittering treatments and to cluster samples treated
with the same solvent; on the other hand, there was no clear trend in the
positioning of samples prepared with the same method and solvent, but for
different times (t1; to; t3).

Considering the distribution of the variables in the plane defined by
PC1 and PC2, the alkaloid content, placed to the right of PC1, was highly
correlated to bitter and umami tastes, which were consequently identified as
the main e-tongue variables, useful to discriminate samples on the basis of
their debittering treatments.

To better visualize the relationship between the alkaloid content and the
two main e-tongue variables (i.e., bitterness and umami), the data collected
from all the analysed samples (average values) were depicted in the three-
dimensional scatter plot (Figure 4.3b). The untreated control sample with
the maximum alkaloid content was characterized by high “taste values” for
bitterness and umami, while the samples debittered with citric acid achieved
a low alkaloid concentration and were perceived as the least bitter and umami.
All the other debittered samples showed a good relationship between the
three considered variables; in addition, samples debittered with the same
solvent were close in the plot and were characterized by the same taste note.

The decrease in the umami taste following the debittering treatments
can be explained by considering that umami is an indicator of the presence
of amino acids, nucleotides and peptides (W. Wang et al., 2020). In lupin
seeds, umami is probably linked to the presence of glutamic acid, a molecule
responsible for this specific taste (Bellisle, 1999). Glutamic acid is character-
ized by a carboxylic group able of assuming an additional negative charge
on the side chain, so it is extremely soluble in aqueous and polar solvents,
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Figure 4.3. Results of electronic tongue analysis of the Lupinus albus samples
(Lot 2) before (Untreated) and after debittering by control method with water
(WCTR; Erbas, 2010), control method with NaCl solution (SCTR; Villacrés, Alvarez,
& Rossell, 2020), experimental method (different solvents), and of four commercial
samples (C1-C4).
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and thus easily solubilized and removed during debittering. Furthermore,
since quinolizidine alkaloids are derived from lysine and are characterized by
a quinolizidine nucleus containing a nitrogen atom (Frick et al., 2017), they
can probably be revealed by the e-tongue umami sensor (Hwang et al., 2020).

4.3.4 Effect of sonication and solvents on antioxidant compounds

4.3.4.1 Carotenoids and tocopherols

Table 4.3 shows the carotenoids and tocopherols content of the Lot 1 seeds
that were debittered with solutions of NaCl 1% for 45 h or citric acid 1% for
28.5 h, either without or with sonication, and with the water control method
for comparison. The durations of the treatments were chosen based on the
minimum time that was required to reach the same level of residual alkaloids
(about 1 g alkaloids/kg DM), as previously reported (Figure 4.2). The total
antioxidants contents are visualized in Figure 4.4.

The total carotenoids content varied from 10.9 to 13.2 mg/kg DM, values
superior to those (1.9-5.3 mg/kg) recorded by Bricefio Berru et al. (2021) in
water-debittered seeds of Lupinus albus. In the literature, scarce information
on carotenoids content exists and often refers to bitter seeds. The most
abundant carotenoid in the treated seeds was lutein (6.8-8.7 mg/kg DM;
Table 4.3), as also reported for bitter and debittered L. albus samples by
Bricefio Berru et al. (2021), and for bitter seeds of L. luteus by Fernandez-
Marin et al. (2014) and L. mutabilis by S. Wang et al. (2008). However,
other authors (El-Difrawi & Hudson, 1979; S. Wang et al., 2008) found that
zeaxanthin was the main carotenoid in bitter seeds of L. albus, L. luteus,
L. angustifolius, and L. mutabilis.

The two-way ANOVA (Supplementary Table S.6) showed that both the
treatment and the solvent influenced the total carotenoids content, while their
interaction was not significant. Sonication led to values that were inferior
to those of the non-sonicated seeds, but the differences were minimal. The
one-way ANOVA (not shown) and the LSD test (Table 4.3) evidenced that
the seeds debittered with citric acid 1% and US showed the lowest content of
all of the identified carotenoids, bar B-cryptoxanthin; the other treatments
preserved the total carotenoids slightly better.

Only tocopherols were recovered from the debittered L. albus seeds; as
observed also by Boschin and Arnoldi (2011), Ferndndez-Marin et al. (2014)
and Bricefio Berru et al. (2021), no tocotrienol was identified. Total toco-
pherol contents were 195.4 mg/kg DM after the control treatment and 172.8-
192.0 mg/kg DM after the experimental treatments. These concentrations
were in the range (135.9-222.7 mg/kg DM) of the debittered samples analysed
by Bricefio Berru et al. (2021) and were superior to those of the bitter L. albus
seeds (107.0-153.0 mg/kg DM) reported by Annicchiarico et al. (2014). The
most abundant compound was y-tocopherol, which represented over 99% of
the total tocopherols. Its concentration (169.0-188.7 mg/kg DM) was lower
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than that (201-516 mg/kg DM) reported by Martinez-Villaluenga et al. (2006)
for bitter L. albus seeds, but was similar to that (131.0-218.4 mg/kg DM)
detected in debittered seeds by Bricefio Berru et al. (2021), and superior to
the results (61.2-130.0 and 73.6 mg/kg) reported for bitter seeds of L. albus
by Boschin and Arnoldi (2011) and Lampart-Szczapa et al. (2003), respec-
tively.

The two-way ANOVA (Supplementary Table S.6) did not show significant
effects of the treatment, the solvent, or their interaction on tocopherol content,
except for a-tocopherol (interaction) and B-tocopherol (treatment and solvent).
In fact, B-tocopherol was slightly more abundant after debittering without
the use of US and employing the citric acid solution.

The detrimental effect of ultrasound on carotenoids in the presence of
citric acid could be hastily attributed to the production of radicals from
the homolytic cleavage of water (Mason & Peters, 2002; Suslick, 1990).
In fact, carotenoids are degraded by reactive oxygen species undergoing
unspecific chain-breaking events (Sun et al., 2020). However, the frequency
here employed (24 kHz) results in minimal development of hydroxyl radicals
(Ashokkumar et al., 2008; Mason & Peters, 2002). Most likely, citric acid
intensified the ultrasound probe erosion (Feng & Yang, 2011), releasing metal
ions that catalyse the formation of superoxide anion (Kim & Min, 2008). In
addition, carotenoids quench singlet oxygen with reaction rates two orders of
magnitude higher than a-tocopherol (Kim & Min, 2008): this may explain
why the decrease was significant for carotenoids and not for tocopherols.

Most of the literature deals with non-debittered seeds; nevertheless, the
debittered samples studied here had similar or, in some cases, higher toco-
pherol and carotenoid contents. Debittering did not seem to cause a drastic
loss of lipophilic antioxidants, which are insoluble in aqueous solutions and,
therefore, are not washed away. On the contrary, the leaching of alkaloids and
other water-soluble compounds may concentrate tocopherols and carotenoids,
as observed by Brandolini et al. (2022) and Bricefio Berru et al. (2021).

4.3.4.2 Phenolic compounds

Table 4.3 reports also the free, conjugated, and bound phenolic compounds
content of the Lot 1 seeds after debittering with solutions of NaCl 1%, for
45 h, or citric acid 1%, for 28.5 h, either without or with sonication. Most of
the peaks that were detected in the chromatograms did not correspond to
the retention times of the standards, apart from genistein. Therefore, they
were recorded, according to the similarity of their spectra, as derivatives of
sinapic acid and of the flavonoids genistein, naringenin, diosmin, apigenin
and catechin. Apigenin derivatives were found by Karamaé et al. (2018) and
Siger et al. (2012) in different lupin species, and by Czubinski et al. (2021)
in L. mutabilis, while Kalogeropoulos et al. (2010) identified small amounts
of sinapic acid (0.4 mg/kg DM), catechin (1.9 mg/kg DM) and genistein
(1.6 mg/kg DM) in L. albus.
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Figure 4.4. Total carotenoids, tocopherols and phenolics compounds (mg/kg DM)
in Lupinus albus seeds (Lot 1) debittered by the control method with water
(HyO Ctrl; Erbag, 2010) and by the experimental method using 1% NaCl (for 45 h)
or citric acid (CA; for 28.5 h) solutions either without or with ultrasound (US).
Error bars show the standard deviation, while different letters indicate significant
differences between samples according to the LSD test (p < 0.05).
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The overall total polyphenols (Figure 4.4) of the seeds debittered with the
experimental method varied between 434.8 and 539.3 mg/kg DM; the soluble-
free fraction was the most abundant and represented 54.2-67.0% of the total,
while the soluble-conjugated and the insoluble-bound fractions were 18.5—
23.0% and 11.0-22.8%, respectively. For L. albus species, the only literature
data available deals with non-hydrolysed methanol extracts, which are akin to
the soluble-free fraction, generally in non-debittered seeds. The samples that
were debittered with the experimental method showed lower quantities of free
polyphenols (235.7-361.1 mg/kg DM) than those (418.5-446.7 mg/kg DM
and 537.4 mg/kg DM) that were reported for non-debittered L. albus seeds by
Siger et al. (2012) and Kalogeropoulos et al. (2010), respectively. The soluble-
conjugated and insoluble bound phenolic compounds contents, instead, were
85.3-118.9 mg/kg DM and 59.2-101.2 mg/kg DM, respectively.

The two-way ANOVA (Supplementary Table S.7) showed that, for the
free phenolic compounds, the effects of the treatment (T), the solvent (S)
and their interaction (T x S) were significant (p < 0.05), except for the
genistein derivatives (T not significant), and the sinapic acid derivatives and
the total free phenols (T x S not significant). The LSD test indicated that
the ultrasound treatment, when it was significant, determined a lower free
phenols content, which is attributable to its enhanced extraction capacity
(Estivi et al., 2022; Vilkhu et al., 2008). The 1% citric acid and the NaCl
solutions led to average residual soluble-free phenolic contents of 343.6 and
255.6 mg/kg DM, respectively. In fact, soaking the seeds in NaCl 1% solution
required 16 h more than in citric acid 1% to reach the same alkaloid content
(about 1 g/kg DM), leading to a greater leakage of the soluble phenolics.

The ANOVA showed a significant effect of the solvent on the total content
of conjugated phenolic compounds, but not on the individual compounds:
overall, the citric acid solution induced minor losses compared to the NaCl
solution, probably for the same reason that has been described for the free
fraction. On the other hand, the solvent effect on the insoluble-bound fraction
was significant for the total content and all individual compounds, except for
the naringenin derivatives; the samples that were treated with the citric acid
solution lost more bound phenolics, except for the apigenin derivatives that
were present, however, in limited quantities, and, of course, naringenin.

4.3.5 Effect of debittering methods on antioxidant compounds

4.3.5.1 Carotenoids and tocopherols

Table 4.4 reports the carotenoid and tocopherol values in the Lot 2 seeds,
which were debittered by the control methods with water or with NaCl
solution, and the experimental method using different solvents and soaking
times. The total antioxidants contents are visualized in Figure 4.5.

The samples showed a total carotenoid content of 16.37-25.08 mg/kg DM.
The highest concentrations were detected in the lupins that were treated with



84

ioxidants

(0°0 > d) 98091 ST 9Y3 09 Surprodoe sojdures Ueam)oq SIOUSISYIP JURIYIUSIS 9)LIIPUI S19199] JUSISYIP (POId9Iap J0U ‘PU (OAIIRALIOD ‘IOp

4. Effect of optimized debittering on lupin alkaloids and ant

5q4T°0 F 9911 2qGG 0 F V1T oqV80 F V1T eS8V T F Vvl qel0'T F ¥C°€T >16°0 F 68°0T I0p uruoSuLIeN
q6T'V F+ 16°€6 oG8V F+ 167°€8 oLG'G F V€8 €V’ T F 16°CIT ql8'¢ F 0576 29L°C F €C'8L Iop uIe)sius)y
o100 F2S'T q¥0'0 F LL°T q60°0 F GL°T 5600 F 16T p€0'0F 90T 2C0'0 F €1°C uregsiuay
5900 F €9°TT 2900 F 0L°TT G0°0 F LE'LCT =€1°0 F 6€°LC eL6°0 F LG'8C ql6'0 F76°¢C 19p uryosjer)
2100 F LC'T 2100 F G€'T qI0'0F¢¥'0 q90°'0 F 670 5£0°0 F 0€°0 pP0'0F ST°0 1op uruegidy
sorjouayd punoq-ajqnjosufy
5900 F 19°€ qIT'0F 487 p6T°0F 10°€ opeT'0 F 08°C 2900 F89¢ =60°0 F 9€°9 I0p uruoSuLIeN
q09'T F8T'18 =09'T F 29S0T p98°C F ¢C'€9 510°C F T0°LS pPT'TF€9°99 5649°C F V0'€L Iop ume)sius)y
q€0°0F L6°¢ 2C0°0 F LT'Y pE00F ST'E 3€0°0 F9¢C 560°0 F TL°€ 260'0 +89°C uregsiuay
5,00 F86'T 2500 F90°% 2£0°0 F 880 p€O0OF ¥E'T q90'0 F¢C'c pu 1op uryoajer
sorfousyd pojesn[uos-e[qnjog
oV€°0F9L°C1 p9¢'T F0T¢e q98'T +09°¢8 200V + GTVET o870 F €7°0¢ 56€ 0 FV1'ES Iop ordeurg
pSO0OF9T'T 2900 F €41 q€0'0F LTC ql00F LEC q€0'0F LTC eV0'0 F 84°C I0p uruoguLIeN
pSO0F €¥'C 2L0°0 F 18'F 5800 F9L¢ qS0'0F¢9'€ V00 F €91 700 F 1€°T Iop utwsor(g
q6L°¢ F L6°991 29¢°¢ F €6°L0C 589°T F €L°8C1 qCL’¢ F GT'E€91 pLl9'T F 99°96 ol7'T F €8°67 x1op uruagidy
sorjouayd 9a.1-o[qN[Og
qST'0+€C¢C =60°0 F §¥'C q€0'0+92¢ p8O'0F 28’1 pol0'0F86°1 5q60'0 + 60°C [0107d0209-Q
pe€’9 F 6L°961 5ql6°9 F G€°80C qS9°CF LCVIC  ©99°CF €SG0EC  pol0€ F €C°L6T eV F LLLET [01074d0009-A
5L0°0 F 660 5q60°0 F 66°0 plO'0F S0 plO'0OF9¢0 2910 F 0€'T qeOT'0 F €T'T [01014d0209-¢
q¢0’'0F T€°0 q¢0'0 F 620 =10°0 F 05°0 =10°0 F 1670 2€0°0 F L¥°0 q80°0F 920 [0191d0209-10
sjoreydooqy,
5800 F 68T q€0'0 F90°¢ 5100 F 68T q€0°'0F L0'C oV0'0 F06°T 290°0 F 0€°C uryjuexesy
5800 F 0474 q¢0'0 F L6°L 290°0 + G€°6 =61°0 F LT°6 q¥0'0F90'8 60°0 F €€°6 utejnry
q90°0 +09°'¢ 2600 + G0°€ pe0'0F 1T'T pl0'0F 621 p6L°0FCT'1T oV0'0 F+ 84T uryyuexoydio-g
q90'0 F €96 =GT°0 F 10°CT p€0'0 F 689 pP0'0 F 0T"L 266’0 F 0€°S 58¢’0 F 98'L ouajored-(g+n)
sprousjo.e;)

U LG %T P0e O] [ Gy %I PLe ) Y LG %T [OBN T 57 %T 10BN 11D [O®BN MO O%H

"SJUOATOS JUSISPIP UM POYjou [ejuawrirodxe o) pue ((g07 ‘[[0ss0y 23
‘ZOTRATY ‘SOIORIIIA (13D [DN) [DBN %S0 U 10 (0107 Seqig (130 OFH) 10yem [3m SPOIIOU [01JU0D oY} £ Pa10IyIqap (g 107T) Spoos
snqp snugdn ul (WOIYRIASD pIepue)s F Ueaw ‘A 83 /3uwr) juejuod spunoduros orjousyd pue s[o1oydoooy ‘sprousjore)) *F'§ a[qe],



4. Effect of optimized debittering on lupin alkaloids and antioxidants 85

citric acid 1% for 45 h (25.08 mg/kg DM). The most abundant compound was
lutein, except for the samples treated with citric acid, where (o+0)-carotene
was predominant. Contrary to the Lot 1 lupins, the seeds debittered with
NaCl 1% presented a lower percentage of total carotenoids than those treated
with citric acid 1%. Owverall, prolonged treatment times and, secondarily,
high temperatures influenced the debittering results; the control method
with salt induced the highest carotenoids loss, followed by the 57 h and 45 h
treatments with 1% NaCl, the control method with water and the 57 h and
45 h treatments with citric acid 1%.

