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Ctte dolvoire, the worl dodos | eading pt
output of 1.5 million tons in 2025, aims to strengthen its local processing capacity
and enhance the value of this strategic agemurce. While cashew nuts receive
significant industrial attention, the cashew apple remains largely underexploited
despite its considerable nutritional, functional, and nutraceutical potential, and a
biomass nearly ten times greater than that of the nut. The solid residue generated
from cashew applpiice extractiorknown as cashew apple bagasse (CAB) is one of
the most abundant hyoducts of the cashew industry, particularly in tropical
regions. This makes CAB a promising raw material for the development of high
value natural ingredients.

The general objective of this thesis is to develop an innovative valorization
strategy for CAB through the fractionation of its natural constituents, with a
particular emphasis on the protgioh fraction and its interactions with
polysaccharides. This approach aims to uncover the tdametonal potential of
these components while elucidating their stru¢tiunection relationships within
complex natural extracts. The research was structured around four aims: (i)
optimizing protein extraction, (ii) identifying and understanding a native piotein
polysaccharide complex (PPC), (iii) establishing the impact of process on a novel
native PPCs and (iiii) characterizing its structural, physicochemical, and techno
functional properties using a mu#inalytical approach.

The first part of this study led to a major discovery: the identification, for the first
time, of a native arabinogalacigrotein (AGP)type complex in CAB. Converging
evidence from monosaccharide profiligTIR spectra, *H NMR signals, as well as
HPSEC coupled to Rl and UV detection, collectively demonstrated the systematic
co-extraction of proteins and polysaccharides and confirmed the existence of an
intimately associated molecular complex. This fundamental finding redirected the
research toward an-aepth structural and functional characterization of this natural
PPC because of its scientific originality and potential industrial relevance.

The second part investigates process intensification using ultrasound. This green
extraction technology significantly increased extraction yield while inducing
controlled structural modifications within the PPC. Ultrasound treatment promoted
disaggregation, exposure of functional groups, and molecular rearrangements, which
together enhanced key functional properties, particularly -temg emulsion
stability.
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The final part of the thesis examines the combined effect of temperature and
ultrasound. A comparative analysis of PPCs extracted at 40 °C and 55 °C, with or
without ultrasound, revealed a clear shift in dominant mechanisms. At 40 °C,
ultrasound induced moderate physical rearrangements, leading to partial protein
unfolding and increased exposure of reactive hydrophobic groups, resulting in a
flexible and amphiphilic PPC with excellent emulsifying performance. At 55 °C,
however, the combination of heat and ultrasound intensified hydrophobic and
covalent interactions such as polyphenol oxidation and irddeg producing a
more rigid and reticulated network with thermresistant gelike behavior. These
contrasting structures highlight the ability to finsne PPC functionality through
process conditions.

Overall, this thesis provides four major contributions: (i) the first identification of
a natural, functionally active protéipolysaccharide complex from CAB; (ii) the
demonstration that moderate ultrasound optimizes the balance between extraction
yield, structural integrity, and interfacial performance; (iii) the mapping of
synergisticor antagonistic thermsonication effects on PPC composition, structure,
and functional properties; a ni struct(ré v )

t h

functionodo conceptual framework to guide

high-value multifunctional natural ingredients.

Beyond its original scientific contribution, these findings open promising
perspectives for the development of sustainabléobs®d ingredients and contribute
to strengthening a circular bioeconomy within the cashew value chain in West
Africa.

Keywords: Arabinogalactanprotein; Cashew apple bagasse; Prdtein
polysaccharide complex; Circular economy; Green extraction; Natural hydrocolloid;
Interfacial properties; Procésgructuréfunction relationship; Emulsion stability;
Thermasonication; Bioproduct valorization.
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L a Ctte doéol voire, premier producteur
production estimée a 1,5 million de tonnes en 2025, ambitionne de renforcer ses
capacités locales de transformation et de valoriser davantage cetiessgnarce

strat ®gi que. Al ors que |l a noix de <caj
pomme de cajou demeure largement ssdoitée malgré son important potentiel
nutritionnel, fonctionnel et nutraceut

supérieure a celle de la noix. Le résidu solide isdu @ee x t r a cde la pommel u |
de cajou, appel ® bagasse de po nmpmoduitde ¢
les plus abondants de la filiere, notamment dans les zones tropicales, ce qui en fait

une mati re premi re prometteuse pour
haute valeur ajoutée.
L6bobjectif g®n ®r al de cette th se es

valorisation de la BPC a travers le fractionnement de ses constituants naturels, avec
un accent particulier sur la fraction riche en protéines et ses interactions avec les
polysaccharides. Cette approche vise a exploiter le potentiel témhctonnel de

ces composants tout en éclairant leurs relations strefctoren ct i on au s ei

naturels compl exes. Le travail de rech
: (i) optimiser | 0extraction prot®i que
protéindpol ysaccharide (CPP), (iii) d®term
sur le nouveau CPP natif, et (iv) caractériser ses propriétés structurales, physico
chimiquesettechhrbonct i onnel |l es ~ |-analytigue. db6une
La premi re partie de | 6®tude a condul

pour |l a premi re fois, d 6 un -pcoimep(AGPX e n
dans la BPC. La convergendeb anal yses de compogsdeti on
spectres FTIR, de signaux RMN T1TH, ain
détecteurs RI et UV, a permis de démontrercégextractionsystématique des
prot® nes et des polysaccharides et co
intimement associé. Cette avancée fondamentale a orienté les travaux vers une
caractérisation approfondie du nouveau complexe prep&hsaccharide naturel en
raison de son originalité scientifique et de son potentiel industriel.

La deuxi me partie soO6int®resse °~ I 6
ul trasons. Cette technol ogi e consid
significativement |l es rendements dobext

structurelles contrélées au sein du CPP. Le traitement ultrasonique a favorisé la
d®sagr ®gation, | 6exposition de group
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mol ®cul ai res, qui se sont traduits par |
notamment la stabilité émulsifiante a long terme.

La derni re partie de |l a th se examine
ultrasons. Léanal yse comparative de CPP
ultrasons, a mis en évidence un changement net des mécanismes dominants. A 40
AcC, | application déultrasons i nduit (

conduisant a un dépliement partiel des protéines et a une exposition accrue de
groupes hydrophobes réactifs, donnant lieu & un CPP flexible et amphiphile

pr ®sentant ddébexcell entes performances @
combinaison chaleiinltrasons accentue les interactions hydrophobes et les liaisons
coval ent es, notamment via | 6oxydation de

générant un réseau plus rigide et réticulé qui pourrait étre idéal pour des structures
nécessitant stabilité thermique et résistance mécanique (comportement gélifiant
thermorésistant. Ces structures contrastées illustrent la possibilité de moduler de
maniere ciblée la fonctionnalité du CPP par le contrdle des conditions de procédé.

Au total, cette thése apporte quatre contributions majeures : (i) la premiére
identification doéun c¢ o nipdysaackaride sduidd la f on c
BPC ; (ii) l a d®monstration gue l ul tr
| 6®quil i bre entre rendement doextracti c
interfaciales ; (iii) la mise en évidence des effets synergiquestagonistes de la
thermaosonication sur la composition, la structure et les propriétés fonctionnelles du
CPP ; et (iwv) | 6 ®t abl i s s e nseucttréfahdlian» c adr
dédié a la valorisation intégrée de la BPC en ingrédients naturels multifonctionnels a
haute valeur ajoutée.

Au-dela de sa contribution scientifique originale, ces résultats ouvrent des

perspectives prometteuses pour | e d®velc
et contribuent au renforcement dobéune bic
val eur de | a cajou en Afrique de | 06Quest

Mots-clés: Arabinogalactangrotéine; Bagasse de pomme de cgjd@omplexe
protéinepolysaccharide; Economie circulaire; Extraction verte; Hydrocolloide
naturel; Propriétés interfaciales; Relation proeguiécturefonction; Stabilité des
émulsions; Thermaonication; Valorisation de bioproduits.
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Chapter 1General introduction

Chapter 1. General introduction

1.1.Context

The cashew treeApacardium occidentald..) is a major tropical species that
produces a fruit composed of two edible parts: the cashew nut and the cashew apple,
the latter being an enlarged peduncle. To date, cashew cultivation has been primarily
focused on nut production, even though the cashew apple represents approximately
nine to ten times the nutds weight. L
neglected and treated as waste in many producing re{l@amiello-Rosa et al.,

2019) The main product derived from the cashew apple is its ji#ogho et al.,
2011) while the solid residue generatedter juice extraction, known as cashew
apple bagasse (CAB), remains largely underutilized. Representing nearly 20% of the
total fruit mass, this bagasse accounts for about 9.2 million tons-pfdocts
annually worldwide, thus offering considerable potential for valorization. CAB is
known to be rich in carbohydrates, ascorbic acid, antioxid@ibga et al., 2018;
Fonteles et al., 2016; Patra et al., 202i)d proteins(8i 22%) (Cruz Reina et al.,
2022;Kouassi et al., 2018making it a promising source of higlalue functional
biomolecules.

Cashew apple residues are among the most abundant solid wastes generated by the
cashew nut and juice industries in trc
The mobilization of this c@roduct is fully aligned with Ivorian circular
bioeconomy strategies, notably through the Center for Bioresource Valorization at
Universit® P®I ® oro Gon Coulibaly (UP
initiatives aimed at better exploiting this value chain and enhancing its local
economic impact.

This thesis aims to develop an innovative valorization pathwagZ## through
fractionation, in order to exploit the techfnctional potential of some of its
constituents, with a particular focus on the protein fraction. During this work, a
novel natural complex between proteins and polysaccharides was discovered for the
first time, redirecting the research toward anl@pth physicochemical and structural
characterization of this system due to its originality and its high scientific and
industrial significance.

Moreover, this study fits perfectly within the current global demand for natural,
sustainable, and environmentally friendly materié@herian & Jacob, 2012)
Natural proteiinpolysaccharide complexes (PPCs), arising from molecular
interactions between proteins and polysaccharides, can play a crucial role in food
systems, particularly in the stabilization of emulsigRsy et al., 1995pnd the
enhancement of food texture and stability. Despite their importance, such natural
complexes remain rare in food industry: gum Arabic, an exudate Koatia
Senegalis the most studied and widely used natural emulg#igillips et al., 2008;
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Williams & Phillips, 2009) Other tree exudates, such as ghatti gum, and mesquite
gum, also display PR{ike structuregAlftrén et al., 2012; A. Singh et al., 2025)

Recent studies have reported natural PPCs from various biological sources,
highlighting the clear interest of a structural and functional diversity of complexes
derived from plantgCapek et al., 2009, 2010, 2013; Hay et al., 2024; Redgwell et
al., 2005; Tao & Zhang, 200&u et al., 2024)

1.2.Objectives

Building upon the aforementioned backgrouthek general objective of this thesis
is to develop an innovative valorization strategy for cashew apple bagasse through
the fractionation of its natural constituents, with a particular focus on the protein
fraction and its interactions with polysaccharides. This approach aims to uncover
and exploit the technfunctional potential of these components while understanding
their structural and functional relationships within complex natural extracts.

To achieve this central objective, the research was structured around four specific
objectives:

1. To optimize protein extraction from cashew apple bagasse as part of a
fractionation strategy designed to maximize the recovery and purity of the
proteirtrich fraction.

2. To identify a native proteirpolysaccharide complex (PPC) arising from
this extraction process, and to understand its compositional and structural
characteristics.

3. To establish the impact of process (ultrasound and temperature) on a novel
native PPCs.

4. To characterize the structural, physicochemical, and tefthmational
properties of the identified complex using a maltalytical approach, in
order to establish relationships between composition, structure, and
functionality.

Overall, this work seeks to provide fundamental knowledge on a new natural
hydrocolloid. By establishing the scientific basis of this PPC, it paves the way
for applied research that could contribute to the circular valorization of
agricultural byproducts, laying the groundwork for future innovations in food
science.
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Figure 1-1. Overview of the thesis structure.

The present manuscript is organized inioe chapters, and the research roadmap
is presented ifrig. 1-1. Chapter 1 describabe general introduction with a general
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overview including the context, the objectives, thesis roadmap, outline and the
content of each chapter.

Chapter?2 is the first part of the literature review. It establishes the scientific
landscape for the valorization of cashew apple bagasse (CAB), identifying its
underexploited potential as a source of nutritional and bioactive compounds. By
synthesizing the state of the art, it enables the strategic targeting of extraction
challenges and application opportunities, thereby providing the theoretical
framework and fundamental justification for the experimental investigations of this
thesis on the valorization of this{pyoduct.

Chapter3 is the second part of the literature review. This chapter provides a
structured synthesis of plabaised proteipolysaccharide complexes (PPCs): their
composition, organization, and the extraction processes. It briefly reviews the
combination of targeted analyses to confirm their existence and interactions and
their technefunctional properties.

Chapter4 is the first part of the experimental work. It presents the experimental
strategy of the thesis.

Chapter5 constitutes the fundamental discovery and strategic pivot of the thesis.
Initially focused on optimizing protein extraction, the study reveals that purity
remains limited (~18%) despite parameter optimization, signaling the systematic co
extraction of polysaccharides. This observation leads to a strategy shift: rather than
pursuing lengthy and laborious purification, the objective was reoriented towards the
characterization of the novel natural protpwlysaccharide complex (PPC) itself.
Through an irdepth multitechnique characterization (HPSEC, FTIR, NMR,
monosaccharide composition), this chapter establishes the structural foundations of
this novel natural hydrocolloid of the arabinogalagbaotein (AGP) type and
reveals its potential for emulsifying applications, validating the strategy of
valorizing the native complex rather than its isolated constituents.

Chapter6 shows how ultrasound enhances extraction and alters the structure of
proteiri polysaccharide complexes. It explains the key mechanisms involved
(disaggregation, exposure of functional groups, reorganization) and how these
changes strengthen their properties, particularly emulsion stability.

Chapter7 examines the effect of temperature as a complement to ultrasound. After
demonstrating that ultrasound at 40 °C modifies PPC structure and improves its
properties, and that increasing the temperature up to 55 °C boosts extraction yield,
this chapter investigates how 40 °C and 55 °C, with or without ultrasound, influence
the composition, structure, and functional performance of the PPC. The analysis
aims to identify the underlying mechanisms and to clearly link structural changes to
functional properties.

Chapter8 constitutes the general discussion of this thesis. It synthesizes all of the
results to draw a unified interpretation from them and situates the innovative
contributions of this work within its scientific context.

Chapter9 presents the conclusions and future perspectives.
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Description of Chapter 2

This chapter describéke pdential valorization of CAB for food applicatiaby
extraction of the bioactive compounds, fermentation of its compounds of interest
and formulation of food productsProviding the theoretical framework and
fundamental justification for the experimental investigations of this thesis on the
valorization of this byproduct.This work is an original contribution adaptédm
Zié, M., Alabi, T.,Karamoko, G., & Blecker, C. (2023). Valorization of cashew
apple bagassa food application: Focus on the use and extraction of nutritional or
bioactive compound$:ood and Humanityl, 848 863.
https://doi.org/10.1016/j.foohum.2023.08.002
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Chapter3. Literature review

Chapter 2. Cashewapple bagasse: a systematic review
of composition, extraction routes, and valorization
potential

2.1. Abstract

Cashew apple (CA) is one of the largest sources of residues produced by the
cashew agronomic industry. However, its use is limited, due to its rapid degradation,
which makes storageomplex Cashew apple bagasse (CAB), apogduct of this
apple after juice extraction, accounts for about 20% of its total weight. This by
product generates waste due to underutilization. Nevertheless, the bagasse presents
renewable and valuable reservoir of bioactive compounds. It appears as an
alternative to the production of a wide variety of food products with high added
value. In the present review, we discuss valorization of CAB for food application by
extraction of the bioactive compounds, fermentation of its compounds of interest
and formulation of food products. This review found that in view of the evolution of
food trends, the bproduct of CA after juice extraction has favorable nutritional and
sensory characteristics for new food formulation. CAB can be valorized using
optimized new methods such as microwave assisted extraction and ultrasound
assisted extraction, for efficient and selective extraction of its bioactive compounds.
Bagasse could be used as an ingredient in the development of functional, natural,
fiber-rich foods to bring hope to nowadays consumer market.

Keywords Bioactive compoundsby-product Cashew apple bagassxtraction
food nutrition.
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2.2.Introduction

The cashew treeAfacardium occidentalé.) is an important tropical tree that
produces a fruit with two edible parts including the cashew nut and the CA, an
enlarged peduncle. This tree is cultivated nowadays mainly for the cashew nut.
World cashew production was estimated at 4.6 million tons for the 2022/2023
seasor(Tridge, 2023) Obtaining this nut creates a-pyoduct, which is the CA. CA
represents 9 to 10 times the weight of the(Aliyereko et al., 2022; Soro, 201i%).
nearly 46 million tons of CAThis pseudo fruit is greatly underutilized, in most
cases considered as waste pro@uiamielloRosa et al., 2019)

The main causes that hinder the full utilization of CA are a short shelf life, poor
storage and limited information on other us@dnho et al., 2011)lack of
appropriate processing technologies and lack of farmer awareness of the potential
economic benefits of harvestin@Rawson et al., 2011)The low interest in this
biomass is also linked to its high perishability and its astringent taste, due to the
richness of CA in polyphenolic compoun(sbreu et al., 2005)Various methods
have been developed to improve the shelf life and sensory properties of whole CA.

A wide variety of preservation methods to overcome these drawbacks have been
studied in the literature by the authors listed below. These methods range from
chemical preservatives to high pressure processing, implementing physical,
biochemical and chemical methodas & Arora, 2017; Fonteles et al., 2016; Soro,
2012)

CA is known to contain both medicinal and nutritional components such as
vitamins, which are up to six times higher than orange juice, as well as other
phytochemicals necessary for growth and development (primarily carotenoids ,
flavonoids, anacardic acid and tannins), minerals and dietary {ibass & Arora,

2017) The apple has found application in food systems as pure juice, juice blends,
jam, syrup, pastries, ethanol, wine, and other vablded products in some
advanced countrigggbinadolor et al., 2017)

The main product of CA is juicgSantos et al., 2008s observed in BrazfPinho
et al., 2011) Thus, most of the research available in scientific literature has been
conducted on juice. CA is very juicy (85 to 90% of water), sweet (7 to 13% of
carbohydrates), slightly flavored and acidi@utié et al., 2001)It is also very rich
in vitamin C and polyphenolg@degunwa et al., 2020 Clarification of apple juice
impoverishes it compounds such as, vitamins, polyphenols and pr(Seirtset al.,
2017) Antioxidant richness of CA juice could contribute to reduce of incidence of
degenerative diseases such as accelerated aging, cancer, arthritis, arteriosclerosis,
heart disease, inflammation, dysfunction of the brain,(E&skanich et al., 2020)

The byproducts of juice extraction of CA called CA bagasse, CA pomace (CAP)
or CA fiber (CAF) are undervalued. CAB represents about 20% of the weight of the
CA, so a significant value of bagasse is produced, which could be a great potential
for its valorization. These products can also add value to CA after juice extraction
for beverage. As lignocellulosic raw material, it appears as an alternative to ethanol
production (Rocha et al., 2009and a potential source of xylitol production

12
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(Kouassi, 2018)Pretreatment is also required to use CAB in bioconversion for the
production of ethanol, which represents a promising alternative fuel to reduce waste
and environmental problenfRocha et al., 2009)

Studies have shown that CAB is used as nutritional supplement for animal feed in
some countries, but it still remains discarded and treated as garbage, which has a
negative impact on the environmégsparza et al., 2020; Sucupira et al., 2G20)
leads to important foofGuedesOliveira et al., 2016)

Indeed Oliveira et al. (2020¢arry out a technological prospection in the databases
of patents and scientific articles mapping the applications of CAB and cashew gum.
After analyzing patents and scientific papers, they showed that up to their article
writing no patents have been found on the use of CAB. On the other hand, the first
scientific article on bagasse was published in 2007 accordir@liteira et al.
(2020) Until 2018, only researchers of three countries had published on the subject,
distributed as follows: 25 publications for Brazil, 2 publications for China and 1 post
for India. Regarding the research sectors, 9 publications concerned biotechnology, 7
agriculture, 7 engineering, 3 food technologies, 2 Pharmaceuticals (Medicine), 1
Energy and 1 Veterinary.

