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Abstract

Over the years, the increasing demand for animal proteins and, more broadly, the rise in meat
consumption have stimulated interest in the development of plant-based protein alternatives. In
this context, environmental and health-related aspects associated with intensive farming
production systems have further contributed to strengthening the focus on more sustainable
solutions.

The aim of this project is the implementation and optimization of existing techniques for the
production of plant-based meat alternatives (PBMAs), specifically the solid-state fermentation
of lupin seeds by Pleurotus ostreatus. Three different fermentation processes of lupin seeds
were carried out under identical conditions of temperature, time, and humidity, while differing
in the pre-treatment applied to the samples. Prior to sterilization and subsequent fermentation,
one set of samples was treated with pulsed electric fields (PEF), another with high-power
ultrasound (HPU) technology, while a third set was not subjected to any pre-treatment (CTRL).
The objective of the project was to evaluate the impact of these different pre-treatments in order
to assess their effectiveness and to consider the potential future implementation of these
technological steps at an industrial level. All processes were conducted without the initial
debittering step, in order to evaluate the influence of this choice on the subsequent aerobic
fermentation.

The analyses carried out highlighted positive results associated with the application of these
emerging technologies. These findings will need to be further investigated in the future, both
through comparison with fermentation processes that include debittering and from the

perspective of industrial and production-scale applicability.



Declaration of usage of generative Al and
Al-assisted technologies

Al and Al-assisted technologies were used to revise some parts of the text and to identify
relevant articles. One picture has been drawn with Al technology.

The author reviewed and edited the Thesis as needed and takes full responsibility for its
content.



Table of content

11 o To [T T o TN 1
Chapter 1 -Rationale for plant-based protein alternatives.......ccccceceeiieieieiieiiiriecirienecercannnes 3
1.1 Global Trends in Meat and Animal Protein Consumption.......ccccevvieviiriirinencinnenennnenns 3
1.2 The need for plant-based alterNativVes ........cueviiiiiiriirie e e e e ees 5
1.2.1 Global greenhouse gas emissions from food production.......c..cccceeoiiiiiiiiiiiiinnnennnes 5
1.2.2 Antimicriobial resistance in food prodUcCtion ........cccveeeiiiiiiiiii e, 7
1.2.3 Intensive farming and ethical consSiderationS.........cvevviiiiiiiiiiiiiiririr e eeeenees 8

1.3 Alternative Protein Sources: Overview, Applications and Market Potential .................. 9
1.3.1 Historical Development of Plant-Based Meat Alternatives: a Narrative Review...... 10

1.3.2 Plant-Based Meat Alternatives: Key Sources, Processing Technologies and Global

N F= T G o (=T T F- PP 11
Chapter 2 -Case study: Lupine seeds and Fermentation with Pleurotus Ostreatus............ 15
2.1 Lupine seeds: Characteristics, properties and explanation of the choice.................. 15
2.2 Solid-State Fermentation (SSF): Principles and ApplicationS......ccccvevvevvieinnennennennnen. 16
2.3 Fungal fermentation: the role of Pleurotus 0StreatUus.....cccceeueiueiiiieeieeneenneneeneeneannns 19
2.4 Debittering treatment: Rational for a debittering free approach........cccccvevveniiniinninnn.. 20
2.5 Technical pretreatments to improve SSF: PEF & HPU .....c.civiiiiiiiiiiiiiinr e 20
2.5.1  Pulsed ELeCtric FIeld (PEF) ..vuiiuiiiiiii ettt e e ee e se e eaeaneanaas 21
2.5.2 High Power Ultrasounds: HPU. ..ot s ee e e eaeeneaneanaas 22
Chapter 3-Materials and Methodology......cccciiiiiieiiiieiniiiieieiieseiersasetersasecessasesssasessssecessns 25
3.1 RAW MAtEIIAlS ..uiieiiiiiiiiiiiiii ettt e e e 25
3.2 R A ENTS 1uiiuiiiiiii ittt et et et e et eaeea et ta et e e et e araaeeaeaneanaes 25
3.3 Sample preparation, Fungiinoculation and SSF.........ccccccoiiiiiiiiiiiiiiiiiirer e, 26
3.4 Technical pretreatments (PEF and HPU) .....co.iiiiniiiii et eae e 27
3.4.1 Technological SetUp OF PEF ....cuuiiiiiiii et e e v e e 28
3.4.2 Technological sSetUp OF HPU ......iuiiiiiiii et e e e e e 28
3.5 Analytical determinations .....iiiiiiiiie et e e e e e e e e e e ae e e e aaas 29
3.5.1 Glucosamine determination ......c..cieuuiiiiiiiiiiiiiiiicie ettt eena e 30
R I o] - | N o] o] (=11 o < T RPN 31
3.5.3  ALKALOIAS .. eeeniiiiiiiii ettt eae et e e 31

I TR TS 7= o Yo o1 o - PRSPPI 32

3.5.5 Polyphenols and AntioXidant aCtiVity ....c.ceuviiiiiiiiiie e e 33



356 FAtCONTENT e ettt ettt st e e 35

3.6 Techno-fuNCLiONAl Properties ..ot e e eeeeaae 36
3.6.T  SOLUDLE PrOtEINS . ettt et et et et et e e s e e eneennsaneennas 36
3.6.2  GelatioN CapaCity ciuieieiiiirieie ettt e et et et et e e e e e e e e eneaeaa e 37
3.6.3 Water absorption Capacity and Oil absorption Capacity ........cceeevevirincinennennnnnne. 38
3.6.4 Foaming and EmMULSIfying CapacCity ...cceeeuiiniiiririiieieiieiieeie e etieee e e e eeeeneennes 38

3.7 StatisStiCAl APPIOACK .cae ettt ettt et e e e e e e e e ans 40
Chapter 4-Experimental ReSUS .....cciiuiiiiiiiiiiiiiiiiiiitiiietietietestescesenteatsassssessescescessessnsnns 41
4.1 Growth Kinetics of Pleurotus OStreatus.........c.cevvuuuiiiiniiiiniiiiiiiiiiniiiiiniiinciccnnenns 41
4.2 o] €18 o] fo] (=1 ] g F- R o1 ] o1 (=Y o | AU 44
4.3 ALKaLOIAS CONTENT c..eiiiiiiiiiiiiii et era e eaaa e 45
4.4 S F=T o Lo] 114 1< TR PP OP PP PPPPPPPPI 47
4.5 Fat CONTENT ..eivniiiiiii e 49
4.6 Polyphenols and AntioXidant ACTIVITY .. ... iueiuiiiriirie et et eeeeeene e eneneansannas 50
4.7 Techno-fUNCLIONAL ANALYSIS...uuiiiiiie et re s eeeneenseneaeaneanaanns 54
4717 SOLUDLE PrOTEINS .u ittt ettt e ee et e earaeansansansensensanssnsennsansensens 54
Vi CT-1K- | (o] g Wet- T oF= (o1 1 4 U PP PP P PR PRP PR PP PPRP 55
4.7.3 Water absorption Capacity and Oil absorption Capacity ....c...ccoeevvevvieiininnennenninnnnn. 56
4.7.4 Foaming and EMulSifying CapacCity ...c.ccuiuiiiiiiiiieieieiieiieeieireeeeeneeneeneenesenseneens 58
Conclusions and future OULLOOKS .......ceceienieieiininiiieiiiiiieiiiieiiiieieiiteceietecetetecerececesencee 61
[\ [eTg =T g Ted F- 1 (V] (SN 65

RO OO CES. . eiieeiieeiieeieiieeeieeereeeeeceeccescesssesscesscensesssessssssssssesssesssssssensesnsessssssssnssansennssnne 67



Introduction

The global protein supply chain is constantly evolving, driven by population growth, the
adoption of new technologies, and the increasing interest in personal health and wellness, which
has now become a key objective for societies worldwide.

For many years, this growing demand for protein was met by expanding meat-based production,
and for a long time, this approach was sufficient.

However, today this is no longer sufficient. The exponential increase in greenhouse gas
emissions, largely driven by intensive livestock farming, forces us to seek new, more
sustainable solutions that can both meet the growing demand and help reverse a trajectory that
is already highly challenging from a climate perspective.

Alternative proteins have gained global attention as viable substitute for conventional animal-
based foods. These include long utilized sources such as legumes, cereals, dairy, as well as
emerging protein systems enabled by biotechnological innovation.

These products, known as plant-based meat alternatives (PBMAs), represent an important
alternative to conventional meat and a significant opportunity for technological advancement.
According to a global market forecast by MarketsAndMarkets, the PBMAs market is expected
to reach USD 15.7 billion by 2027, with a compound annual growth rate (CAGR) of 14.7%.
Soy is currently the most widely used plant-based protein in the world, forming the basis of
many meat alternatives due to its high protein content and versatile functionality. However,
much of the global soy production is concentrated in regions far from Europe, often associated
with deforestation and high environmental impacts. In contrast, lupin, a legume widely grown
in the Mediterranean region, represents a promising local alternative. Rich in protein,
sustainable to cultivate, and well-adapted to Mediterranean climates, lupin could become an
important ingredient for plant-based products, reducing environmental footprints while
supporting regional agriculture.