Again, no tocotrienols were identified and the most abundant toco-
pherol was y-tocopherol (over 98%), with values in the range of 200.3—
241.3 mg/kg DM, which was higher than those found in the debittered
seeds of L. albus by Briceno Berru et al. (2021; 131.0-218.4 mg/kg DM)
and by Annicchiarico et al. (2014; 107.0-153.0 mg/kg DM). The seeds that
were treated with NaCl 1% for 45 h or with the traditional method showed
significantly higher tocopherols content than the other samples. The control
method with water limits the exposure to high temperatures to one hour, so
this may have better preserved the tocopherols from thermal degradation;
vice versa the lowest content was found in the seeds that were debittered
with the control method with 0.5% NaCl, which involves 8 h of hydration at
80°C and 1 h of cooking.

Among the samples that were treated with the experimental method, those
debittered with NaCl 1% retained a significantly higher share of tocopherols
compared to those treated with citric acid 1% for the same amount of time.
Within solvents, the seeds that were debittered for 45 h showed a higher
concentration of tocopherols than those that were treated for 57 h. Hence,
prolonging the soaking time increases the tocopherols loss.

4.3.5.2 Phenolic compounds

Table 4.4 reports the free, conjugated and bound phenolic compounds of the
Lot 2 seeds that were debittered with the control methods (water or salt
solution) and the experimental method. The total phenol content (Figure 4.5)
varied broadly (304.3-524.0 mg/kg DM) as a consequence of the very dif-
ferent treatment conditions. As already observed for the Lot 1 seeds, only
genistein was identified with the corresponding retention time and spec-
trum, while the detected flavonoid derivatives included genistein, naringenin,
diosmin, apigenin, and catechin; the only phenolic acid derivative recorded
was sinapic acid. Differently from the Lot 1 seeds, the genistein derivatives
were absent among the free phenolics, and so were the apigenin derivatives
in the soluble-conjugated phenolics, while genistein was observed in the
bound fraction. The total free phenolic content (106.9-303.4 mg/kg DM)
was lower than the values (418.5-446.7 and 537.4 mg/kg DM) reported in
non-debittered seeds by Siger et al. (2012) and Kalogeropoulos et al. (2010),
respectively. The contents of soluble-conjugated and insoluble-bound phe-
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Figure 4.5. Total carotenoids, tocopherols and phenolic compounds (mg/kg DM)
in Lupinus albus seeds (Lot 2) debittered by the control method with water
(H,O Ctrl; Erbag, 2010) or with NaCl solution (NaCl Ctrl; Villacrés, Alvarez, &
Rossell, 2020), and by the experimental method using 1% NaCl or citric acid (CA)
solutions for 45 or 57 h. Error bars show the standard deviation, while different
letters indicate significant differences between samples according to the LSD test
(p <0.05).
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nolic compounds were 74.2-118.7 mg/kg DM and 110.2-156.7 mg/kg DM,
respectively.

The LSD test revealed significant differences in the total polyphenol con-
tent among the debittering treatments (Figure 4.5). In particular, the treat-
ments that better preserved the phenols were the shortest ones (45 h), with
either 1% NaCl (524.0 mg/kg DM) or citric acid (475.5 mg/kg DM). The con-
trol treatment with water induced the greatest phenolic loss (residual content,
304.3 mg/kg DM), followed by the salt control method (362.9 mg/kg DM).
The same ranking among treatments was recorded for the soluble-free fraction,
which constituted the majority of the total phenolics and varied between
106.9 (traditional method) and 303.4 mg/kg DM (NaCl 1% solution for
45 h). Hence, the soaking time seems to be the main cause of the leaching of
soluble-free phenolics.

Overall, even after debittering, the lupin seeds preserved a significant
content of phenolic compounds, which are positively correlated to the an-
tioxidant capacity (Cérdova-Ramos, Glorio-Paulet, Hidalgo, & Camarena,
2020). The citric acid solutions better preserved the conjugated phenols,
especially using the shortest soaking time, while the NaCl solutions behaved
poorly. The contrary was instead evident for the bound phenols: all of the
samples treated with salt solutions, either by the control method or by the
experimental protocol, showed significantly higher levels of insoluble bound
polyphenols (124.4-156.7 mg/kg DM) compared to the samples that were
treated with the traditional method (115.3 mg/kg DM) or with citric acid
(110.2-120.0 mg/kg DM). The treatment with NaCl 1% for 45 h retained the
greatest amount of bounds phenols.

4.4 Conclusions

According to the results, the sonication did not accelerate lupin seeds debit-
tering, while sodium chloride and citric acid solutions following the proposed
experimental procedure significantly shortened debittering time, limited wa-
ter consumption and reduced alkaloid content to a concentrations range
(0.31-1.03 g/kg DM) comparable to that observed in commercial snacks
(0.35-0.99 g/kg DM). The e-tongue discriminated the samples, placing those
treated with the same solvent in well-defined clusters; bitter and umami tastes
were the main factors characterizing samples according to their debittering
treatments.

The sonication decreased the content of carotenoids and soluble-free
phenolics, but did not influence the tocopherols or the soluble-conjugated
and insoluble-bound phenolics. The debittered lupins showed interest-
ing quantities of tocopherols (172.8-241.3 mg/kg DM), carotenoids (10.9—
25.1 mg/kg DM), and soluble-free (106.9-361.1 mg/kg DM), soluble-conju-
gated (93.9-118.9 mg/kg DM) and insoluble-bound (59.2-156.7 mg/kg DM)
phenolic compounds. However, the soluble-free fraction was the most suscep-
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tible to increased treatment time. The use of citric acid or sodium chloride,
thanks to the shortened debittering duration, better preserved the antioxidant
compounds in the seeds.

Future investigations may take advantage of these results assessing the
bioaccessibility of bioactive nutrients in ready-to-eat products from lupin
flour.
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Changes in lipophilic
antioxidants during lupin
germination

The contents of this chapter were published in:

Estivi, L., Pascual Chagman, G. J., Santa Cruz Olivos, J. E., Savasi, P.,
Brandolini, A., & Hidalgo, A. (2023). Changes in colour, tocopherols
and carotenoids during the germination of lupin seeds. J Food Compos
Anal, 124, 105682. https://doi.org/10.1016/;.jfca.2023.105682

Abstract

This study investigated the impact of controlled germination on colour,
carotenoids and tocopherols of Andean lupin (Lupinus mutabilis Sweet) seeds.
Two Andean lupin ecotypes, Cholo fuerte and Altagracia, were germinated
in the dark for two, four and six days; colour coordinates (L*, a*, b*) were
determined by colorimeter, while carotenoids and tocopherols were quantified
by HPLC. The germination significantly modified the characteristics examined.
The luminosity decreased with increasing germination time, while only minor
changes were recorded for a* and b*. The sum of all carotenoids increased up
to 12-fold during germination, with lutein always being the most abundant
compound. The predominant tocol was y-tocopherol; although total tocol
content was almost unchanged, a-tocopherol increased from not-quantifiable
up to 74.8 mg/kg dry matter, improving the vitamin E activity, while y-
tocopherol decreased progressively. The results demonstrate that germination
promises to be a cost-effective approach to improve the nutritional properties
of lupin seeds.

97


https://doi.org/10.1016/j.jfca.2023.105682

5. Changes in lipophilic antioxidants during lupin germination 98

5.1 Introduction

Lupins are appreciated for the composition of their seeds, rich in proteins
(32-55 g/100 g dry matter; DM), lipids (6-25 g/100 g DM) and minerals
(2.4-5.2 g ash/100 g DM); their carbohydrates content (26-48 g/100 g DM;
Béhr et al., 2014; Carvajal-Larenas et al., 2016) is inferior to other Faboideae.
Lupinus mutabilis Sweet, the Andean lupin, is cropped in cool mountain areas
(2000-3800 m asl) of South America (Suomela et al., 2022). Its diffusion in
temperate regions is limited because its production is lower than those of
L. albus, L. luteus and L. angustifolius, possibly due to poor adaptation to new
environments. The protein content is comparable to the other cropped lupin
species, but the Andean lupin displays a lipids content (13.0-24.6 g/100 g DM;
Briceno Berru et al., 2021; Carvajal-Larenas et al., 2016) higher than those
of L. albus (on average, 169-193%), L. angustifolius (300-316%) and L. luteus
(113-344%).

The flour obtained by milling the seeds is used to enrich many products,
such as cakes, snacks, burgers, biscuits, baby food and plant-based products,
as well as a soy alternative in vegan milk and meat (Cremer, 1983; Giiémes-
Vera et al., 2008; Ruales et al., 1988). In fact, lupin isolates and protein
concentrates have sensory, physical and functional properties (absorption of
water and fats, stabilizing capacity, emulsifying and foaming activities, and
gelling capacity) very similar to those of soy (Doxastakis, 2000; Gueguen &
Cerletti, 1994; Moure et al., 2006).

Seed germination plays a fundamental role in the catabolism of storage
compounds and anabolism of new molecules with positive nutritional prop-
erties, including those with antioxidant properties such as carotenoids and
tocols. Germination is an inexpensive process to improve lupin flour quality
by increasing antioxidant capacity, vitamin C and E activities (Fernandez-
Orozco et al., 2006; Frias et al., 2005), reducing antinutritional factors like
phytic acid (Dagnia et al., 1992; Mohammed et al., 2017) and oligosaccharides
(Chilomer et al., 2013; Kaczmarska et al., 2017), and even by enhancing
its flavour (Kaczmarska et al., 2018). Several studies report significant im-
provements in carotenoid and tocol contents in cereals (Aborus et al., 2018;
Yang et al., 2001; Ziegler et al., 2016) as well as in different legumes, such as
chickpeas (Khattak et al., 2008), soy and green mung bean (Mastropasqua
et al., 2020), soy (Gu et al., 2017), mung bean (Alkaltham et al., 2020), green
lentils, kidney beans and black beans (Riddoch et al., 1998), and 50 different
species of Fabaceae (Ferndndez-Marin et al., 2017). Actually, Gan et al.
(2017) defined germination as a “green food engineering method”, because
tocopherol content and antioxidant capacity increase in seeds of diverse plant
species, and even a short germination leads to a significant improvement
in nutritional quality, contributing to reduce the risk of malnutrition and
certain chronic diseases. Unfortunately, lupins are also rich in bitter and/or
toxic alkaloids that must be removed before consumption, but there is scant
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information on the effect of germination on these compounds. In fact, some
articles state that after four days of germination the total alkaloid content is
not significantly altered in L. albus and L. luteus (de la Cuadra et al., 1994)
or slightly decreases in L. luteus and L. angustifolius (Chilomer et al., 2010),
while de Cortes Sénchez et al. (2005) detected, after nine days of germination,
a total alkaloid increase, from 2.36 to 3.03 g/100 g, in L. albus and no changes,
but a minimum after three days, in L. angustifolius.

Therefore, the aim of this research was to study the effect of germination in
the dark up to six days on colour and content of tocopherols and carotenoids
of seeds from two ecotypes of Andean lupin, Cholo fuerte and Altagracia.

5.2 Materials and methods

5.2.1 Materials

Two Lupinus mutabilis ecotypes (i.e., genetically distinct geographic popula-
tions) from different regions of Peru (Altagracia, from La Libertad, and Cholo
fuerte, from Ancash), collected in November 2018, were kindly provided by
the Programa de Leguminosas y Oleaginosas of the Universidad Nacional
Agraria la Molina, Lima, Peru.

5.2.2 Methods

The seeds were disinfected with 0.1% sodium hypochlorite for 2 min, rinsed
three times with distilled water and immersed in water at room temperature
(19-21 °C) for 12 h. After draining, the seeds (200 g) were transferred to
sterile stainless steel trays (26.5 x 35.5 cm), incubated in the dark for 2, 4 and
6 days at 15+ 1°C in an A-3920 Achieva germinator (Seedburo Equipment
Company, Des Plaines, IL, USA), and sprayed with water for 8 s six times
a day. The germinated seeds were dried for 12 h at 50 °C, ground with a
grinder (Braun, Kronberg im Taunus, Germany) for 30 s and passed through
a 1 mm sieve. The flour samples were then placed in heat-sealed vacuum
bags and stored at —20°C.

The trials were carried out in triplicate. The following analyses were
performed on the non-germinated seeds (control or 0 days) and on the 2-days,
4-days and 6-days germinated seeds.

5.2.3 Colour

The colour analysis, performed using a Chroma Meter CR-II tristimulus
colorimeter (Minolta Italia SPA, Milan, Italy), using the standard-white
reflector plate and illuminant C, led to the determination of the coordinates
L* (luminosity), a* (green—red) and b* (blue—yellow).
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5.2.4 Carotenoids and tocopherols

The moisture was determined gravimetrically according to method 44-15.02
(AACC, 2000).

Carotenoids and tocopherols were determined as outlined by Brandolini
et al. (2022) and previously described in the Section 4.2.6. The tests were
performed on three independent samples and the results are expressed
as mg/kg DM.