From 2020 to 2023, there has been growing interest in G/AB Walraven &

Stark, 2023). The main valuations of CAB are ndood but there remains a big
food potential to determingvhich is the objective of this article.

In the literature, severatudieshave been done on CAB. However, few synthesis
articles exist on CA byroducts, including only one recent review, which focuses
on the food sectofvan Walraven & Stark, 2023)n this article, the authors talk
about food waste and present a general overview of CA composition, composition of
new formulations using CA and CAP and changes in physical properties of new
products.

However, to our knowledge, a restricted description focused only on bagasse in the
food sector and the extraction of its compounds based on nutritional potential are
still not available in the literature.

Our objective is to propose a review article on the compounds of interest of CAB.
We will focus on bagasse, which has been less developed, and present three of the
most used and most promising valorization paths in thefaggli industry, which are
of great importancé/e will talk about its nutritional values, the extraction of some
compounds and its use in food formulations.

2.3.CAB as food waste

The last decade has unveiled a prodigious advance in the food industry, making it
one of the fastest growing segments across the world. Food safety and food waste
management issues are the main challenges facing this sector. Food waste is mass
produced and underused worldwithéirmal et al., 2023) CA is one of the major
solid wastes generated by cashew nut producers and CA juice industries in several
countries. It is discarded into the environment and thereby cdagituironmental
challenges. These wastes are currently less used for-addigel processes due to
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limited research focusing on the possible conversion of cashew wastes into other
valuable products. In some countries such as Céte d'lvoire, they are dumped as solid
wastes. Therefore, the research of new, environmentally friendly methods to manage
this problem is a great concefiaran et al., 2014)The management of this waste
requires a nutritional approach such as knowledge of the nutritional composition
(Kouassi et al 2018), fermentation, extraction and elaboration of high value
compounds. Due to their nutritional composititime valorization of CA waste into
valuable products offers great scope for utilization and would also create more
income for farmers, and food processors. In fact, the nutrition composition
highlights the potential for valorization by reducing environmental impacts of the
waste(Prakoso & Mubarok, 2021)

2.4. Nutritional potential of cashew apple bagasse

The bagasse studied come either from the juice industries or from artisanal
processes or from research studies. To obtain the CAB, the nut is first detached from
the apple. Then, depending on the studies and the indystizdss, there are
various treatmentSucupira et al., 2020he apples are either disinfected and/ or
washed(Kouassi et al., 2018)r blanched/Akubor et al., 2014)treated with hot
water, or washed with a saline solution followed by juice extraction using a blender
or presgEbere et al., 2015Fig. 2-1 shows the process of obtaining fresh CAB and
CAB powder (CABp).
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Cashew fruits
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Figure 2-1. Process of obtaining cashew apple bagasse powder (created with
BioRender.com)

The data in the literature relate either to fresh bagasse or dry bagasse, which is a
way of stabilizing the conservation of CAB, which reduces humidity and shows an
increase in compositioméble 2-1).

Different nutritional evaluations have demonstrated the rich composition of CAB
in macro and micronutrients as well as in bioactive substameése 2-1 proposes
an overview of its nutritional qualities. Several factors such as the growth region,
climate, cultural practices factors, maturity at harvest, storage atmosphere and
storage conditionfDrake et al., 2002are known to affect the composition of CAB.
This may justify the slight variations observed in the composition of the CAB
analyzed in the different studies listed in all the tables bel@ablé 2-1 to 2-4).

The fresh CAB shows moisture contents between 58 and 78.76% and for the dry
CAB between 3.55 and 9.29%. Carbohydrates composition of CAB ranges from
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13.94 to 19.03% and from 27.68 77.5% for undried and dried CAB respectively.
This is the main constituent of the CAB, whetheris dried or not. These
carbohydrates are dominated by total dietary fiber in which the principal fraction is
insoluble dietary fibers. Pectin, which varies fronto811%, is widely used in the
formulation of products in the pharmaceutical, and food set3arstos et al., 2020)

The second constituent is proteins content that ranges from 1.83 to 22.66%
depending on the dry or fresh weight basis or if CAB is dried or not. These
variations may be attributed to differences in the varieties of each CAB and samples
pretreatment method.

Table 2-1. Chemical composition of cashew apple bagasse

Components  Compositions Unit Type of References
bagasse
Moisture 58.0 £ 00* % Not dried (Kuila et al., 2011)
71.04 + 0.65* (Nurerk & Junden, 2021)
78.76 £ 0.41* (Matias et al., 2005)
3.55 + 0.20* Dried
9.29 + 0.07* (Lima et al., 2012)
5.14 + 0.48* (Sancho et al., 2015)
9.25 £ 0.38* (GuededDliveira et al.,
2016)
8.40 £ 0.01* (Silva et al., 2018)
6.5+ 0.3* (Medeiros et al., 2020)
8.26 + 0.01** Dried R-Y (Kouassi et al., 2018)
9.27 £ 0.03** Dried R
9.07 + 0.06** Dried Y
Carbohydrate:! 13.94 £ 0.03* % Not dried (Nurerk & Junden, 2021)
26.79- 47.41* mg/100 Dried RV (Nagaraja et al., 2007)
27.68- 58.83* mg Dried
GAV
445 + 0.4** % Dried (Medeiros et al., 2020)
77.5+0.03* (Akubor et al., 2014)
Sugars 7.68 + 0.63* mg/100 No dried (Matias et al., 2005)
16.86 + 0.28* 9
2.24 + 0.09* % Dried (GuedesDliveira et al.,
2016)
0.21- 1.51* mg/100 Dried RV (Nagaraja et al., 2007)
0.17- 2.89* mg Dried
GAV
Reducing 7.25*% % Not dried (Kuila et al., 2011)
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sugar 6.84 + 0.78* mg/100 (Matias et al., 2005)
13.32 + 0.30* 9 Dried
0.56 + 0.02* % (Lima et al., 2012)
36.00 £ 0.01* g/L (Sancho et al., 2015)
14.85 + 0.27* (Padilha et al., 2020)
Glucose 0.25* % Not dried (Rodrigues et al., 2007)
9.29 + 0.28* g/L Dried (Padilha et al., 2020)
Crude fiber 11.79 £ 0.16* % Not dried (Nurerk & Junden, 2021)
33.10 £+ 0.75* (Matias et al., 2005)
11.64- 18.30* mg/100 Dried RV (Nagaraja et al., 2007)
11.03- 18.74* mg Dried
GAV
41.53 £ 0.24* % Dried (Matias et al., 2005)
76.20 £ 0.10* (Guedegliveira et al.,
2016)
35.0 £ 0.1* (Medeiros et al., 2020)
Soluble 8.08 £ 0.21* % Not dried (Nurerk & Junden, 2021)
dietary fiber 8.0 + 0.4** Dried (Medeiros et al., 2020)
Insoluble 91.92 + 1.22* % Not dried (Nurerk & Junden, 2021)
dietary fiber 27.0 £ 0.01* Dried (Medeiros et al., 2020)
Pectin 9.28 + 0.77** % Dried R-Y (Kouassi et al., 2018)
10.11 £ 0.48** Dried R
8.56 + 0.36** Dried Y
11.2 £ 2.58** Dried O (Reina et al., 2022)
10.3 £ 1.80** Dried Y
Starch 15.09 + 1.31* % Not dried (Preethi et al., 2021)
4.28* Dried (Kuila et al., 2011)
Proteins 1.83 % Not dried (Rodrigues et al., 2007)
2.75+0.08* (Nurerk & Junden, 2021)
1.83+1.72* (Matias et al., 2005)
3.25+0.31* Dried
22.66 + 1.49* (Preethi et al., 2021)
9.9 +0.1* (Medeiros et al., 2020)
10.09 + 0.25* (GuededQliveira et al.,
2016)
18.73- 31.11* mg/100 Dried RV (Nagaraja et al., 2007)
17.22- 31.58* mg Dried
GAV
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16.31 + 0.08** % Dried R-Y (Kouassi et al., 2018)
16.83 + 0.05** Dried R
18.20 + 0.02** Dried Y
8.69 + 0.05** Dried O (Reina et al., 2022)
9.13 £ 0.05** Dried Y
Lipids 5.22* % Not dried (Rodrigues et al., 2007)
0.31+£0.12* (Nurerk & Junden, 2021)
0.38+£0.73* (Matias et al., 2005)
1.3 +0.39* Dried
2.49 £ 0.01* (Sancho et al., 2015)
1.72 + 0.07~* (GuedesDliveira et al.,
2016)
2.2 £0.0* (Medeiros et al., 2020)
7.59 + 0.37* DriedR-Y (Kouassi et al., 2018)
10.47 £ 0.05** Dried R
12.06 + 0.02** Dried Y
Ash 1.07* % Not dried (Kuila et al., 2011)
1.62 £ 0.07* Dried (Correia et al., 2013)
1.41 +0.07* (Sancho et al., 2015)
0.74 £ 0.10* (Guedeliveira et al.,
2016)
1.08 + 0.06* (Silva et al., 2018)
2.2+ 0.1* (Medeiros et al., 2020)
1.92 + 0.04* (Preethi et al., 2021)
3.71+£0.11* Dried R-Y (Kouassi et al., 2018)
2.22 + 0.06** Dried R
2.20 £ 0.09** Dried Y
1.510 + 0.008** Dried O (Reina et al., 2022)
1.480 + 0.016** Dried Y
Volatile 0.17 + 0.05* % Not dried (Nurerk & Junden, 2021)
32.04* Not dried (Kuila et al., 2011)
65.65 + 0.56* Dried (Silva et al., 2018)
Energy 78.83 £ 0.32* kcal Not dried (Nurerk & Junden, 2021)
236.8 + 0.8** Kcal/10 Dried (Medeiros et al., 2020)
0
C 50.49 £ 0.49* % Dried (Silva et al., 2018)
H 5.73+0.03*
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N 141

**|n dry weight basis *Not in dry weight basis; R: Red; Y: Yellow; RV: Release Varieties; GAV:
Germplasm Accessions Varieties; O: Orange

Lipids come next varying from.88 to 1206% depending on if CAB is dried or
not. Lipids have a good fatty acid profil€able 2-2). Lipid profile consist of free
fatty acids, monoglycerides, diglycerides and triglycerides with contents of 44.06 to
57.11%, 1.55 to 3.71%, 19.77 to 26.84 % and 23.73 to 29.29 % respectively
(Kouassi et aJ 2018) Lipids are mainly unsaturated. According to the same author,
this fraction represents 75.64 to 77% and the various fatty acids found in the lipids
of the CAB are the same in olive pomace dllacumis amariseeds an#lippophae
rhamnoides Lpulp. The fatty acid profile shows that oleic aicsithe most abundant
fraction in the CAB with 64.10 to 65%, whichas many applications in food
industry. In view of monounsaturated fatty acids composition especially oleic acid
( -9) of CAB, its consumption would allow to decrease plasma triacylglycerol and
cholesterol concentrations in healthy normolipidemic subj&zacho et al., 2015)

Concerning the chemical composition of ashes, this fraction can contain minerals
such aszinc, iron, manganese, copper, boron, magnesium, calcium, potassium,
sodium and phosphorusTdble 2-2). The production and characterization of
incineration ashes from the CAB showed that these ashes represent only 3% of the
incinerated material. The chemical elements of CAB shown by energy dispersive X
ray analysis are C, O, P, K, Mg, S, Na, Al and Sita} diffraction and thermal
analyzes indicated that the most significant crystalline phases are KE€Q7%),
K2SQ (34.08%) and MgKP&@H.O (10.06%)(Sancho et al., 2015)hese results
indicate a possible use of this material as an imperishable source of potassium,
phosphorus and magnesium. This material can have many applications in the food
industry since its most abundant component is potassium bicarbonate, a compound
with multiple usegSantos et al 2007)

Table 2-2. Fatty Acid composition, mineral content and organic acids in cashew apple
bagasse

Fatty Acid composition of CAB

Components Compositions Unit Type of References
bagasse
Myristic acid C14:0 0.4* % Dried (Sancho et al.,
2015)
Palmitic acid C16:0 19.36- 20.77** (Kouassi et al.,
2018)
34.0* (Sancho et al.,
2015)
Stearic C18:0 1.98- 2.56** (Kouassi et al.,
Arachidic acid C20:0 0.44- 0.76% 2018)
Behenic acid C22:0 0.80- 0.95**
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Palmitoleic acid C16:1n7« 1.29- 1.45*

0.5* (Sancho et al.,
2015)
C18:1n7c 3.65- 3.94* (Kouassi et al.,
Oleic acid C18:1n9c  64.10- 64.69** 2018)
65.0* (Sancho et al.,
2015)

Linoleic acid C18:2n6¢c 1.80- 2.29** (Kouassi et al.,
Linolenic acid C18:3n3a  1.75- 2.43* 2018)
Eicosenoic acid C20:1n9 2.20- 2.65**

Mineral content in CAB

Zinc (Zn) 14.92 + 00* ppm Not dried  (Rodrigues et al.
2007)
0.01 + o0* mg/g Dried (Sancho et al.,
2015)
0.1 £0.02** (Medeiros et al.,
2020)
3.11 + 0.40% (Preethi et al.,
2021)
9.41 £ 00** mg/kg Dried O (Reina et al.,
9.87 + 00** Dried Y 2022)
Iron (Fe) 49.72* ppm Not dried  (Rodrigues et al.
2007)
0.02 + 00* mg/g Dried (Sancho et al.,
2015)
0.7 £0.02* (Medeiros et al.,
2020)
17.96 £+ 0.50* (Preethi et al.,
2021)
<59.5** mg/kg Dried O (Reina et al.,
<59.5%* Dried Y 2022)
Manganese (Mn) 14.82* ppm Not dried  (Rodrigues et al.
2007)
0.02 + 00* mg/g Dried (Sancho et al.,
2015)
1.84 + 0.03* (Preethi et al.,
2021)
Copper (Cu) 18.31* ppm Notdried  (Rodrigues et al.
2007)
0.3 + 0.04** pa/g Dried (Medeiros et al.,
2020)
41.92 £ 0.33* mg/g (Preethi et al.,
2021)
33.9** mg/kg Dried O (Reina et al.,
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26.1** Dried Y 2022)
Boron (B) 1.14 + 0.08* mg/g Dried (Preethi et al.,
2021)
Magnesium (Mg) 8.13* ppm Notdried  (Rodrigues et al.
2007)
1.03 + 0.04* mg/g Dried (Sancho et al.,
2015)
25+0.1* (Medeiros et al.,
2020)
4.45 + 0.25* (Preethi et al.,
2021)
Calcium (Ca) 0.34 £ 0.02* mg/g Dried (Sancho et al.,
2015)
26.10 + 6.05* (Preethi et al.,
2021)
7.4 +0.4% (Medeiros et al.,
2020)
Potassium (K) 83.50.1* mg/g Dried (Medeiros et al.,
2020)
4.92 £ 0.24* (Sancho et al.,
2015)
15.60 + 0.50* (Preethi et al.,
2021)
Sodium (Na) 0.25 + 00* mg/g Dried (Sancho et al.,
2015)
Phosphorus (P) 1.28 £ 02* mg/g Dried (Sancho et al.,
2015)
2.7 +£0.1* (Medeiros et al.,
2020)
15.33 £ 1.16* (Preethi et al.,
2021)
Organic acids in CAB
Oxalic acid 64.2 £ 1.74* mg/10 Dried O (Reina et al.,
749+ 269~ 09 Dried Y 2022)
Citric acid 698 + 60.6** Dried O
1385 + 269.8** Dried Y
Fumaric acid 58.2 + 0.38** Dried O
28.5 + 1.03* Dried Y
Lactic acid 5177 £ 536.1** Dried O
4803 + 370.8** Dried Y
Salicylic acid 251.6** Dried (Medeiros et al.,
Vanillic acid 19.4% 2020)
Myricetin 929.4**
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Quercetin 50.8**
Naringenin 23.6**
Hesperitin 9.0**

Chrysin 8.8**

**|n dry weight basis*Not in dry weight basis; O: Orange; Y: Yellow

Compared to other fruits, CAB exhibits a high ascorbic acid content, which,
together with other organic acids, contributes to its acidic ngftable 2-2).

Regarding structural carbohydrates, cellulose and hemicellulose content in the
CAB vary in a range of 14.234.93% and 8.261.65% respectivelyTable 2-3).
These variations could be explained by genetic differences, cultivation conditions,
and even to the analytical techniques ugteina et al., 2022)The relevance of this
fraction is related to the fact that it can be hydrolyzed into fermentable sugars to
produce xylitol(Narisetty et al., 2021)and organic acidBressani et al., 2020pr
incorporation into food formulation. Cellulose and its derivatives are used in the
food industry as food additive&ignin can also be valorized and further used for
obtaining substances such as vanillin, vanillin acid, Mactone, veratric acid, and
others(PovedaGiraldo et al., 2021)

Table 2-3. Lignocellulosic composition of cashew apple bagasse

Components  Compositions Unit Type of References
bagasse
Cellulose 14.25 + 00* g/100 Not dried (Kuila et al., 2011)
20.54 + 0.70* g Dried (Rodrigues et al., 2011)
18.31 + 0.07* (Lima et al., 2012)
20.56 + 2.19* (Correia et al., 2013)
21.45+0.31* (Medeiros et al., 2017)
20.56 + 2.19* (Silva et al., 2018)
34.7 £ 0.2* (Padilha et al., 2020)
19.21 + 0.35* (Rodrigues et al., 2011)
19.19 + 0.30** Dried R-Y (Kouassi et al., 2018)
18.00 £ 0.61** Dried R
19.92+ 0.36** Dried Y
25.3 £ 0.26** Dried O (Reina et al., 2022)
26.6 + 0.50** Dried Y
Hemicellulose 12.05+0.37*  @/100 Dried (Rodrigues et al., 2011)
27.18 £ 0.01* g (Lima et al., 2012)
10.17 + 0.89* (Correia et al., 2013)
10.96 + 0.31* (Medeiros et al., 2017)
10.17 £ 0.89* (Silva et al., 2018)
17.6 £ 0.2* (Padilha et al., 2020)
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41.12 £ 0.24* Dried R-Y (Kouassi et al., 2018)
51.65 + 0.11** Dried R
51.10 £ 0.18** Dried Y
28.4+0.27* Dried O (Reina et al., 2022)
26.8 + 0.54** Dried Y
Lignin 33.80£1.30* g/100 Dried (Rodrigues et al., 2011)
38.11 + 0.08* g
23,91 £ 0.02* (Lima et al., 2012)
35.26 + 0.9* (Correia et al., 2013)
35.39 £ 0.97* (Medeiros et al., 2017)
35.26 £ 0.90* (Silva et al., 2018)
41.4 £3.2* (Padilha et al., 2020)
4.86 + 0.23** DriedR-Y (Kouassi et al., 2018)
4.27 £ 0.41** Dried R
3.65 + 0.24** Dried Y
15.2 +1.22* Dried O (Reina et al., 2022)
18.2 £ 1.40** Dried Y
Extractives 7.79 + 0.60* g/100 Dried (Correia et al., 2013)
9.51 + 0.50* g (Medeiros et al., 2017)
6.5+0.2* (Padilha et al., 2020)
7.14 + 0.51* Dried O (Reina et al., 2022)
7.52 +0.28** Dried Y
Holocellulose 32.41£0.33* g/100 Dried (Medeiros et al., 2017)
g

**In dry weight basis*Not in dry weight basis; R: Red; Y: Yellow; O: Orange

Several studies investigated the functional properties of CAB over the years
(Table 2-4). Secondary metabolites such as phenolic acid, flavonaids,
carotenoids are natural antioxidants found in CAB. These compounds have been
applied in food science as coloring, flavoring, nutraceuticals and even active
packagingSilva et al., 2023)

CAB has a valuable wide range of biomolecules that potentially could be valorized
into foods applications. Bagasse has a high nutritional value and can be considered
as an excellent source of carbohydrates and vitani@o&ta et al., 2009)

Table 2-4. Functional properties in cashew apple bagasse.