Fermentation of lupin seeds can help develop a possible alternative to soy-based products.
Technological improvements in microbial fermentation can enhance the nutritional profile of
lupin, increasing the availability of proteins and bioactive compounds, while simultaneously
reducing antinutritional factors present in the seeds. This approach not only supports the
production of high-quality plant-based ingredients but also takes in advantage local

Mediterranean crops in a more sustainable way.



2 Introduction

This dissertation has been made during an Erasmus program at the he Polytechnic University
of Valencia shortened to UPV, under the supervision of Prof. José Vicente Garcia Perez.

The aim of this study is to evaluate the outcomes of solid-state fermentation of lupin seeds using
the fungus Pleurotus ostreatus, focusing on protein content and antinutritional compounds. The
process was investigated both without pretreatment (CTRL) and with technological
pretreatments, such as pulsed electric fields (PEF) and high-power ultrasounds (HPU).
Fermentation was monitored over a 14-day period, starting from day 0, with samples collected
every two days to consistently evaluates fungal growth and the associated changes in the seeds
nutritional and antinutritional profiles.

Furthermore, this study has been applied considering a debittering-free approach, in the way to
evaluate the effectiveness of fermentation process without this known pretreatment. The
primary purpose of the debittering process in lupin seed fermentation is to remove bitter-tasting
alkaloids, which could compromise both food safety and the quality of the final product.
However, this pretreatment may also strip away important nutrients that are beneficial for
fermentation and microbial development. Therefore, exploring a fermentation approach without
debittering could be advantageous, as it preserves these essential compounds, potentially
enhancing fungal or bacterial growth and improving the overall nutritional and functional
properties of the final product.

The first chapter addresses the growing need to improve these PBMASs as a substitute of meat.
Furthermore, it provides an overview of this new potential market.

Second one provides a more technical discussion of the solid-state fermentation process,
including the rationale for selecting Pleurotus ostreatus as the microorganism and the adoption
of a debittering-free approach. Additionally, the chapter introduces the two technological
strategies aimed at enhancing fermentation performance.

The third chapter describes the materials and methodology used in this project. It also details
the analytical protocols employed to assess the nutritional and antinutritional compounds.
Furthermore, the chapter evaluates the impact of fermentation on the techno-functional
properties of the lupin seeds.

The fourth chapter presents the results obtained and provides a comparison, assessing the effects
of the different technological pretreatments.

Some final remarks and a discussion on future possible developments will conclude the work.



Chapter 1
Rationale for plant-based protein
alternatives

This chapter focuses on the reasons why further improvements in technologies related to
PBMAs are necessary in the coming years. It highlights global meat consumption trends and
the issues associated to these productions: the consistent amount of global greenhouse
emissions and the antimicrobial resistance in food production are the most relevant ones.
Furthermore, it provides a narrative review of the main protein sources alternatives, and it

focuses on the possibilities of PBMAs.

1.1 Global Trends in Meat and Animal Protein Consumption

Over the past century, meat and animal protein consumption has increased significantly, playing
a central role in the transformation of the global food system. This growth reflects broader
structural changes, including rising per capita incomes, urbanization, and shifting dietary
patterns toward an increase of animal proteins consume.

Proteins are composed of amino acids, nine of which are indispensable and must be obtained
through the diet. The nutritional quality of dietary proteins is affected by the type of amino acids
they contain as well as the level of digestibility. The FAO recommends evaluating protein
quality using the Digestible Indispensable Amino Acid Score (DIAAS) (FAO, 2013; Leser,
2013), which assesses the digestibility of individual indispensable amino acids at the end of the
small intestine and provides a detailed measure of how effectively a protein source meets human
requirements. In this context, animal proteins tend to exhibit high quality due to their well-
balanced amino acid profile and high digestibility. In particular, meat proteins are considered
among the highest-quality dietary sources, as they supply all indispensable amino acids in
proportions close to human needs and are efficiently utilized by the body.

Regarding the historical trend of per capita meat consumption, the most pronounced increase
was observed between the mid-1960s and the late 1990s. According to a report by FAO (2003,
as cited in Heinrich Boll Foundation & Friends of the Earth Europe, 2014), global per capita
consumption rose from 24.2 kg in the period 1964—66 to over 36 kg in 1997-99, highlighting a
clear upward trend in meat consumption at a global scale.

In subsequent years, this trend showed a slowdown, with an average of approximately 39.5 kg
in 2010 and around 4243 kg in 2020, indicating that the growth of per capita consumption
worldwide has become more moderate compared to recent decades.

However, these aggregated global values conceal significant disparities between developed and

developing countries. In industrialized nations, per capita meat consumption has traditionally
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been much higher: in the past, average values exceeding 80-90 kg per year were common in
many high-income economies, whereas in developing regions, levels remain significantly
lower, often ranging between 20-30 kg per capita per year, or even less in many areas of sub-
Saharan Africa and South Asia. Today, developed countries show a tendency toward saturation
or stabilization of per capita consumption, with very limited increases or even stagnation,
whereas in developing countries, the rise in per capita meat consumption is still ongoing, driven
by increasing incomes, urban population growth, and changes in dietary habits. According to
FAO databases, the increase in meat consumption in developed countries was only 3.2%
between 2010 and 2020, confirming the saturated situation, while it exceeded 16% in
developing countries.

Over the past decades, the composition of global meat production has undergone a profound
transformation. Considering the recent Food Balance Sheets (FAO,2022), poultry has
consistently been the fastest-growing category, increasing its share of total meat production
from around 30% in 2000 to approximately 36-38% in the early 2020s, overtaking pork as the
leading meat type worldwide. Pork, which accounted for nearly 38-39% of global meat
production around 2000, has seen its relative share decline to about 34%, despite continued
growth in absolute volumes. Beef production has also experienced a relative contraction, with
its share decreasing from roughly 24% at the turn of the century to around 19-20% today, while
mutton and goat meat have remained a minor but stable component of total output. These shifts
reflect the higher efficiency, lower production costs and shorter production cycles of poultry,
and to a lesser extent pig production, in converting feed into edible protein, compared with
bovine and small ruminant species. As a result, growth in global meat supply has been
increasingly driven by the expansion of poultry and pig production systems, while per capita
consumption of ruminant meat has stagnated or declined in many high-income regions.
Recent projections indicate that global meat demand growth is slowing compared with the rapid
expansion observed in the late twentieth century, reflecting market saturation in many high-
income countries and a deceleration of global population growth. Although the growth of global
per capita meat consumption has slowed, particularly in high-income countries where
consumption levels are already high, total meat demand continues to rise due to global
population growth and urbanization, especially in developing regions. This means that even
with moderate increases in per capita intake, the absolute volume of meat produced and
consumed is still expanding, maintaining pressure on natural resources, greenhouse gas
emissions, and environmental sustainability.

In conclusion, global meat and animal protein consumption continue to increase in absolute
terms but show relative deceleration, while plant-based proteins continue to play an essential
complementary role, particularly through legumes and cereals consumed in combination.
PBMAs are emerging as crucial tools to address environmental and nutritional constraints in

global food systems, allowing for a more sustainable fulfilment of global protein requirements.
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The integration of animal and plant proteins thus represents a key strategy to ensure protein

security, nutritional balance, and long-term environmental sustainability.

1.2 The need for plant-based alternatives

The steady increase in global meat production over the years has led to a range of issues that
are now evident to everyone: significant greenhouse gas emissions, the rise of antimicrobial
resistance linked to food production, and poor animal welfare conditions in intensive livestock
farming. For these reasons, it is necessary to identify more sustainable alternatives, such as
PBMAs.

1.2.1  Global greenhouse gas emissions from food production

Based on global meat production data, the importance and the considerations on the
implications of this dietary model and the need to develop PBMAs become evident. Although
the growing production of meat is supported by production efficiency and technological
innovations, it exerts significant pressures on natural resources, greenhouse gas emissions, and
the sustainability of global food systems.

The study by Xu et al. (2021) enabled the assessment and quantification of CO2, CHa, and N2O
emissions associated with the production and consumption of all plant- and animal-based foods
in circa 2010. This analysis considered all stages of agricultural land management as well as
emissions from feed production on croplands and pastures, using a balance between raw
materials produced and consumed. In this study, livestock emissions included only those
resulting from enteric fermentation and manure management, as quantified according to the
Intergovernmental Panel on Climate Change (IPCC) and the Food and Agriculture Organization
of the United Nations (FAO).

Regarding the food production, total global greenhouse gas emissions associated with food
systems, including croplands, livestock, and land-use change (LUC), amounted to 17,318 +
1,675Tg CO, eq year (Xu et al. 2021). It is important to distinguish this quantity of
emissions according to per capita rates, emissions per unit of land area, and the contribution of
animal- or plant-based production. For example, South and Southeast Asia (SSEA) accounted
for the highest share of food-related emissions (23%); however, it exhibited low per capita
emissions and was the only region in which emissions from plant-based food production exceed
those from animal-based sources.