5.2.5 Statistical analysis

To evaluate the effect of the different treatments and lupin ecotypes, the
data were processed by two-way analysis of variance (ANOVA), considering
germination time and ecotype as factors. When significant differences (p <
0.05) were found, Fisher’s least significant difference (LSD) was computed
at 95% significance level. All analyses were performed using Statgraphics®
Centurion 18 statistical programme (StatPoint Technologies Inc., Warrengton,
VA, USA). Means and standard deviations were computed using the Excel®
software (Microsoft, Redmond, WA, USA).

5.3 Results and discussion

5.3.1 Analysis of variance

The two-way ANOVA (Supplementary Table S.8) evidenced that germination
time (G) had a highly significant effect on colour and carotenoid content;
ecotype (E) and G x E interaction, even when significant, were far less relevant.
On the other hand, germination time influenced all three tocopherols, while
the ecotype was significant for y-, 8-tocopherol and total tocopherols.

5.3.2 Colour

The average values of the L*, a* and b* coordinates of the Cholo fuerte and
Altagracia seeds are presented in Table 5.1. At day 0 (non germinated) the
Altagracia seeds were slightly less luminous than the Cholo fuerte ones, but the
difference disappeared during germination. The L* of both ecotypes increased
significantly after two days of germination and slowly decreased afterwards.
The a* component (green—red), instead, showed a progressive shift towards
a green hue, while the b* component (blue—yellow), after an initial slight
decrease, moved towards the yellow tinge. Hence, the increasingly darker and
yellow—green colour of the flour samples (Figure 5.1). Not many studies on
lupin colour are present in literature. The L. albus flours studied by Mohamed
and Rayas-Duarte (1995) showed comparable values (L* =82.8, a* = —2.0,
b* =21.3), while those of L. angustifolius analysed by Rumiyati et al. (2015)
were more luminous (L*=90.6, ¢*=1.3, b* =28.5). Briceno Berru et al.
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(2021) studied 33 different L. mutabilis ecotypes and recorded luminosities
ranging from 67.2 in dark-hulled samples to 87.5 in white-hulled samples,
while a* ranged between 0.3 and —3.4 and b* varied between 22.0 and 33.3.

Table 5.1. Colour coordinates of the two L. mutabilis ecotypes during germination.

Days L* a* b*

Cholo fuerte 0 80.94+0.4° —24+0.1* 277402
84.5+0.4* —3.6+0.1" 26.5+0.4°
83.3+0.7° —48+0.2° 28.8+0.6
798 +0.7¢ —54+04¢ 32.34+0.9°

76.5+ 0.7 —0.74+0.3* 28.9+1.0°
84.94+1.0> —41+04> 269+1.1°
84.34+0.7* —58+0.1° 29.440.7°
79.44+09> —6.04+02° 32.6+1.1*

Altagracia

DN O| O N

Different letters in the column indicate significant differences
among samples at p < 0.05 according to LSD multiple range test.

5.3.3 Carotenoids

Figure 5.2 depicts the changes in carotenoid composition and content upon
germination, whose variations are visualized in Figure 5.3 by overlaying
chromatograms of Altagracia samples. For all compounds, and for their
total content, an increasing trend of the values during germination is evi-
dent. As mentioned above, the results of the two Andean lupins were not
significantly different. Lutein was the most abundant carotenoid both before
(1.5 mg/kg DM) and during germination (13.6 mg/kg DM after six days),
followed by (0+f)-carotene and zeaxanthin; 3-cryptoxanthin, absent in non-
germinated seeds, increased up to 1 mg/kg DM after six days. The greatest
percentual growth after six days occurred for (a+3)-carotene (3000%, i.e.,
from 0.2 to 6.2 mg/kg DM) and B-cryptoxanthin (not computable, going
from not detectable to 1.0 mg/kg DM). Similar results were recorded during
germination in the dark of soybean by Gu et al. (2017), who observed a
hundred times increase of 3-carotene content after four days; in Vigna radiata
by Alkaltham et al. (2020), who recorded a 210% augment in total carotenoids
after 21 h; and in chickpeas by Khattak et al. (2008), who found a 78% surge
in total carotenoids after four days. The positive effect of germination on
carotenoids content was evident also in cereals: Hidalgo et al. (2019) recorded
that germinated wheat and barley seeds reached relevant concentrations
(82.6-119.7 mg/kg DM); lutein was always the predominant carotenoid, but
the (a+p)-carotene underwent sizeable increases.

According to Rodriguez-Villalon et al. (2009), the methylerythritol 4-
phosphate pathway produces the precursors for carotenoids synthesis in seeds
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A A
‘.,'1- e

2 G 24 ;“"

Figure 5.1. Seeds and flour samples of the L. mutabilis ecotypes Cholo fuerte and
Altagracia during the germination.

germinated in the dark; additionally, the biosynthesis of a carotenoids key
precursor, geranylgeranyl diphosphate (DellaPenna & Pogson, 2006), is fully
operational during germination (Beck et al., 2013). Hence, when aetioplasts
differentiate into chloroplasts in the absence of light, there is an accumulation
of o-carotene, B-carotene, lutein and violaxanthin, whereas chlorophylls are
synthesized only after exposure to the light.

5.3.4 Tocopherols

The evolution of tocopherols in the two Andean lupin ecotypes is depicted
in Figure 5.3 and Figure 5.4. In the non-germinated seeds, Cholo fuerte
showed a higher total tocopherols content than Altagracia (225 £ 25 and
166 + 23 mg/kg DM, respectively), with a clear prevalence (95-99%) of
y-tocopherol, followed by the 8- and a- homologues. These values, as well as
vy-tocopherol prevalence, agree with the ranges indicated by Bricefio Berru
et al. (2021) and Brandolini et al. (2022) in non-debittered Andean lupins,
i.e., 172.1-249.8 and 228-231 mg/kg DM, respectively. During germination,
the changes in individual tocopherols were similar in both ecotypes. On
average, a-tocopherol increased from detectable but not-quantifiable amount
(0.7 mg/kg DM) to 74.8 mg/kg DM, while y-tocopherol decreased from 189.7
to 127.8 as the germination proceeded. The variations in 8-tocopherol, even
when significant, were almost negligible given its scarce amount. Overall, the
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Figure 5.2. (a+f)-carotene, lutein, B-cryptoxanthin, zeaxanthin and total
carotenoid content (mg/kg DM) in L. mutabilis seeds of Cholo fuerte (triangles)
and Altagracia (circles) during the germination.
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Figure 5.3. Overlaid chromatograms for carotenoids (a) and tocopherols (b) in

Altagracia seeds before (black) and after 2 (blue), 4 (green) and 6 (red) days of

germination.

total tocopherols quantity did not change substantially during germination,
passing on average from 195.7, before germination, to 200.4 mg/kg DM, after
six days. No tocotrienols were detected either before or after germination.
Likewise, Frias et al. (2005) observed in L. albus a 29% vy-tocopherol decrease
(from 201 to 143 mg/kg DM) after six days of germination, a variation
comparable to that reported here (33%), while a-tocopherol increased from
1.9 to 23 mg/kg DM. The same trend was noticed by Fernandez-Orozco et al.
(2006) germinating L. angustifolius for six days: y-tocopherol went from 126.7
to 32.5 mg/kg DM, whereas a-tocopherol moved from 3 to 86 mg/kg DM.
Similarly, working with L. albus, Glycine max and Vigna radiata, Gan et al.
(2017) reported significant changes in o~ and y-tocopherol, accompanied by
an increase in antioxidant capacity due to the improved o-tocopherol content.

The increase in a-tocopherol, coupled with a decrease in y-tocopherol, is a
phenomenon observed in several germinating legumes: peas (Fordham et al.,
1975), green mung beans (Marero et al., 1991), lentils (Frias et al., 2002),
soybean (Lee & Chang, 1993; Plaza et al., 2003); but also in cereals (wheat;
Yang et al., 2001) and pseudocereals (tartary buckwheat; Zhou et al., 2015).
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Figure 5.4. o-, y- and 8-tocopherol and total tocopherols content (mg/kg DM) in
L. mutabilis seeds of Cholo fuerte (triangles) and Altagracia (circles) during the
germination.

The results clearly confirm that the decrease in y-tocopherol (and, in
minor measure, of d-tocopherol) was compensated by an increase in the o-
tocopherol homologue: therefore, it can be assumed that during germination a
conversion between the two forms occurs. In fact, Jube and Borthakur (2006)
report that y-tocopherol is the precursor of a-tocopherol in the biosynthetic
pathway. The conversion reaction is catalysed by the enzyme y-tocopherol
methyltransferase (y-TMT, EC 2.1.1.95), which introduces a methylation
in the —5 position using methionine as a donor of —CHj: therefore, S-
adenosyl-L-methionine + y-tocopherol become S-adenosyl-L-homocysteine +
a-tocopherol. The same enzyme catalyses the methylation of 8-tocopherol into
B-tocopherol and the corresponding conversions among tocotrienols (Jube &
Borthakur, 2006; enzyme.expasy.org). The a-tocopherol is the only tocol with
proven efficacy in preventing the vitamin E deficiency disease (Azzi, 2019),
thus its partial conversion from the more abundant y-tocopherol dramatically
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improves nutritional quality. Germination therefore represents a simple and
effective way to improve the nutritional value of lupin. In soybean, Tavva
et al. (2007), Dwiyanti et al. (2011) and Arun et al. (2014) studied the
expression of the gene coding for v-TMT and found that this enzyme is the
factor limiting the conversion rate of y-tocopherol to o-tocopherol.

In addition to its role as vitamin E, the a-tocopherol has also the greatest
antioxidant activity: o-tocopherol > B-tocopherol and y-tocopherol > &-
tocopherol (Kim & Min, 2008). Its lower phenolic hydrogen dissociation
energy and reduction potential give a-tocopherol the greatest reaction rate
with the peroxide radical: 1.5 and 3.4-fold higher than those of the y and &
homologues (Kim & Min, 2008).

Even with a negligible change in the total tocopherols content (the varia-
tion was about +6%), the different behaviour and biological activities of the
individual tocopherols influenced the nutritional properties of L. mutabilis.
In addition, the lipophilic antioxidants are barely or non affected by the
debittering treatment (Brandolini et al., 2022; Bricefio Berru et al., 2021;
Cordova-Ramos et al., 2020); therefore, after germination the debittering
of bitter varieties will result in minor or no losses of ex-novo synthesized
carotenoids and modified tocopherols.

5.4 Conclusions

During germination, the flour samples became darker and shifted towards
yellow—green; additionally, carotenoid content increased by 12-fold, and a
significant transition from vy- to a-tocopherol was observed. These findings
indicate that germination is a simple and cost-effective approach to enhance
provitamin A and vitamin E activities of the flour of Andean lupin. The
increase in health awareness and the shift towards plant-based protein suggest
that germinated lupin flour could become a valuable ingredient in the food
industry either directly, in the case of sweet lupin varieties, or once the
harmful alkaloids are efficiently removed.
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Optimization of protein
extraction from pea
by-product

The contents of this chapter are under review as:

Estivi, L., Brandolini, A., Catalano, A., Di Prima, R., & Hidalgo, A. (n.d.).
Characterization of an industrial pea canning by-product and its
protein concentrate obtained by optimized ultrasound-assisted ex-
traction.

Abstract

This work aimed to optimize protein extraction from an industrial pea can-
ning by-product by developing an ultrasound-assisted alkaline solubilization
and isoelectric precipitation method. Proximate composition and microbial
contamination (total bacterial count, total lactic acid bacteria, Enterobac-
teriaceae, yeasts and moulds) were assessed in the wet by-product. The
protein concentrate obtained, the dry by-product and a commercial pea
flour were assessed for protein content, water activity, colour and techno-
functional properties. The optimal two-phase extraction conditions from the
wet by-product were: liquid-solid ratio 20 mL/g, pH 11, ultrasound amplitude
80%, time 30 min. The extraction from the dry by-product was not feasible.
Sonication reduced extraction time from 4 h (magnetic stirring method) to
1 h and increased extraction recovery three-fold (from 21.5% to 66.6%). The
concentrate had a 74.8 g/100 g DM protein content. The SDS-PAGE revealed
protein degradation in some specimens, probably because of fermentation
and enzymatic hydrolysis before sampling. However, the microbial counts in
the concentrate, mainly related to lactic acid bacteria, were always below the
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guideline values. The results demonstrated that the pea canning by-product
is a valuable raw material for protein recovery and that the proposed method
allows its rapid and direct treatment, avoiding drying costs and microbial
proliferation.

6.1 Introduction

Peas (Pisum sativum L.) are among the most cultivated legumes worldwide,
with a global production of 12.4 million metric tons (Mt) of dry seeds (14%
of all pulses, third after beans and chickpeas), and 20.5 Mt of fresh legumes
(45%, second after beans). Canada, Russia, China and India produce 63% of
dry peas, whereas China and India yield 77% of fresh production (faostat.org,
2021; last accessed 1 December 2023). Peas are valuable products for human
consumption and occupy a prominent place among vegetables thanks to their
high nutritional value, linked to their good protein content (20-25 g/100 g)
and health-promoting compounds, such as amylose-rich, slowly-digestible
starch (39.4-46.2 g/100 g), resistant starch (1.8-7.0 g/100 g), insoluble (19.3—
23.1 g/100 g) and soluble fibre (3.9-8.0 g/100 g, mainly pectin), potassium,
phosphorus, phenolic compounds and 3-carotene (Lam et al., 2018; Wu et al.,
2023).

Pea proteins are appreciated for their hypo-allergenicity and nutritional
value, since their high lysine content makes them complementary to cereal
proteins, which are instead rich in sulphur-containing amino acids (i.e.,
methionine and cysteine; Lam et al., 2018; Shanthakumar et al., 2022). As
concentrate (>65 g protein/100 g) or isolate (>90 g protein/100 g), pea
proteins have been employed in the preparation of baked goods, pasta, meat
products, beverages and milk-like drinks (Boukid et al., 2021; Boye et al.,
2010). However, a major drawback that hinders the further diffusion of pulses
proteins is their beany off-flavour.

Besides nutritional enrichment and substitution of animal protein, pea pro-
teins provide viscoelasticity, missing in gluten-free foods for coeliacs (Boukid
et al., 2021) and, thanks to their interfacial properties, are also used as emulsi-
fiers, thickeners, fat binders and gelling or bulking agents in food formulations.
Such properties can be further improved by different techniques including,
for example, high-pressure treatment, ultrasonication, hydrolysis, glycation,
acylation, deamidation and enzymatic cross-linking (Shanthakumar et al.,
2022). Proteins modification usually leads to conformational changes and,
thus, better adsorption at the interface of food dispersions: when unfolding
occurs, surface hydrophobicity increases, enhancing the protein ability to
stabilize foams and emulsions (Xiong et al., 2018). In addition, pea proteins
in heterogeneous mixtures are exploited as encapsulating material and in the
manufacturing of edible films (Boukid et al., 2021; Shanthakumar et al., 2022).