Components Compositions Unit Type of References
bagasse
Phenols 20.70 + 0.34* mg Dried (Preethi et al., 2021)
AGE/g
13.20 + 0.04* mg (Sancho et al., 2015)

1.037.6 + 22.5** AGE/100g (Medeiros et al., 202C
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Proanthocyanidir

Anthocyanins
Flavonoids

Tannins

Carotenoids

Total antioxidant
activity

Antioxidant
activity ABTS

Antioxidant
activity DPPH

Oxygen radical
absorbance
capacity
Ascorbic acid

97.44 + 6.65*

49.80 + 0.22*
293 + 2.84**
265 + 3.88**
62.2 + 3.5**

2.46 + 0.01~*
46.9 £ 1.6**

0.45 + 0.005*
0.073- 0.412*
0.04-0.31*

299 + 3.09**
288 + 4.50**
4.5+ 0.3**
5.24 £ 0.37*

5.27 + 0.04*
1.71 +0.28**
4.72 + 0.60**
10.63 + 0.02*

17.80 + 0.05*
8.06 = 0.64**
7.17 £ 0.10**
49.76 + 18.96*

32.68 + 7.05*
20.3+0.7*

335 + 3.75*
405 + 19.4**
109.76 + 13.66*

31.92 + 2.31*
131.7 £11.9*

2.0 +£0.3*
65.25 £ 1.74*
30.49 + 0.06*

mg
PA2E/100 g
mg/100g
mg
CE/100g
mg CE/g
mg/100m
g

mg
TA/100g

mg/100g

1g/100g

mg
AAE/g
%

TE/g

UM TE/g

€ mo |l
TE/g
TE/g

UM TE/g

€ mo |
TE/g

mg/100 g
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Not dried
A
Not dried |

Dried O
Dried Y
Dried

Dried RV
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Dried O

Dried Y
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Not dried
A
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Dried O
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Dried

Dried O
Dried Y

Not dried
A
Not dried |

Dried

Dried O
Dried Y

Not dried
A
Not dried |

Dried
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(Reina et al., 2022)
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(Preethi et al., 2021)
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(Preethi et al., 2021)

(Sancho et al., 2015)
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(Sucupira et al., 2020
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(Reina et al., 2022)

(Sucupira et al., 2020

(Medeiros et al., 202C

(Medeiros et al., 202C
(Preethi et al., 2021)
(Sancho et al., 2015)
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188 + 3.81** Dried O (Reina et al., 2022)
204 + 4.26** Dried Y
901.2 + 74.88* Not dried  (Sucupira et al., 2020
A
20.3 + 0.02* Not dried |

**|n dry weight basis*Not in dry weight basis; A: Artisanal; I: Industrial; O: Orange; Y: Yellow;
RV: Release Varieties; GAV: Germplasm Accessions Varieties; AGE: Acid Gallic Equivalents; PAC2:
Proanthocyanidin A2 Equivalents; CE: Catechin Equivalents; TA: Tannic Acid; TE: Trolox
Equivalents

2.5.Valorization of cashew apple bagasse by
extraction of valuable compounds

Some researchers in their studies showed that CAB would be recoverable by
extraction of the compounds of interest. Carotenoids, vitamian@ polyphenols
are the compounds that attract the most interest from researchers in tfuoagri
field, although they are not the main compounds of CAB. Then come the other
compounds such as sugars, pectin, proteins, etc.

2.5.1.Extraction process

Investigations carried out on CAB compounds relate to extraction with solvents at
a certain temperature for a given time for a defined number of comp¢vaps &

Koffi, 2013).

Reducing sugar extraction have been performed by aqueous extraction by varying
liquid: solid, pH, incubation timeand temperatur¢Kuila et al., 2011) Other
compounds such as carotenoids have been extracted by maceration a(@hpeess
et al., 2013)

Conventional extraction techniques are difficult for the fruit because their bioactive
compounds are buried in the innermost part of its cell wtscha & Norefia,

2020) This iswhy current researchers are focusing directly on the use of new
technologies such as ultrasound, microwaves,, dtr. bioactive compounds
extraction contained in the CAB inducing higher yield with less solvent, energy and
time. Moreover, these emerging technologies have been considered as an alternative
to conventional extraction techniques due to their -effisctiveness and high
extraction efficiency without degradation of thermolabile bioactive compounds
(Fonteles et al 2017)

Furthermore, the extraction of bioactive compounds from CAB using green
technologies will be beneficial for industries in developing vadded food
product s. Optimizing the extraction pr
ti meo approach is a | aborious process.
on statistical or/and artificial intelligence are used to overcome this prqBlatra
et al., 2022)
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Response surface methodology (RSM) is a set of statistical performances for
designing experiments, developing models, estimating the effects of factors and
giving the optimal conditiongDesai et al 2008) The experiment responses are
fitted to the nonlinear regression equations by various design techniques such as
rotating central composite design, bBghnken design, etc.

Several articles propose an optimization of extraction of several CAB compounds
at the same time based on a factorial design, as in the cRag@fkt al. (2021)he
objective of these authors was to develop a process with optimized conditions for the
microwaveassisted extraction (MAE) of bioactive compounds (total polyphenols,
tannin, ascorbic acid, antioxidant activity, proteiaad minerals) from CAB with
maximum yield using a BeBehnken design of the RSM. The results obtained
showed that all the process variables (microwave power, treatment time and
bagasse/ solvent ratio) contributed, at different intensities, to the extraction of the
bioactive compounds. The optimal conditions obtained for the MAE were a
microwave power of 560 W, a treatment time of 110 s and a bagasse/solvent ratio of
1:30 (w/v). Additionally, compared to untreated extraction, microwave treatment
resulted in a higher yield of bioactive compounds and minerals. Therefore, this study
suggested that MAE can be used as a desirable technology to extract bioactive
compounds from CAB with higher yield.

Ultrasoundassisted extraction (UAE) optimization using artificial neural network
genetic algorithm (ANNGA) and RSM also allowed simultaneous extraction of
ascorbic acid, total antioxidant and proteins in C@tra et al., 2022JUAE is a
versatile, nofthermal and lowcost extraction method due to its ability to recover
maximum compounds in less time, preserving the quality of the final pr{iajc&

Dash, 2020; Meregalli et al., 2020)

Over the past two decades, ANN has been preferred for nonlinear multivariate
modeling. It is a computational and mathematical modeling technique that predicts
the responses based on data formed in the experimental range and studies the
influence of input variables on the studied outputs through predictive modRkng
& Dash, 2020) It is in this context that the studies Bhatra et al. (2022are
inscribed, which compares the performance of RSM and &M{\for modeling and
optimization of the parameters of an UAE for CAB protein, antioxidant and acid
ascorbic, by optimizing the process parameters (treatment time, ultrasonic amplitude
and liquid/solid ratio). This optimizatiowasfound as optimal conditions for RSM:

15 min of treatment time, 58% of ultrasound amplitude and 45 g/ml of CAB/solvent
ratio. The optimum condition by ANN model was obtained at 15 min of treatment
time, 53% of ultrasoundmplitude, and 38 g/ml of CAB to solvent ratio. In these
optimal conditions antioxidant activity extracted using RSM were 90.98 and 94.97%
with ANN-GA (Patra et al., 2022)Similar studies have shown that extraction of
bioactive compounds from grape juice residue through MAE and UAE methods
would preserve thermolabile compounds and minimize environmental impact
(Rocha & Norefia, 2020)
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Figure 2-2. Methods for extracting compounds from CAB (created with BioRender.com)

Fig. 2-2 summarizes the different methods used to extract the compounds of
interest from the CAB. As foFig. 2-3, it shows the process of extraction of
compounds from CAB under the optimization conditions described above, using
ultrasoundassisted extraction as an example method.

27



Discovery and characterization of a novel napveteinpolysaccharide complex

ANN-GA Process
~03'imizati°" Ultrasonic probe-based system

Thermometer for double wal

Thermometer for reaction muture

Utrasonic
— poss¥ | Centrifugation

.0 6 6 8 0
e ¢ ¢ 00

\\
{ ==
Compression Compression I
Add solvent NI Ix BN I ]
.
- L)y % = 2
. oo Mok D
T g B
A ‘L,' . * ' ————
. Lo
Bubbles  Bubbles /Bubbles instable size N
formation propagation  followed by violent
in successive collapse
cycles *Bubbles implosion
- generate by cavitation
@) s v Extract release
=@ e o =)
— { &

—— Supernatant

d '7—‘ Pellet
# —3 Filtration
Extract e

Pellet
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optimization methods: case of ultrasotesbisted extraction (Patra et al., 2022) (created with
BioRender.com)

2.5.2.Antioxidants

CAB is a potential, abundant and inexpensive source of bioactive compounds such
aspolyphenols, carotenoids and ascorbic acid. Ultrasonic treatment can be applied to
release these antioxidant compounds improving the nutritional value of this residue.
It is in this mind thaFonteles et al2017)directed their studies towards developing
an ultrasonidbased process for CAB that would enable the use of this fruit residue
as a nutrient raw material in the food industry. After the extraction of the bioactive
compounds, the water content appeared as the most significant variable. However,
all the variables studied (bagasse/water ratio, ultrasound power intensity and
treatment time) in the process contributed at different levels to the improvement of
their extraction. Sonication, in contrary to convenél heat treatment, gave a higher
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yield of bioactive compounds. The optimal conditions obtained after this study were
6 min of sonication time, 226 W/émfor ultrasonic power intensity, and a
bagasse/water ratio of 1:4.

A study of Colombian CAB with a view to use their knowledge for the
development of new functional food products showed the highest levels of ascorbic
acid (ContrerasCalderén et a) 2011) In several studies, ascorbic acid (vitamin C)
has been taken as an index of the nutritional quality of f(feoisteles et al., 2016)
Ultrasound is a technology that would have a minimal effect on the quality of foods
containing heatabile vitamins(Golmohamadi et ga12013)

2.5.2.1.Carotenoids

CAB is a source of carotenoids, which is one of the most important pigment
groups for food fortification and/or dietary supplements and used as natural
colorants in foodAbreu et al., 2013)Carotenoids are known for several biological
functions such atheir antioxidans and previtamin A properties. Because of these
properties carotenoids have been associated with reducing the risk of several
degenerative diseases, includoamcer, cardiovascular diseages cataractéAzeredo
et al., 2006; Feskanich et al., 2020; Ramel et al., 2012)

Carotenoids are usually extracted with organic solvents. However, many of these
solvents are known to have negative impacts on human health and the environment.
The emission of polluting and/or carcinogenic gases by these solvents has
motivated researchers to replace this type of extraction with "cleaner" processes,
which are ecological and do not promote health danfageredo et al., 2006)The
carotenoids could be extracted, for example, by maceration of the tissues in an
aqueous medium followed by pressingoreu (2001)set up a process for the
extraction of carotenoids from CAB by sequential aqueous extraction. The process
includes a CAB humidification step (water/fiber ratio varying between 1/1 and 3/1,
at a pH between 3 and 7) followed by several successive pressing cycles
(continuous screw press). The residual fibers contained in the final extract are
eliminated by sieving at 0.3 mm. Finally, the product is concentrated by
evaporation under vacuum at 5@®5 °C. However, the efficiency of the different
extraction steps and the impact of bagassdrpsments have not been quantified.
The main limitation of the aqueous extraction of carotenoids concerns their very
low solubility in water(Azeredo et al., 2006)

Some authors have implemented processes to overcome the limits of the aqueous
extraction of compounds with low polarity. Among these methods is enzymatic
extractionbecausearotenoids are contained in cell walls with complex structures.

The action of enzymes with mixed activities (mainly cellulase, hemicellulase and
pectinase) hydrolyze the structural polysaccharides of the cell walls of tissues and
allows the release of their contébBtelgadeVargas & Paredekopez, 1997)

Prefreezing tissues can also increase the efficiency of extraction, because it leads
to disruption of cellular structures facilitating the release of their contents. It is with
this in mind thatAzeredo et al. (2006)evaluated the impact of freezing CA to
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improve the extraction of carotenoids from CAB and added pectinase to increase
efficiency of sequential extraction steps by pressing. They combined 4 extraction
methods. The resugltof their studies showed an extraction of 29.57%; 46.72%;
20.97 and 35.91% carotenoids respectively for maceration in enzymatic solution,
freezing followed by maceration in enzymatic solution; maceration in water and
finally freezing followed by maceration in water. With a significant difference
between the different treatments, the combination of CAB freezing followed by
maceration in enzymatic solution was found to be more efficient for carotenoids
extraction. Abreu (2012)made an aqueous extraction of carotenoids, which is
carried out by pressure and entrainment with water after enzymatic maceration.
Then the crude extract was concentrated and purified by micro and diafiltration
with 6 cycles of pressing. The extraction conditions were set as follows: maceration
60 min at 55°C with 500 mg/kg of pectinase and without AMG, water/CAB ratio
1:1, screw rotation speed 30 rpm and force applied 2500 N. The final extract
obtained has a carotenoid content of 70 mg/kg. Their results are in the same order
of magnitude as those obtained $toll et al.(2003) who described a process for
recovering a functional food ingredient rich in carotene from carrot pomace and
obtained a concentrate with a final carotenoid content of about 64 nig/kige

study of Abreu and al (2013) pressing using a continuous helicoidal type press
followed by microfiltration of the CAB yielded an aqueous extract. The extract was
characterized by an intense yellow color due to carotenoid pigments. The
carotenoids content increased from 10 to 54 mg/kg in the concentrate. They also
analyzel the carotenoid profile and results showed 11 carotenoids. Most of the CAB
carotenoids identified by HPLODAD-MS are xanthophylls present in an esterified
form. A u r o x-ayptoxhnthim acaonnd forbapproximately 50% of total
carotenoids, they are the main carotenoids and together they are responsible for the
bright yellow color of the extract and the concent(atareu et al., 2013)

With growing scientific interest in the influence of ultrasound on the nutritional
guality of the food matrixFonteles et al. (2017%nplemented for the first time an
ultrasouneébased process for CAB. The parameters likely to influence the process
were optimized using a statistical experimental design approach. They obtained an
al most 6 0 % -canotene &vlzes a powen inténsity of 226 Wicand a
CAB/water ratio of 1:4 for 6 min were applied, with a final concentration of 12.38
mg/100g DW (Dry Weight).

In view of all the above, CAB can be considered as an innovative and interesting
product containing nutritionally important carotenoids, which could make it usable
as a dietary supplement. AccordingAbreu et al. (2013)from this abundant and
cheap raw material, the analyzes made it possible to define and validate a new
realistic process for obtaining concentrated and purified carotenoid extracts. The
results are very encouraging both in terms of the efficiency of the process and in
terms of the quality of the finished product. They make it possible to envisage future
implementation of the process on an industrial scale. The purified concentrated
extracts obtained correspond to products with high added value. They caprde
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directly as food colorings or, more generally, as sources of carote(su,
2012)

2.5.2.2.Polyphenols

Phenolic compounds represent one of the most diverse families of compounds
found in plant matrices, there are known for their important role in the sensory and
nutritional quality of fruits and vegetabléarruda et al., 2018)These secondary
plant metabolites have several interesting properties including antioxidant,
antimutagenic, antiallergic, artiflammatory and antimicrobia(Martins et al.,
2011)

CAB is a potential, abundant, and lmw@st source of phenolic compounds, with
this in mind Fonteles et al. (2016Jeveloped an ultrasousithsed process for the
CAB that would allow the use of this bagasse as a nutritious raw material in the food
industry. Their study showed that sonication provided a higher yield of polyphenol
compared to CAB without ultrasound treatmedrnteles et al. (201&tudied the
effect of each parameter on the extraction and the optimal conditions that led to the
maximum amount of phenolic compounds were: sonication time of 6 min, power
intensity of 226 W/crh, and CAB/water ratio of 1:4. Microwave technology, which
utilizes the electromagnetic wave of frequency from BBz to 300GHz, is
another rapid, energgfficient, green, and emerging technology for bioactive
compound extraction.

Patra et al. (2021) successfully extracted the phenolic compound from this by
product by modeling and optimizing MAE using RSM.

Besides the experimental design, certain parameters such as solvent, temperature,
and time are the most common factors known to affect the extraction of polyphenols
from CAB (Patra et al., 2021; Silveira et al., 2021)

Indeed, for food application when extracting phenolic compounds from plants
using UAE, by recommendation, ethanol should be an environmentally friendly and
norttoxic food grade organic solve(then et al., 2015)The recovery of phenolic
compounds from CAB by UAE was carried out evaluating the effect of extraction
time and ethanol concentration as process variables and the antimicrobial potential
of extract against food pathogenic bacteria and phenolic profiling by WPLOF
was analyzed from extraction optimized condition by R@Wveira et al., 2021)

They optimized parameters for a total phenolic extract of 750 mg AGE/100 g were
42.16 % ethanol (v/v) and extraction times of 37.34 min in an ultrasonic bath.
Indeed, the phenolic profile of the extracts was conducted using an ultra
performance liquid chromatography, a total of 15 compounds including quercetin
and myricetin derivatives, gallic acid, and anacardic acid were identified. The
extracts displayed effective action agair&aphylococcus aureuand Listeria
monocytogenesThe extracts were effective against foodborne pathogenic bacteria
thus demonstrating their potential to be a good natural alternative to synthetic
additives in the food industry.
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Phenoliccompounds are sensitive to light, oxygen and moigBa#lesteros et al.,
2017)so it is necessary to combine the extraction of these compounds with those
that protect and stabilize therhima et al. (2022)proposed the extraction and
encapsulation of phenolic compounds from CAB by fresizeng and using
maltodextrin and gumArabic as encapsulants. &g methods enabled the
preservation of phenolic compounds and as such, their potential use by the
nutraceutical or food industry as a food additive to enrich the compound content and
antioxidant activity. They have also shown a good effect of encapsulants on the
simulated gastrointestinal digestion of these phenolic compounds and the antioxidant
activity of the extracts.

2.5.2.3.Global antioxidant activity

From what we have seen of the constituents, which have just been detailed above,
a significant global antioxidant activity can be anticipatedsSuicupira et al(2020)
studies, the CAB analyzed showed considerable antioxidant activity and can be
considered a good source of natural antioxidants such us carotenoids, ascorbic acid
and polyphenols as developed in the previous points, which can be used for
industrialization in order to obtain new food products or to enrich them.

The increase in phenolic compounds and the high final amount of vitamin C
contributed to the improvement of antioxidant activity in sonicated CAB samples
(Fonteles et al., 2016Yhe positive correlation indicates that phenolic compounds
are the main contributors to the antioxidant properties of this product. A significant
and positive correlation has also been reported for phenolic compounds and
antioxidant activity by other autho(€ontrerasCalderén et al., 2011; Rufino et al.,
2010)

The antioxidant activity of exotic fruits from Colombia was studiedCloytreras
Calderon et al(2011) they reported that banana passion fruit, arrayana and CAB
showed the highest antioxidant activities among other fruits. The high antioxidant
activities in the CAB could be linked to the presence of bioactive compounds easily
recoverable from this biomass, such as ascorbic acid, and car¢@umseras
Calderén et al., 2011)

Components of bioaccessibility facilitators, for example, ascorbic acid are readily
found in fruits like CAB, and it increases the absorption of-lnaeme iron and
depressant components such as tannins, phytates, and calcium oxalate. In addition,
phenolic compounds and ascorbic acid contribute very positively to the
bioaccessibility percentage of the total antioxidant activity, which in turn may
possibly contribute to the protection against several diseases in relation to its
antioxidant potencyLima et al., 2014)

Antioxidant activity is related to the type and properties of polyphenols, which can
interact differently with free radicals, as reportedMifafio et al (2007)
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2.5.3.Proteins

Several authors have quantified the protein content of CAB between 1.83 to
22.66% without performing any extraction, reporting considerable variability
depending on cultivar, maturity stage, and analytical me{@dz Reina et al.,
2022; Guede®liveira et al., 2016; Kouassi et al., 2018; Matias et al., 2005; de
Medeiros et al., 2020; Nagaraja et al., 2007; Nurerk & Junden, 2021; Preethi et al.,
2021; Rodrigues et al., 2007n contrast, very little information is available on
protein extraction from CABto date, only two studies have specifically addressed it
(Patra et al., 2021, 2022However, in both cases the authors performed simple
solubilization (first step of extraction)not a purification procesgorecipitation)
Therefore, the reported values correspond to protein concentration within crude
extracts, not to isolated protein fractions.