Considering the different greenhouse emissions by food source, plant-based production
accounted for 29% of total food-related emissions (19% CO2, 6% CHa, and 4% N20), whereas
emissions derived from animal-based production accounted for 57% of total emissions,
consisting of 30% COz, 20% CHa, and 7% N:O. This calculation included emissions from
croplands (8%) and pastures (13%) used for feed production, emissions from livestock farming

(20%), which were mainly attributable to enteric fermentation in ruminants (18%) and manure
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management (2%), emissions associated with land-use change LUC (12%), and post-
production emissions such as transport and processing, which contribute 4% of the total.
According to the study, the regions with the highest greenhouse gas emissions from animal-
based food production included South America, accounting for 14% of all global food-related
emissions (in particular Brazil, which alone accounted for 6% of global emissions due to
deforestation-related to LUC), followed by China with 8% of total emissions, the United States
with 5%, and India with 4% of the global total. The European Union was finally responsible
for a substantial share of greenhouse gas emissions associated with both imports and exports of
animal-based foods, mainly due to the high volume of international trade.

Considering the study by Poore and Nemecek (2018), it was also possible to compare the
average impact in terms of kilograms of CO:-equivalent emissions relative to the protein
content of different food products. This relationship between greenhouse gas emissions and
protein production highlighted a profound imbalance between the resources employed and the
nutritional output obtained, explaining why the choice of protein source is a key determinant of
environmental footprint. It has been observed that animal-based products (including meat,
aquaculture, eggs, and dairy) use approximately 83% of global agricultural land and contribute
around 56-58% of total food-related emissions, while providing only 37% of global protein
supply and 18% of total calories consumed worldwide. A direct comparison between C0O,eq
emissions per 100 grams of protein from animal- and plant-based sources is presented in the

following table 1.1.

Table 1.1. Greenhouse gas emissions associated with different food sources

Food source Mean Value [kg CO:eq] 10th Percentile [kg CO:eq]

Beef (beef herd) 49.9 20
Lamb & Mutton 19.9 12
Beef (dairy herd) 16.5 $9.
Pig Meat 7.6 4.6
Poultry Meat 5.7 2.4
Grains 2.7 1.0
Tofu 2.0 1.0
Groundnuts 1.2 0.6

Peas 04 0.3
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As shown in the Table 1.1, there is a substantial difference between the emissions generated by
animal-based sources and those from plant-based sources when compared on an equal protein-
content basis. Even the 10th percentile of the lowest-emitting animal products (such as poultry)
produces significantly higher greenhouse gas emissions than the average of most plant-based
foods.

Another key aspect addressed in this study is the inefficiency of protein conversion in the
animal-based systems analysed. According to Xu et al. (2021) only 8.49% of the protein
contained in feed provided to livestock is effectively converted into edible protein for human
consumption; this implies that more than 91% of the plant-derived protein used to feed animals

is lost during the biological conversion process.

1.2.2 Antimicriobial resistance in food production

Another important aspect to consider is the correlation between the extensive use of
antimicrobials in intensive livestock farming and the increasing amount of pathogens resistant
to these compounds. According to Thomas P. Van Boeckel ef al. (2019), the growing global
demand for meat and animal-based proteins is driving an increasing use of antibiotics in
livestock production, with approximately 73% of all antimicrobials sold globally being used in
food-producing animals, and, in parallel, a rise in antimicrobial resistance among microbial
pathogens. Beyond the potentially severe consequences for public health, this strong
dependence on antimicrobials represents a threat to the long-term sustainability of the livestock
sector and to the security of global food systems.

Focusing on low- and middle-income countries (LMICs) and considering common indicator
pathogens such as Escherichia coli, Campylobacter spp., non-typhoidal Salmonella spp., and
Staphylococcus aureus, the study showed that between 2000 and 2018 the proportion of
antimicrobial compounds with resistance levels exceeding 50% (P50) increased from 0.15 to
0.41 in poultry and from 0.13 to 0.34 in pigs, while remaining between 0.12 and 0.23 in cattle.
These interspecies differences were consistent with varying degrees of production system
intensification, which were more pronounced in poultry and pig farming than in cattle
production. The regions where the highest number of resistance hotspots was observed included
northeastern India, northeastern China, northern Pakistan, Iran, eastern Turkey, the southern
coast of Brazil, Egypt, and the areas surrounding Mexico City and Johannesburg, highlighting
a geographically heterogeneous but strongly clustered distribution.

This particularly rapid increase has been observed mainly in developing countries rather than
in high-income countries, primarily due to lower levels of biosecurity, less nutritious feed, and
more permissive regulations governing the use of veterinary drugs. In addition, it’s important
to highlight the limited presence of structured monitoring and surveillance systems, which
makes the early identification of resistance hotspots more difficult. The study also placed

particular emphasis on antimicrobials classified as “critically important” for human medicine
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by the World Health Organization, as their loss of efficacy in animals can significantly reduce
the therapeutic options available for treating human infections. Specifically, the highest
resistance rates were observed for ciprofloxacin and erythromycin (20—60%), while moderate
rates were recorded for third- and fourth-generation cephalosporins (10—-40%).

Overall, these findings constitute a major global warning, as the range of antimicrobials used
in the production of food animals is rapidly diminishing, with serious implications for both
animal and potentially human health. Due to the global nature of antimicrobial resistance, this
issue cannot be managed only at the local level and requires coordinated international strategies.
It 1s therefore crucial to reduce the rise of antimicrobial resistance by promoting a transition to
more sustainable livestock practices and by supporting the development and adoption of
alternative foods, such as plant-based proteins, which can help reduce reliance on conventional

meat production.

1.2.3 Intensive farming and ethical considerations

It is now important to address an ethical issue related to the global increase in meat and animal
protein consumption: intensive livestock farming. This method involves confining animals in
restricted spaces, with the primary goal of maximizing the production of meat, milk, or eggs.
From a legal perspective, the concept of Concentrated Animal Feeding Operations (CAFOs)
has been defined by the United States Department of Agriculture (USDA,2020) as an intensive
animal feeding operation (AFO) in which over 1,000 animal units are confined for over 45 days
a year (EPA,2012). One animal unit corresponds to 1,000 pounds of live animal weight, and
the thresholds defining these categories vary depending on the type of livestock operation
considered. By 2023, it was estimated that about 74% of all terrestrial livestock lived in
intensive or industrialized farming systems (Our World in Data, 2024).

CAFOs have raised numerous ethical and environmental concerns. In terms of animal welfare,
restricted space, overcrowding, and lack of access to shelter and natural environments can cause
significant suffering, disease, and chronic stress. This form of agriculture relies on particularly
aggressive confinement methods, in which animals are forced to live in densely crowded,
stimulus-deprived environments. Key concerns associated with this farming system include
animal mutilation, often carried out to reduce aggression; selective breeding aimed at enhancing
productivity; the occurrence of diseases, partly resulting from reduced genetic diversity; the
preventive use of antibiotics, as mentioned in the previous paragraph, and chronic stress arising
from the restrictive living conditions (Singer, 1975; Rollin, 2006).

Regarding human health risks, intensive livestock operations, particularly CAFOs, not only
contribute to greenhouse gas emissions but also represent a significant source of negative
impacts on water and air quality, mainly due to the large volumes of animal waste generated
(Walker et al., 2005).
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From a hydrological perspective, surface waters can be contaminated by CAFOs waste through
the discharge of nutrients, organic matter, and pathogens from fields and storage facilities.
These pollutants can subsequently leach into groundwater. Such waste contains various
potentially harmful contaminants, including nitrogen and phosphorus, pathogens, trace
elements such as arsenic, pesticides, and hormones. Consequently, these large quantities of
waste lead a high risk to water quality and water ecosystems.

Similarly, air quality can be affected by the release of gases harmful to humans, such as
ammonia, sulfuric acid, methane, and particulate matter. In particular, the Intergovernmental
Panel on Climate Change (IPCC,2019) recognizes the substantial contribution of livestock to
methane emissions and recommends reducing sources of chronic stress and modifying animal
feeding practices to mitigate these harmful emissions.

The high global demand for meat and animal-based proteins, combined with the increasing
prevalence of intensive livestock farming worldwide, has created significant ethical concerns
regarding animal living conditions, as well as environmental impacts, ultimately affecting
human health. Therefore, it is essential to implement sustainable alternatives capable of

replacing and satisfying the current demand for animal-derived protein.