Industrial processing of legumes discards from 5% to 25% of harvested
material as waste, containing pods, hulls, leaves, stems and broken, dark
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or stained seeds (Tassoni et al., 2020). These residues are rich in proteins,
dietary fibre, polyphenols and other molecules (e.g., peptides) with antiox-
idant, antimicrobial and other beneficial activities (Belghith Fendri et al.,
2016, 2022; Duenias et al., 2004; Mateos-Aparicio et al., 2010). Currently,
legume waste is mainly destined to biogas production or to livestock feed,
but there is a growing interest in its upcycling for human consumption,
especially by protein recovery. Dry extraction methods are scarcely appli-
cable for this purpose, thus the waste is more often re-processed by wet
extraction, usually exploiting alkaline solubilization followed by isoelectric
precipitation (Kamani et al., 2023; Tassoni et al., 2020); nevertheless, this
technique leads to loss of solubility and worsening of technological prop-
erties, due to denaturation and formation of insoluble aggregates (Boukid
et al., 2021; Vogelsang-O’Dwyer et al., 2020). The ultrasound technology
has gained interest in the food industry for its versatility, safety and low
energy requirements; in fact, when coupled with wet extraction it increases
recovery and shortens treatment time (Estivi et al., 2022; Tassoni et al.,
2020). Ultrasonication has previously been studied for protein extraction
from pea flour (F. Wang et al., 2020) or pea pods (Karabulut et al., 2023),
but no attempts were made with pea by-products from industrial process-
ing.

Therefore, the aims of this work were to characterize the industrial pea
canning by-product collected over different years, to optimize an ultrasound-
assisted method of alkaline extraction and isoelectric precipitation of protein,
and to verify the quality of the protein concentrate thus obtained.

6.2 Materials and methods

6.2.1 Materials

The by-products of a canned pea production line were sampled at the
Casalasco Societa Agricola SPA plant in Gariga di Podenzano (PC, Italy).
The amount of waste was computed as the percentage of raw material dis-
carded, based on a six years history (2014-2016; 2020-2022). The samples,
collected from 2013 to 2022, were characterized for their chemical compo-
sition (n = 10) and microbial contamination (n = 5). The by-products
collected on three different days in 2021 were stored at —20°C and then
either thawed at 4°C for 16 h (wet by-product sample) or dried at 55°C
for 24 h (dry by-product sample) in a Venticell 55 oven (MMM Medcenter
Einrichtungen GmbH, Planegg, Germany). The analyses were performed
on the dried by-product, the protein concentrate obtained by an optimized
ultrasound-assisted extraction from the thawed by-product, and a pea flour
purchased at a local store (NaturaSi, Milan, Italy).
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6.2.2 Optimization of the ultrasound-assisted protein extraction

Protein was extracted by solubilization in alkalized water and subsequent
isoelectric precipitation. Briefly, the samples were suspended in distilled water
according to the selected extraction ratio (see below), taking in consideration
their moisture content. The by-product mixture was homogenized with
an immersion blender (Hr1611/00, Philips, Amsterdam, Netherlands) for
two 30 s cycles with a 30 s rest; the pH was adjusted with 1 M NaOH
under constant stirring. Ultrasonication (experimental method) or magnetic
stirring (control method) were used during the extraction. The ultrasonication
was achieved with an Up400St homogenizer (Hielscher, Teltow Germany),
mounting a 14 mm probe and set up with on/off cycles of 5/5 s. The
temperature was maintained between 25 and 30 °C with an icy water bath.
After solubilization, the samples were transferred into a 400 mL polyethylene
bottle and centrifuged at 10800 ¢ for 10 min with a Sorvall RC-5B Plus
Superspeed Centrifuge (Thermo Fisher Scientific, Waltham, MA, USA). The
sediment was extracted a second time, the supernatants were pooled, adjusted
to pH 4.5 with 1 M HCI and centrifuged as detailed above. The sediment,
corresponding to the protein extract, was dried as above described for the
by-product in order to obtain the protein concentrate sample.

The ultrasonication extraction conditions were optimized in a series of
preliminary experiments considering as response variable the extraction
recovery (%), calculated with the Equation 6.1, where N is the total nitrogen
content.

weightconcentrate (9) : Nconcentrate (g/g)
weightby—product (g) : be—product (g/g)

Recovery (%) = <100 (6.1)

The preliminary Ezperiments 1 and 2 were conducted using commercial
pea flour, while the Fzperiments 3, / and 5 were performed using the thawed
pea by-product.

Ezxperiment 1—A fractional factorial design with three central points
(Supplementary Table S.9) was performed to study the effects of liquid:solid
ratio (10-20 mL/g), pH (8-11), amplitude (30-50%) and time (5-15 min) on
extraction recovery. The choice of the factors and of their levels was based
on a previous investigation dealing with pea flour (F. Wang et al., 2020).

Experiment 2—A full factorial design 22 with three central points, repli-
cated twice by assigning a block to each repetition (Supplementary Table S.10),
was applied to study the effect of amplitude (60-80%) and time (10-20 min)
at a liquid:solid ratio of 20 mL/g and pH 11.

Experiment 3—A full factorial design 22 with three central points (Sup-
plementary Table S.11), was performed considering as independent variables
amplitude (40-80%) and time (5-15 min), with liquid:solid ratio of 20 mL/g
and pH 11.

Ezperiment 4—The extraction time was set up by applying the steepest
ascent method (Montgomery, 2019); four runs at a constant amplitude of 80%

24—1
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were performed between 18.75 and 30.00 min, with 3.75 min increments for
each run (Supplementary Table S.12). The trials were performed in duplicate.

Ezxperiment 5—A rotatable Central Composite Design (CCD) with two
factors and four central points (Supplementary Table S.13) was applied to
optimize amplitude (70-90%) and time (25-35 min) conditions.

Finally, a comparison of the recovery and protein content achieved by the
traditional magnetic stirring method (ratio =20 mL/g, pH =11, time =2x2 h)
and by the optimized ultrasound-assisted extraction method (ratio=20 mL/g,
pH =11, amplitude =80%, and time =2x30 min) was performed.

6.2.3 Proximate composition

The moisture content was determined gravimetrically according to the 925.10
official method (AOAC, 2000). The water activity (a,) was measured with
an Aqua Lab Series 3 TE instrument (Decagon Devices, Inc., Pullman, WA,
USA). Total nitrogen content was determined by the Kjeldahl method 920.87
(AOAC, 2000) and protein content was computed as N x 6.25. Lipid content
was assessed by the Soxhlet method 920.39C (AOAC, 2000), total crude
fibre by method 962.09 (AOAC, 2000), ash by method 923.03 (AOAC, 2000),
starch by ISO method 10520:1997 (ISO, 1997) and total carbohydrates by
difference. The results are expressed as g/100 g dry matter (DM).

6.2.4 Colour

The colour of the different samples was evaluated in the CIElab L* a* b* colour
space using a Chroma Meter CR-II tristimulus colorimeter (Minolta Camera
Co., Osaka, Japan) with a C standard illuminant. Three measurements were
performed.

6.2.5 Techno-functional properties

Water absorption capacity (WHC) and oil absorption capacity (OHC) were
appraised with the method described by Beuchat (1977) and Stamatie et al.
(2021). For WHC, 0.5 g of sample and 5 mL of distilled water were added
in a centrifuge tube, vortexed and agitated for 1 h at room temperature
with a PTR-35 rotating shaker (Grant Instruments, Royston, UK). The
samples were then centrifuged (LISA, AFI Groups, Chiteau-Gontier, France)
at 15000 g for 15 min at 15°C and the supernatant was discarded. The
same procedure was carried out for OHC determination by replacing the
water with peanut oil. The Equation 6.2 was used to estimate the absorption
capacities.

The least gelling concentration (LGC) was determined according to Sathe
et al. (1982). Sample suspensions (2-16 g/100 mL) were prepared in test
tubes and then heated to 90°C for 1 h in a water bath. After cooling at
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4°C for 2 h, the tubes were inverted and the minimum concentration that
produced a self-sustaining gel was recorded.

Foam capacity (FC) and foam stability (F'S) were estimated as in Miller
and Groninger (1976). In a polyethylene bottle, 0.2 g of sample and 20 mL
of pH 7 phosphate buffer (Carlo Erba, Cornaredo, Italy) were homogenized
with a UltraTurrax T25 (IKA, Koénigswinter, Germany) at 17500 rpm for
1 min cooling the mixture with a water bath. The foam volume right
after homogenization and then after 30 min was measured to compute FC
(Equation 6.3) and FS (Equation 6.4), respectively (F. Wang et al., 2020).

To determine the emulsifying capacity (EC), 0.1 g of sample were mixed
into a 50 mL beaker with 10 mL of distilled water, stirring the mix until a
homogeneous solution was obtained; then pH was adjusted to 4.5-5. Sub-
sequently, 20 mL peanut oil were added at 1 mL/min rate under stirring
at room temperature. After the formation of an emulsion, the sample was
centrifuged at 447 g for 10 min at 12 °C, and the height of the emulsified layer
(He; cm) and the total height of the liquid (Ht; cm) were measured (Bai
et al., 2019; Stamatie et al., 2021). The emulsifying capacity was calculated
with Equation 6.5.

weightyer — weightary (9)

WHC/OHC = - 6.2
JOHC (9/9) T (62)
foam volume
FC (%) = — 1 100 (6.3)
_ foam volume after 30 min
FS (%) = initial foam volume 100 (6:4)
He
EC (%) = 2 - 100 (6.5)

6.2.6 SDS-PAGE

The glutenin fraction, extracted according to Singh et al. (1991), was finger-
printed by discontinuous SDS-PAGE electrophoresis on polyacrylamide gel in
the presence of sodium dodecyl sulphate (SDS), following Morel (1994). A pro-
tein marker (Thermo Fisher Scientific, Waltham, MA, USA) with molecular
weight bands ranging from 116 kDa to 14.4 kDa was used as a reference.

6.2.7 Microbiological analyses

The microbiological analyses were performed by plate count. Briefly, 10 g
samples were homogenized in a stomacher (BagMixer 400, Interscience,
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Puycapel, France) for 1 min with 90 mL sterile diluent (0.9% NaCl). Then,
1 mL of the 1:10 dilution was transferred into a test tube containing 9 mL
diluent and several decimal serial dilutions were similarly prepared. The total
bacterial count (TBC) was determined according to the ISO 4833-1:2013
method (ISO, 2013): 1 mL of the appropriate dilution was placed in a
Petri dish and incorporated into Plate Count Agar. The plates were then
incubated at 30°C for 72 h. The total Enterobacteriaceae were determined
by the ISO 21528-2:2017 method (ISO, 2017a) by incorporating 1 mL into
Violet Red Bile Glucose Agar and incubating the plates at 37 °C for 24-48 h.
The mesophilic lactic acid bacteria were determined by the ISO 15214:1998
method (ISO, 1998) by incorporating 1 mL into De Man Rogosa Sharpe Agar
and incubating the plates at 30 °C for 72 h under microaerophilic conditions.
Total moulds and yeasts were determined according to the ISO 21527-2:2008
method (ISO, 2008) by spreading 100 nL of each dilution on Malt Extract
Agar supplemented with 0.01% chloramphenicol as selective agent. The
plates were incubated at 25°C for 96-120 h. The presence of Salmonella was
investigated according to the ISO 6579-1:2017 method (ISO, 2017D).

The plates containing 10-200 colonies were scored, recording at least two
values for each replicate. The analyses were performed on three independent
replicates and the results are expressed as the decimal logarithm of colony
forming units per gram of sample (log CFU/g).

6.2.8 Statistical analysis

After verifying the normal distribution of the data, the recoveries obtained
in Fxperiment 4 and the characteristics of commercial pea flour, dried pea
by-product and protein concentrate were evaluated by One-Way Analysis
of Variance (ANOVA). When significant differences (p < 0.05) were found,
Fisher’s least significant difference (LSD) was calculated at 95% significance
level. To compare the performance of the traditional magnetic stirring method
and the optimized ultrasound-assisted extraction method, the Student’s t-test
was applied. All analyses were performed using the statistical programme
Statgraphics® Centurion 18 (Statpoint Technologies Inc., Warrenton VA,
USA). Mean, standard deviation and coefficient of variation (CV, expressed
as %) were computed using the Excel® software (Microsoft, Redmond, WA,
USA). The statistical processing of the experimental designs was performed
with the Design Expert 10 software (StatEase, Minneapolis, MN, USA).

6.3 Results and discussion

6.3.1 By-product characterization

The recorded percentage of waste over six years corresponded to 7.6 + 2.5%
(CV=33%). Figure 6.1 presents the chemical composition and microbial
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contamination of the canned peas by-product across different years. The
moisture content was characterized by the lowest variability (CV=6.9%),
ranging from 76.5 to 90.7 g/100 g. The proximate composition, expressed on
dry matter (DM), varied broadly for lipids and fibre (CV =43%), ranging
from 0.0 to 5.3 g/100 g DM and from 10.5 to 54.6 g/100 g DM, respectively,
due to the different proportion of pods, leaves, hulls and seeds. The protein
and ash contents ranged with a CV =20%, from 15.5 to 30.9 g/100 g DM
and from 2.8 to 5.7 g/100 g DM. These values agree with the composition
reported by Belghith Fendri et al. (2016) and Mateos-Aparicio et al. (2010)
for pea pods and by Hall et al. (2017) for pea cotyledons. The starch content
varied between 10.5 and 21.6 g/100 g DM (CV =28%).

The microbial contamination presented a wide fluctuation among the
different samplings: the total bacterial count varied from 6.3 to 8.4 log CFU/g,
the Enterobacteriaceae from 5.4 to 7.5 log CFU/g, the yeasts from 3.7 to
5.7 log CFU/g and the moulds from 4.4 to 5.7 log CFU/g; Salmonella was
always absent.
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Figure 6.1. Proximate composition (a) and microbial counts (b) of pea canning
by-product collected from 2013 to 2022. TBC, Total bacterial count.
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Figure 6.2. Contour plots of the experiments performed for protein extraction
from commercial pea flour (a) and thawed pea by-product (b) by ultrasound-assisted
method.

6.3.2 Optimization of the protein extraction process

6.3.2.1 Preliminary trials on commercial pea flour

The first extraction trial (Ezperiment 1), performed using commercial pea
flour and following a fractional factorial design 24~! with three central points
(Supplementary Table S.9), showed that only the liquid:solid ratio had a
significant (p < 0.01) effect on the recovery (Supplementary Table S.14).
The pH p-value (0.067) was just above the 0.05 threshold, suggesting the
inclusion in the model of this parameter to verify its effect on the response
variable (i.e., recovery). The chosen model was significant (p < 0.001), while
the curvature was not (p > 0.05), and presented the coded Equation 6.6.