In the first study,Patra et al(2021) used microwavassisted extraction (MAE)
and optimized the process variables (microwave power, treatment time, and solvent
ratio) specifically to maximize the protein content measured in the resulting extract.
Under their optimal conditions (560 W, 110 s, 1:30 w/v), the extract contained
approximately 166 mg protein/g extract (16.63%). However, because no
precipitation, clarification, or selective recovery step was performed, this value
reflects the amount of protein solubilized in a mixed extract, not a purified protein
yield. The proteins remained with all other solubilized constituents of CAB
(polysaccharides, phenolics, organic acids, minerals, etc.). AccordPatria et al.
(2021) the untreated CAB sample contained 46.95 mg protein/g (4.70%), which
reflects the natural solubilization capacity of the CAB matrix without any energy
assisted process. Mi crowave treatment
3,5 times) via the principle of water heating inside the cells which, improves the
porosity or destruction of cell wall, releasing higher amount of compdidgislar-
reynosa et al., 2017; Araujo et al., 2020; Patra et al., 2021)

Moreover, Patra et al(2022) applied ultrasoundssisted extraction (UAE) and
likewise optimized the process to maximize protein content in the crude CAB UAE
extract. UsingRSM and ANN GA modelling, they identified the optimal UAE
conditions as treatment time of 15 min, ultrasound amplitude of 40%, and CAB to
solvent ratio of 37 g/ml. Under these conditions, the mean protein content of the
crude extract reached 325.73 mg protein/g CAB (32.57 %). Again, this value
represents protein solubilization, not extraction of purified protein assemblies, as no
precipitation or purification step was performed after UAE.

UAE further i mproved protein recovery
untreated sample. This superior performance is attributed to the acoustic cavitation
phenomenon: ultrasonic waves generate microbubbles that grow and violently
collapse, producing localized high temperatures, shear forces, andjetscrohese
events physically disrupt the lignocellulosic network, enhance solvent penetration,
and detach proteins bound to polysaccharides or/ and cell wall compdhRants
Wang, Belwal, Xu, et al., 2021; Kumar et al., 2021; Yusoff et al., 2@2&itation
also promotes fragmentation of maeaggregates, allowing proteins trapped within
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the plant matrix to be solubilized more efficien{lyu, Wang, Belwal, Xu, et al.,

2021; Yusoff et al., 2022)The comparison clearly shows that both MAE and UAE
substantially increased protein recovery compared to the untreated reference.
However, ultrasound seems to be the most effective method for protein recovery
from CAB, surpassing the performance of
appears as a particularly powerful technology for recovering pratgirfractions

from CAB (Patra et al., 2021, 2022)

Overall, existing research has focused exclusively on increasing protein
solubilization efficiency from CAB through process optimization (MAE or UAE),
without isolation or characterizing. None of these studies investigated how
extraction conditions affect the composition, macromolecular organization, or
functional behavior of CAB extract assemblies.

2.5.4.Carbohydrates

2.5.4.1.Sugar

Optimization of aqueous extraction of reducing sugar from CAB has been
investigated byuila et al (2011)using RSM based Box Behnken Design, to obtain
the best possible combination of liquid/solid ratio, pH, extraction time and extraction
temperature for maximum reducing sugar extraction. The optimum extraction
conditions were as follows: liquid/solid ratio 3.26 (mL/g), pH 6.42, extraction time
6.30h and temperature 52.Z7 Under these conditions, the experimental yield was
56.89 (g/10Qy dry substrate), which was well matched with the predictive yield
57.64 (g/10@ dry substrate). Further analysis of sugar was done by HPLC, which
revealed glucose (34.28100g dry substrate), fructose (18.§700g dry
substrate) and arabinose (3gf200g dry substrate). The study show that CAB is a
potential low cost substrafguila et al, 2011)in food application.

2.5.4.2 Pectin

The extraction of pectin from CAB byapo and Koffi, (2013used water acidified
with 1 N HNG; at three different extraction strengths (pH 1.0, 1.5 and 2.0), with a
solid/liquid ratio of 1:25 (w/v), temperature 7& for 90 min. This demonstrated
that CAB is a commercially viable raw material for the eventual production ef low
methoxy pectin needed for the manufacture of-talorie gelling agent food
products. The pectin content orientates the valorization of this bagasse towards
gelling, texturizing, thickening, emulsifying and stabilizing agents in food
processing as well as in the cosmetic and pharmaceutical ind(istriesssi, 2018)

2.6. Summary of extraction process and application
of CAB bioactive compounds in food industry

The cashew nut industrialization process generates large quantitiepafdemts
that are difficult to preserve due to their chemical and physicochemical properties.
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Due to their nutritional composition, several compounds with high added value
could be identified through an appropriate conversion process. To gain the benefits
of the large amount of potentially valuable compounds they contain, these CAB
compounds could be transformed into marketable products as ingredients for the
development of new food products. Compounds of interest from CAB were reported
to be used in various food applications. This use is made possible by optimizing the
extraction process parameters that would be essential to quickly and easily extract
the compounds of interest from CAB with a high yield. The extractions are
performed from simple to combined processes that alloiw improve and preserve

the nutritional, functionaland nutraceutical characteristics of the CAB compounds.
The extraction process of carbohydrates is thereby less important compared to other
compounds (vitamin, polyphenol s, car (
sensitivity (Ballesteros et al., 2017), availability and complex structure make
extractions more complex. For example, the extraction of bioactive compounds from
CAB is made possible by MAE and UAE methods which could preserve
thermolabile compounds and minimize environmental impact. Whatever the
compounds, by adapting the extraction process, extracts that were quite competitive
for their antioxidant content were obtained. It is therefore possible to have good
extraction results with CAB but the right procassist be chosenand the right
process is not necessarily the same for each of the compounds. For carotenoids, for
example, research has shown that combined methods need to be applied (Abreu,
2012) as explained above.

Extraction with CAB makes it possible to have enriched extracts that can be more
easily incorporated into food processing products, as is already the case for the
extraction of bioactive compounds from avocado géedujo et al., 202Q)carrot
pomacegStoll et al., 2003andCitrullus Lanatudruit rinds (Maran et al., 2014)

CAB are rich sources of many bioactive compounds, such as dietary fiber (pectin,
cellulose, hemicellulose, and lignin), vitamins, minerals, organic acids, phenolic
acids, carotenoids. Numerous health benefits have been linked to these bioactive
substances, including antioxidant, antibacterial, -fithkmmatory, ant
hypertensive, neuroprotective, and antiallergenic activities. The creation of several
products employing CAB extracts is gaining interest in the food industry. CAB can
be used for food fortification and food preservation.

2.6.1.Food fortification

CAB can be used in food items as a esféective, lowcalorie bulking agent to
replace some of the sugar, fat, or fl¢Aderiye et al., 1992)it frequently improves
food functionality by enhancing emulsion stability and water and oil retefitiora
et al., 2017, 2018)or example, apple pomace in meat could make up for the lack
of fiber in our diets.Researchers developed several Higer, functional baked
(Muniz et al., 2020and extruded snacks. CA®uld improvethe aroma and flavor
of baked goods. Pectins azarrently usedas thickeners, water bindestabilizers
and texturizing fat replacer to mimic the modgel of lipids in lowcalorie foods
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(Kouassi et al., 2018; Nirmal et al., 2028)mong other uses, it has been considered
in the class of dietary fibers known to have a positive effect on digestive processes
and to help lower cholester@hen et al., 2016; Nurerk & Junden, 2021)

Beyond fulfilling fundamental nutritional needs, bioactive substances have positive
health effects on the host. Due to the GRAS (Generally Recognized as Safe) status
of extracts, they can be added to a variety of food prodNatmal et al., 2023)The
prebiotic capacity of CABs is one of their characteristics that is seitgrtin food
applications. Incorporating CAB powder or extracts into a food formulation such as
patties improves the watbolding capacity, cooking yield, meat emulsion stability,
and textural qualities, such as firmness, and tough@s=desOliveira et al, 2016;
Sucupira et al 20229

2.6.2.Food preservation

Bioactive compounds such as phenolics are the most important group of chemicals
with antimicrobial activity(Nirmal et al., 2023)CAB extracts are high in phenolic
compounds and can thus be an effective method for enhancing the lipid stability of
food cooked. On the other hand, mango seed biowaste has been characterized by a
high concentration of bioactive components, including phenolic compounds,
carotenoids, and vitamin C. Various mango peel extracts were evaluated for their
antibacterial effects against Grgositive Staphylococcus aureuand Gram
negativePseudomonas fluorescenBifferent levels of antibacterial activity were
present in the extracts against b@itlirmal et al., 2023)Considering that CAB has a
similar concentration of bioactive compourtdsmanggq its extracts could also be
able to preserve food against these bacli®@amango

Based on the extraction processes presented-poigmtial extracts can be
obtained, as their properties are comparable to those of other extracts that have
already proven their industrial relevance in food applicatibhse.extraction and use
of CAB compounds could help food industries generate a new source of food,
reduce waste and minimize environmental probléomsa et al., 2012; Silva et al.,
2018)

The food industry is one of the industries that uses various extracts derived from
co-products, mainly in response to consumer demand for new products low in
synthetic preservatives generated by sustainable anrdfegent techniques. The
use of CAB as a source of bioactive compounds and as an ingredient in food
formulations has now become an attractive field. Nevertheless, this procedure
requires interdisciplinary research, which may include food chemistry, food
technology, biotechnology, molecular biology or toxidgiirmal et al., 2023)

2.7.Valorization of bagasse by fermentation way

Some investigations have shown that CAB can be valorized by fermentation to
produce several compounds of interest such as enzymes, ethanol, biosuytaadants
others. This aspect has been reviewedshgrma et al(2020) where the authors
present cashew shell liquid, testa, CA and CAB. They showed the importance of
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these byproducts for industry through transformation into several bioactive
compounds, polymers and other products, thus making the process and products
economical, environmentally friendly and sustainable.

CAB is presented as a product rich in organic nature and could be a potent source
of lignocellulosic material for the production of bioethanol and other microbial
products through biological procesgé@dodrigues et al., 2011; Silva et al., 2018;
Valderez et al., 2011Most articles are focused mainly on the +iood plan, which
will not be discussed in detail in this review. There are very few scientific papers
concerning the food domain, which is our field of intergsthis review article. If
CAB fermentation can be valoriddor biosurfactants and bioethanol, it also could
be valorizel in food industry.

Indeed, CAB by fermentation in the presence of certain microorganisms has made
it possible to produce enzymes, which have a key role in the food indliastnyase
is important enzyme that is widely wsén food industry, particularly for tea
clarification and the production of pharmaceutically important compounds, such as
gallic acid. Gallic acid, a tannin product, is the substrate for chemical synthesis of
propyl gallate and trimethoprim, which are important in food and pharmaceutical
industries, respectivelfPinho et al., 2011)Tannase is also used in the treatment of
tannery effluents for the stabilization of malt polyphenols, clarification of beer and
fruit juices, for the prevention of phermlduced maderization in wine and fruit
juices, and for the reduction of antinutritional effects of tannins in animal feed
(Adachi et al., 1968; Pinto et al., 2001)

Rodrigues et al. (2003howed in their study that CAB ispsomisingsubstrated
produe this enzymeAspergillus Oryzaevas used for solidtate fermentation with
CAB as the substrate. The physicochemical parameters that influenced enzyme
production were water content (60 mL), tannic acid supplementation (2.5% [w/w])
and nitrogen source supplementation (2.5% [w/v] ammonium sulphate). Increasing
the concentration of ammonium sulfate in the medium improved the enzyme
productivity when 2.5% was added. Supplementation of the medium with
phosphorus (NaiPQ;-H-0), ammonium nitrate, peptonand yeast extract had no
influence on tannase production.

The investigation ofRodrigues et al. (2008pn the optimization of tannase
production by solid state fermentation of CAlBmonstrated that temperature and
inoculum concentration play an important role in the production. Indeed, the optimal
conditions for enzyme production were an inoculum concentration ‘ofpides/g
and an incubation temperature of 3Q coupled with supplementation of the
substrate with starch and sucrose as carbon sources. They showed that tannase is a
adaptive enzyme, low levels of inoculum were not sufficient to induce microbial
growth and enzyme liberation.
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2.8.Valorization of bagasse by elaboration of food
products

Several researchers have made investigations in the formulation of food products
in the context of the valorization of CAB. It reported that CAB can be used for
various application like substitutes of nusatsed product like chicken patties
(GuededQliveira et al., 2016and hamburgegiPinho et al., 2011; Barros et al., 2012;
Rosa & Lobato, 2020)Some authors have successfully developed vegetarian
burgers with good acceptan¢eima et al., 2017, 2018Maciel, 2022)and fish
burger(Marques, 2018)Many researches have been conducted on bakery products
such as biscuit§Akubor, 2016) cupcakegMorais et al, 2018) cakes(Aderiye et
al., 1992; Akubor et al., 2014; Adegunwa et al., 2020) cookieqMatias et al.,

2005; Uchoa et al., 2009; Ebere et al., 20ABaujo et al.,, 2021)n order to
substitute wheat flour (Wf) with CAB powder (CABp) in their formulation.

In recent years researches have been directed towards newbds&B food
formulations such as yogufiMendes et al 2019) cereal bafMuniz et al., 202Q)
plantbased productéPortela, 2022; Saldanha, 2022; Sucupira et al., 2020al
based extrudaté®reethi et al., 2029nd jam(Nurerk & Junden, 2021)

The main studies relate t o htiHarfeine lac do f:
consuimese ptobdooets the woorddgdci dwnmsd ecan s ur
therefore | ooking foritbnptbopdnonals.natur a

The first attempt at valorization was the elaboration of cake with a CAB fermented
for 96 hours (Aderiye et al., 1992) These authors, to know the nutritional
significance of the composite flour made with CABp, have used this biodegraded
CAB in cake formulations. They shedthat CAB at 10% of Wf did not harm the
baking characteristics and sensory qualities. The final product obtained had a
changed physicochemical composition improving the nutritional aspect with an
increase in fiber from 1.5 to 7.5%; proteins from 5.2 to 11.5% and a decrease in
carbohydrates from 43.2 to 19.2@Aderiye et al., 1992)Similarly, other authors
have been interested in adding nutritional values to new formulation sihrés
et al. (2020) who changed the processing of the CAB by proposing a-stalid
fermentation of CAB usin§accharomyces cerevisigeast concentration of 3% for
other food formulations.

Over the years, other authors have proposed cake formulations with different
processes that have given different results in terms of sensory and biochemical
analyses. Cake with substitution at 0, 5 and 10% maximum of CABp in relation to
WIf content had a higher preferenban the traditional Wf cake and did not show a
difference between thei@®kubor et al., 2014)By pushing further the analyzes on
the inclusion of CAB in pastry to enhance the nutritional and functiopality
Adegunwa et al. (2020jound in their study that substituting Wf with CAB
decreased the pH (3.£940), oil absorption capacity (67-Z8.45%) and the
pasting characteristics (except pasting temperature) of the compasite. fAn
increase in Ca (3.382.80%), Mg (11.7:87.90%), P (10.240.38%), Zn (4.31
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57.97%) and Fe (5.644.82%) showed that composite fours would be useful in
tackling micronutrient deficiencies. According to the same authors, bulk density
(0.630.78 g/ml) decrease would make them suitable in the formulation of
complementary foods. In addition, Wf substituted with 5 and 10% of CAB are
recommended for the application of cakes and other similar products, which
confirms the studies carried out B\kubor et al. (2014)In fact, the increasing
rehydration index and water absorption capacity of the compdsitesfwith CAB
is an indication of their usefulness in the production of baked and other similar food
products that require hydration.

On the other hand, for the applicationdroquette type pladtased product with
soy proteinthe substitution can go up to 40% of CA&aldanha, 2022)

The evaluation of the physicochemical

of a cupcake prepar edWibiyt hCAaBfp adritdi anl o ts
significant di fference between the se
flavor, texture and overall acceptance
CABf , which was assigned the highest P2
with CAB had a higher amount of fiber

adding nutritional v&IMoeeat @0/0L.B,g f or mul

Enriched cookies were also prepared by adding 5, 10 and 15% of CAB.
Appearance, color, odor, taste, and texture were the sensory attributes assessed fol
enriched and unenriched cookies. Particle size analysis determined that the most
suitable particles to add were between 65 and 100 rheshd e@okies enriched
with CAF at 10% showed a high rate of acceptability with respect to fldWatias
etal., 2005) Uchoa et al. (2009)roposed others formulations of cookies with CABf
atl5 g/ 100g substitution |l evels that ga
l'i kedo) .

CABf was used as a source of fiber in cookies and the chemical composition of the
cookies analyses showed that protein and carbohydrates decreased with the increase
in CABf substitution level{Ebere et al., 2015)At 10% of CABf, Akubor (2016)
found an higher carbohydrate content than the 100% Wf biscuit contrary to the
results found byAradjo et al. (2021)Microbiological analysis was also carried out
on CAB cookies and a nesignificant presence of microorganisms was detected
(Araujo et al., 2021)

Concerning the application of CAB in mdadsed product, CAB from washed CA
was used as a fat substitute in chicken meat pdtiasdesliveira et al, 2016)

The substitution of lipids with CAB aimed to reduce the total lipid content and
overall energy value of the product because lipid content and energy value are
correlatedPinho et al 2011) GuedeQliveira et al (2016)found in their study that
washed CAB added to chicken patties increased the cooking yield and did not
negatively affect shortening and shear force values. Furthermore, appearance,
texture, flavor, juiciness, and overall impression valoésvashed CAF added
chicken patties were not different from control counterparts. In addition, the fiber
washing step eliminated the watmluble tannins, thus canceling their negative
effects. The purchase intent test, which assessed the consumer's willingness to
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purchase the product, showed that at least 70% of consumers would buy the
formulated chicken patties. The substitution of fats by CAB did not negatively
influence the physicochemical and sensory parameters of the chicken patties.

CABp was used to produce hamburgers with partial substitution of meat. It was
reported that the total dietary fiber value was between 0 and 7.66%, with a higher
content of insoluble dietary fibéPinho et al 2011) Rather et al. (2018)sed CAB
powder as a fat replacer in meat emulsions and it resulted in significantly higher
emulsion stability, crude fiber content and oxidative stability.

Thus, CAB is a promising example of a tropical fruit that would be very interesting
for commercial applications in the meat industry without forgetting that the use of
CAB is economica{Rodrigues et al., 2008jma et al, 2012)

Sucupira et al (2020) analyzed the bioactive compounds of artisanal and
industrialized CAB cooked using different cooking methods. The processing
methods evaluated in their research demonstrated that frying is the best cooking
method in terms of retaining the bioactive constituents after formulation of CAB
imeatball 6( CAB without meat).