1.3 Alternative Protein Sources: Overview, Applications and Market
Potential
In the context of the growing focus on more sustainable food systems, the alternative protein
sector plays a key role. Specifically, three main categories of alternatives to conventional meat
can be identified: plant-based proteins, insect-derived proteins, and cultivated meat.
Cultivated meat is produced through the proliferation and differentiation of animal muscle cells
in bioreactors under controlled conditions, with the aim of replicating the characteristics of meat
obtained through traditional livestock farming (Post et al., 2020). However, cultivated meat
currently faces numerous challenges, including extremely high production costs, technical
difficulties in replicating complex cuts, and a regulatory framework that is still under
development.
Insect-derived proteins, on the other hand, offer a complete amino acid profile and high
concentrations of micronutrients, such as iron and zinc. Despite these nutritional advantages,
their commercial development remains limited, largely due to significant psychological and
cultural barriers that inhibit consumer acceptance (Hartmann et al., 2015).
Today the most viable and widely adopted solution appears to be plant-based proteins, and
particularly PBMAs, which already benefit from a relatively mature market and represent a

valid option in terms of environmental sustainability.
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1.3.1  Historical Development of Plant-Based Meat Alternatives: a
Narrative Review
To contextualize PBMAs sector, it is useful to briefly trace its origins, an area that, although
often perceived as recent, actually has roots in dietary practices developed over the centuries.
Production of an early form of seitan is documented as far back as around 600 CE (Shurtleff
W., & Aoyagi, A., 2014), while wheat- and soy-based analogues only began to be commercially
available in the early twentieth century. From the second half of the twentieth century, advances
in food technologies facilitated the emergence of a new generation of products, characterized
by increasing attention to the structural and functional properties of plant proteins (Kyria et al.,
2021).
Taking in account the case of soy proteins, Zhang et al. (2021) noted that these products gained
popularity in Western markets as meat alternatives only in the early 1960s. However, in Asia,
soy has been used for centuries in the production of traditional protein-rich foods such as tofu,
tempeh, yuba, and tofu skin, representing a long-established component of the daily diet CE
(Shurtleff W., & Aoyagi, A., 2013).
In addition to cereal-based proteins and soy, further historical examples of PBMAs can be
identified in the use of microorganisms and fungi as protein sources. Traditional fermentation
processes, employed for centuries across different regions of the world, enabled the production
of foods with high nutritional value, conceptually anticipating some of the principles bases of
modern food engineering. From the second half of the twentieth century onward, this body of
knowledge was progressively translated into industrial applications, leading to the
experimentation and adoption of fungal proteins as alternative meat ingredients (Finnigan, T. J.
et al.,2018)
Alongside these technological developments, social and cultural dynamics also played a crucial
role in shaping the emergence of meat alternatives. In Europe and North America, particularly
between the nineteenth and early twentieth centuries, vegetarian and reformist movements
actively promoted the development and consumption of early plant-based meat analogues, often
driven by ethical, religious, and health-related considerations. These movements not only
influenced individual dietary choices but also contributed to the construction of a broader
cultural and normative framework that supported research, innovation, and consumer
acceptance of alternatives to conventional meat.
Together, these historical experiences and the advancement of food processing technologies
helped shape the cultural and scientific bases upon which the contemporary PBMAs sector has

developed.
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1.3.2 Plant-Based Meat Alternatives: Key Sources, Processing
Technologies and Global Market Trends
Over the past decades, the PBMAs sector has experienced substantial growth, establishing itself
as one of the most dynamic and ambitious areas of the global food industry. This expansion has
been primarily driven by increasing concerns about environmental sustainability, shifts in
consumer dietary habits, and a growing interest in alternative dietary models that reduce or
eliminate the consumption of animal-derived meat. Within this context, PBMAs now represent
a well-established product category, characterized by a wide range of offerings and an
increasingly diverse use of plant-based protein sources. This sector is gaining widespread
popularity and consumer acceptance, particularly among younger generations, who are
increasingly prioritizing environmental impact and animal welfare in their food choices.
The main raw materials used in the formulation of plant-based meat alternatives include
legumes, cereals, and pseudocereals, selected based on their protein content, functional
properties, and large-scale availability. Historically, soy has been the most widely used plant
source for this type of production (Zhang et al.,2021); this predominance is largely attributable
to both the widespread availability of the raw material and the techno-functional characteristics
of soy proteins, including their solubility, water- and oil-absorption capacity, as well as their
gelling and emulsifying properties. These attributes play a crucial role in determining the
quality of the final product. However, research and market interest are progressively shifting
toward soy alternatives, driven by concerns related to allergenicity, the vulnerability of soy
cultivation to climate-related impacts, and the need to preserve biodiversity. Consequently,
recent studies have explored the potential of proteins derived from peas, faba beans, rapeseed,
lupins, and hemp, used either individually or in hybrid formulations in combination with soy.
The geographical distribution of major plant-based protein sources largely reflects global
agricultural and trade dynamics. Soybean cultivation, for instance, is predominantly located
outside Europe, with production highly concentrated in North and South America. This
production pattern results in a significant dependency on imports for many European countries
(Lassaletta et al., 2014), representing a critical issue particularly in the Mediterranean region,
where climatic conditions are not always suitable for large-scale soybean cultivation.
Consequently, recent years have seen growing interest in alternative plant-based protein sources
better adapted to local agricultural contexts. These sources have the potential to reduce
dependence on imports while enhancing the valorisation of regional resources, thus
contributing to open new opportunities for the development of more sustainable and resilient
protein supply chains.
According to Andreani et al., Nutrients (2023), early formulations of PBMAs relied
predominantly on protein isolates, rather than flours or whole seeds, with protein contents

exceeding 75% and often approaching 90%. However, the production of protein isolates
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requires wet separation processes that are frequently time-consuming, costly, and inefficient,
due to the extensive use of water, acids, or enzymes. In response to these limitations, the sector
has increasingly shifted toward the use of protein concentrates, which typically contain between
50% and 65% protein. These ingredients provide the structural properties required in the final
product and are easier to obtain; indeed, protein concentrates are produced through dry
fractionation techniques, which use less water and energy and better preserve the native protein
structure Andreani et al., Nutrients (2023).

Starting from the raw material, a meat-like structure is achieved when the native globular
structure of legume proteins is transformed into a fibrous arrangement, in which the proteins
are elongated and highly ordered (Andreani et al., Nutrients (2023)). This restructuring process
converts globular aggregates into an anisotropic matrix composed of elongated protein
polymers stabilized by new intermolecular bonds. Such a structure can be produced using
various technologies, among which extrusion is by far the most widely employed. During
extrusion, the raw materials are hydrated and subjected to mechanical and thermal stresses,
which break the weak bonds that maintain the protein’s native globular structure. The resulting
protein paste is then forced through an opening, following the physical constraints of the
process, which aligns the now-elongated protein molecules parallel to the flow direction.
Depending on the moisture content, extrusion can produce textured vegetable proteins (TVP)
at low moisture levels (<30%) or directly create meat analogues at high moisture levels (>50%).
The high productivity, low cost, versatility, energy efficiency, and scalability potential of
extrusion have made it the dominant technology for producing meat analogues (Andreani ef al.,
Nutrients (2023)). Emerging techniques, such as high-moisture shear cell processing and
additive manufacturing live 3D printing (Xavier et al., 2025) offer promising alternatives to
extrusion; however, their industrial scalability still requires optimization of production costs
and greater versatility in processing different plant protein sources.

In recent years, the global market for plant-based meat alternatives has experienced significant
growth, driven by increasing consumer interest and evolving dynamics within the food sector.
Estimates indicate that the global market for meat alternatives is expected to reach
approximately USD 8.1 billion by 2026, with a compound annual growth rate (CAGR) of 7.8%
over the period 2019-2026 (Vallikkadan et al., 2023). This expansion can be attributed to
several factors, including a higher consumer awareness of potential health risks associated with
high consumption of traditional meat, as well as growing attention to ensuring adequate protein
intake in modern diets.

From a geographical perspective (Xavier et al., 2025), Europe currently holds the largest share
of the global market for meat alternatives, accounting for 51.5%, followed by North America
(26.8%), the Asia-Pacific region (11.8%), Latin America (6.3%), and the Middle East and
Africa (3.6%) (Vallikkadan ef al., 2023). Despite Europe’s market leadership in terms of share,

studies on consumer perceptions indicate particularly strong interest in Asian countries. A
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survey conducted in the United States, China, and India revealed that the proportion of
consumers favourable toward meat alternatives is significantly higher in China (95.6%) and
India (94.5%) compared to the United States (74.7%) (Bryant et al., 2019), suggesting
substantial potential for future market growth in these regions.

Despite its rapid development, the market for plant-based meat alternatives remains relatively
small compared to the overall meat market, highlighting that the sector is still in a consolidation
phase. Nonetheless, several studies indicate that the PBMAs sector is expected to grow at an

accelerated pace in the coming years, positioning it well for further expansion and innovation.






Chapter 2
Case study: Lupine seeds and
Fermentation with Pleurotus Ostreatus

This chapter presents the case study. Firstly, lupin seeds are introduced and the reasons
supporting their suitability as a raw material for PBMAs are outlined. Subsequently, the
fermentation process is outlined, with particular emphasis on the solid-state fermentation (SSF)
approach adopted during the experimental phase. The characteristics of the selected fungal
strain, Pleurotus ostreatus, are then described, together with the rationale behind its selection.
Finally, the technological pre-treatments applied to optimize the fermentation process are

presented, namely pulsed electric fields (PEF) and high-power ultrasound (HPU)).