Recovery = 62.1 + 2.2ratio + 1.3pH (6.6)

As clearly displayed in the contour plot (Figure 6.2a), greater recoveries
were obtained with higher ratios and pH. Thus, for the following trials the ex-
traction ratio was set at 20 mL/g and pH at 11. Being concentration gradient
the driving force of extraction, diluting the solids in more solvent increases
the quantity of extract; however, a plateau leading to negligible increases
can be reached. In this case, ratios higher than 20 mL/g were considered
unfeasible, because they would have reduced the amount of material treated.
Furthermore, a trial performed at a 20 mL/g with pH values increasing from
8 to 11 confirmed the pH =11 as the best choice.
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Ultrasonication improves the extraction of various analytes, including pro-
tein, from food matrices (Estivi et al., 2022). Therefore, amplitude and time
were further studied in Experiment 2 according to a replicated full factorial 22
with three central points (Supplementary Table S.10), exploring higher factors
levels. As reported in Supplementary Table S.14, the amplitude was the only
significant factor and the model was defined by the coded Equation 6.7.

Recovery = 66.30 + 0.95 amplitude (6.7)

6.3.2.2 Fine tuning trials on by-product

Initially, protein extraction from the dry by-product was attempted. However,
as soon as the sonication started, the dry by-product formed a viscous mix-
ture with water, preventing it from flowing and causing hot spots (>60°C).
This might be related to gelation or swelling of damaged starch or starch pre-
gelatinized during drying. In fact, although the drying temperature (55°C)
corresponded only to the pea starch gelatinization onset (53.6-59.5°C; Sun
et al., 2020; S. Wang & Copeland, 2012), the treatment lasted 24 h in the pres-
ence of an excess of water during the early stages. The starch gelatinization
extent is temperature-dependent (Lund & Lorenz, 1984), but partially occurs
over a long period even when the temperature is maintained around the onset
(Pielichowski et al., 1998; Sablani et al., 2007). The gelatinization follows a
first order kinetic and the reaction rate depends on the temperature according
to the Arrhenius equation (Sablani et al., 2007); in addition, an alkaline pH
facilitates starch swelling (Lam et al., 2018). It has to be remembered that
as the fluid viscosity increases, the ultrasonic homogenizer needs to impart
greater power to the probe to keep the amplitude constant. Therefore, a
modest initial amount of swollen starch may have had an autocatalytic effect:
greater viscosity corresponds to higher power, dissipated as heat, and conse-
quently more gelatinization. This behaviour prevented a steady temperature
control, necessary to limit the thermal denaturation of the proteins, as well as
its reliable measurement, thus jeopardizing the possibility of correctly record-
ing the experimental conditions. Increase of liquid:solid ratio and off-period
of sonication cycles, and reduction of amplitude and coolant temperature
were all unsuccessful, hence it was decided to treat the thawed by-product.

In Ezperiment 3 the by-product was extracted by varying the amplitude
and time factors according to a full factorial design 22 with three central
points (Supplementary Table S.11). As shown in Supplementary Table S.15,
the amplitude was the only significant factor (p = 0.025); however, the time
was included in the model because its p-value (0.059) was just above the 0.05
significance level. The model was significant (p < 0.05), but the curvature
was significant (p = 0.02) as well. The adjusted R? was 0.74 and the coded
Equation 6.8 described the model. The direction of response maximization is
evident in the contour plot shown in Figure 6.2b.

Recovery = 47.51 + 7.22 amplitude + 5.42 time (6.8)



6. Optimization of protein extraction from pea by-product 122

In Ezxperiment 4 the factors levels were explored following the steepest
ascent path (Montgomery, 2019). The ratio of Equation 6.8 coefficients
suggested a 0.75 incremental step, in coded terms, for treatment time and 1
incremental step for amplitude. However, increasing the amplitude would
have brought the ultrasound probe to its operating limits in just two steps, also
making it impossible to control the temperature. Therefore, the amplitude
was kept constant at the highest previously explored value (80%) and only
the treatment time was increased. The results (Supplementary Table S.12)
evidenced higher extraction recovery after 26.25 min of treatment. This
experiment identified a new region, probably close to the process optimum,
which was further investigated with a Response Surface design by means of
the CCD depicted in Supplementary Table S.13. The new model was not
significant (p > 0.05; Supplementary Table S.15) but confirmed that the
highest recoveries were obtained in a wide region whose central conditions were
amplitude = 80% and time = 30 min. In this region, factor modifications led to
negligible changes in recovery, therefore the central point was considered as the
optimum: ratio=20 mL/g, pH =11, amplitude =80% and time =2x30 min.

Table 6.1. Recovery and protein content (mean + standard deviation) in the
extracts obtained from thawed pea-by product by magnetic stirring and the opti-
mized ultrasound-assisted method.

Treatment time Recovery (%) Protein (g/100 g DM)

Magnetic stirring 2x2h 21.5+0.9° 91.5+0.3*
Ultrasonication 2 x 30 min 66.6 + 1.6 74.9 £0.3°

Different letters indicate significant differences among values in the same row
according to the LSD test (p < 0.05).

Table 6.1 reports the recovery and protein content in the extracts obtained
from thawed pea-by product by the magnetic stirring and by the optimized
ultrasound-assisted method. The new method led to a recovery (66.6%)
more than three times higher than the traditional magnetic stirring (21.5%),
coupled with a drastic reduction in treatment time (one hour instead of
four). Protein recovery from the by-product employing ultrasonication was
comparable or inferior to those previously reported for pea flour extraction
(62.6-76.7%) by Stone et al. (2015), using magnetic stirring, and by F. Wang
et al. (2020; 82.6% with ultrasonication and 60% with magnetic stirring).
However, lower recoveries were also reported for protein alkaline extraction
from pea pods with (21.1%) and without (16.2%) ultrasound pre-treatment
(Karabulut et al., 2023). Probably, the protein nitrogen was already present
as soluble peptides due to pre-sampling fermentation and thus was lost during
the wet extraction, leading to scarcer recovery. In addition, the granulometry
(coarser than that of the pea flour) and the presence of other components
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(e.g., cellulose, pectin and other polysaccharides) likely hindered protein
diffusion to the solvent. An improvement in protein extraction by ultrasonica-
tion is reported for several vegetable matrices, including almond production
residues (+480%), peanut flour (+136%), soy flour (+39%), sunflower seed
cake (+317%), rice bran (+134%), rice syrup production residue (+100%)
and quinoa flour (+140%; Jahan et al., 2022; Li et al., 2017; Quintero-Quiroz
et al., 2022). Furthermore, a considerable reduction in treatment time is
generally observed. The ultrasonication advantage in the extraction processes
is universally attributed to the cavitation, which disrupts cellular compart-
ments, facilitating the release of solutes, and renews the boundary layer of
solvent, maintaining a high gradient of concentration (Estivi et al., 2022).

The protein content of the isolates produced from pea flour by alkaline
extraction can reach 90 g/100 g (Boye et al., 2010). F. Wang et al. (2020)
reported values of 81.5 and 87.5 g/100 g DM in isolates produced with
agitation and ultrasonication, respectively. The highest protein concentration
(Table 6.1) was observed in the extract obtained with magnetic stirring
(91.5 g/100 g DM), while the optimized ultrasound method generated a
less pure product (74.9 g/100 g DM). Karabulut et al. (2023) observed the
same tendency in pea pods isolates, as they determined 54.3 g protein/100 g
with ultrasound pre-treatment and 63.7 g/100 g without it, ascribing that
to co-extraction of interfering components. According to Prestes Fallavena
et al. (2022) and Thirunavookarasu et al. (2022) abundant evidence has
been gathered on protein glycation mediated by high-power ultrasound
and on the formation of complexes between denatured proteins and sugars,
oligosaccharides or polysaccharides, including pectin. Protein-polysaccharide
complexes are stabilized by electrostatic, hydrophobic interactions, van der
Waals forces and hydrogen bonding (Thirunavookarasu et al., 2022), thus it
can be hypothesized that the polysaccharides from the abundant soluble fibre
of the pods formed soluble complexes with the proteins, reducing the purity
of the concentrate. In fact, the sonication conditions, more drastic than those
employed by F. Wang et al. (2020), the higher soluble fibre, especially the
pectic polysaccharides from pods and hulls (Belghith-Fendri et al., 2018), and
the presence of lectins, carbohydrates-binding proteins (Shi et al., 2018), may
explain the lower purity of the extract. Additionally, the drying treatment
could have reinforced or formed new protein-polysaccharides conjugates by
the Maillard reaction, even at relatively low temperature (i.e., 60 °C; Tamnak
et al., 2016), while the ultrasonication increased protein unfolding, promoting
glycation (Ma et al., 2020). Finally, the high pH may have resulted in the
contamination of the extract with swollen starch (Lam et al., 2018).

Dry fractionation of legumes desiccated in the field is more economical
and sustainable to operate than wet extraction, although the protein-rich
flour thus separated presents a concentration between 49% and 73%, lower
than that achieved from alkaline extraction (Fernando, 2021). Nevertheless,
the concentrate and the other co-products (starchy and fibrous fractions)
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are obtained directly in the dehydrated form, facilitating their conservation.
Conversely, the by-product evaluated in this research is conveyed to the
collection point by hydraulic transport, before being drained by compression
in a rotating drum. Therefore, to scale-up the process it should be treated
as soon as collected, avoiding the drying energy costs.

6.3.3 Pea products characterization

The characteristics of commercial flour, dry by-product and protein concen-
trate are reported in Table 6.2. Protein content was significantly higher in the
concentrate (74.9+0.3 g/100 g DM) than in the commercial flour and the by-
product (24.7-25.1 g/100 g DM). Water activity was low in all samples, al-
though the by-product had the lowest one, probably due to the water-binding
capacity of its high fibre content (36.1 g/100 g DM). The brighter green
colour of the pea flour (Table 6.2 and Figure 6.3) is probably attributable
to the drying conditions in the field (ambient temperature) versus those in
the oven (55 °C) employed for the dry by-product and protein concentrate.
In fact, the transition to a darker tinge can be a consequence of chlorophyll
degradation into grey/brown pheophorbide or pheophytin (Zielinska et al.,
2013). All samples showed an important yellow component (b*), with the
highest score in the by-product.

Significant differences in techno-functional properties, except emulsifying
capacity, were detected. Generally, the wet extraction appeared detrimental
for all the interfacial properties, probably due to formation of poorly soluble
aggregates in the concentrate that prevailed over ultrasound-induced increase
in surface hydrophobicity (Estivi et al., 2022; Fernando, 2021; Vogelsang-
O’Dwyer et al., 2020; Xiong et al., 2018).

The concentrate WHC (2.13 ¢ H,O/g) was similar to those (2.06 and
2.4-2.6 g HyO/g) reported for pea protein isolates by Kumar et al. (2022)
and Stone et al. (2015), respectively, although higher values (3.2 and 3.0-

Figure 6.3. Images of the commercial pea flour (left), the dry by-product (centre),
and the protein concentrate obtained by the optimized ultrasound-assisted method
(right).
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Table 6.2. Water activity, protein content, colour, techno-functional properties,
and microbial count (mean + standard deviation) of commercial pea flour, dry pea
by-product and protein concentrate.

Parameters Pea flour Dry by-product Concentrate
Qw 0.530 £0.004*  0.320 £ 0.002°  0.510 £ 0.002"
Protein (g/100 g DM) 25.094+0.08>  24.71+0.71° 74.86 4+ 0.32°
Colour coordinates
L* 86.50 + 0.30* 54.47 + 0.83° 40.43 £ 0.35°
a* —9.63+£0.21"  —4.10£0.46*  —3.5040.30*
b* 16.90 & 0.35° 19.17 4 0.50* 15.43 4 0.55°
Techno-functional properties
WHC (g H20/g) 1.23 +0.34¢ 4.19 4+ 0.28% 2.13 4 0.22°
OHC (g oil/g) 1.57 4+ 0.08" 2.24 +0.16* 1.68 4+ 0.22°
LGC (g/100 mL) 10 15 10
Foaming capacity (%) 69.18 + 1.39° 21.59 + 1.36¢ 28.46 + 1.39P
Foam stability (%) 49.55 £ 0.01° 15.21 + 2.08" 6.38 & 1.39°

Emulsifying capacity (%)  63.26 £1.15 62.20 + 1.28 60.89 + 1.07
Microbial counts (log CFU/g)

Total bacterial count 5.46 £0.17
Total lactic acid bacteria 5.38 £0.12
Enterobacteriaceae 2.54+0.11
Yeasts and moulds 3.32£0.15

WHC, water holding capacity; OHC, oil holding capacity; LGC, least gelling
concentration. Different letters indicate significant differences among values in
the same row according to the LSD test (p < 0.05).

4.2 g H,0/g) were described by Sareen et al. (2023) and F. Wang et al. (2020).
The OHC (1.68 g o0il/g) was like those (1.72 and 1.46 g o0il/g) reported by
Kumar et al. (2022) and Sareen et al. (2023). The by-product showed the
greatest WHC and OHC, thanks to the higher content in dietary fibre. In
fact, hemicellulose and pectin are hydrophilic and correlated to WHC, while
cellulose also retains oil due to a certain hydrophobicity (He et al., 2023).
The flour and the concentrate exhibited the same least gelling concentration
(10 g/100 mL), as the lack of starch was probably compensated by the
higher protein amount, while the by-product formed a strong gel only above
15 g/100 mL. The concentrate LGC was slightly lower, thus better, than
those (11-13 and 12 g/100 mL) determined by F. Wang et al. (2020) and
Kumar et al. (2022), suggesting that the hypothesized aggregates became
soluble in the presence of heat. The protein concentrate displayed some
foam capacity (28%) but poor stability (6%), both inferior to those of the
flour. Foam-forming proteins have, ideally, low molecular weight, high surface
hydrophobicity, good solubility, low net charge and proneness to denaturation
(Barac et al., 2010). Poor foaming properties were previously detected in
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pea protein isolate, especially at pH 4.5 (Kumar et al., 2022; Sareen et
al., 2023), since as the pH increases to 7 the proteins net charge rises as
well, improving unfolding, flexibility and, therefore, foaming (Barac et al.,
2010). Furthermore, the SDS- PAGE (Figure 6.4) highlighted the presence
of albumins only in the commercial flour. Albumins are rapidly adsorbed at
the air-water interface and have strong protein-protein interactions (Kornet
et al., 2022) resulting in a stiff and dense interfacial layer, and contributing
to the greater foaming capacity and stability of the flour (Barac et al., 2010).