CAB has been successfully used for jam formulation, by adding CA juice. Several
formulations were tested but the formula with 5% CA juice had favorable sensory
gualities. The study of the physical and chemical properties of the formulated
product helped to promote CAB jam in the marddrerk and Junden, 2021)

The formulation of yogurt by adding CAB as a source of bioactive compounds has
been studied. The results after the chemical, physical, physicochemical and sensory
properties showed that the incorporation of 10% or 20% CAB extract gave a product
accepted by the consum@dendes et a] 2019)

CAB, due to its beneficial nutritional potential, has been used as a biofortifying
agent during the preparation of cerbabked extrudates. Enrichment of cereal
extrudates was done by supplementing rice flour with CABf -atl®%. The
incorporation of CABf as an ingredient in the cereal based extrudates significantly
improved their biochemical properti¢Breethi et al., 2021)The treatment applied
to the raw CAF before incorporation into the formulation of traditional edish
allowed a reduction in acidity. The formulation with 10% and 15% of these CAF
were the most accepted and were similar to the control food (traditional vatapa)
(Portela, 2022)

Finally, the use of CAB reduces calorigsderiye et al., 1992; Maciel, 2022)
CAB provides a low calorific food, which is good enough for diabetic persons who
require food with a low sugar contgtderiye et al., 1992)Formulation with CAB
decreased the pH, this acidity provided greater stability to the formulated products
(Adegunwa et al., 20204radjo et al., 2021; Maciel, 2022naking it difficult for
microorganisms to grow, although this does not completely prevent food spoilage by
fungi or bacteria during food processing.

The final product can also present an decreased lipid cai@emrtdesOliveira et
al., 2016)and an increaseamounts of ash, proteiAderiye et al., 1992; Akubor,
2016; Preethi et al., 20213tarch,overall mineral content excluding phosphorous
and boron contenpflavonoids, phenolic, vitamin (Preethi et al., 2021arotenoid

40



Chapter3. Literature review

(Maciel, 2022) antioxidant activityyMaciel, 2022; Preethi et al., 20239nd crude
fiber (Aderiye et al., 1992; Uchoa et al., 2009; Ebere et al., 2015; Akubor, 2016;
Morais et al., 2018Araujo et al., 2021)

Indeed, texture analyses showed that high dietary fiber content increased the
product hardness and cohesiven@darques, 2018; Muniz et al., 2020)his crude
fiber contains both soluble and insoluble dietary fiber. The soluble fibers have the
function of keeping food in the stomach for a longer time due to a short transit of
these foods in the small intestine. This phenomenon leads to slow absorption of
nutrients, which is good for a person with diabetes and high cholesterol blood levels.
While the insoluble fibers contained in these formulation will help the human
digestive systenChen et al., 2016; Nurerk & Junden, 2021)

However, fortification or making products from CAB should be carried out with
caution, although it is a food rich in fiber and antioxidant compounds. Studies have
shown that, lipid metabolism was impaired by integral CAF consumption, resulting
in hyperlipidemia, hyperleptinemia, and increased abdominal fat in normal mice fed
an isocaloric die(Carvalho et al., 2018According to these authors, to improve the
physiological quality of CAF to use it as a functional food with potential health
benefits, low molecular weight metabolites should be extracted. Another CAF
consumption test without low molecular weight metabolites in normal mice with an
isocaloric diet showed no changes in the animlpid profile, in the abdominal
adiposity and in leptin hormone. The results also showed a reduction in blood
glucose, insulin and ghrelin hormone levels.

CAB, although it has beneficial effects on food formulations with important
functional properties, also negatively influences the physical and structural
properties of the final produ@®reethi et al., 2021)

The incorporation of CABp in some formulation produced slightly darker products
(Uchoa et al., 2009)Depending on the objectives to be achieved after the
formulation of the feed, the quantity of CAB to be incorporated as well as the
treatment before incorporation must be considered. For example, where the
functional properties are of major concern, 20% or more incorporation of CAB is
suggested, which will not be the case for the biochemical, physical and structural
properties. In the latter case the quantity of CAB must be reduced and adapted
because the nutritional composition of the formulated product could decrease with
an increase in the amount of CABbere et al., 2015; Portela, 2028)d caloric
value can also increase with increasing QMdraiset al.,2018)

Similarly, washing CAB will reduce the tannin content and astringency but will
remove beneficial watesoluble bio compoundd.ima et al., 2017, 2018; Sucupira
et al.,2020; Preethi et al., 2021; Maciel, 2022; Portela, 2022; Saldanha, 2022)

By-products of CA juice processing have the potential to be used as a vital source
of nutritional and functional components in the composition of food products. That
is an interesting alternative for the integral use of this fruit, allowing the growth of
new food products and reducingaste processing.The product formulated with
CAB is therefore hopeful for the consumer market.
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2.9.Conclusion

All the studies reviewed here highlight the nutritional potential of therbguct
of CA juice extraction that creates a lot of waste worldwide. CAB could contribute
to meeting the nutritional challenges faced by today's world, by using it in new food
formulations.

Different authors have found optimized methods to extract some compounds in
CAB. Thesenew technologies used to successfully extract CAB compoarals
more rapid, with better extraction quality and efficienchhese techniques
demonstrate an innovative and sustainable approach from a nutritional,
environmental and economic point of view.addition, the food applications of this
by-product should be widely studied with caution because of the richness of several
compounds, which are not necessarily beneficial for consumption.

Valorization of CAB to compensate its underutilization could lead to a wide
variety of high valueadded products. CAB has potential but also limiting factors
that are slowing down its valuation. Notably the short shelf life of CA from which
CAB comes, its acidity, its astringency, the deficiency of knowledge on CAB
potential use in the food industry and the lack of simple andeffesitive strategies.

Future trends and research need

By 2020, the global nutraceutical market is expected to grow by 8% per year and
reach a value of USD 263 hilliodliménezMoreno et al., 2020)The CAB could
respond to these prospects. However, the use and application of CAB in the food
industry will depend on several parameters, including the mode of addition of CAB
in the food matrix (raw CAB or CAB extracts), the amount of CAB or bioactive
component extract. The impact of external factors, such as heatalighiressure
must be considered during food processing.

Promising processing, efficient and selective extractions as well as quantification
of its compounds is an innovative trend in food technology. The use of new
sustainable extraction technologies such as extraction assisted by microwave,
extraction with supercritical fluid, ultrasowadsisted extraction, extraction by
homogenization, pressurized fluid extraction can be used for the selective extraction
of a diverse range of bioactive compounds as food ingredient. Indeed, future
research should be conducttd find the best extraction procedures to meet the
requirements for food fortification and other applications. Nevertheless, before
advertising and employing the CAB bioactive component for consumer use, the
extracts must undergo an in vivo analysis to validate their bioactivity, stability,
safety, and bioavailability. Specifically it would be interesting to include
technologies ensuring the safety of formulated food products in the value chains
with a view to avoiding toxic or allergic reactions in constsragiue to the presence
of tannins, alkaloids and unknown substan@sina et al., 2022However, these
novel technologies are conjoined with an array of challenges, among which the two
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major remain the higher cost and the difficulties in scaling up to industrial standards
JiménezMoreno et al., 2020
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Chapter 3

Plant-based ProteinPolysaccharide Complexes
(PPCs) From extraction to identification,
characterization, and functionality
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Description of Chapter 3

This chapter provides an overview of current knowledge on natural pirotein
polysaccharide complexes (PPCs) derived from plant exudates andhasa
matrices. Its aim is to establish a conceptual and methodological framework for the
extraction, identification, and characterization of these natural PPCs. After
introducing their biological origin, chemical composition, and structural
organization, particular attention is given to analytical approaches used to confirm
their macromolecular nature (targeted assays, HPSE@R Bpectroscopy). Finally,
the chapter addresses the techumtctional properties associated with these
complexes and their potential intergsthe valorization of plarbased resources.
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Chapter 3. Plant-basedProtein-Polysaccharide
Complexes (PPCs): Fronextraction to identification,
characterization and technefunctionality

3.1.Introduction

Plantderived proteinpolysaccharide complexes (PPCs) constitute an essential yet
still underexplored class of natural macromolecular assemblies. Present in cell walls
and plant exudates, they fulfill major structural and functional roles in planta while
exhibiting remarkable techAoinctional properties that can be harnessed ex planta
in the food, cosmetic, and pharmaceutical sed©@estellani et al., 2010; Prasad et
al., 2022) Natural complexes are attracting growing interest in the food industry.
Among plamderived PPCs, gum ArabidA¢acia senega) is the most advanced
example, being fully industrialized and widely used as a food addifiesbeken et
al.,, 2003) Other PPCs such as ghatti gurAnfgeissus latifolin and others
identified in the literature as potentially interesting and analogous to gum Arabic are
not yet produced on a large commercial scale, but they are gaining attention for their
industrial valorization potentia{Singh et al., 2025)Fruitderived PPCs remain
particularly underrepresented in the literature, despite increasing evidence for
arabinogalactdrprotein (AGP3type PPCs in fruitor seeebased matrices, notably
tomato, appleand grape(Canalejo et al., 2022; Chen et al., 2024; Leszczuk et al.,
2022)

This chapter provides an overview of current knowledge on exudate fruit
derived PPCs, with emphasis on their composition, extraction strategies, and
analytical methods of confirmation. Deliberate attention is given to -HG€
complexesthe class most closely related to the newly isolated PPC in this work in
order to establish a coherent framework for its identification and characterization
(e.g., the case of gum Arabic).

3.2.Nature and composition of natural protein
polysaccharide complexes

Natural PPCs are widespread in plants, fungi, and algae; however, only a limited
fraction are both readily extractable and functionally relevant. Thekbesin
examples come from plant exudates (e.g., gum Arabic, ghatti gum, cashew gum,
mesquite gum), fruit and coproduct matrices (e.g., AGPs from coffee, grape, or
apple). These complexes share a common biochemical logic: a predominantly
polysaccharidic backbone (generallyi 88% of dry matter) covalently linked to a
minor protein fraction (120%) that imparts interfacial activity and structural
cohesionde Paula & Rodrigues, 1995; Redgwell et al., 2002; Singh et al.,.2025)
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3.2.1.Natural proteini polysaccharide complexes from
exudates

3.2.11 Gum Arabic

Acacia gum, known as gum Arabic (GA), is a complex hydrocallliids an
exudate from the trunk, branches, or fruits of Acacia trees (nofadagia senegal
and Acacia seydl in response to incision, injury, or fungal infectihazi et al.,
2020) GA has been used for millennia as an essential material in numerous
applications due to its unique properties. Its chemical structure and compaosition play
a determining role in its functionalities and application a(€astellani et al., 2010;
Rhazi et al., 2020)GA is a branchedhain, neutral to slightly acidjpolysaccharide

arabinogalactarprotein I t s bac kb maactopgransesyl sinitsslinkedf b
(1Y3) . Side chai nsD-galmpati spey rtawoo styol fuinviet
attached to the main chain by (1Y6) | inl

L-ar abi nof 44 & @ams ylpy rDEglucsysahosyl, @nd-O-methylb-
D-glucopyranosyl units, the latter two typically at terminal positions. The chemical
composition of GA can vary with the source, the age of the trees, climatic
conditions, and soil typAzzaoui et al., 2015)GA contains 3842% galactose, 24

27% arabinose, 126% rhamnose, 136% glucuronic acid, 1i%2.6% protein,
0.220.39% nitrogen, and 12.%6.0% moisturgldris et al., 1998)Its main amino

acids are hydroxyproline, serine, leucine, threonine, histidine, and aspartic acid. The
ash content of GA ranges from 2.88% to 4%, while total minerals are typic¢ally 3
5%, with reducing sugars between 0.16% and 0.4d#riod, 2018) According to
Mohamed et al(2025) GA consists primarily of a mixture of three fractions
glycoprotein, arabinogalactan, and arabinogaldqaein each with distinct
molecular weight and chemical composition. The arabinogalactan fraction represents
~88% of the total GA, has a relatively low molecular weight (~300 kDa), and low
protein content (<1%). The arabinogalattamtein fraction is ~10% of the gum,

with a high molecular weight (~1500 kDa) and ~10% protein. The glycoprotein
fraction, <2% of the gum, has the lowest molecular weight but the highest protein
content (2050%).

The arabinogalactaprotein is the most active fraction and the primary component
responsi bl e for GA®Randal etwll, $983)tadsorks atphe op e r t
oili water interface, forming a viscoelastic film that reduces interfacial tension
thanks to its amphiphilic nature hydrophobic protein chains combined with
hydrophilic polysaccharide fragmeng®Bhillips et al., 2008; Randall et al., 1988;
Williams & Phillips, 2009) Because of these technological properties, GA is widely
used in the food, pharmaceutical, printing, textile, and cosmetic industries. It
typically acts as a stabilizer, emulsifier, fitftormer, thickener, flocculant, and
surfacefinishing agent(Prasad et al., 2022Jhese intrinsic properties underpin its
recognition as a food additive (E414). It is used in beverages, confectionery,
emulsions, flavor encapsulation, bakery, and bre\fegbeken et al., 2003These
remar kabl e functional properties are clo
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structure, which comprise a mixture of highly branched, acidic polysaccharides
(Mariod, 2018)

3.2.12. Other natural proteini polysaccharide complexes from exudates

Like GA, other PP@ype gums have been identified in plants and considered its
anal ogues. These PPCs have not y-scéle rea
production, but they are studied and used in various local applications, sharing
similar properties with distinct compositions and specific structural features
(Mohamed et al., 2025yhatti gum, cashew gurapndmesquite gum.

3.21.2.1. Ghatti gum

Ghatti gum ( GG) , also called Al ndian
obtained from trees of the genusogeissus latifolia It forms by gummosis
following incision, injury, or environmental stre@sang et al., 2011; Singh et al.,
2024) As with GA, its chemical composition and molecular structure particularly its
polysaccharide mixture, the presence of bound proteins, and minerals (calcium and
magnesium salts) strongly influence its functional properties and industrial
applications(Kang et al., 2014)Global GG production remains relatively low,
estimated at 1000500 tons per year, compared with GA. However, it exhibits
important functional and medicinal propert{ngh et al., 2016)Structurally, GG
is classified among highly branched pstarch polymerdts molecular weight (M)
has been estimated at ~8.94 X @0nol (Al-assaf et al., 2007; Singh et al., 2025)
Like GA, GG is a highly heterogeneous complex polysaccharide composed of three
main fractions: arabinogalactgrotein (AGP), arabinogalactan (AG), and
glycoprotein. Each fraction displays different average molecular weights and protein
contentqSingh et al., 2025)

Chemically, GG consists mainly of ~86% polysaccharides, 7.7% moisture, protein
content of 3.84.2% (thus richer in protein than GA$ingh et al., 2024and ash
content of 2.24.0%. Galactose and arabinose collectively account for ~90% of total
sugarqSingh et al., 2025; Singh et al., 2024)

Monosaccharide analyses shemlthatit is primarily composed of arabinose (34.0
38.0%), galactose (21.24.6%), xylose (018L.2%), mannose (5.3.9%), rhamnose
(0.8/1.2%), and glucuronic acid (15.#8.6%) (Kang et al., 2011; Sasaki &
Kohyama, 2012) GG contains significantly higher percentages of aspartic acid
(Asp), glycine (Gly), and lysine (Lys) than GA, but lower proportions of
phenylalanine (Phe), proline (Pro), and serine ($&hassaf et al., 2021Fine
structure studies (1D/2D NMR, methylation analyses) have shown that the AGP
fraction of GG is highly branched, which confers its emulsifying propditiang et
al., 2014) This fraction, formed by hydrophilic polysaccharide blocks attached to a
centr al protein chaiihypedadhsbitst ar éwaw
core around which carbohydrate chains are organikesg et al., 2011)This
organization promotes adsorption at thé wdter interface and the formation of a
protective viscoelastic film, responsi
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and emulsion stabilizer, notably in acidic or saline mé@dang et al., 2014)Owing

to these technological features, GG is used as a stabilizer, thickener, emulsifier, and
film-former in the food, pharmaceutical, cosmetic, and printing industries.
Compared with other exudate gums, it offers better acid pH resistance, greater ionic
stability, and stronger ebinding capacity(Singh et al., 2024)Finally, GG quality
depends heavily on harvesting conditions (tree age, season, extraction method),
processing (drying, impurity removal), and geographical origin. These factors
influence impurity content (bark, sand, particles) and thus final functional properties
(Kang et al., 2011; Singh et al., 2024)

3.2.1.2.2.Cashew gum

Cashew gum(CG) is a natural exudate hydrocolloid obtained from the trunk or
branches ofAnacardium occidentald., notably present in many tropical and
subtropical countriefZakaria & Rahman, 1996)t forms by gummosis induced by
injury or environmental stregdothé et al., 2017)As with other exudate gums, its
chemical composition and molecular structure particularly its polysaccharide
network, the presence of proteins or other bound macromolecules, and association
with salts/metals strongly condition its functional properties and application domains
(de Paula & Rodrigues, 1995; Ribeiro et al., 2016; Silva et al., 2025) water
soluble to varying degrees after purification and can form viscous solutions or gels
depending on concentration, pH, and iqds Paula & Rodrigues, 1995¢G is
considered a branched, nstarch heteropolysaccharide generally composed of
56.7 73% galactose,35% arabinose,i89.7% glucose, i4.3% rhamnose, 2%
mannose, % xylose, and 516.3% glucuronic acid. Ash content (0i342%) and
moisture (9.813.2%) vary with purificatof de Paul a & Rodri gues
Akoto, 2011)with pH ranging from 3.8 to 4.2. CG also contains protein {1.27
1.80%), total sugars (0.B.10 mg/g), total phenols (0.24.26%), moisture (9i8
13.2%), and insoluble matter (128%)( Gy edu Ak.ot o, 2011)

Sequential degradations and methylation analyses of CG and its degradation
products have revealed a highly branched galactan network consisting of chains of
b-D-gal act opyranosyl uni ts l inked (1Y3),
linkages(Acta & Bell, 1975) The gum behaves as a heterogeneous syfengum
Arabic (Acacia senegal Three main fractions have been detecte@@ 6% of a
polysaccharidiprotein complex (M = 2.6 x 10), 42% polysaccharide (M= 3.2 x
10%, and 52% polysaccharide (M 1.6 x 10) (Acta & Bell, 1975) CGthus closely
resembles gumArabic and can be used in the pharmaceutical, cosmetic, and
adhesive industriegRibeiro et al., 2016)It can also be used in foods as an
emulsifier or stabilizer, as it is neoxic and free of odor or tas{®lothé et al.,
2017; Mothé & Rao, 2000)

3.2.1.2.3Mesquite gum

Mesquite gum (MG), which seeps from the barlPadsopis sp is also an exudate
gum whose protein fraction is covalently linked to a polysaccharide fraction. It is
widely used in Mexico and the U.S. Southwest, mainly in small processing
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industries, including for food and confectionefyernoncarter et al., 2000)It
consists of aD-gnadianc t ®lsa&i nunoft sb 1l inked (
chains containing {arabinose as pyranose and furanose rings,iLa mn eDs e , £
glucuronate, and-®-methykb-D-glucuronate, present either as isolated monomers

or as oligosaccharide side chaif#sspinall & Whitehead, 1970)Light-scattering

studies have shown a molecular mass of ~386 kDa. Analyses revealed that mesquite
gum fromProsopis velutinaafter acid hydrolysis, releases mainhatabinose and
D-galactose residues, with traces efjdcuronate, Bmannose, and Rylose, and a

low amount (~4%) of uronic acids (glucuronic acid) (Léfeanco et al., 2008).

The main compositional difference between mesquite and Arabic gums is the
absence of frthamnose in gum frorRrosopis velutingLépez-Franco et al., 2008)
Mesquite gum extracted from Prosopis alba has been reported to contain ~14%
protein on a dry basi®/asile et al., 2016)

Mesquite gum proteins are composed mainly of serine, hydroxyproline, valine, and
glycine (L6pez -Franco et al., 2008)The presence of these proteins is primarily
responsible for its emulsifying power (Johan Alftrén et al., 2012). MG also contains
a small amount of fafLépez -Franco et al., 2008)in addition, MG contains
polyphenols (notably tanningisoycoolea et al., 2000Recent studies sheal that
filtered mesquite gum has higher contents of phenolics, flavonoids, and tannins than
GA, associated with greater antioxidant activity. It showed no toxic effects in rats
and is therefore recommended as a functional food ingretiasile et al., 2016)

3.2.13. Natural PPCs from fruits and fruit co-products

PPCs present in fruits and their-pmducts represent a particularly interesting
category of biopolymers due to their natural origin, structural complexity, and
physiological role in plant tissues. Unlike exudate gums, fruit PPCs are intrinsically
linked to cell walls, where they contribute to tissue cohesion, texture modulation,
and ripening phenomendlLeszczuk et al., 2022; Showalter, 2001}heir
composition and extractability are influenced by fruit type, maturity, and processing
(pressing, drying, fermentation, etc.). Fruits and frudpooducts are an emerging
source of PPCssuch as AGP-type and pectiiprotein PPCs, whose complex
structure combines galactesnd arabinoseich polysaccharide regions with often
glycosylated protein domains.