2.1 Lupine seeds: Characteristics, properties and explanation of
the choice

Lupins are an important family of legumes in nature due to their ability to produce seeds rich
in proteins, dietary fiber, and mono- and polyunsaturated fatty acids. Moreover, they are
considered an important resource because of their capacity to tolerate adverse growing
conditions, demonstrating a high degree of geographical and environmental adaptability. Lupin
species have been found in Europe, Africa, and the Americas, where they have readily adapted
to a wide range of climatic conditions. According to Knecht ez al. (2020), the earliest evidence
of domesticated lupin seeds comes from Egyptian tombs dating back to the 22nd century BC,
testifying to their already established use in ancient times. Subsequently, the use of lupin seeds
gradually spread to other areas of the Mediterranean basin. Evidence of the presence of lupin
in the New World, on the other hand, dates to the 6th—7th century BC.

Lupins are large plants with flowers that can be blue, yellow, or white. The seeds of these plants,
particularly those of the species Lupinus albus, Lupinus luteus, Lupinus angustifolius, and
Lupinus mutabilis (Johnson et al., 2017), have long been used as a food source for both
livestock and humans, as well as a means of enriching the soil. The ability of this legume family
to adapt to different soil types and to grow under drier conditions than soybean, combined with
their lower requirements for nitrogen and phosphate fertilizers to achieve significant yields,
makes them a particularly interesting and increasingly cultivated alternative. This sector, after
reaching its production peak in the 1990s with approximately 2.1 million tons in 1999, has
shown some variability over the years, before recently stabilizing at around 1.60 million tons
globally (FAOSTAT, 2022).
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Considering the growing interest in the field of food engineering and plant-based alternatives,
this value is approximately 51% higher than production ten years earlier and represents an
increase of 13.8% compared to the previous year, confirming a renewed dynamism in the sector.
Nutritionally, lupin seeds are distinguished among legumes by both their protein and dietary
fiber content. The kernel (the inner part of the seed) contains between 37 and 40 g of dietary
fiber per 100 g of dry weight (Johnson ef al., 2017). In terms of protein, lupin seeds provide
around 40 g per 100 g of dry weight, representing the highest protein content of any commonly
consumed legume (Miilayim et al., 2002). Moreover, this protein exhibits a high digestibility,
approximately 98% (Chew et al., 2003), comparable to that of soybean. The combination of
high fiber and protein content contributes to beneficial effects on lipid metabolism, including
the reduction of LDL cholesterol and overall improvement of the lipid profile, thereby
supporting cardiovascular health.

Nevertheless, the use of these seeds as food remains currently limited due to the presence of
variable amounts of anti-nutritional compounds, such as alkaloids, protease inhibitors, lectins,
and saponins, which may have adverse effects on human health. In particular, the alkaloids
present, mainly belonging to the quinolizidine family, are of significant concern due to their
potential toxicity to humans. For this reason, their maximum legal level has been set at 0.02 g
per 100 g in lupin flour and lupin-based products by several authorities, including those in
Australia, New Zealand, the United Kingdom, and France (Food Standards Australia New
Zealand, 2016b).

In conclusion, lupins represent an interesting and promising option for the future of PBMAs,
due to their high protein and fiber content, and the rich nutritional profile. However, they still
present challenges related to anti-nutritional components, which need to be addressed as much
as possible to enable the full development of the sector. These issues can be partially mitigated
through fermentation, which promotes the biotransformation of anti-nutritional compounds and
can increase the content of bioactive metabolites, thereby enhancing both the safety and the
nutritional value of the final product. Lupin is highly suitable for this type of treatment, serving
as an ideal substrate for the growth and metabolic activity of fermentative microorganisms.
For the experimental part of this case study, the species Lupinus albus was selected, mainly due
to its high protein content, low alkaloid levels in “sweet” varieties, and wide commercial
availability, making it particularly suitable for both fermentation studies and the development

of high-quality plant-based food products.

2.2 Solid-State Fermentation (SSF): Principles and Applications

Fermentation is a biotechnological process in which microorganisms such as bacteria, yeasts,
and fungi transform organic substrates through their metabolic activity, producing compounds
of nutritional, functional, or technological interest. It can occur in a liquid state (SmF,

submerged fermentation), where microorganisms grow in an aqueous medium containing
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nutrients and dissolved gases, a condition widely used at the industrial level for precise control
of process parameters. Alternatively, fermentation can take place in a solid state (SSF, solid-
state fermentation), in which microorganisms develop on solid substrates with a minimal
amount of free water, in an environment dominated by a gaseous phase. This one represents an
interesting industrial alternative, as it is particularly suitable for the valorisation of agro-
industrial residues and to produce enzymes and bio compounds, offering advantages such as
higher product concentration and lower water and energy consumption.

Since the 1960s, after years of predominant development in submerged fermentation, SSF has
regained the interest of both scientists and industry due to its ability to ferment low-cost
substrates such as agro-industrial residues, representing an environmentally friendly solution
for the treatment of polluting solid waste (Mitchell et al., 2006). According to Garrido-Galand
et al. (2021), the combination of practical, economic, and environmental advantages offered by
SSF compared to SmF has played a key role in this growing attention. These advantages
include: higher final product concentrations, due to reduced substrate inhibition (with
conversions of 20-30% in solid fermentation compared to about 5% in liquid fermentation);
lower water consumption and reduced water activity, making the system less susceptible to
contamination; higher volumetric productivity, thanks to the use of more compact bioreactors;
and simpler, more cost-effective product extraction processes. Another significant aspect
concerns the inoculum: SSF is particularly suitable for the growth of filamentous fungi, as the
operational conditions more like the natural environment to which these microorganisms are
evolutionarily adapted.

For these reasons, the case study employed this type of fermentation, which is particularly
suitable for the chosen fungal species, Pleurotus ostreatus.

Regarding PBMAs production, SSF represents a valid alternative, an integration, and
potentially a more efficient process compared to current conventional methods for producing
meat analogues. According to Milcarz & Harasym (2025), unlike conventional methods, which
are primarily based on physical processes such as extrusion and high-temperature, high-
pressure treatments, SSF relies on a biological approach that exploits the metabolic activity of
microorganisms under ambient temperature conditions. Nutritionally, conventional processes
tend to preserve the natural protein content with limited improvements, whereas SSF can
enhance nutritional quality through the reduction of anti-nutritional factors and the
improvement of digestibility. Finally, in terms of sustainability, conventional methods generally
require higher energy input and make limited use of by-products, while SSF requires less energy
and allows the valorisation of agro-industrial residues, making it a more sustainable and
efficient alternative.

The defining feature of SSF is the growth of microorganisms on water-insoluble substrates,
maintained at a moisture level sufficient to support microbial metabolism but below the water-

holding capacity of the solid matrix. This condition results in the formation of a three-phase
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system, as illustrated in Figure 1.1, consisting of solid substrate particles, a thin liquid film
adhering to their surface, and gas-filled pores that allow oxygen transfer. This configuration
often leads to higher productivity and distinct metabolic profiles compared to submerged
fermentation (Milcarz & Harasym, 2025).

In SmF, oxygen must diffuse from the gas phase into the liquid, whose density and low oxygen
solubility require intensive agitation and aeration to ensure adequate oxygen availability. In
contrast, in SSF, the absence of a dense liquid phase allows microorganisms to directly exploit
the more oxygenated porous zones, improving not only local oxygen supply but also nutrient
transfer and metabolite removal, making the process overall more efficient in terms of mass

transfer.
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Fig 1.1: Milcarz, A., & Harasym, J., 2025
Three-phase structure of solid-state fermentation

However, significant challenges still arise in the scale-up of SSF. Unlike SmF, where scaling
follows well-established engineering principles, the heterogeneous nature of SSF and the
difficulties in removing heat from large substrate beds greatly complicate industrial design
(Milcarz & Harasym, 2025). Although oxygen transfer is locally efficient, it is difficult at a
large scale to ensure that all regions of the substrate receive sufficient oxygen and maintain
optimal moisture. This can lead to anoxic or overly dry micro zones, reducing overall
productivity. The heterogeneity of the substrate, which varies in density, particle size, and
chemical composition, further complicates the uniform control of pH, nutrients, and physical
conditions throughout the fermentation bed. From a thermal perspective, in large substrate
masses, the heat generated by microorganisms accumulates rapidly due to the low thermal
conductivity of the solid material, creating temperature gradients that can impair microbial

growth and alter metabolite production.
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Despite these challenges, advances in bioreactor design, process monitoring, and control
strategies are significantly improving the industrial feasibility of SSF processes, making this

technology an important resource in food engineering for the production of new PBMAs.

2.3 Fungal fermentation: the role of Pleurotus ostreatus

For the SSF process, the fungal species selected for metabolic activity is the white-rot fungus
Pleurotus ostreatus, one of the most well-known edible fungi worldwide and classified as
GRAS (Generally Recognized As Safe) by the Food and drugs Administration (FDA). In
addition to its availability and food-grade suitability, this species is already employed
industrially, particularly to produce enzymes such as laccases and cellulolytic enzymes, as well
as for the biotransformation of agro-industrial by-products, including lignocellulosic residues,
protein-rich biomass, and feedstocks with enhanced nutritional value.