6.3.4 SDS-PAGE

The SDS-PAGE gel extraction and separation were performed to detect
possible effects of the different treatments on pea proteins. The fingerprint
patterns of glutenin extracts of commercial flour, dry by-product and protein
concentrate are shown in Figure 6.4. The concentrate and the dry by-product
showed overall the same protein pattern of the commercial flour. The presence
of convicilin and legumin was detected near the 66.2 kDa band, while vicilin
and legumin o were found at 45 kDa and 35 kDa, respectively. Finally, at
approximately 25 kDa the presence of legumin 3 was observed. Albumin,
the thin band around 14.4 kDa (Chang et al., 2022; Gao et al., 2020), was
found only in the commercial flour sample. However, smeared bands in the
dry by-product and concentrate lanes were also evident (Figure 6.4) and
are proof of protein degradation, probably because of the wet by-product
fermentation before collection, with consequent enzymatic hydrolysis. In
fact, the processing waste was very humid and was exposed to summer
temperatures for an unknown period before sampling. Schlegel et al. (2021)
observed that the combination of fermentation and enzymatic hydrolysis of
lupin protein isolate resulted in the breakdown of large polypeptides into
shorter low molecular weight peptides. Furthermore, Lee et al. (2018) noted
that the formation or disappearance of protein bands within an SDS-PAGE
was clearly affected by fermentation: up to 9 h fermentation no changes were
noticed, indicating that the protein subunits were still intact, but starting
from 12 h the intensity of the 7S band and the 11S globulins decreased and
new bands with lower molecular weight appeared; after 18 h, the 7S globulin
and the 118 globulin acid subunit largely disappeared, while the base subunit
of 11S globulin was much weaker. Finally, smeared bands were previously
observed in pea protein isolate conjugated with pectin by Maillard reaction
(Tamnak et al., 2016), as a consequence of the wide range of glycated proteins
molecular weights. This complementary explanation better matches with
the protein concentrate, because the by-product was dried before milling
and therefore contact between proteins and polysaccharides was less likely.
Smeared bands in pea pods isolates, more evident in those obtained with
alkaline solubilization, were also reported by Karabulut et al. (2023).



6. Optimization of protein extraction from pea by-product 127

(a) (b) ()

116.0 kDa .
convicilin
66.2 kDa legumin aff
45.0 kDa vicilin
35.0 kDa |egumin o
vicilin
25.0 kDa
legumin 3
18.4 kDa vicilin
albumin
14.4 kDa

Figure 6.4. Electrophoretic profiles and molecular weight distribution of glutenin
extracts from pea commercial flour (a), dry pea by-product (b) and pea protein
concentrate (c). The first lane on the left displays the weight markers.

6.3.5 Microbiological analysis of protein concentrate

Microbiological counts on the protein concentrate are reported in Table 6.2.
In the absence of specific microbiological criteria concerning protein isolates,
a comparison may be attempted with reasonably similar products (i.e., dried
vegetables and cereal flours). Micro-organisms commonly isolated from dried
vegetables include lactic acid bacteria, Enterococcus faecalis, staphylococci,
Bacillus spp. spores, yeasts, and moulds (Penicillium and Aspergillus spp.;
ICMSF, 2005). The total mesophile bacterial count of the concentrate
(2.9 x 10° CFU/g) was lower than the reference values proposed by the
Fédération du Commerce et de la Distribution (FCD, 2023) for wholemeal
flours (5 x 105 CFU/g) and by Gilbert et al. (2000) in various ready-to-eat
foods including dried vegetables (10¢ CFU/g), whereas 10* CFU/g has been
reported as the guide value for commercial vegetable protein ingredients
(D’Agostina et al., 2005). Previously, TBC ranging from 10! to 1.5 x
10* CFU/g were reported among 35 different commercial protein isolates
(26 from pea, 7 from faba bean, 1 from mung bean and 1 from chickpea;
Kyrylenko et al., 2023), whereas 1.9 x 107 CFU/g count was determined in
lupin protein isolate (Melde et al., 2016). In the protein concentrate, the
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greatest contribution to TBC came from presumptive lactic acid bacteria
(2.4 x 10° CFU/g). The Enterobacteriaceae (3.5 x 10> CFU/g) did not
exceed the safety criteria for dried vegetables (10* CFU/g) reported by
Gilbert et al. (2000) or the hygienic criteria in the processing of cereals
(102-10% CFU/g) stated by ICMSF (2011). The sum of yeasts and moulds
(2.1 x 10® CFU/g) was lower than the moulds limit specified by the FCD
(2023). Salmonella was absent, as it was in the by-product. Given that the
native by-product had an average TBC of 2.4 x 107 CFU/g, the extraction
significantly reduced microbiological contamination. In fact, sonication has
a sanitizing effect because of the mechanical damage on cells (Bhargava
et al., 2021); additionally, the first centrifugation precipitated cells and non-
protein pellets, further reducing the number of bacteria in the solubilized
protein extract. Finally, as previously discussed for other parameters, the
microbiological quality of the extract could be dramatically improved by
in-line processing of the by-product or by the adoption of a hygienic design
at the collection point to minimize cross-contamination from pre-fermented
residues.

6.4 Conclusion

The ultrasonication increased three-fold the extraction recovery of protein
(from 21.5% to 66.6%) and reduced the treatment time from 4 to 1 h compared
to the traditional method. The protein concentrate obtained under the
optimal conditions presented a 74.9 g/100 g DM protein content and a
gelling capacity equal to that of pea flour. Protein degradation, probably
due to fermentation and enzymatic hydrolysis occurred before sampling,
was observed in the by-product and concentrate. Total bacterial count,
Enterobacteriaceae and moulds in the concentrate were always below the
guideline values.

The pea canning by-product stands out as a valuable raw material for
protein recovery. Due to logistical and construction characteristics of the
processing plant, the by-product had a high moisture content at the collection
point. Therefore, for a scale-up of the extraction process a direct treatment of
the by-product, avoiding the drying costs, would be advantageous. Further-
more, a direct and rapid processing would limit or prevent the fermentation
phenomena which seem to partially compromise quality of the concentrate
and protein recovery.
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Fermented pea
by-product to fortify
bread in vitamin B12

The contents of this chapter are under review as:

Estivi, L., Chamlagain, B., Edelmann, M., Varmanen, P., Hidalgo, A., &
Piironen, V. (n.d.). By-product of canned green peas as a substrate
for Propionibacterium freudenreichii fermentation to fortify bread
with vitamin B12.

Abstract

This study focused on upcycling the industrial by-product of canned green
peas for the synthesis of vitamin B12 by in-situ fermentation and subsequent
bread fortification. The by-product, rich in protein (24.3 g/100 g dry matter,
DM) and dietary fibre (33.2 g/100 g DM), was fermented with Propioni-
bacterium freudenreichii, resulting in significant vitamin B12 production
(1374-1535 ng/g DM). The fermented material was then incorporated into
wheat bread with two percentages of enrichment (15% and 20%), aiming to
address the deficiency of vitamin B12 in strictly plant-based diets. From 40
to 70 g of fortified bread provided the recommended daily intake of vitamin
B12 (2.4pg/g), along with minimal losses in volume development and no
significant differences in texture when compared to the controls. The study
underscores the potential of using food-grade by-products for enhancing
the nutritional value of plant-based products, while also contributing to
food-waste reduction.
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7.1 Introduction

In 2011, approximately one-third (about 1.3 billion tonnes) of global food
production was wasted worldwide annually (FAO, 2011). FAO (FAO, 2019)
defines food loss and waste (FLW) as “the decrease in quantity or quality
of food along the food supply chain”, resulting from decisions and actions by
suppliers (food loss) and by consumers, retailers, or food service providers
(food waste). On average, about 14% of current food production is lost, with
the greatest contribution from roots, tubers and oil-bearing crops (25.5%
loss), followed by fruit and vegetables (21.6%), meat and animal products
(12%), and cereals and pulses (8.7%; FAO, 2019). Approximately 17% of
food is wasted by households (67%), food services (26%) and retailers (13%),
corresponding to 931 million metric tonnes in 2019 (UNEP, 2021). Food
diverted to feed, seeds or industrial purposes is considered lost or wasted only
if originally destined for human consumption. Inedible parts, though not con-
sidered food, cannot be deducted from “food loss” calculations (FAO, 2019).
However, some inedible residues (e.g., fruit and vegetable pomace, seeds, or
peels) may be considered as non-food side-streams (i.e., waste), when disposed
of, or source of food, when utilized. In fact, the Directive 2008/98/EC (2008)
distinguishes “waste”, intentionally discarded substances/objects (art. 3),
from “by-products”, resulting from a production process without being its
primary aim and certainly employed in a subsequent stage (art. 5). Upcy-
cling of food-grade by-products has emerged as a major strategy to dispose
of effluents and take advantage of valuable macro- (i.e., dietary fibre and
protein above all) or micro-nutrients (especially antioxidants and bioactive
compounds; Plazzotta & Manzocco, 2019). However, re-use of by-products
as a food implies appropriate segregation, storage and/or stabilization to pre-
vent microbial proliferation, an often-overlooked aspect in current studies, as
well as investigation of possible contaminants (e.g., heavy metals, pesticides,
dioxin, PCBs, pathogens and their toxins; Socas-Rodriguez et al., 2021). In
the European Union, by-products employable as ingredients must have a solid
history of safe use; otherwise, they come under the novel food regulation,
being authorized only after safety assessment (Reg. 2015/2283/EU, 2015).

Legumes processing generates high volumes of wastes, encouraging the
food industry to adopt novel strategies for their exploitation, although cur-
rently they are merely incorporated into traditional formulations or, more
rarely, used for protein extraction (Tassoni et al., 2020). Various legume dried
by-products (pods, hulls, broken seeds), or their fractions, were successfully
experimented for protein or dietary fibre enrichment of bakery products, such
as bread (Belghith Fendri, Chaari, Maaloul, et al., 2016; Ni et al., 2020;
Nifio-Medina et al., 2019), cakes (Belghith Fendri, Chaari, Kallel, et al.,
2016), crackers (Mousa et al., 2021) or biscuits (Tiwari et al., 2011).

In recent years, alongside the increasing demand for vegan and vegetarian
products, there has been a gradual rise in the demand for functional foods
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enriched with bioactive compounds of plant origin, driven by consumers
awareness of the close relationship between nutrition and health (Kumar
et al., 2017; Willett et al., 2019). However, the deficiency of vitamin B12
intake poses a major risk in strictly vegetable-based diets, naturally devoid
of it (Ball, 2006). Moreover, the vast variety of commercial B12 supplements
from algae, often containing the inactive pseudo vitamin, contributes to
misleading consumers (van den Oever & Mayer, 2022). In-situ fermentation
by Propionibacterium freudenreichii has been recognized as a feasible strategy
for vitamin B12 fortification of cereal and legume ingredients (Xie et al.,
2021). Although previously enrichment in B12 was tested fermenting cereal
side-products (i.e., wheat and rice bran; Xie et al., 2019, 2021), no attempts
were made using industrially-generated legume by-products.

Therefore, the aim of this study was to test the industrial by-product of
canned green peas as a potential substrate for the synthesis of vitamin B12
by in-situ fermentation. The fermented material was subsequently used to
fortify bread in vitamin B12.

7.2 Materials and methods

7.2.1 Materials

The by-product of a canned peas production line was sampled on three differ-
ent days at the Casalasco Societa Agricola SPA plant (Gariga di Podenzano,
Ttaly), dried at 55°C for 24 h in a Venticell 55 ventilated oven (Medcenter
Einrichtungen GmbH, Planegg, Germany), milled at 8000 rpm in a ZM200
ultra centrifugal mill (Retsch, Haan, Germany) equipped with a 0.5 mm
sieve, and stored at —20 °C until use. An equal mix of three by-product lots
was used in the trials.

7.2.2 Fermentation of pea by-product

The procedure to produce the fermented B12 vitamin-rich materials was fine-
tuned in preliminary trials with incremental adjustments. A 20% (w/w) ratio
of by-product and water was used in the first two trials. The batter was trans-
ferred in three 50 mL falcon tubes and inoculated as detailed below. In the
second trial, the pH value was also adjusted to 6.0 prior to inoculation. The
third preliminary trial, dedicated to establishing the pasteurization conditions,
was conducted at 70 °C for 20 min with 15% (w/w) ratio and native pH.
For baking trials, 680 g of a 15% (w/w) batter were prepared mixing the
powdered by-product with deionized water. The batter was then neutralized
to pH 6.0 with 10 M NaOH, transferred into a 1 L-sized polyethylene bottle,
pasteurized at 70°C for 20 min in a water bath, and inoculated (10%) with
P. freudenreichii DSM 20271 (Chamlagain et al., 2016; Xie et al., 2019) to
achieve an initial cell count of approximately 8.5 log CFU/g. After cells
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dispersion by mixing, six 30 g portions of batter were aseptically transferred
into 50 mL falcon tubes, leaving 500 g batter in the bottle. The fermentation
took place in an orbital shaker (Certomat H, Sartorious, Aubagne, France)
set at 200 rpm and 30 °C for 72 h, positioning three tubes horizontally, while
the remaining three and the bottle were kept vertically. Two independent
batches were fermented as explained above.

7.2.3 Bread making

Refined wheat flour, rapeseed oil, fresh yeast, salt and sugar used in bread-
making were acquired from a local supermarket (Helsinki, Finland). The
batters fermented in the 1 L bottle were used for baking. Six lots of bread
were baked with the straight dough method, following the recipe of Edelmann
et al. (2016) with some modifications, as detailed in the Supplementary
Table S.16: white bread (Control), a second control with the addition of
20% of non-fermented by-product batter (Control-NF), two lots with 15%
enrichment (la and 2a), one from each of the two independent batches of
fermented material, two lots with 20% enrichment (1b and 2b). All the
ingredients were mixed in a BE10 mixer (Metos, Instrumentarium Ltd.,
Kerava, Finland) for 1 min at the lowest speed and then for 4 min at the
middle speed. Three 150 g pieces of dough were put in aluminium moulds
and proofed for 45 min at 35°C and 85% relative humidity in a proofing
cabinet (Lillnord TopLine, Odder, Denmark). A dough sample was taken
after proofing and immediately stored at —20 °C. The breads were baked in
a convection oven (Sveba Dahlen, Fristad, Sweden) at 200 °C for 15 min with
an initial 15 s-long steam injection. After cooling for 1 h, the breads were
weighted. Three slices (one from each bread) were cut from the central part.
The slices (25 mm-thick, approximately 30 g) were crushed in a GM200 cutter
mill (Retsch, Haan, Germany) at 7000 rpm for 30 s. The crushed breads
were packaged in plastic bags and stored at —20 °C until further analyses.

7.2.4 Proximate composition

The moisture content of the by-product, breads and doughs was determined
gravimetrically according to the method 925.10 (AOAC, 2000). Proximate
composition of by-product was determined according to AOAC (2000): pro-
tein by Kjeldahl (N x 6.25) method 920.87; fat by Soxhlet method 920.39C;
raw fibre by method 962.09; ash by method 923.03. Results are expressed
as g/100 g dry matter (DM).