Several studies in the literature regoron the presence of PPCs in fruits, mainly
within the field of plant physiology. AGB/pe complexes have been identified in
tomato, strawberry, apple, and grape, where they contribute to cell wall cohesion
and evolve during fruit ripeninfCanalejo et al., 2022; Chen et al., 2024; Leszczuk
et al., 2022)Overall, these fruitlerived PPCs share a common AtyPe structural
signatur e, ch-add¥8henczad bwclkbddne bran
associated with protein domains, although their molecular weight, degree of
branching, and protein content vary by species and extraction m@hed et al.,
2024; Kuhlman et al., 2023; Leszczuk & Szczuka, 20H®)wever, no datés yet
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available on their extraction and tecHuomctional characterization, in contrast to
exudate gums.

3.3. Extraction methods for natural proteini
polysaccharide complexes

3.3.1.Analytical laboratory methods: fundamental structural
study

Some studies aim primarily to identify the presence and nature of PPCs within
plant tissues, without seeking preservation or tedhnotional applicability,
especially in foods. T h e s-denafuang protgcalsi c al o
(trichloroacetic acid, TCA; anionic detergents such as SDS; or organic solvents)
intended to dissociate cell walls and release glycoprotein fraction faitro
analysis. For examplgl.eszczuk et al., 2022)sed TCA extraction to isolate and
localize AGPs in tomato Splanum lycopersicum for histological and
immunological characterization. SimilarlyCapek et al., 2013applied sequential
extraction using SDS and urea to obtain AGP fractions from Coffea arabica,
enabling finestructure analysis by chromatography and NMR. AGPs have also been
isolated from goji berry Liycium barbarurh and purified by aniomxchange
chromatography and precipitation with Yariv reagéRedgwell et al., 2002)For
now, most PPCs extracted from fruits such as apple, grape, or tomato are for
analytical purposes in physiology and immunol@g@hen et al., 2024; Kuhiman et
al., 2023; Leszczuk & Szczuka, 2018hese methods provide detailed information
on AGP composition and organization, but they destroy native structure and do not
allow functional valorization of the complexes. They therefore fall within a purely
analytical approach, useful for understanding proftysaccharide interactions,
but not transferable to industrial or functional feéadredient contexts. In this study,
we focus on extraction methods aimed at functional food ingredients.

3.3.2.Extraction methods for industrial valorization

3.3.2.1. PPCs from exudates

Unlike analytical extractions, some studies @dito extract and preserve PPCs in
their native state for industrial valorization as tecfumctional ingredients. The
goalwasnot only to identify the complex but to recover andduseas a functional
agent emulsifier, thickener, texturizer, or bioactive.

For gums, there is no extraction per se but rather purification, since raw exudates
are collected from trees growing in the wild. The collected exudates are dispersed in
water for 24 h. After dissolving the crude gum in wateri g8 °C) and
clarification/filtration (sieving, then fine filter or 0.22 um for cold sterilization, or
brief pasteurization), the solution is precipitated by adding ethanol -{framte
solvent); isopropanol may be used in technical purification but must be completely
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removed. The precipitate is washed with alcohol, then dried (shyayg,
lyophilization for powder, or vacuum/air drying for granules). Finally,
milling/sieving and moisturight packaging are performefHay et al., 2024;
Prasad et al., 2022; Singh et al., 2025; Singh et al., 2034 to the natural
variability of exudates, batch yields vary with initial composition (e.g., highly
viscous resin) between ~50% and 9{9ay et al., 2024)

3.3.2.2. PPCs from fruits

For fruit and ceproduct PPCs, approaches aiho selectively extract AGPs and
other polysaccharid@rotein conjugates present in cell walls or storage tissues.
Unlike exudate gums, these matrices require prior disintegration (grinding,
homogenization, or mild enzymatic treatment) to release soluble comph&sng
et al., 2012) Neutral aqueous extractions are preferred to preserve native complex
structure and avoid denaturing associated prot@apek et al., 2013)So-called
modern processes often use ultraseassisted extraction (UAE), which promotes
desorption of PPCs from plant matrices via cavitation, improving yield and reducing
solvent consumptio(Chemat et al., 2017; Cheung et al., 2012; Wu et al., 2020)
other cases, mild enzymatic extraction (pectinase, cellulase, edivity protease)
is employed to solubilize PPCs strongly integrated into the wall without degrading
glycoprotein linkagegRedgwell et al., 2005; Wu et al., 202@xtracts are then
centrifuged, filtered, and may be precipitated with ethanol to concentrate the PPC
fraction before lyophilizatiorfCapek et al., 2010, 2013; Cheung et al., 2046;et
al., 2020) These protocols yiettl functional PPCs at +8% of dry matte(Capek
et al., 2010, 2013; Liu, Li et al., 2020; Wu et al., 20EXtraction yields for fruit
matrices strongly depend on the proc®¥a.et al.(2020)compared several methods
to extract PPCs also associated with polyphenols (PPPs) Htowenia dulcis
peduncles (a false fruit): hot water extraction (HWE), pressurized water extraction
(PWE), ultrasounéhssisted extraction (UAE), ultrasouadsisted enzymatic
extraction (UAEE), ultrasounthicrowaveassisted extraction (UMAE), microwave
assisted extraction (MAE), and higpeed shearing homogenization extraction
(HSHE). HWE, PWE, UAE, and UEAE yielded higher recoveries than MAE, HSH,
and UMAE. The lower yields with M/HSH/UM were attributed to structural
degradations (chain scission, di sasse
processes (Liu, Bai et al., 2018) whereas HWE/PWE/UAE/UEAE favor
desorption/solubilization of complexes while limiting fragmentation. Overall
composition and cextracted bioactives also depended on method. The extracted
PPPs <contai4@ed2%?29089s ad26l¥ss prateins, ,andd 1 8
a2.i46095% uronic aci ds, 1T¥v.56hmg GaH/gy gantd e n o
fl avonoiitl4d.10ang RE/@. Notably, PR¥ and PPAP showed higher
polyphenols, likely because HWE/PWE (high temperature/pressure) favor
polyphenal polysaccharide/protein associatigfiRenard et al., 2017)whereas
ultrasound/microwave conditions can partly destructure PPPs and reduce this triple
associatior{Pawlaczykgraja et al., 2019)
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Regarding molamass distribution (HPSEC) and polydispersity, ultraseund
assisted treatments produced wafined fractions with higher Mthan PPPs
obtained by other methods, indicating that ultrasound (alone or coupled) can release
high-M\, macromolecules (desorption/solubilization) rather than completely
fragmentthem(Pawlaczykgraja et al., 2019)

Constitutive monosaccharide molar ratios varied with method (selective extraction
and/or differential release), without changes in the types of monosaccharides
identified (enrichment/release of certain portiofiEwlaczykgraja et al., 2019; Wu
et al.,, 2020) FT-IR spectra across the seven methods were broadly similar,
indicating unchanged global chemical motifs (characteristic groups). Extraction
method effects were instead reflected in maotass distribution, polydispersity,
monosaccharide ratios, and association with proteins/polyphénalsLi et al.,
2020;Wu et al., 202Q)

In practice, the extraction method should be aligned with the intended use. For
good colloidal stability or emulsifying properties, ultrasowasdisted processes
particularly UAE or UEAE are preferable because they release-Miigh
macromolecules with a homogeneous size distribution (narrow (EhBung et al.,
2012, 2015; Tam et al., 2028{u et al., 2020)To enhance antioxidant bioactivity,
hotwater (HWE) or pressurizegater (PWE) methods are more suitable, as they
favor ceextraction of polyphenols. Conversely, overly aggressive conditions such as
microwaves (M), higkspeed homogenization (HSH), or ultrasoumitrowave
combinations (UM) should be avoided when preserving macromolecular integrity
and native PPC functioni€heung et al., 2012, 2015; Tam et al., 2025; Wu et al.,
2020)

3.4. Analytical methods used to characterize protein
polysaccharide complexes (PPCs)

Protein polysaccharide complexes (PPCs) have attracted growing interest as
promising natural ingredients for the development of functiagahs. With a view
to valorizing new plant resources, several studies hiawvestigatedPPCsfrom
divers matrix notably guns, fruits, agreindustrial ceproductsor seedswith the
aim of developinghaturalfunctional ingredient¢Benichou et al., 2007; Schmitt &
Turgeon, 2011; Tang, Gao et al., 2024)

PPCs are generally characterized through different analytical methods, including
chemical analyses (protein and polysaccharide composition), physicochemical
analyses, structural characterization (HPSEC, FTIR, fluorescence, microscopy) and
technoefunctional evaluations (rheological, foaming and emulsifying properties).

In this section, however, the objective is specifically to present the analytical
methods that allow identifying a protépolysaccharide complex in a crude extract
and confirming that proteins and polysaccharides are associated within the same
macromolecular entity.

However, demonstrating the presence of both proteins and polysaccharides is not
enough: it is essential to establish that they coexist within the same macromolecular
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entity and that they are associated through-cavalent or, ideally, covalent
interactions. Addressing this requires combining several complementary analytical
approaches, each providing specific information on:(i) the presence and
quantification of each constituent; (i) their association within the same
supramolecular structure; (iii) structural interactions linking them.

3.4.1.1dentification and quantification of proteins and
polysaccharides

3.4.1.1. Protein fraction

Protein identification and quantification rely on several methods. Colorimetric
assays (Bradford, Lowry, BCA) offer good sensitivity but can be perturbed by
polyphenols or sugar@ang Wanget al., 2022) More specific methods, such as
total nitrogen determination (Kjeldahl or Dumas), using the factor 6.24 to convert
measured nitrogen into protein cont@lang, Cui et al., 201vith aspartic acid as
a standard(Alftrén et al.,, 2012)and amineacid profiling provide absolute
guantification and a compositional signature. In addition, intrinsic tryptophan
fluorescence can inform on protein presence and conformational state, notably
during interactions with polysaccharid@&vian & Callis, 2001)

3.4.12. Polysaccharide fraction

Constituent monosaccharide analysis is essential for structural characterization and
guality control of PPCs, as it reveals the relative composition in monosaccharides
(Ara, Gal, Rha, Glc, Xyl, GalA, GIcA) and helps define the structural signature of
the polysaccharide fractiqiiu, Tang et al., 2021)Typically, this analysis involves
complete acid hydrolysis followed by chromatographic analftsis, Tang et al.,

2021) To determine PPC monosaccharides, samples are fully hydrolyzed by sulfuric
acid (H sO , 1 M) or trifluoroacetic
monosaccharides are acetylated. The resulting alditol acetates are analyzed by gas
chromatography (GC) with flarAenization detection (FID) or mass spectrometry
(MS) (Wu et al., 202Q) Thus, total polysaccharides correspond to the sum of
monosaccharides present in the RR@ng Cui et al., 2011) The phendlsulfuric

acid method is the most commonly used for total carbohydrate quantification
(Dubois et al., 1956; KangCui et al., 2011; Wu et al., 2020However, its
specificity and accuracy are limited due to the complexity of PPC monosaccharides
(Albalasmeh et al., 2013FonsequentlyWu et al. (2018yecommend establishing
calibration curves using monosaccharide mixtures to improve precision.

3.4.2.High-performance sizeexclusion chromatography
(HPSEC)

HPSEC is the reference method for characterizing macromolecules and assessing
PPC molamass distributiongPodzimek, 2011; Some et al., 201%) separates
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species by hydrodynamic volume, allowing observation of macromolecular fraction
distribution and homogeneifyVu et al., 20182020) Typically, SEC coupled with
refractiveindex detection (RID), using dextran or pullulan standards for calibration
curves, is widely used to determine PPC molecular mgksew), Cuiet al., 2011,
Podzimek, 2011Wu et al., 2018)Analytical SEC with different detectors (RI/UV)
can probe the structure and chain conformation of complex biopolyfhacs &
Zhang, 2008) Combining complementary detectors greatly strengthens its utility.
The UV detector informs on the protein fraction via absorbance of aromatic amino
acids (Trp, Tyr, Phe) at 280 n(#nthis & Clore, 2013; Pace et al., 1995he
differential refractiveindex detector (dRI) responds to total solute concentration,
including the polysaccharide portigMahendran et al., 2008Lo-existenceof UV
and RI signals on the same chromatographic peak provides strong evidence for
simultaneous presence of proteins and polysaccharides in a single macromolecular
entity, suggesting covalent complexatiitang, He et al., 2024; Podzimek, 2011,
Schmitt & Turgeon, 2011; Wu et al., 2020)

As in studies on gurrabic (Idris et al., 1998; Lin et al., 2021; Mahendran et al.,
2008; Rhazi et al., 2028howing proteifnpolysaccharide complexation by coupling
UV and RI detectors, other studies on various matrices e.g., prataiinoxylan
from corn bran(Kang Guo et al.,, 2019 Kang, He et al., 2024)and proteiif
arabinogalactan fromHovenia dulcis fruit also used HPSEC to highlight
conformational properties describing heterogeneous structure in natural PPCs. Their
HPSEC analyses with multiple detectors revealed UV and Rinigaation,
indicating that protein and polysaccharide fractions are covalently linked in natural
PPCs. Adding a muklangle lightscattering detector (MALS) provides absolute
molar mass and radius of gyration for additional structural ins{gdasg Heet al.,
2024; Podzimek, 2011; Some et al., 2019)

3.4.3.Complementary analysis:Fourier -transform infrared
spectroscopy (FTIR/FT-MIR)

FTIR is a complementary tool of choice for identifying functional groups involved
in proteiri polysaccharide interaction®ai et al., 2018) Moreover, midinfrared
(MIR) spectroscopy directly provides information on specific constituents in the
sample, their characteristic molecular structures, and chemical ttzisn et al.,
2004; Nandiyanto et al., 2019pffering insights into characteristic vibrational
patterns of covalent bondBtzion et al., 2004)

The amide | and Il bands (1500700 cnwd) are characteristic of the peptide
backbone: the amide | bandd=0) is sensitive to protein secondary structure, and
its shift often reflects conformational reorganization during complexgamth,
2007; Rafe & Razavi, 2015)

The polysaccharide region (9200 cn@) corresponds to OTC and GOH
stretching vibrations of glycosidic linkagésL. op2 kov 8§ et al ., 2006 ;
2019)
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Finally, carboxylate group bands (~1600 and ~1406cimmform on the presence
and ionization state of uronic acids (GalA, GIcA) and acidic amino acids (Asp, Glu)
(Dong et al., 2017)Changes in these regions band shifts or intensity variations
indicate formation of ionic, hydrogen, or covalent bonds between protein and
polysaccharide domairi®ong et al., 2017; Nandiyanto et al., 2019)

3.5. Technofunctional properties of proteini
polysaccharide complexes

Natural PPCs such as AGP, arabinoxyfaotein, or pectinprotein complexes
combine unique emulsfying, foaming and rheological properties. These
performances stem from the hybrid structure in which the protein fraction provides
amphiphilic functions, while the polysaccharide fraction contribtdesabilization,
viscosity, and resistance to chemical or thermal stress (Randall et al., 1988). Among
them, GA is the most studied and industrially exploited model for exceptional
emulsification and stabilizatiofHan, Huet al., 2019)

Comparative studies recurrently shemivthat complexation or conjugation of
proteins with polysaccharides significantly enhathfunctional properties, notably
emulsification, foaming, and thermal stabil{gchmitt et al., 1998)Thus,Mu et al.
(2010)showed that conjugates between soy protein isolate (SPIBAnekhibited
markedly higher solubility and emulsifying capacity than SPI alone. The
emulsifying activity index (EAI) of SRIGA conjugates increased by 58.26% at pH
7.5 and by 82.73% at pH 4.0, while emulsion stability (ESI) roughly doubled,
exceeding 90% after 1 h versus ~45% for SPI (Mu et al., 2011). This improvement
is attributed to hydrophilic arabinogalactgoolysaccharideghains ensuring droplet
steric stabilization and to better interfacial adsorption of the glycosylated protein
fraction(Randall et al., 1988)

Moreover,Hashemi et al(2025) studied conjugation of whey (WPI), soy (SPI),
and albumin proteins with basil seed gum (BSG) polysaccharides. After conjugation
with BSG, foaming power for WPI (78.57%), SPI (61.91%), and albumin (71.43%)
increased to 107.14%, 85.71%, and 85.71%, respectively. Conjugation thus
enhanced foaming, as well as protein solubility and stability, with beneficial effects
on emulsifying properties. The superior foaming of conjugates versus blends could
be due to improved surfactant action at thed vedter interface thanks to the
emulsifying and thickening properties of graftedsil seed gunfHashemi et al.,
2025) These trends are confirmed by the recent revie®iofet al.(2025) which
repors that complexation or conjugation of soy proteins with various
polysaccharides (pectin, gum Arabic, alginate, carrageenan, etc.) leads to
apprximately 1.5 3 fold increases in emulsiing and foaming indices, artg 20i
40% improvements in thermal stability and viscosity compared with proteins alone.

Other studehave shown t hat c o mb i nlactogiobulnr ot e
fibrils, casein or soy protein aggregates) with fibrillar polysaccharide structures
(e.g., nanofibrillated cellulose, amylopectin fibrils) can markedly enhance emulsion
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stability by forming threalimensional interfacial and continuous networks that
physically hinder droplet coalescenffeliasmachado et al., 2020; Rehman et al.,
2024; Yang et al., 2020; Zeng et al., 2017; Zhdrg et al., 2019) Zong et al.
(2022) showed that such stability is achieved with natural PPCs extracted under
alkaline conditions from shiitake mushrooms.

These approaches clearly show that préfeitysaccharide synergy is essential for
emulsifying and foaming stability. They also highlight that the performance targeted
through artificial assembly is intrinsically provided by natural PPCs, whose
structured molecular organization and covalent or-cmralent interactions confer
comparable or even superior emulsifying stabilization. Natural PPCs can thus be
viewed as natureptimized molecular organizations capable of reproducing, or
surpassing, the performance of reconstituted systems while offering improved
compatibility and enhanced functional efficiency.

3.6.Conclusion

Plant proteiinpolysaccharide complexes (PPCs) are efficient natural structures that
combine the properties of proteins and polysaccharides to deliver excellent-techno
functional performance (emulsification, foaming, stability). Gum Arabic is the best
example, thanks to its all complex and particulaidy arabinogalactarprotein
fraction thatgovernsits remarkableproperties. However, PPCs from fruits and fruit
co-products remain little studied, even though their presence has been documented
in several fruits and eproducts (tomato, apple, grape). A combination of targeted
analyses quantification of proteins and polysaccharides|utimn by HPSECUV1
RI, and FTFIR spectroscopy can confirm their existence and interactions. In this
context, cashew apple bagasse, rich in proteins and polysaccharides, represents a
promising source for which no demonstration of PPCs has, to date, been reported.
Gentle extraction and characterization of its PPCs could not only demonstrate their
presence but also pave the way for their valorization as nataralsifying and
stabilizing agents, as alternatives to gum Arabic.
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Chapter 4. Experimental approach of the thesis

As mentioned in the introduction, this research aims to develop an innovative
valorization strategy for cashew apple bagasse based on the fractionation of its
natural constituents, with a particular focus on the protein fraction. The experimental
approach adopted follows an integratepproach ranging from biomass
characterization to a muléinalysis of a natural protéipolysaccharide complex
(PPC), including extraction process optimization and the identification of this new
complex. An overall schematic representation of the strategy is providegl 1.