This species is particularly well-suited to SSF because the technique replicates the fungus's
natural growth conditions: a solid environment, controlled but not excessive moisture, and
limited availability of easily accessible nutrients. The fungus's filamentous mycelial structure
enables efficient three-dimensional colonization and the secretion of extracellular enzymes
directly into the matrix, facilitating biotransformation processes without the need for a free
liquid phase.

Beyond its well-known industrial applications, the fermentation of P. ostreatus is expanding
into emerging areas, such as the fermentation of plant matrices for the development of plant-
based ingredients. In this context, the microorganism can fully express its enzymatic potential
directly on the food matrix. During fermentation, enzymes such as amylases, lipases, and
proteases hydrolyze carbohydrates, lipids, and proteins into simpler and more digestible
compounds, also contributing to the improvement of the product’s sensory characteristics
(Dhull et al., 2020).

Recent studies conducted at the University of Helsinki (Sankaran P., 2024) have investigated
the effectiveness of P. ostreatus mediated SSF in the detoxification of lupin seeds. The study
focuses particularly on the reduction of anti-nutritional fractions, such as quinolizidine
alkaloids (QAs). The mechanism of alkaloid degradation, responsible for the bitterness and
potential toxicity of the legume, is primarily attributed to the enzyme laccase. This ligninolytic
enzyme catalyses oxidation processes capable of breaking the cyclic structures of alkaloids,
transforming them into simpler, non-toxic intermediate metabolites. Consequently, the bio
fermentation process reduces both the toxicity and the natural bitterness of the legumes.
Thanks to its ability to colonize solid substrates and produce a broad spectrum of extracellular
enzymes, P. ostreatus is thus confirmed as an excellent microbial candidate for the application
of SSF in the valorisation of plant matrices, contributing to the improvement of the nutritional
value and functional properties of ingredients intended for the development of high-value plant-
based foods.
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2.4 Debittering treatment: Rational for a debittering free approach
Lupin seeds naturally contain approximately 70 alkaloids, many of which are toxic (Australia
New Zealand Food Authority, 2001, pp. 1-21), particularly sparteine and lupanine (Jiménez-
Martinez et al., 2003), which must be removed before the consumption. They also contain other
anti-nutritional factors, such as tannins and, notably, saponins, which are responsible for
bitterness, can interfere with nutrient absorption, and may cause gastrointestinal irritation.

The primary and most widely used method for reducing alkaloids and saponins is debittering,
which consists of three stages: soaking the seeds for 1420 hours to increase their water content
and facilitate alkaloid extraction, heat treatment in water at 90-95 °C for approximately 45
minutes, and prolonged washing in cold water for 5 days (20 L of water per kg of seeds, with
daily water replacement). This aqueous approach is highly effective, capable of treating seeds
with high alkaloid content (up to 4.2 g per 100 g of dry seed). However, it has some limitations:
it requires large amounts of water (up to 63 kg per kg of seeds), long processing times (5—6
days), and results in significant solid losses (~0.27 kg per kg of seeds), reducing not only
bitterness but also valuable nutrients, as the washing step is not selective (Carvajal-Larenas et
al.,2013).

For this reason, the present project adopts an alternative approach to traditional debittering,
based on soaking the seeds in water for 24 hours (10 L of water per kg of seeds) followed by
solid-state fermentation (SSF). This method exploits microbial activity to reduce alkaloids and
saponins and represents a theoretically effective strategy for seeds with lower alkaloid content,
specifically <1.1 g per 100 g of dry seed (Carvajal-Larenas et al., 2013). In this way, the
presence of bitter compounds can be reduced without the prolonged water washing and without
the thermal treatment typical of conventional debittering, decreasing both treatment time and

water consumption.

2.5 Technical pretreatments to improve SSF: PEF & HPU

In recent years, innovative non-thermal technologies have been explored as pre-treatments to
enhance the fermentation of plant-based matrices, including lupin seeds. Among these, Pulsed
Electric Fields (PEF) and High-Power Ultrasound (HPU) have gained attention for their ability
to modify the structural properties of raw materials prior to microbial processing.

When applied before fermentation, these pre-treatments can improve substrate accessibility by
altering cell integrity and promoting the release of intracellular compounds. This structural
modification may facilitate microbial growth, enzyme activity, and mass transfer during
fermentation, potentially leading to improved fermentation efficiency and enhanced

biochemical transformations.
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In the case of lupin seeds, the use of PEF and HPU as preliminary steps may support a more
effective fermentation process, contributing to improved nutritional quality, reduced

antinutritional factors, and better functional properties of the final product.

2.5.1  Pulsed Electric Field (PEF)

PEF treatment is a non-thermal food processing technology, as it generally causes only a
minimal increase in temperature during application. PEF enhances the permeability of cell
membranes by inducing the formation of pores, thereby facilitating the penetration of small
molecules into the cytoplasm (Arshad ef al., 2021).

This phenomenon, known as electroporation, occurs through the application of short, high-
voltage pulses, which can lead to either reversible or irreversible membrane permeabilization
depending on the treatment conditions. The extent of pore formation is influenced by process
parameters such as pulse duration (us), electric field strength (kV/cm), number of pulses, and
frequency (Hz) (Janositz et al., 2011).

The application of PEF in fermentation involves the delivery of short, high-voltage direct
current pulses to a biological sample placed between two electrodes within a treatment chamber.
Typically, electric field strengths ranging from 0.1 to 5 kV/cm are applied with pulse durations
between 50 and 1000 ps, although higher voltages (up to 40 kV) can also be used depending
on the system (Galvan-D’Alessandro and Carciochi, 2018).

From a biophysical perspective, the microbial cell membrane behaves as an electrical insulator
because it is primarily composed of a phospholipid bilayer with hydrophobic fatty acid tails.
This lipid core has very low electrical conductivity and a low dielectric constant compared to
the surrounding aqueous media, which contain dissolved ions and are therefore good
conductors. As a result, the membrane acts as a dielectric barrier separating two conductive
regions, the intracellular and extracellular fluids, and can be described electrically as a
capacitor.

When a cell suspension is exposed to an external electric field, ions present in the conductive
media migrate along the field lines and accumulate at both sides of the membrane. This charge
accumulation leads to the development of a transmembrane potential. As the intensity of the
applied electric field increases, the induced transmembrane potential also rises. If this potential
exceeds a critical threshold (typically 0.2—1 V), the structural stability of the lipid bilayer is
disrupted, causing a temporary loss of membrane semi permeability. This phenomenon, known
as electroporation results in the formation of pores that can be either reversible or irreversible
depending on the strength and duration of the applied electric field.

Electroporation is particularly useful in food processing because it increases cell membrane
permeability. This controlled permeabilization facilitates the extraction of intracellular
components such as polyphenols, pigments, sugars, and other bioactive compounds, thereby

improving yield and efficiency in processes like juice production and fermentation, where the
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release of substrates enhances microbial activity. At the same time, when applied at higher
intensities, electroporation can irreversibly damage microbial cells, leading to their inactivation.
For this reason, PEF is also considered a promising non-thermal alternative to conventional
pasteurization, ensuring microbial safety while better preserving nutritional and sensory quality
(Arshad et al., 2021). The application of PEF can be observed in the figure 1.2.
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Fig 1.2: Arshad et al., 2021
Process of cell membrane permeabilization and functional application.

In this project, PEF is applied as a versatile technology to enhance SSF processes and boost
industrial production of PBMAs.

2.5.2  High Power Ultrasounds: HPU

In addition to use the Pulsed Electric Fields, the other technology applicated in this project is
the High-Power Ultrasounds (HPU). It consists in the phenomena of cavitation that refers to the
formation, growth and collapse of vapour-filled cavities in a liquid caused by the propagation
of high-intensity ultrasonic waves.

In this case, the application of ultrasounds produced by the ultrasonic transducers does not affect
directly the lupine seeds but affects the surrounding liquid, usually water, present in the
chamber. After that, the cavitation and the rupture of the bubbles finally affect the cellular
membrane of the seeds.

When the ultrasonic waves, produced by the transducers, pass through the liquid medium, they
induce a longitudinal displacement of particles, whereas the source of the sound wave acts as a
piston, resulting in a succession of compression and rarefaction phases in the medium. If the
rarefaction phase is sufficiently intense, the distance between neighbouring liquid molecules
can approach or exceed a critical point, creating voids in the liquid known as cavitation bubbles.
These initial bubbles can expand during rarefaction, when the local pressure drops, and shrink

during compression cycles, when the local pressure rises, until they reach a critical size and
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collapse violently, releasing high local pressures and temperatures (Galvan-D’Alessandro and
Carciochi, 2018). Depending on the ultrasound frequency, cavitation in the liquid can be
transient or stable. Low frequencies (20—100 kHz) cause transient cavitation, with bubbles
rapidly growing and collapsing violently, generating intense local pressures and temperatures.
Higher frequencies (>200 kHz) produce stable cavitation, where bubbles oscillate over many
cycles, resulting in milder mechanical effects.