7.2.5 Microbial counts

Presumptive lactic acid bacteria (LAB), propionic acid bacteria (PAB) and
Enterobacteriaceae were enumerated in the pea by-product batter immedi-
ately after inoculation (0 h) and post-fermentation (72 h). Ten grams of
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batter were weighed, homogenized with 90 mL of sterile 0.9% NaCl solution
for 60 s in a stomacher bag using a BagMixer 400 (Interscience, Puycapel,
France), and then serially diluted. LAB counts were determined from appro-
priately diluted samples using Lactobacilli MRS Agar (Neogen, Auchincruive,
UK) and the pour-plate method, followed by incubation of plates at 30°C
under microaerobic conditions. For Enterobacteriaceae, Violet Red Bile
Glucose Agar (VRBGA, Neogen) was utilized and the plates were incubated
at 37°C for 24-48 h. PAB counts were performed on yeast extract lactate
(YEL) agar, employing incubation in anaerobic jars with an oxygen absorbent
(Oxoid, Basingstoke, UK) at 30°C for 5 days. Results are expressed as
log CFU /g FM.

7.2.6 pH and organic acids

The pH was measured by a Mettler Toledo (Greifensee, Switzerland) pH meter.
To determine the organic acids, 1 g of fermented batter was diluted with 9 mL
of MilliQ water (MilliQ Plus system, Millipore Corporation, Bedford, MA,
USA) and after centrifugation (6900 g) the supernatant was filtered through
0.45 um PTFE membrane (Millipore, Carrigtwohill Co., Cork, Ireland) into
HPLC vials as previously explained (Chamlagain et al., 2018). Succinic,
lactic, acetic, propionic and butyric acids were quantified by injecting 60 nL
of the extract in an HPLC system equipped with an Hi-Plex H column
(300 x 6.5 mm; Agilent, Santa Clara, CA, USA) and a guard column (Hi-
Plex H 50 x 7.7 mm; Agilent), thermostated at 40 °C, and coupled to a 996
photodiode array detector (Waters, Milford, MA, USA) and a 2414 refractive
index detector (Waters). The mobile phase consisted of 10 mM sulphuric
acid in water with a flow rate of 0.5 mL/min. The identification was based
on RI and UV detection, while for quantification RI was used with external
standard curves of 0.12-40 pg per injection of each analyte. The results are
expressed as mg/g fresh matter (FM).

7.2.7 Vitamin B12

The vitamin B12 content was determined in breads, doughs and fermented
batters by ultra-high performance liquid chromatography (UHPLC), as previ-
ously described (Chamlagain et al., 2015; Wang et al., 2022). Briefly, ca. 2 g
of each sample were mixed with 15 mL of extraction buffer (8.3 mM sodium
hydroxide and 20.7 mM acetic acid, pH 4.5) and 100 pL of sodium cyanide
1% (w/v) in water, boiled for 30 min with occasional shaking and then cooled
on ice. Only in the case of dough or bread samples, after rapid cooling,
750 nL of a-amylase solution (20 mg/mL) were added to digest the starch,
incubating the samples at 37 °C for 30 min. The supernatant was recovered
after centrifugation (6900 g 10 min). The pellets were washed with 5 mL of
extraction buffer and, after a second centrifugation, the supernatants were
combined and the final volume was adjusted to 25 mL with the extraction
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buffer. An exact volume of the extract was purified through an Easi-Extract
immunoaffinity column (R-Biopharma, Glasgow, UK), recovered with 300 nL
of MilliQ water and filtered via PTFE 0.2 um (Pall, USA) into UHPLC vials.
Vitamin B12 was determined employing a Waters UHPLC system (Milford,
MA, USA) equipped with a photodiode array detector (set at 361 nm) and
an Acquity HSS T3 C18 column (100 x 2.1 mm, 1.8 pm). The mobile phase
consisted of a 0.32 mL/min gradient flow of Milli-Q water and acetonitrile,
both with the addition of 0.025% trifluoroacetic acid. A multilevel standard
curve of cyanocobalamin was used to quantitate B12 (0.4-8 ng/injection).
Pseudo vitamin B12 was identified based on its absorption spectrum and
retention time (Chamlagain et al., 2015), and quantified as cyanocobalamin.
Results are expressed in ng/g FM.

7.2.8 Bread volume and texture analysis

The bread volume profile was acquired using a Volscan Profiler 300 (Stable
Micro Systems, Godalming, UK). Crumb texture analysis was performed after
one day with a TA.XT2i texture analyser (Stable Micro Systems) according
to Sammalisto et al. (2021). 25 mm-thick slices were taken from the centre
of breads, removing crusts to obtain 40 x 40 x 25 mm crumb parallelepipeds.
The crumb was compressed two times to a 40% deformation at 5 mm/s speed
under a 36 mm diameter cylindrical probe using a 10 kg load cell.

7.2.9 Statistical analysis

All analyses were performed in triplicate. Average values and standard
deviations were computed using Excel (Microsoft, Redmond, WA, USA).
After verifying the normal distribution of data, one-way analysis of variance
(ANOVA) was performed with the Statgraphics Centurion 18 statistical
software (Statpoint Technologies Inc., Warrenton VA, USA). When significant
differences were found (p < 0.05), Fisher’s lowest significant difference (LSD)
at 95% significance was computed.

7.3 Results and discussion

7.3.1 By-product characterization

The pea by-product, consisting of pods, leaves, hulls and faulty, broken
or spotted seeds, had a moisture content of 77.9 + 1.0 g/100 g, while
protein (24.3 + 2.2 g/100 g DM), fat (3.9 £ 0.2 g/100 g DM), raw fibre
(33.2 + 1.0 g/100 g DM), ash (3.4 + 0.5 g/100 g DM) and residual car-
bohydrates (35.2 + 2.0 g/100 g DM) constituted the dry matter. These
values were consistent considering the average contents in by-product compo-
nents. In fact, pea pods are constituted by protein (10.8-13.4 g/100 g DM),
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fat (1.1-1.3 g/100 g DM), soluble carbohydrates (24.3-26.4 g/100 g DM;
mainly glucose and sucrose), starch (3.7-6.8 g/100 g DM), insoluble (35.6—
54.5 g/100 g DM) and soluble (4.2-8.3 g/100 g DM) dietary fibre, and ash
(6.6-8.1 g/100 g DM; Belghith Fendri, Chaari, Kallel, et al., 2016; Mateos-
Aparicio et al., 2010). Instead, pea cotyledons contain 14-31 g/100 ¢ DM of
protein, 1-4 g/100 g DM fat, 5-12 g/100 g DM sugars, 3049 g/100 g DM
starch, 10-20 g/100 g insoluble fibre DM, 2-9 g/100 g DM soluble fibre and
2.3-3.7 g/100 g ash (Hall et al., 2017).

7.3.2 Preliminary fermentation trials

The preliminary trials are summarized in Table 7.1. In the first trial, the pH
decreased from 5.1 to 3.8 during the fermentation, primarily due to lactic acid
abundance (17.15 mg/g) produced by resident lactic acid bacteria pre- and
post-inoculum. PAB exhibited no growth, decreasing from the theoretical
initial cell concentration of 8.5 log CFU/g to 8.1 after 72 h. This explains the
absence of propionic acid and the modest vitamin B12 production (12.5 ng/g).
The already low pH of the matrix, a critical factor limiting Propionibacterium
growth (Xie et al., 2019), prompted pH adjustment to 6, making the lactic
acid available in its neutral form—the preferred carbon source of Propionibac-
terium. The beneficial effect of pH control on vitamin synthesis was previously
confirmed by Xie et al. (2019) following co-fermentation of non-sterile wheat
bran containing resident or inoculated LAB. The second trial resulted in the
production of 42.9 ng/g of vitamin B12, but also 76.3 ng/g of pseudo vitamin
was observed, likely due to insufficient synthesis of the lower ligand of the
active form (i.e., 5,6-dimethylbenzimidazole) attributable to oxygen scarcity
(Chamlagain et al., 2018). To address this, the solids ratio was reduced to 15%
(w/w) to get a less viscous batter, thereby improving aeration during shaking
in the subsequent trials. Heavy presence of contaminants (Enterobacteriaceae
and LAB) led to the adoption of a pasteurization stage to ensure safety and
improve competitiveness of PAB. In the third preliminary trial, a 20-min
pasteurization at 70 °C proved effective in eradicating Enterobacteriaceae,
from an initial count of 3.18 £+ 1.01 log CFU/g, and further reducing LAB
from 5.75 to 3.05 log CFU/g.

7.3.3 Characterization of fermented batters

Table 7.2 and Table 7.3 summarize the results for two independent lots of
fermented batter. PAB exhibited nearly a 20-fold growth in horizontally-
positioned tubes and in the half-filled 1 L bottle, where shaking was most
effective. This improved growth aligns with the observed vitamin B12 con-
tents, ranging from 189 to 211 ng/g FM, equivalent to 1374-1535 ng/g DM.
Notably, these B12 levels surpass those reported by Xie et al. (2021) in various
matrices from cereals and legumes (51-742 ng/g DM; average: 301). Propionic
(4.05-4.52 mg/g FM or 29.5-32.7 mg/g DM) and acetic acid (2.81 mg/g FM or
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Table 7.1. Preliminary trials: characterization of fermented batters (72 h) con-
taining 20% of dried pea by-product (Trials 1 and 2) and effect of pasteurization
on the microbial count of a batter with 15% by-product (Trial 3).

Trial 1

pH 3.79 £0.01
B12 (ng/g FM) 125 £ 1.6
Succinic acid (mg/g FM) 0.32+£0.05
Lactic acid (mg/g FM) 17.15£1.35
Acetic acid (mg/g FM) 2.72+0.31
Propionic acid (mg/g FM) nd
Enterobacteriaceae (log CFU/g) 3.45+0.31
Propionic acid bacteria (log CFU/g) 8.08 £0.15
Trial 2 (initial pH adjusted to 6)

pH 4.1

Pseudo B12 (ng/g FM) 76.3

B12 (ng/g FM) 42.9

Trial 3 (pasteurization)

Enterobacteriaceae (raw, log CFU/g) 3.18 +1.01
Enterobacteriaceae (pasteurized, log CFU/g) absent
Lactic acid bacteria (raw, log CFU/g) 5.754+0.16

Lactic acid bacteria (pasteurized, log CFU/g) 3.05+0.74

nd, not detected.

20.4 mg/g DM) levels were comparable to those reported by Chamlagain et al.
(2018) in fermented barley malt (4.2-4.7 and 3.2-4.0 mg/g FM respectively),
and by Xie et al. (2021) in fermented buckwheat bran (27.9-32.8 and 16.2—
18.0 mg/g DM). Conversely, vertically shaken tubes exhibited greater variabil-
ity in vitamin B12 content (87.2-130.8 ng/g FM), with a significant portion in
the inactive pseudo form (64.6-88.1 ng/g FM). This underscores the role of suf-
ficient oxygen availability in the synthesis of the lower ligand, DMBI. Further-
more, only in vertically-shaken tubes butyric acid (4.99 mg/g FM) and some
extra acetic acid were detected, possibly due to sporulating obligate anaerobes
contaminants. In fact, the higher oxygen availability appeared to inhibit them,
aligning with the known fermentation patterns of contaminants like Clostrid-
ium butyricum and C. tyrobutyricum, recognized for starch, sugar, and lactate
fermentation, producing butyrate and acetate (Ljungdahl et al., 1989).

7.3.4 Characterization of breads and doughs

The vitamin B12 content, presented in Table 7.4, ranged from 32.0-39.7
to 51.1-52.3 ng/g FM in 15% and 20%-enriched breads, respectively, with
consistent results in the two batches. The average levels of B12 in the doughs
ranged from 51.7 to 87.1 ng/g DM and the analysis of variance did not
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highlight significant differences with the corresponding breads, confirming
that no loss of vitamin occurred due to baking. In fact, B12 displays
higher stability when is produced in-situ rather than supplemented, and its
greater retention is associated with the lower acidity typical of straight-dough
breadmaking compared to sourdough (Edelmann et al., 2016). Similar B12
values were previously published for six wheat breads supplemented with rice
bran or soybean flour obtained by co-fermentation (29.9-48.7 ng/g FM; Wang
et al., 2022). Lower content of vitamin (14 ng/g FM, but starting from 8.9)
was instead reported by Zhang et al. (2023) for a whole meal bread obtained
by the sourdough method with a co-colture of L. lactis and P. freudenreichii.
From 40 to 70 g of the breads in the present study would provide enough
vitamin according to the recommend daily intake (2.4 pg per day; National
Academy of Medicine, 1998).

Table 7.4. Average values (mean + standard deviation; n = 3) of vitamin B12
content in enriched doughs (after proofing) and breads.

Sample Enrichment B12 (ng/g FM) B12 (ng/g DM)

(%) Dough Bread Dough Bread
1a 15 32.8+5.4° 39.7+05° 59.9+10.0> 63.8+ 0.7°
2a 15 28.3+1.9° 320+4.1> 51.7+ 35° 51.3+ 6.6°
1b 20 36.6 £6.4** 52.3+6.3* 66.6+11.6*> 83.7+10.0*
2b 20 37.3+9.6* 51.1+35* 87.1+157* 81.2+ 5.6

Different letters indicate significant differences between samples in the same col-
umn according to the LSD test (p < 0.05).

Control

CbntroI-NF

Figure 7.1. Control and enriched breads

The Figure 7.1 shows the control and enriched breads. The addition of
fermented materials had minor or negligible impact on bread volume. In
fact, as reported in Table 7.5, significant but limited decreases in specific
volume were registered, especially with the highest enrichment percentage,
also resulting in superior crumb hardness. The addition of non-fermented by-
product caused a decrease in hardness, as previously noted by Belghith Fendri,
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Chaari, Maaloul, et al. (2016) with very similar values: from 15.2 N in the
control to 12.8-13.8 N in breads enriched with 1% of fibre extracted from pea
or faba bean pods. The specific volumes (2.69-2.94 mL/g) were lower than
those described by Wang et al. (2022; 3.32-4.37 mL/g) and Belghith Fendri,
Chaari, Maaloul, et al. (2016; 3.00-3.59 mL/g), but included in the intervals
reported by Kasprzak and Rzedzicki (2010) for pea seed coat-enriched breads
(2.47-3.75 mL/g). The baking loss ranged from 12.2% to 13.3% but did not
show a clear pattern. Based on subjective tasting, the addition of fermented
materials did not affect the overall taste of the bread but resulted in a barely
perceivable sandy texture.

Table 7.5. Average values (mean + standard deviation; n = 3) for baking loss,
specific volume and texture analysis in control and enriched breads.

Baking loss Specific volume Hardness Cohesiveness Gumminess
(%) (mL/g) (N) (N)

Control  13.3+0.5* 2.94 +£0.03* 14.1 +£1.1°°0.76 £ 0.01* 10.6 + 0.6°°
Control-NF 12.2 4+ 0.7¢ 2.80 +£0.03> 11.9+0.8° 0.724+0.01° 8.5+0.5¢
la 12.3+0.3°¢  2.89+0.03" 16.2+1.6* 0.75+0.01* 12.1 +1.3*P
2a 13.0+0.28>  2.82+0.02° 14.1+ 1.1 0.74 +0.01?" 10.4 + 0.8°
1b 12.5+0.2°4 273 +£0.03¢ 17.8+£2.0* 0.71+0.02° 12.7+1.2°
2b 13.0 £ 0.2 2.69 +0.01¢ 16.3 £0.6*> 0.72 + 0.01"° 11.8 & 0.6*¢

Sample

Different letters indicate significant differences between samples in the same col-
umn according to the LSD test (p < 0.05).