The first step began with a preliminary pretreatment of the raw material and a
proximal biochemical characterization to assess its potential, understand its
variability, and establish a representative and reproducible batch. A response surface
methodology (RSM) experimental design was then implemented to optimize the
extraction of a protekenriched extract. The effects of critical parameters pHZB
temperature (200 °C), liquidto-solid ratio (10:130:1), and extraction time (%

h) were further assessed through complementanfamterata-time optimization.
Ultrasoundrelated parametersirfie: 0- 30 minand power400& 700 W) as well as
precipitation pH (1.B4) were also investigated to identify the conditions
maximizing protein yield and purity.

During this optimization, the low protein purity was attributed to thextoaction
of nonprotein compounds. Composition analyses and -eszéusion
chromatography coupled with RI/UV detection (HPSEC) enabled the identification
of a natural proteiipolysaccharide complex, which redirected the strategy toward
its in-depth characterization.

Given that ultrasound treatment improved solubilization, yield, and purity, the
second part of the work focused on investigating its impact on the PPC. An
integrative analytical approach was employed to compare PPCs extracted with and
without ultrasound to elucidate how sonication modifies their composition and
structure. Molecular weight distribution was determined by HREEQOV.
Secondary structure and chemical modifications were analyzed usiigIFET
spectroscopy. Intrinsic and extrinsic fluorescence provided insights into protein
conformation and microchemical environme&nScanning electron microscopy
(SEM) was used to visualize PPC morphology and microstructure. Interfacial
properties were evaluated through iwiater interfacial adsorption kinetics,
interfacial rheology and techndunctional properties by flow behavior of PPC
dispersions and emulsifying capacity. All characterization data were then integrated
to establish structuréunction relationships linking extraction conditions, PPC
structure, and functional properties.

The final partof the strategy investigated how ultrasound shown to enhance and
preserve PPC integrity interacts with elevated temperature (55 °C), a parameter
previously identified as beneficial for improving protein yield and purityo
thermal regimes (40 °C and 55 °C) were therefore compared to distinguish between
moderateemperature  ultrasouraksisted extraction and higdmperature
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ultrasoundcoupled extractionThe resulting extracts (PPCU40, PPCU55, and their
nortultrasound controlsPPCNU40 & PPCNUS5were characterized using the
same analytical approaches as in the second part of the study, including, their
thermal stability (TGA) and their full rheological properties. The objective was to
elucidate the mechanisms driving the compositional, structural, and functional
changes induced by temperature and ultrasound, and to establish precise correlations
between PPC structure and tectiunctionality.
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Description of Chapter5

The first part of the bibliographic review highlighted the potential of cashew apple
bagasse as a valorisable resource, notably due to isagbigible protein content.
However, it also revealed the absence of studies dedicated to the extraction and
comprehensive characterization of a truly prosmmiched extract. This gap justified
the development, in this first experimental chapter, of a methodological approach
focused on optimizing the recovery of the protein fraction.

In this perspective, following a standardized pretreatment and characterization of
the raw material, a response surface methodebaged experimental design was
implemented to evaluate the effect of key operational parameters on extraction
efficiency. Ultrasound treatment was also integrated, in line with literature evidence
suggesting its ability to enhance solubilization and the release of intracellular
components. The objective was to rationally identify the conditions that would yield
the highest possible prote@mriched extract, in accordance with the directions
outlined in the thesis introduction.

This chapter thus constitutes the first step of the experimental workflow: it
establishes the methodological framework required to understand the extractability
behavior of cashew apple bagasse constituents. The results of a combined analytical
assessment provided essential insights into the complexity of the matrix and
ultimately redirected the continuation of the work toward a deeper analysis of the
nature of the c@xtracted components.

This work is an originalresearch articleadapted fromzZie, M., Jacquet, N.,
Karamoko, G., Alabi, T., Richel, A., Karoui, R., & Blecker, C. (2025).
Characterization of a novel natural protpilysaccharide complex from cashew
Apple bagasse and its functional implications. Food Chemistry, 464(P3), Article
141861 https://doi.org/10.1016/j.foodchem.2024.14186
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Chapter 5. Identification and characterization of a
novel native protein polysaccharide complex from
cashew apple bagasse

5.1. Abstract

Cashew apple bagasse (CAB) constituting about 20% of the cashew apple's (CA)
weight, is often overlooked and considered a waste product. This study aims to
valorize CAB by extracting and studying nutritional and functional compounds from
CAB, particularly proteins. Response surface methodology (RSM) design and
ultrasoundassisted extraction (UAE) are employed to optimize a preteiithed
fraction extraction process. Analysis of CABoteinPellet composition reveals that
its main constituents are sugars (42.49%) and proteins (22.10%). HPSEC analysis
confirmed the existence of a new natural proemtysaccharide complex (PPC), a
high level of Ara (11.85¢9/100g) and Gal (17.45¢/100g) indicating the presence of
polysaccharides rich in arabinose and galactose (PRAG) with the main class of
polymers in the CABPPC being AGPs. MIETIR andH NMR spectra allowed
new insights into the structural features of the PPC derived from CA. The effects of
proteinpolysaccharide interactions within CABPC on structure and functionality
were investigated, revealing interesting functional properties and their correlation
relationship.The findings highlight certain similarities between GRBC and gum
Arabic, while also revealing markedifferences in theirprotein contentand
molecular organizatianThe interfacial tension of CABPC (21.32 mN/m) was
lower than that of gum Arabic (23.71 mN/mpherefore, CABPPC could be
suitable for a range of food applications including thickening, stabilization, gelling,
water retention, emulsification, and foaming.

Keywords: Arabinogalactasprotein; Cashew apple bagasse; FTIR; gum Arabic;
HPSECUV/RI; NMR
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5.2.Introduction

The cashew treeApacardium occidentalé&.) is an important tropical tree that
yields a fruit with two edible components: the cashew nut and the cashew apple
(CA), an enlarged peduncle. Presently, the cultivation of this tree primarily focuses
on the cashew nut. CA is approximately10 times the weight of the nut.
Unfortunately, the CA is often overlooked and considered a waste product in many
caseqTamiello-Rosa et al., 2019)

The primary product derived from the CA is its ju{&nho et al., 2011)The by
product generated during the juice extraction process, referred to as CA bagasse
(CAB) is typically undervalued. It constitutes about 20% of the CA's weight,
presenting a significant volume of material, nearly 9.2 million tons of CAB
according taZié et al. (2023)that could have substantial potential for valorization.
CAB has been identified as a source of ascorbic acid, antioxidants; carbohydrate
(Fonteles et al., 2016; Patra et al., 203iya et al., 2018pnlong with proteins
ranging from 9% to 16%, offering potential for valorizat{®atra et al., 2022)

In a recent review article bgié et al. (2023)the focus is on the valorization of
CAB, patrticularly exploring the extraction and utilization of nutritional or bioactive
compounds. Considering the current trend in the protein industry, which actively
seeks alternative and underutilized plant souteleginadjev et al., 201,7&xploring
the potential of vegetable and fruit wastes like CAB could become economically
interesting for obtaining vegetable protein fractiggani et al., 2006; Firatligil
Durmus & Evranuz, 2010; Horax et al., 201hdeed, CA is one of the major solid
wastes generated by cashew nut producers and CA juice industries in several
countries. The valorization of CA waste into valuable products, such as protein
enriched materials, offers considerable potential for application. Proteins are
appreciated in the food industry for their functional properties (emulsification,
gelation, foaming, etc.) and nutritional valuggkasha et al., 2012; Zhao, Wen, et
al., 2021) Therefore, protein extract can be used as a functional additive and flavor
enhancer in various food formulations such as candies, sauces, bakeries, etc. This
approach would not only create more income for farmers and food processors but
also contribute to sustainable waste management praZiéest al., 2023)

Therefore, the extraction of a protein fraction from CAB and the subsequent study
of its physicochemical properties are highly relevemtreduce food losses and
obtain new compounds and produdstually, few studies related to the extraction
of protein from CAB are present in literatuggbas Wani et al., 2006; Patra et al.,
2022; Zié et al., 2023)Moreover, no study based on the physicochemical
characterization of CAB protein extract has been investigated until now. The
findings from this study could provide scientific fundaments on the extraction
process of CAB proteins, on their composition and on their characteristics to
evaluate a potential suitability for future use in food applications.

Conventional extraction methods pose challenges for fruits like CA, as their
bioactive compounds are deeply embedded within the innermost layers of their cell
walls (Rocha & Norefia, 2020)Consequently, researchers are now focusing on
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employing innovative technologies, such as ultrasound and microwaves, to extract
bioactive compounds from CAB. These methods offer higher yields while requiring
less solvent, energy, and tim&ié et al., 2023) Furthermore, these emerging
technologies are regarded as alternatives to conventional extraction methods due to
their costeffectiveness and high extraction efficiency, while preserving thermolabile
bioactive compounds from degradati(fonteles et al., 2017)he utilization of

novel technologies for plafitased protein extractiaa found to increase the protein
yields by preserving their functional as well as nutritional values. Ultrasound
Assisted Extraction (UAE) is a versatile, atirermal, and costffective method,
known for its ability to recover maximum compounds in a shorter time while
preserving the quality of the final product. In UAE, the rapid formation and collapse
of gas bubbles generated by ultrasonic waves on the cell surface induce micro
streaming and shockwaves, which exert intense shear and mechanical forces. This
leads to the disruption of cell membranes and walls, allowing the surrounding
solvent to effectively penetrate the cells through the resulting fissures, releasing
intracellular proteins into the solve(fumar et al., 2021)Moreover, using green
technologies such as UAE to extract proteins from cashew apjpeotycts (CAB)

will benefit industries by enabling the development of vadded food products

(Zié et al., 2023)

However, optimizing the extraction pr
ti meo appr-coasaniing ansl lakamtengve. To address this, various
empirical methods based on statistical techniques or artificial intelligence are
employed (Patra et al., 2022). Response Surface Methodology (RSM) is a statistical
toolset used to design experiments, develop predictive models, assess factor
interactions, and determine optimal conditions for the extraction prébessi et
al., 2008)

In this study, response surface methodology (RSM) design and ultraassistkd
extraction (UAE) were employed to obtain a proteimiched CAB extract. The
chemical composition, structural analysis {/Rfand*H NMR), surface/interfacial
properties, zeta potential, and thermal behavior of this fraction were subsequently
investigated.

5.3. Materials and methods

5.3.1.Materials

Yellow (50%) and red (50%) cashew appledngcardium occidentald..)
harvested at the commercial maturity stage in a cultivated field in the north of Cote
d'lvoire (Korhogo) were used as raw material. The juice was extracted by pressing
(using a hydraulic screw press) and the obtained CAB samples were ste?éd at
°C. Ultrapure water (MilliQ, Direc) system, Merck Millipore) was utilized to
disperse the PPC.-dnilino-8-naphthalenesulfonate (ANS) was acquired from
Cayman Chemical Company. All reagents used in this study were of analytical grade
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and were purchased from VWR (VWR International BV, Leuven, Belgium) and
Merck (Merck Life Science BV, Hoeilaart, Belgium).

5.3.2.Samplepreparation

Bagasse samples were freelreed (Christ Gamma-26 LSC plus, Martin Christ,
Germany) for 72 hours. The dried samples were then ground (Fritsch, ROHS,
Oberstein, Germany) and sieved through a mesh with a diameter less than 750 um.
The obtained powder was stored2Q°C for further analysis.

5.3.3.CAB characterization

CAB analysis included determination of moisture, protein, lipids, ash, starch,
soluble and insoluble dietary fibers, cellulose, hemicellulose, lignin, free sugar, and
pectin contents. All experiments were carried out in triplicate.

The moisture (by gravimetry) and ash content of the CAB was determined
according toCruz Reina et al. ( 2022)Crude protein was determined using the
Dumas combustion method (rapgiticube Elementar analyzer system, Villeurbanne,
France) with a conversion factor of 6.25. The Soxtherm method (Type S306
AK/S306 A, Gerhardt, Konigswinter, Germany) was employed to determine total
lipid content using petroleum ether as the extraction solvent. The determination of
native starch content was conducted using the Ewers polarimetric method as per the
standard "ISO 10520 First edition: 199709-01". Insoluble and soluble dietary
fibers were determined according to AOAC 991.43 method (AACD732 The
contents of lignin, hemicellulose, and cellulose were determined using Fibertec (FT
121 Fibertec, FOSS) according Yan Soest & Robertson (197®ethod. Free
sugar was determined by dissolving 500 mg of the sample in 10 mL of water and
stirring for 30 minutes at 50C. Derivatization to alditol acetate was performed
before sample injection on an Agilent &ID (following the method described by
Blakeney et al. (1983)ith slight modifications see secti@n3.7.2.1) The average
monosaccharide percentage is expressed relative to the initial dried sample. Pectin
analysis was conducted by quantifying the major constituent sugars, namely
rhamnose and galacturonic acid. 150 mg of CAB powder was hydrolyzed with 7 mL
of 2 mol/L trifluoroacetic acid at 108C for 6 hours. The solution was neutralized
with NaOH and injected to a Dionex HPAEBPAD, ICS5000.

5.3.4.Experimental design

Many main factors, often not independent, influence the solubilization of proteins
that are the subject of an experimental approach based on the establishment of
experimental designs. Among the most important, we can mention the solid/solvent
ratio, the particle size, the stirring mode, the temperature, the time, the pH, the ionic
strength, etc. Alkali extraction is the most used conventional method forljzlsed
protein extraction. Based on this, RSM (design expert software version 10) was used
to deternme the influence of four independent variables and optimum conditions for
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CAB protein extractionA range of independent variable was chosen depending on
the combined effects of temperature, extraction pH, solvent/CAB ratio and
extraction time on the yield and techfumctional properties of plant protein isolates
studied in the literaturéSajib et al., 20233s well as preliminary tests carried out on
CAB protein extraction.

Independent variable used for performing the extraction process were temperature
(x1) (25 45°C), extraction pH (¥ (8i 10), solvent/CAB ratio (3 (10:1 to 30:1 v/w)
and extraction time ¢x (1i 5h). Each variable was coded at five level8=1, 0, 1,
2 (Table 5-1) according to Equation 1.

nQ 5 L Equation5-1
Where Xis the dimensionless value of an independent variakiethe real value
of an independent variablg;_is the real value of an independent variable at the
cent er ;i the step changex The levels and values of independent variables
are represented ihable 5-1 with their coded forms. The central composite design
using design expert software version 10 was used to find the experimental runs
number and the combination of independent variables. The experiment contained 27
runs with three center points which are presentedahle 5-2. The response
functionsinvestigatedvere Y1 = grams of soluble protein in the extract per 100 g of
CAB, and Y2 = protein purity (%)The influence of independent variables on the
responses was mathematically modelled using RSM. All experiments were carried
out in a randomized order to minimize any effect of extraneous factors on the
observed responses. Each experiment was conducted in triplicate, and the average
value of responses was used for analysis after every experimental run.

Table 5-1. Variables and levels for central composite design.

Coded variables levels

Variable Symbol

-2 -1 0 1 2
Temperature (°C) X1 25 30 35 40 45
Extraction pH X2 8 9 10 11 12
Extraction Time (h) X3 1 2 3 4 5
Ratiosolvent/ CAB = 194 151 201 251 30:1
(viw)

Table 5-2. Central composite design arrangement

R Coded variables* Uncoded variables
un X1 X5 X3 Xa X1 X2 X3 Xa
1 0 0 0 0 35 10 3 20:1
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2 0 0 0 0 35 10 3 20:1
3 -1 -1 -1 1 30 9 2 25:1
4 2 0 0 0 45 10 3 20:1
5 0 0 0 0 35 10 3 20:1
6 0 0 0 2 35 10 3 30:1
7 1 1 1 1 40 11 4 25:1
8 1 -1 1 1 40 9 4 25:1
9 -1 1 1 1 30 11 4 25:1
10 1 -1 1 -1 40 9 4 15:1
11 0 0 0 -2 35 10 3 10:1
12 1 1 -1 1 40 11 2 25:1
13 -1 1 -1 -1 30 11 2 15:1
14 1 -1 -1 1 40 9 2 25:1
15 -1 -1 1 1 30 9 4 25:1
16 1 -1 -1 -1 40 9 2 15:1
17 1 1 -1 -1 40 11 2 15:1
18 -1 -1 -1 -1 30 9 2 15:1
19 -1 1 -1 1 30 11 2 25:1
20 -1 1 1 -1 30 11 4 15:1
21 -1 -1 1 -1 30 9 4 15:1
22 0 2 0 0 35 12 3 20:1
23 1 1 1 -1 40 11 4 15:1
24 0 -2 0 0 35 8 3 20:1
25 0 0 -2 0 35 10 1 20:1
26 0 0 2 0 35 10 5 20:1
27 -2 0 0 0 25 10 3 20:1

Xi: temperature; X extraction pH; X: Extraction time; X%: Solvent/CAB ratio

5.3.5.Protein extraction process

According to the experimental desigmaple 5-2), the solvent was mixed in
different ratios with 3 g of CAB powder to investigate its effect on the extraction
process. The mixture was then placed in a water bath with stirring (GFL 1083) at the
desired temperature. The pH was adjusted using 8.raod 1 malL HCI solutions
or 6 molL and 1 malL NaOH solutions. The resulting slurry was centrifuged
(Beckman Coulter Avanti -E Centrifuge) at 11000 g for 20 minutes. After
centrifugation, the supernatant was collected and frdeed under the same
conditions as the raw material. Soluble protein content was determined by the
Dumas combustion method using a conversion factor of 6.25. All experiments were
conducted in triplicate.
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5.3.6.Ultrasound-assistedextraction

5.3.6.1 Solubilization step

High intensity ultrasonication(20kHz, CPX 750, Cole 115 PA Parmer
Instruments, lllinois, USAwas employed to enhance CAB protein extraction under
optimal conditions obtained from the experimental design (temperature, pH, solvent
ratio) by adjusting39.26°C to 40°C and pH 10.99 to 1IThe ultrasonic conditions
were applied at a frequency of 20 kHz, a power of 700 W accordiRgtta et al.
(2022) aultrasonicamplitude of 40%, stirring speed of 250 rpm, and an extraction
time of 30 minuteswith a pulse duration of etime 5 s and offime 2 s The
ultrasonicated whole sample was then centrifuged (Beckman Coulter Avénti J
Centrifuge) at 11000 g for 20 minutes. After centrifugation, the supernatant was
collected, freezelried and the soluble protein content was determined by the Dumas
combustion method usirtge same method at 2.5.

5.3.6.2. Precipitation step

For the precipitation step, we only usextract fromthe ultrasonic method since
the soluble protein content was high. The objective was the optimization of the
protein content; however, we followed the same extraction procesBigs&el). To
summarize, for the optimization of the second step of the extraction, the pH of the
supernatant obtained after centrifugation was adjusted to precipitate the protein, with
optimization conducted at four pH levels (1.5, 2.5, 3, 3.5, and 4). The protein
precipitate was washed twice using-ideized water at the precipitation pH,
followed by centrifugation. The protein wasgelubilized by adjusting the pH to 7.0
using 1 malL NaOH, freezedried, and stored a20 °C until used for analysig=(g.
5-1). All experiments were carried out in triplicate.

The obtained protein yield was calculated using the following formula:

n pmm  Equations-2

Fr- «g

The protein purity (%) corresponds to the relative amount of protein in the dry
extract.