The collapsing bubbles can generate extremely high pressures and temperatures, suggested to
be respectively up to 1700 atm and up to 5000 K, as represented in Figure 1.3.

compression compression

Glass Beaker with water

%ﬂ Acoustic \ [\ [\ /\ /\ /
EJ 4 Cavitation

H.O O Bubbles U \_/ U U U
- B |

=ra

o SO I | . . . . .
| Hot rarefaction rarefaction rarefaction rarefaction rarefaction

ﬁ— Spot

3 Ultrasonic o 5000 k
| - [ ]
w‘ pressure . 1700 atm
Wwave

Ultrasonic Transducer

bubble ) bubble grows in reaches undergoes
forms successive cycles unstable size violent collapse

Fig 1.3: Lorenzetti, 2024, slides of Processi chimici innovativi, University of Padua
Process of bubble cavitation: formation and collapse

Ultrasound used as a substrate pre-treatment before solid-state fermentation can enhance the
process by inducing cavitation effects that disrupt cell walls, increase surface porosity, and
improve the release of intracellular compounds. This structural modification enhances nutrient
accessibility and mass transfer, facilitating microbial colonization and potentially accelerating
fermentation kinetics and metabolite production.

Physically, the cavitation process produces shockwaves and microjets, subjecting the biomass
to intense hydromechanical shear forces that further break down the complex matrix. According
to Nemes et al.2025, the use of HPU as pretreatment of SSF significantly overcomes the
structural resistance of the substrate. The mechanical action of acoustic cavitation leads to the
disruption of cell walls, effectively releasing bioactive compounds that are typically trapped
within the matrix. It leads to an enhanced phenolic release, to an improved sugar yield and to
an increased process efficiency: by making the substrate more porous and accessible,
ultrasounds accelerate the metabolic activity of the fungi, leading to a more efficient
bioconversion of byproducts into high value functional ingredients.

In this project, PEF and HPU are applied as pre-treatments prior to the subsequent SSF of lupine
seeds with P. ostreatus. The fermentation outcomes are monitored over time and compared with
a control SSF conducted without pre-treatment (CTRL), to evaluate whether these alternative

steps effectively improve process efficiency.






Chapter 3
Materials and Methodology

This chapter describes the materials, methods, and experimental approaches used in this project.
It provides a detailed overview of the raw materials and of the procedures applied for the SSF
of lupin seeds with P. ostreatus for each pretreatment employed (CTRL, PEF, and HPU).

Furthermore, this chapter outlines the analytical methods and the statistical approaches applied
throughout the study. Understanding these protocols is essential for following the experimental

design and ensuring reproducibility of the fermentation processes for each pretreatment.

3.1 Raw materials

For this study, lupin seeds (Lupinus albus cv. Estoril) were provided by Fertiprado (Badajoz,
Spain), and the mycelium of Postreatus M2181 was obtained from MYCELIA (Belgium).
Fermentation was conducted in Microbox Sac O: units (Deinze, Belgium), which were
equipped with a filtration system that permits air exchange while preventing contamination,

ensuring controlled and sterile conditions throughout the process.

3.2 Reagents

The following products were used for the analytical determinations carried out in this study:
The following products were used for the analytical determinations: sulfuric acid 72 % (H2SOs,
Fisher Scientific Spain), sodium hydroxide 10M and 0.5M (NaOH, TCI Chemicals),
acetylacetone reagent prepared from 1 mL of acetylacetone (CsHsO-, Scharlab, AC02200250)
and 50 mL of 0.5M sodium carbonate (Na.COs, Scharlab, SO01161000), ethanol (C:HsO,
Scharlab), Ehrlich reagent prepared from 2.67 g of p-dimethylaminobenzaldehyde (CoH1:NO,
Merck, 156477) and an ethanol:HCI 1:1 solution (50 mL ethanol + 50 mL hydrochloric acid,
HCI) (Scharlab, AC07411000), glucosamine hydrochloride (CsH1:3NOs-HCI, Merck, PHR1199,
CAS 66-84-2), D-(+)-glucosamine hydrochloride 98.0+ % (CsH1:3NOs-HCI, Fisher Scientific
Spain, TCI America™, G004425G, CAS 66-84-2), Folin—Ciocalteu reagent (mixture of sodium
tungstate Na2WO+ and sodium molybdate Na:MoOas in phosphoric acid) (Merck), acidic
methanol (mixture of methanol CH4O and 0.2 M HCI) (Scharlab), gallic acid (C-HsOs, Merck),
anhydrous sodium carbonate 20 % w/v (Na.COs, Scharlab, SO01161000), distilled water, 0.3 M
anhydrous sodium acetate buffer pH 3.6 prepared from 0.155 g sodium acetate (C-HsNaO-,
Scharlab) and glacial acetic acid (C2H4O:, Scharlab), 20 mM ferric chloride hexahydrate
(FeCls-6H20, Merck, 236489), 10 mM TPTZ in 40 mM HCI (CisHi2Nes, Merck, 93285), Trolox
(C14H1804, Merck), sodium acetate (C:HsNaO-, Scharlab), vanillin (CsHsOs, Sigma-Aldrich,
CAS 121-33-5), sulfuric acid (H2SOa, Scharlab, AC20691000), oleanolic acid (CsoHazOs,
Merck, 42515), methanol (CH4O, Scharlab), dichloromethane (CH:Clz, Scharlab), sodium
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sulfate (NaSOs, Scharlab), anhydrous sodium sulfate (Na.SOa, Scharlab, SO06641000), ethyl
tetrabromo-phenolphthalein (C20H10BrsO4, Merck, 86778), p-toluenesulfonic acid monohydrate
(CsHsSOsH-H20, Merck, 402885), disodium phosphate (Na2HPOa, Scharlab, SO03370500),
monosodium phosphate (NaH2POs, Scharlab, SO03301000), BCA protein assay kit (Thermo
Scientific, BCAL1), sunflower oil (Mercadona), and sodium dodecyl sulfate (SDS, Ci2H2sSO4Na,
Scharlab).

3.3 Sample preparation, Fungi inoculation and SSF
Considering the experimental part, the process of Solid-State Fermentation is represented in

Figure 3.1.

SOAKING (Ammollo) ALLOCATION PRETREATMENT - [The Variable Phase]
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Fig 3.1: Schematic representation of the preparation steps for the SSF

Image generated using a generative Al system (Google Gemini, 2026)
As described in the previous chapter, this project adopted an alternative approach to traditional
debittering, based on soaking the seeds in water for 24 hours (10 L per kg of seeds). This step
was crucial, as it brought the lupine seeds to approximately 65% moisture content (w/w),
ensuring uniform hydration, improved nutrient accessibility, and optimal microbial growth.
After soaking, the excess water was removed, and 90 g of lupine seeds were transferred into
each microbox. For each pretreatment, a total of 24 microboxes are prepared, corresponding to
3 independent samples per day of fermentation across 8 fermentation days (0, 2, 4, 6, 8, 10, 12,
14). After this allocation, each microbox was subjected to its respective pretreatment (no
pretreatment, PEF, or HPU).
The last step that occurred before the inoculation of the P. ostreatus was the sterilization step,

where the samples were sterilized by autoclaving at 121 °C for 15 minutes.
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Following sterilization, the seeds were allowed to cool to room temperature before being
inoculated with the fungus P. ostreatus. The study employs the P. ostreatus M2181, a mycelium
widely used in solid-state fermentation research, obtained from a commercial culture and stored
at 4 °C until use.

All manipulations were carried out in a laminar flow hood, with a lit Bunsen burner and using
previously sterilized materials to prevent any contamination. Each microbox received 3.45 mL
of mycelium, applied drop by drop evenly over the seeds.

After inoculation, each microbox was placed in an incubator at 28 °C and removed at the
predetermined time points for each box, allowing the evaluation of the effects of both
fermentation duration and the pretreatment applied.

The effects of the different days of fermentation for the PEF samples are represented in Figure
3.2.

Fig 3.2: Evolution of SSF with P.ostreatus in lupine seeds pretreated with PEF

3.4 Technical pretreatments (PEF and HPU)

The main concept of this project is to evaluate the results of the SSF over the days and over the
different pretreatments applicated to the samples. For this reason, is essential to improve and to
ensure the reproducibility for each kind of pretreatment (CTRL, PEF and HPU).
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The CTRL condition simply involves skipping the technological pre-treatment step, whereas

different specific procedures are applied for the other technological treatments.

3.4.1  Technological setup of PEF

After the soaking and after the allocation of seeds in each microbox, the lupine seeds subjected
to Pulsed Electric Field (PEF) pre-treatment were exposed to an electric field strength of
approximately £6 kV/cm. A total of 300 pulses is applied at a frequency of 10 Hz, with a pulse
width of 24 ps and a power of 3000 W.

For each treatment cycle, 15 g of seeds and 30 mL of distillate water were placed in the
treatment chamber prior to pulse application. The treatment was carried out using an
EPULSUS-BM1A-12 system (EnergyPulseSystems, Lisbon, Portugal).

The experimental setup used for the PEF pre-treatment of lupine seeds is shown in Figure 3.3.