7.4 Conclusions

The by-product of industrial canned green peas processing was successfully
utilized to produce a vitamin B12-rich batter (1374-1535 ng/g DM). This
high vitamin content led to remarkable values in the fortified breads (32.0-
52.3 ng/g FM) with relatively moderate additions, and with minimal impact
on volume and texture. From 40 to 70 g of enriched bread supply the
recommended dietary intake of vitamin B12, addressing the nutritional
deficiencies typical of strictly plant-based diets. This study emphasizes the
importance of upcycling by-products, which can contribute to the reduction
of food waste while enhancing the nutritional profile of foods. The high
level of microbial contaminants, especially lactic acid bacteria, imposed a
pasteurization stage, stressing the necessity to segregate the by-products when
they have to be treated as food-grade material. These findings encourage
further exploitation of legumes by-products, because as the demand for
sustainable and nutritious foods grows, the strategies that create value from
disposable leftovers collect interest and favour from industries and consumers.
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Conclusions and future
perspectives

The major objective of this PhD thesis was to develop legume-derived ingre-
dients and foods enriched with bioactive compounds.

Lupin was extensively studied, given its excellent nutritional composition
and sustainable crop nature. Andean lupin stood out as exceptionally rich
in free phenolic compounds, even after the necessary removal of alkaloids.
A relationship between phenolics and FT-NIR spectral bands was estab-
lished, paving the way for fast, reliable, and non-destructive characterization.
An optimized treatment to remove bitter alkaloids, limiting water utilisa-
tion, time consumption and loss of water-soluble antioxidants, was proposed.
Additionally, the gap of knowledge about conjugated and bound phenolic
fractions was partially filled. Germination produced a considerable increase in
carotenoid and vitamin E contents, representing a simple and effective treat-
ment to improve lupin nutritional value. Overall, the results support boosting
lupin diffusion and consumption, especially among vulnerable populations
practicing subsistence agriculture with inadequate essential nutrients intake.

Two strategies for recycling an industrially-generated by-product from
the manufacturing of canned green peas were proposed. The first optimized
the conditions of ultrasound-assisted protein extraction, increasing three-fold
the recovery and reducing four-fold the treatment duration. Secondly, the
by-product was fermented, achieving an outstanding amount of vitamin B12
and resulting in remarkably high B12 contents in the fortified bread. It was
emphasized that prompt use or stabilization of the by-product is crucial to
avoid bacterial growth and acidification. These results stress the importance
and feasibility of by-product recycling, supporting food industries headed
towards sustainable production, waste reduction, and complete exploitation
of raw materials.

Future studies should prioritize the integration of the proposed ingredients
into food preparations, investigating the bioaccessibility of nutrients by in
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vitro digestion, and their potential impact on health and nutritional status by
cell culture. Specifically, combining germination and the proposed debittering
method could ease the production of antioxidant-rich lupin flour, to be
integrated into the preparation of baking goods. Furthermore, the consumers
acceptability of the mentioned foods and ingredients should be appraised.
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Supplementary Table S.1. Lupinus mutabilis ecotypes and other Lupinus species

tested, and their area of origin.

Code Department  Area
Lupinus mutabilis
Cajamarca CAJ Cajamarca A
Congona CON Cajamarca A
Suchubamba SucC Cajamarca A
Altagracia ALG La Libertad B
Paton grande PAG La Libertad B
Andenes 80 ANDS80 Ancash C
Chacas CHA Ancash C
Cholo fuerte CHF Ancash C
Huallanca HUAL Ancash C
Pallasca PAL Ancash C
Tauribamba Sihuas 1 BN TS1BN Ancash C
Tauribamba Sihuas 3 N TS3N Ancash C
Vicos VIC Ancash C
Yana Tarwi YAT Ancash C
Churibamba CHU Huanuco D
Huanuco 1 BN HU1BN Huanuco D
Huanuco 1 HU1 Huénuco D
Huanuco 2 HU2 Huanuco D
CD Junin 7-2 CDJ7-2 Junin E
CD Junin 10-2 CDJ10-2 Junin E
H6 INIA BN H6BN Junin E
H6 INIA BP H6BP Junin E
Moteado beige MOB Junin E
Yanamuclo 008-1 YA1 Junin E
Yanamuclo 008-3 YA3 Junin E
Yanamuclo PLGO YAPL Junin E
Lircay LIR Huancavelica F
Andenes INTA ANDIN Cusco G
Comp. blanco semiprecoz CBSP Cusco G
SGC 22 SGC22 Cusco G
Cheje Copani N CHC Puno H
Puno 2 Blanquita PU2B Puno H
Yunguyo YUN Puno H
Controls
L. albus - Dulce 7 albus D Junin
L. albus - Ares albus A Ttaly
L. albus - Multitalia albus M Italy
L. angustifolius - Boregine angust Ttaly
L. luteus- Percoz luteus Ttaly
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Supplementary Figure S.1. Areas of origin of the 33 Lupinus mutabilis ecotypes
analysed.
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Supplementary Figure S.2. HPLC chromatogram at 280 nm of the free
phenolics in H6 INTA BP ecotype of Lupinus mutabilis. A1-A6, apigenin derivatives;
C1, catechin derivative; CN1-CN2, cinammic acid derivatives; D1-D2, diosmin
derivatives; G, genistein; G1-G3, genistein derivatives; N1, naringenin derivative.
Apigenin derivatives are read at 320 nm while diosmin derivatives at 360 nm.
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Supplementary Table S.3. Calibration curves equations, coefficients of determi-
nation (R?), ranges, limits of detection (LOD) and limit of quantification (LOQ)
for carotenoids and tocopherols.

Range LOD LOQ

Compound Calibration curve R?

P (mg/L) (mg/L) (mg/L)
f-carotene y = 357229.0z + 1008.8 0.9991 0.15-1.50 0.049  0.164
B-cryptoxanthin y = 1339215.6z — 1085.7 0.9994 0.02-0.13  0.003  0.011
Lutein y = 775488.9x + 28912.7 0.9997 0.05-3.00  0.057  0.190
Zeaxanthin y = 871271.0x + 885.9 0.9999 0.05-1.03 0.012 0.041

a-tocopherol y = 50933.3x — 2635.4  1.0000 0.44-109.73 0.377  1.257
-tocopherol y = 23704.42 — 2080.2  0.9999 0.38-72.20 0.772  2.573
y-tocopherol y =33671.0x —5710.1  0.9998 0.20-19.34 0.236  0.788
d-tocopherol y = 33218.00 — 2243.4  0.9992 0.05-9.35 0.304 1.012

Supplementary Table S.4. ANOVA and LSD test (mean + standard error)
of alkaloid content (g/kg DM) in Lupinus albus seeds after debittering applying
different treatments (without and with ultrasound), solvents and soaking times.

ANOVA

Factor df Mean square
Treatment (T) 1 0.006
Solvent (S) 2 57.266***
Time (t) 1 5.980%**
TxS 2 0.003
Txt 1 0.004
Sxt 2 0.729***
Error 26 0.11
Test LSD

Treatment

Without ultrasound 2.65 £+ 2.35

With ultrasound 2.68 & 2.37

Solvent

Water 5.73 + 0.90*

NaCl 1% 1.45 +0.51°

Citric acid 1% 0.80 £ 0.24¢

Time

28.5 h 3.16 + 2.53*

45.0 h 2.16 & 2.04°

df, degrees of freedom; *, p < 0.05; **, p < 0.01; *** p < 0.001;
different letters indicate significant differences (p < 0.05).



Supplementary materials 159

Supplementary Table S.5. Analysis of variance (mean square) and LSD test
of the alkaloid content (g/kg DM; mean + standard error) of Lupinus albus seeds
after debittering without ultrasound, and with different solvents.

ANOVA

Factor df Mean square
Time (t) 2 0.750%***
Solvent (S) 4 14.260%**
txS 8 0.092***
Error 30 0.010
Test LSD

Time

45 h 1.81 +0.48%

57 h 1.50 £ 0.50P

69 h 1.26 + 0.40°

Solvent

Water 4.23 +0.20*

NaCl 0.5% 1.29 +£0.15°

NaCl 1% 0.85 +0.07¢

Citric acid 0.5% 0.84 4+ 0.09¢

Citric acid 1% 0.41 £ 0.054

df, degrees of freedom; *** p < 0.001; different letters
indicate significant differences (p < 0.05).
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Supplementary Table S.8. Two-ways ANOVA of colour, carotenoids and
tocopherols in Andean lupin seeds of ecotypes Cholo fuerte and Altagracia during
germination.

Germination time (G) Ecotype (E) GxE Error

df 3 1 3 23
Colour
L* 53.4%** 4.59%*  8.91*** 0.46
a* 21.4%** 0.08  2.01%** 0.05
b* 35.1%%* 2.16 0.26 0.66
Carotenoids
(a+B)-carotene 40.7%%* 0.36 0.11 0.26
B-cryptoxanthin 0.98*** 0.01 0.001 0.01
Lutein 178.6%** 0.61 1.23* 0.29
Zeaxanthin 2.22%** 0.003 0.06 0.02
Total carotenoids 490.9%** 2.28 1.46 0.49
Tocopherols
a-tocopherol 6891.1*** 55.2 46.1 22.3
y-tocopherol 4631.5%** 11877.1+** 59.8 238.1
d-tocopherol 0.85%** 0.35% 0.07 0.05
Total tocopherols 211 10567.2%** 150.1 315.4

df, degrees of freedom; *, p < 0.05; **, p < 0.01; *** p < 0.001.
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Supplementary Table S.9. Conditions and results of Experiment 1: Fractional
factorial design 247! for protein extraction from commercial pea flour.

Independent variables Response

Std arder x1, Ratio oo e Amplitude x4, Time Recovery
(mL/g) P (%) (min) (%)
1 10 8 30 5 58.33
2 20 8 30 15 62.51
3 10 11 30 15 58.62
4 20 11 30 5 63.96
5 10 8 50 15 58.75
6 20 8 50 5 61.20
7 10 11 50 5 61.49
8 20 11 50 15 67.13
9 15 9.5 40 10 63.23
10 15 9.5 40 10 63.40
11 15 9.5 40 10 64.50

Supplementary Table S.10. Conditions and results of Experiment 2: Full
factorial design 2% for protein extraction from commercial pea flour.

Std order Block Independent variables Response
z1, Amplitude (%) z2, Time (min) Recovery (%)
1 Block 1 60 10 66.09
2 Block 1 80 10 66.72
3 Block 1 60 20 65.81
4 Block 1 80 20 68.77
5 Block 1 70 15 68.83
6 Block 1 70 15 66.83
7 Block 1 70 15 67.03
8 Block 2 60 10 64.56
9 Block 2 80 10 65.78
10 Block 2 60 20 65.08
11 Block 2 80 20 67.91
12 Block 2 70 15 64.59
13 Block 2 70 15 64.71
14 Block 2 70 15 65.46
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Supplementary Table S.11. Conditions and results of Experiment 3: Full
factorial design 22 for protein extraction from the thawed pea by-product.

Std order Independent variables Response
z1, Amplitude (%) z2, Time (min) Recovery (%)
1 40 5 32.05
2 80 5 47.06
3 40 15 43.47
4 80 15 57.32
5 60 10 52.84
6 60 10 51.07
7 60 10 48.73

Supplementary Table S.12. Results of Experiment 4 following the steepest
ascent path method for protein extraction from the thawed pea by-product.

Independent variables Response

z1, Amplitude (%) x2, Time (min) Recovery (%)

80 18.75 63.8P
80 22.50 64.0°
30 26.25 66.1%
80 30.00 66.0%

Supplementary Table S.13. Conditions and results of Experiment 5: Central
Composite Design for protein extraction from the thawed pea by-product.

Std order Independent variables Response
z1, Amplitude (%) 2, Time (min) Recovery (%)
1 70 25 64.32
2 90 25 62.43
3 70 35 66.59
4 90 35 66.31
5 65.9 30 60.56
6 94.1 30 68.61
7 80 22.9 64.13
8 80 37.1 65.45
9 80 30 68.21
10 80 30 67.22
11 80 30 64.38
12 80 30 66.43
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Supplementary Table S.14. Estimates of the regression coefficients of the
models and analysis of variance (mean square, MS, and significance) for protein
extraction recovery from commercial pea flour.

Experiment 1 Experiment 2

Source

df  Coeff MS p-value df Coeff MS  p-value
Intercept 62.10 66.3
Block 1 10.27
Model 2 26.16 0.01 1 7.30 0.015
A-Ratio 1 2.20 38.76 0.007 1 0.95 7.30 0.015
B-pH 1 1.30 13.55 0.067
Residual 8 3.01 11 0.89
Lack of Fit 6 3.85 7 0.98 0.401
Pure Error 2 0.48 4 0.72
R? 0.68 0.43
Adj-R? 0.61 0.38
Pred-R? 0.40 0.06
CV% 2.79 1.42

df, degrees of freedom; Adj-R?, R? adjusted by df; Pred-R?, R? in prediction.

Supplementary Table S.15. Estimates of the regression coefficients of the
models and analysis of variance (mean square, MS and significance) for protein
extraction recovery from thawed pea by-product.

Experiment 3 Experiment 5

Source

df Coeff MS p-value df Coeff MS p-value
Intercept 47.51 65.39
Model 2 162.9 0.030 2 9.32 0.193
A-Amplitude 1 7.22  208.2 0.025 1 1.15 10.63 0.167
B-Time 1 5.42 117.5 0.059 1 1.00 8.01 0.224
Error 4 17.2 9 4.70
Lack of fit 2 30.1 0.124 6 5.72 0.281
Pure error 2 4.3 3 2.65
R? 0.83 0.31
Adj-R? 0.74 0.15
Pred-R? 0.34 -0.33
CV% 8.72 3.31

df, degrees of freedom; Adj-R?, R? adjusted by df; Pred-R?, R? in prediction.
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Supplementary Table S.16. Bread recipes of white bread (Control), white bread
with 20% non-fermented by-product batter (Control-NF) and breads with 15% (1a,
2a) or 20% (1b, 2b) fermented by-product batters.

Ingredients (g) Control  Control-NF  1a, 2a  1b, 2b
Wheat flour 360 340.8 345.6  340.8
Tap water 236 127.2 154.4  127.2
Fresh yeast 16 16 16 16
Sugar 12 12 12 12
Rapeseed oil 12 12 12 12
Salt 4 4 4 4
By-product batter 128

Fermented by-product batter 96 128
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