(b)
Fig 3.3: (a) Structural chamber for PEF application. (b) Electrodes for PEF

3.4.2  Technological setup of HPU

After the soaking and after the allocation of seeds in each microbox, the lupine seeds subjected
to HPU pre-treatment were processed in batches. For each ultrasonic step, 80 g of seeds were
placed into the reaction vessel containing 400 mL of distilled water. The ultrasonic probe
(sonotrode) was submerged into the liquid to a depth of approximately 3 cm.

The seeds were then exposed to a continuous ultrasonic field (100% duty cycle) at maximum
amplitude (100%), with a constant power output of 185 W for a duration of 10 minutes.

The process temperature was strictly controlled at a setpoint of 50 °C. Whenever this threshold
was exceeded, cooling water at 4 °C was automatically circulated through the container's
cooling coil to dissipate the heat generated by acoustic cavitation and maintain isothermal

conditions. The ultrasonic pre-treatment was performed using a Hielscher UP400St High-
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Power Ultrasound (HPU) processor, a state-of-the-art device with a maximum power capacity
of 400 W. This system was specifically used to facilitate the subsequent fermentation process
by partially breaking down the lupine cellular matrices.

The experimental setup used for the HPU pre-treatment of lupine seeds is shown in Figure 3.4.

Fig 3.4: Setup and application of HPU on lupine seeds

3.5 Analytical determinations

After the fermentation process, all samples were frozen at —25 °C and subsequently lyophilized
for three days. The freeze-drying was carried out using a lyophilizer (LyoMicron, Coolvacuum)
operating at a vacuum pressure of 0.065 mbar, with the condenser maintained at approximately
—85 °C. After lyophilization, each sample was homogenized by grinding with a mill (KG210,
DeLonghi) until a fine powder was obtained. This powdered material was then used for the
various analytical determinations.

To evaluate the effectiveness of the fermentation process and the impact of the different pre-
treatments, several key parameters were monitored throughout the fermentation period. First, it
was important to quantify the total amount of glucosamine produced, that is directly connected
to the growth of the fungi P. ostreatus during the time. In addition, the evolution of both soluble
and total protein content in the lupine seeds was analysed during fermentation in order to assess

potential improvements in these important nutritional parameters.
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Furthermore, to better evaluate the efficiency of the fermentation process, the trends of the main
antinutritional compounds naturally present in lupine seeds were also investigated, including
alkaloids, saponins, and polyphenols. Antioxidant activity and fat content were also determined
to provide a more comprehensive evaluation of the biochemical changes occurring during

fermentation.

3.5.1  Glucosamine determination

Chitin is a key structural polysaccharide present in the cell walls of filamentous fungi such as
P. ostreatus. It represents an ideal marker for the quantification of fungal biomass because it is
almost exclusively found in fungi, providing high specificity. Chemically, chitin is a polymer
of N-acetylglucosamine that, upon acid hydrolysis, releases glucosamine. Following the
method applicated in Sanchez-Garcia et al. (2022), the amount of glucosamine released from
chitin can be used to estimate fungal biomass. In this study, the released glucosamine was
quantified using a spectrophotometric method.

For the analysis, 100 mg of sample were weighed for each replicate, and 2.4 mL of 72% H2SO4
were added. The strong acid promotes the hydrolysis of chitin in the fungal cell wall, leading
to the release of glucosamine. The samples were then incubated at 25 °C for 24 h to allow the
hydrolysis to proceed. After incubation, the samples were diluted with 55 mL of distilled water
and subsequently autoclaved at 121 °C for 15 min. This high-temperature treatment ensures the
completion of the acid hydrolysis, allowing the complete release of glucosamine and enabling
a more accurate quantification of fungal biomass.

Following hydrolysis, the pH of the samples was neutralized to pH 7 using 10 M NaOH and
0.5 M NaOH, as the colorimetric assay requires neutral conditions. The total volume of each
sample was measured. After pH adjustment and the volume quantification, 1 mL of each sample
solution was transferred to a new tube and mixed with 1 mL of acetylacetone reagent (prepared
with 1 mL acetylacetone in 50 mL of 0.5 M sodium carbonate solution). The mixtures were
then incubated at 100 °C for 20 min.

After incubation, 6 mL of ethanol and 1 mL of Ehrlich reagent (2.67 g of p-
dimethylaminobenzaldehyde dissolved in an ethanol: HCl solution, 1:1 v/v) were added to each
sample. The solutions were thoroughly mixed using a vortex mixer and incubated at 65 °C for
10 min to allow colour development. After cooling, the absorbance was measured at 530 nm
using a spectrophotometer. The absorbance values were used to determine the glucosamine
concentration, which served as an indirect estimate of fungal biomass.

For the quantification of glucosamine content, a calibration curve (Figure 3.5) was prepared
following the procedure described above,but replacing the hydrolysed sample with known

concentrations of N-acetyl-D-glucosamine ranging from 0 to 0.05 mg/mL.
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Curve of Calibration Glucosamine
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Fig 3.5: Curve of calibration for glucosamine analysis

The results were expressed as milligrams of glucosamine per gram of dry sample.

3.5.2  Total proteins
The total protein content of the samples was determined using the Dumas method (AOAC
992.23) with a LECO CN628 analyzer. Nitrogen content (%N) was measured, and crude protein

content (%CP) was subsequently calculated using the standard conversion factor of 6.25.

3.5.3 Alkaloids

For the determination of alkaloids content, the method utilized in Garzera et al. (2010) was
employed. In this method the determination of alkaloids is based on an acid—base titration, a
volumetric method in which p-toluenesulfonic acid acts as the titrating reagent and reacts with
the alkaloids present in the sample. As the acid is added, the alkaloids are progressively
protonated, resulting in a change in the pH of the solution. The endpoint of the titration is
detected using a colorimetric indicator (ethylbromo-phenolphthaleinate), which undergoes a
color change when all the alkaloids have been protonated, indicating that the titration is
complete.

Considering the extraction phase, for each replicate, 0.25 g of sample was extracted with 7.5 mL
of 0.5N HCI. The mixture was agitated magnetically for 30 minutes and centrifuged at
10,000 rpm for 10 minutes. The supernatant was collected, and the pellet was resuspended in
an additional 7.5 mL of 0.5 N HCI, agitated for another 30 minutes, and centrifuged again under
the same conditions. The second supernatant was combined with the first. After this, the ph of
each solution was adjusted at 10 with NaOH 4N. Successively for each solution 12.5 mL of
dichloromethane were added. After a centrifugate at 7200g for 15 minutes the organic phase

was recovered. The addition of dichloromethane to the aqueous phase and the centrifuge were
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repeated and the new organic phase was combined with the first. A filter with anhydrous sodium
sulphate and glass wool was created and used to absorb any remaining water present in the
organic solution, as showed in Figure 3.7. The last step of the extraction was the evaporation of

dichloromethane, obtained leaving the samples in the oven at 40 °C for one night.

Fig 3.7: Filtration of organic phase for alkaloids extraction

After the extraction, the titration was carried out by dissolving the organic sample in 5 mL of
methanol. Three drops of the indicator (ethylbromo-phenolphthaleinate) were added and
thoroughly mixed with the solution. The main part of the analysis consisted of adding the
titration solution (194 mg of p-toluenesulfonic acid in 100 mL of methanol) drop by drop until
a colour change from blue to yellow was observed. When the yellow colour remained stable,
the titration was considered complete.

The volume of titrant used was considered proportional to the total alkaloid content in the
sample, as one equivalent of acid reacts with one equivalent of alkaloid. From this, the total
alkaloid content can be calculated and expressed as lupanine equivalents, using lupanine as the
reference compound.

The total alkaloid content was expressed as g of lupanine per 100 g of sample, assuming that

each lupanine molecule contains a single basic equivalent capable of reacting with the acid.

3.6.4  Saponins

For the determination of saponins content the method utilized by Navarro de Hierro ef al. (2018)
was used. This method uses 8% (v/v) vanillin as a chromogenic reagent, which reacts with the
sapogenin portion of the saponins to produce a coloured complex.

For each replicate, 0.33g of sample was extracted and added to 10 mL of distillate water.
Subsequently, 30 minutes of magnetic agitation and 10 minutes of centrifugation at 6000 rpm

were applicated. After that, the supernatant with a dilution 1:30 was extracted.
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For the analysis, 100 pL of sample was mixed with 100 pL of 8% (v/v) vanillin and 1 mL of
H>SOa. The solution was then placed in an oven at 60 °C for 10 minutes to allow the reaction
between vanillin and the sapogenin portion of the saponins. After cooling, quartz cuvettes were
used to withstand the acids and organic solvents, and the absorbance was measured at 540 nm
using a spectrophotometer.

For the quantification of saponin content, a calibration curve (Figure 3.8) was prepared using
different concentrations of oleanolic acid in ethanol as the standard reference (ranging from 0
to 1.25mg/mL)
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Fig 3.8: Curve of calibration for Saponins analysis

The results were expressed as grams of oleanolic acid per gram of dry sample.

3.5.5  Polyphenols and Antioxidant activity

Polyphenols are among the key antioxidant components of the sample, contributing to 