> <ued > e p mm Equation5-3

o)
5.3.7.CAB Protein Pellet (CAB-PP) analysis
5.3.7.1 Structural characterization

5.3.7.11. HPSEC analysis

Macromolecular characteristics were determined using size exclusion
chromatography (SEC) coupled with a refractive index detector -PRR)
Shimadzu, Japan) anad altraviolet detector (Diode Array detector, SIRI20A,
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Shimadzu, Japan) on an {ZDAD liquid chromatography system (Shimadzu Nexera

XR, Japan). Separation was performed on a TSK Gel 2500 PWXL column (7.8 mm

I 30 cm; 6 em) mai nt a20ARraminente C8IWNN @v@n. us i n
The mobile phase consisted of 50 mM NaN@d 0.5% w/v Nab| at a flow rate of

0.5 mUmi n . The injection volume was 100 ¢l
concentration of 3 nigiL in Milli -Q water containing 0.5% w/v NaNfiltered
through a 0.45 em filter before injectioc

and calibrated using protein standards: thyroglobulin (670 kDa), ovalbumin (44.3
kDa), ribonuclease A (13.7 kDa), and vitamin B12 (1.35 kDa). The calibration curve
constructed from these standards is suitable for detecting and estimating the
molecular weights of proteioontaining complexes due to their compact and
globular nature, which closely resemble protein domains within the complexes. The
RI detector, also maintained at 40 °C, was calibrated using dextran standards of
various molecular weights (5, 12, 25, 50, 80, 150, 270, and 670 kDa) and vitamin
B12 (1.35 kDa). Dextrans are linear polysaccharides, and the calibration curve
derived from them is more suitable for detecting and estimating the molecular
weights of polysaccharide fractions within the complexes. Calibration curves were
constructed separately for each detection method to accurately estimate the
molecular weights of the polysaccharipitein complexes as the dual calibration
approach provides complementary information.

5.3.7.12. Mid-Infrared (MIR) Fourier transform infrared spectroscopy (FAIIR)
analysis

CAB-PP structural changes were monitored using-Mfcared (MIR) Fourier
Transform Infrared Spectroscopy (FTIR) on an IRTrek®) spectrometer
(Shimadzu, Duisburg, Germany) equipped with an attenuated total reflection (ATR)
accessory. The wavenumber of the analysis ranged from 700 to 400Gsamg a
resolution of 4 ci with an accumulation of 40 scans at 20 °C.

5.3.7.13. Nuclear magnetic resonance (NMR) spectroscopy

NMR spectra of CABPP for! H was obtained using a magritek Spinsolve
Benchtop 43 MHz spectrometer (Magritek, Wellington, New Zealand). Dried-CAB
PP (15 mg) were dissolved in deuterium oxide (1 mL w/v) at room temperature and
allowed to stand for 3h before NMR analysis.

5.3.7.2. Physicochemical andnacromolecular characteristics of CAB-
PP

Pectin, protein, moisture and ash were determined as described above with the raw
material(Cruz Reina et al., 2022)

5.3.7.2.1 Polysaccharide quantification using gas chromatograpkyth flame
ionization detection (G&-1D)

Polysaccharides were quantified by -G following acid hydrolysis,
neutralization, and derivatization to alditol acetates. GABC powder (50 mg) was
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hydrolyzed with 3 mL of 1 M H SO at i
cooling, the hydrolysate was neutralized until reaching pH 7606 using 15 M

NH OH. The neutralized hydr o-Hepxyghutose wa s
internal standard {1L0 mg/mL), and 400 pL of this mixture were transferred to
clean vials for derivatization. The released monosaccharides were converted into
their corresponding alditol acetates following the method describ&lakgney et

al. (1983)with slight modifications. Briefly, the neutralized samples were reduced
with sodium borohydride (NaBH ) in dim
40 AC for 90 min. After reduction, th
addition of glacial acetic acid. The resulting alditols acetylated using acetic
anhydride and -inethylimidazole as the catalyst. After 15 min at room temperature
(~22°C), water (10 mL) was added to decompose the excess of acetic anhydride.
When cool, dichloromethane (3 mL) was addmud the mixture was agitated on a
vortex mixer. After the phaée separations, the lower phase was collected and
transferred in a InL, septumcap vial for GC analysis. GC analysis was performed
using an Agilent 7890B gas chromatograph (Agilent Technologies, USA) equipped
with a flame ionization detector (FID) and an-HIFAgilent capillary column (30 m

x 0.32 mm i.d., 0.25 um film thickness). The oven temperature was programmed
from 120 °C (held for 1 min) to 290 °C at a rate of 4 °C/min. Injector and detector
temperatures were set at 290 °C. Nitrogen was used as the carrier gas at a flow rate
of 1.6 mL/min. All measurements were performed in triplicate.

5.3.7.2.2 Differential Scanning Calorimetry (DSC)

Thermal behavior was observed by DSC on a Q 1000 (TA Instruments, USA).
Samples weighing 1 mg were mixed with distilled 9uL water in aluminum pans.
They were hermetically sealed and stored aC4for hydration during 1h. The
samples were then heated from 25°C to 150°C at 5°C/min under a nitrogen flow rate
of 50 mL.

5.3.7.23. Surface/interfacial tension measurements

Surface tension is the property of the liquid (in our case either@ilNater or our
samples dissolved in miQ water) in contact with the air phase. Interfacial tension,
on the other hand, is the property between two substances in our case sunflower oil
with milli-Q water or sunflower oil in contact with our samples dissolved in-@illi
water.

A 0.1 wt.% aqueous solution of CABPC or gum Arabic (GA) was prepared for
the determination ofir-water (not for GA) and sunflower eiater interfaces
(commercial oil) Adsorption kinetics were studied under adsorption times ranging
from 0.05 to 30 min forir-water tension and to 24 min for sunflower-wihter
interfaceusing adrop volumetensiometer (DVT50, Kriss, Germany) equipped with
a 0.25 mL syringe and a 2.016 mm diameter metal capillary. Both analyses were
performed at 28C.
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5.3.7.24. Average particle size, polydispersity index (PDI) and zeta potential of
complex particles

The average patrticle size and PDI (at neutral pH) and Zeta potential (from neutral
pH to pH 1.8) ofl% CAB-PPC suspensiomer e measured by- a par
potential analyzeDelsa Nano C (Beckman Coulter, USAhe determination of the
Zeta potential on a wide range of pH was to determine the isoelectric point of the
proteins and to make a correlation of the electrostatic properties with the result of
the precipitation and the complex obtainddhe refractive index and absorbance
were set to 1.3328 and 0.001, respectively. All tests were performed@t 25

5.4.Results and discussion
5.4.1.CAB characterization

Table 5-3 presents the composition of the CAB sample. The water content is 3.42
+ 0.50, consistent with a freezeied sample. Carbohydrates are the major
constituents of CAB. The level of starch (22.27%) is higher than those reported by
(Cruz Reina et al., 2022¢ellulose (19.79%), hemicellulose (23.73%), and lignin
(13.56%) are close to those reported in the literafQ@reia et al.,, 2013; Cruz
Reina et al., 2022; Kouassi et al., 2Q18)wever, the pectin and free sugar contents
are much lower than previously published val@g et al., 2023) The protein
content is around 10%, falling within the expected range (between 9 and 16%). The
fat content (5.17%) is slightly lower than that reportedbyassi et al. (2018)

Table 5-3. Characterization of CAB

Compounds

% fresh basis
Moisture 3.42 £0.50

% dry basis
Crude fat 5.17 £ 0.24
Crude protein 10.02 £ 0.30
Ash 0.91 +0.00
Starch 22.27 £0.20
Cellulose 19.79+4.34
Hemicellulosic 23.73 £ 3.27
Lignin 13.56 + 3.93
Free sugar 0.46 £0.13

Pectin contents 0.31+0.02
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5.4.2.0ptimization using RSM and extraction of CAB
protein

Generally, protein concentrates or isolates are extracted in an alkaline solution,
which is then precipitated at an isoelectric Wani et al., 2006)We attempted to
follow the same protocols to obtain a CAB extract concentrated in protein.

Indeed, the first step involved extraction at higher pH values, away from the
isoelectric point, promoting the maximum solubilization of proteins, where the
proteins gain a net negative or positive surface ch@rggelsangO6 Dwy er et
2021)

A factorial design was implemented to optimize this initial extraction step. The
choice of parameters was based on the understanding that various factors, such as
pH, temperature, extraction time, and solveAapowder ratio, affect protein
solubility (Wani et al., 2006)

RSM was employed to study the optimal conditions for maximizing the yield and
purity of CAB protein extraction. As given in Table 1, four factors were selected:
solvent/CAB ratio (from 10:1 to 30:1), temperature (from 25 t6@g pH (from 8
to 12), and extraction time (from 1h to 5h). Protein yields ranged from 5.24% to
31.74%, and purity varied from 7.73% to 11.23% under the tested conditions. The
results are higher than those obtained (4&9%y) byPatra et al. (2021, 2023jter
protein extraction from CAB using a conventional method without optimization.
Very little data exists on protein extraction from CAB; there are only two at the time
of writing (mentioned above).

The predicted protein yields were calculated using the regression model and
compared with experimental values. The total determination coefficiéhtw@s
0.9845, indicating a reasonable fit of the model to the experimental data.
Additionally, the predicted Rof 0.9595 is in reasonable agreement with the
adjusted Rbecause the difference is less than 0.2.

The significance of each coefficient was determined usingttigent ttest and p
value (p). Temperature, pH, and solvent/CAB ratio were identified as the most
significant factors (p < 0.0001). Extraction time was not a significant factor (p >
0.05).

Analysis of variance (ANOVA) of independent variables was performed. The
guadratic model was used to interpret the results of the composite central plan. The
statistical analysis data revealed that the model for protein extractability was highly
significant (p < 0.0001).

The failure of the model to represent the data in the experimental domain at points
that are not included in the regression is measured by the lack of fit test. THo¢ lack
fit analysis was not significant (p > 0.05), revealing the adequacy of the fitted
model.

The ratio of the standard error of the estimate to the mean value of the observed
response is called the coefficient of variation (CV). This value is expressed as a
percentage and measures the reproducibility of the models. When CV is not greater
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than 10%, the model can be considered reasonably reprod(faligil-Durmus
& Evranuz, 2010)The CV of this model was calculated at 5.74%.

The prediction profile showed that the optimum conditions for CAB protein
extraction were 39.268C, 10.99 pH and a ratio of 25:1 for 3.82 hours, resulting in a
predicted protein yield of 25.20% and a purity of 10.41 as the maximum, with a
desirability of 0.97.

In the extract from the first step, only 25.20% of soluble proteins were obtained.
The optimal conditions determined by RSM show that a large quantity of proteins
were not solubilized (74.8%). Furthermore, other compounds are solubilized even
with a wide range of pH values, resulting in a low extract protein purity (10.41%)
barely higher than the raw material protein purity (10.02%). Similar extraction yield
was obtained byFiratligil-Durmus & Evranuz (2010when RSM was used to
determine optimum conditions for protein extraction from red pepper seed meal.

Subsequently, the second step, which involves precipitation at a pH close to the
isoelectric point, was carried out to purify the extract by eliminatingprotein
components solubilized in the first step. Under these conditions, proteins are less
soluble where they have zero net charge and can more easily approach each other
with minimal charge repulsion. Various pH values were tested (1.5, 2.5, 3, 3.5, and
4), and pH 3.5 was found to be optimum (results not shown). Precipitation at this pH
resulted in an extract with a protein purity of 12.62% and a yield of 25.61%.
However, the proteins were not concentrated enough, with a low yield (25.61%),
indicating that 74.39% of the extract comprises other compounds than proteins. The
purity of 12.62% also remained low after parameter optimization.
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Figure 5-1. Cashew apple bagasse protpatysaccharide complex extraction process,
using ultrasound.
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5.4.3.Use of ultrasoundAssisted Extraction (UAE)

In the pursuit of higher yield and greater purity, UAE was employed, following a
two-step proceduréke the extraction of plant proteins. This involved solubilization
using the optimum conditions obtained with the RSM method followed by
precipitation at a pH close to the isoelectric point (pH 3.5). The steps of the final
extraction procedure are schematize#io 5-1. The principle of UAE is cavitation,
relying on the formation, growth, and implosion of microbubbles generated by
consecutive compression and rarefacfi@atra et al., 2022 Cavitation during UAE
of CAB disrupted the CAB cell wall, leading to internal structures modification.
Ultrasound also increased solvent penetration into CAB cells, enhancing the protein
transfer rate into the supernatant. Thafs,7 g/100g of proteins were solubilized. In
similar studies on CAB, the protein content yield obtained under optimal conditions
of microwavetreated CAB by Patra et al. (2021) was 166.25 mg/g (16.62 g/100 g),
while the protein content found by Patra et al. (2022) after optimization of
ultrasoundassisted protein extraction from CAB, using artificial neural network
genetic algorithm and response surface methodology, were 354.92 mg/g (35.49
0/100 g) and 325.73 mg/g (32.57 g/100 g), respectively. These observed differences
can be explained by the varying extraction methods, optimization processes, the
variety of cashew apples used, and the treatments performed Q@A ttee obtain
CAB. Moreover, it appears that these authors did not determine the purity of the
extracted proteins nor purify the extract, as was done in this study using
precipitation. Similarly Sitthiya et al. (2018also used ultrasonic assisted alkaline
extraction of protein from banana flower that was optimized using the response
surface methodology. The maximum protein yield of 252.25 mg/g (25,25g9/1009)
was obtained under optimized extraction conditions. This result represents half of
the protein yield obtained in our study1(7g/100 g).

The purity was 146% which meant that other compounds were still solubilized
along with the proteins.

The second step involved precipitation at a pH close to the isoelectric point to
purify the extract by eliminating negprotein components solubilized in the first
step. Precipitation at this pH (3.5) resulted in an extract twice as pure in protein
content as the first step. Proteins were concentrated with an enrichment f&&por of
achieving a purity of 22.10%, which remained relatively low indicating that 77.9%
of the extract still comprised other compounds than proteins. The yield also doubled
to 61.@6. Ultrasound facilitated protein release, raising both the yield (25.61% to
61.7M%) and the purity (12.62% to 22.10%) of extracted proteins after precipitation.
A similar trend for protein yield fronDolichos lablab Land CAB using ultrasound
was observed b¥hao et al. (2021andPatra et al. (2022)

Other studies on the effects of ultrasound have shown that increased mass transfer
due to ultrasound treatment is attributed to the reduction of the boundary layer
thickness produced by pressure variations, oscillation velocities, and microflux
(Fonteles et al., 2016JJAE not only increased protein purity (from 12.62% to
22.10%) but also reduced extraction time as describe@umhintita Das et al.
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(2022) Other authors also found that ultrasound assistance both shortened the
extraction time and increased the rate of carotef¥oédet al., 20115and of ascorbic
acid, protein and total antioxidar{®atra et al., 2022)

Despite these treatments, the purity remains low. This suggests that some
compounds were not only @xtracted but also associated with proteins; otherwise,
they should not precipitate with the proteins after isoelectric precipitation. Indeed, it
is possible that proteins form a complex, as the presence of binding components
affects protein solubilityWani et al., 2006)A similar complex has previously been
identified in cashew sap (cashew gum). So it could be that the CAB proteins form a
complex with the polysaccharides. To explain why the yields were relatively low
and the purity was not significantly improved, further analyses were conducted to
address the hypothesis and identify compounds associated with proteins.

5.4.4.Monosaccharide composition of the CAB Protein Pellet
(PP)

Sugar composition of the protein precipitate was determined to gain a better
understanding of its content. The results obtained are presefitedi@b-4.

Table 5-4. Monosaccharide composition of the protein pellet

Monosaccharide (g(ljl%rgg(zjsrglzgli ds)
Rhamnose (Rha) 1.24 +£0.16
Arabinose (Ara) 11.85+1.98
Xylose (Xyl) 0.69+0.19
Mannose (Man) 0.77 £0.15
Glucose (Glc) 9.79 + 2.55
Galactose (Gal) 17.45+ 3.73
Galacturonic Acid (GalA) 0.70+ 0.06
Ratio

Ara/Gal 0.68
Rha/Gal 0.07
GalA/Gal 0.04
Gal/Ara 1.47

Ara + Gal/Rha 23.6
Rha/GalA 1.77

The precipitate primarily contains 22.10% proteins andi3%2. noncellulosic
sugars, confirming the hypothesis that CAB proteins form a complex with
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polysaccharides. Such a complex had already been identified in cashew sap which is
similar to gum Arabic and for the first time with this study, in CAB. Indeed, the
major monosaccharides are galactose (17.45%), arabinose (11.85%) which are also
predominant in cashew gum and gum Arafde Paula & Rodrigues, 199%and
glucose (9.79%). Therefore, CABP are similar to gum Arabic, being complex
polysaccharides containing a certain amount of proteins that cannot be removed by
purification (Williams & Phillips, 2009) Several authors such @sang et al., 2019,

2024; Rumpagaporn et al., 2015; Z. Zhang et al., 204¥¢ used alkaline extraction
followed by precipitation to obtain other natural polysacchapiadeein complexes.
These natural hydrocolloids are rich in hydrophilic groups, which exhibit good water
retention capacityliu & Xu, 2019)and they have garnered attention from academia
and industries due to their functional properties such as thickening, suspension,
emulsification, stabilizing, gelling, film formatio(Li et al., 2020) and adhesive
properties in the food indust(i et al., 2021) The high protein percentage in CAB
Protein Polysaccharide Complex (CABPC) is crucial for its enhanced emulsion
stabilizing capacity(Yadav et al., 2007, 201Zhickening properties, and film
forming capacityCai et al., 2021)

Different characteristic ratios were calculated to elucidate the polysaccharide and
oligosaccharide sugar structure of the protein polysaccharide complex: Arabinose to
Galactose (Ara/Gal), Rhamnose to Galacturonic acid (Rha/GalA), Galactose to
Rhamnose (Gal/Rha) and Arabinose + Galactose to Rhamnose (Ara + Gal)/Rha
(Table 5-4). Polysaccharides rich in arabinose and galactose (PRAG) are a large
family that contain structurally wetlefined polysaccharides such as arabinans,
arabinogalactans (AG), and arabinogalactan proteins (AGd#alejo et al., 2022)

The Ara/Gal ratio is characteristic of PRAi®e structures, and higher values of
this ratio indicate higher contents of arabinose and galactose or structures rich in
arabinose and galactog€analejo et al., 2022)The Ara/Gal, Rha/Gal, GalA/Gal,
Gal/Ara, Rha/GalA and Ara+Gal/Rha Ratio were 0.68, 0.07, 0.04, 1.47, 1,77 and
23.6 respectively, indicating a major presence of structures rich in galactose and
arabinose (AG, AGP) and a low content of homogalacturonan-(iK&¥tructures.

The results are similar to those reported by several authors who studied
monosaccharides from different natural profegtysaccharide complexes, such as
Paulsen et al. (2014 hen they worked on gum Arabic arabinogalactan protein
(Ara/Gal 0.75 to 0.12 and Rha/Gal 0.27 to 0.0Zdgwell et al. (2002pn the
arabinogalactan Proteins content of green coffee beans (Gal/Ara: 3.3 to 1.5),
Canalejo et al. (2022)n polysaccharide extracts recovered from different grapes
and winemaking products (Ara/Gal and Rha/GalA: 1,1 to below 0.5) but our
Rha/GalA was higher (1.77). The Ara + Gal/Rha ratios (23) of &€ showed

the relative importance of the neutral sitains to the rhamnogalacturonan type |
(RG-1) backbone(Apolinar-Valiente et al., 2015)L. Tan et al. (2013kuggested

RG-I covalent links with the rhamnosyl residues of the arabinogalactan protein
(AGP) and with arabinoxylan attached to either a rhamnosyl residue in the RG |
domain or directly to an arabinosyl residue in the AGP, supporting the presence of
protein polysaccharide complex in CABPC. The analysis of CABPC
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monosaccharide composition data which indicated the presence of Rha, Gal and Ara
suggests the presence of RREide chains and AGP similar to the findingsGHo et

al. (2015) An abundance of Ara (11.85¢/100g) and Gal (17.459/100g) showed
PRAG presence in CABPC and the main class of polymers in the CAB protein
polysaccharide complex is AGPs.

5.4.5.HPSEC analysis

Fig. 5-2 shows the HPSEC chromatograms of GRB using UV (at 280 nm) and
RI. UV absorbance is sensitive to the chemical nature of the eluting species,
especially the proteinaceous component, whereas Rl is a sensitive measure of
concentratiorfMahendran et al., 2008)
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Figure 5-2. Size exclusion chromatogram of CABP using UV (280nm) and RI detectors

HPSEC profile of CABPP shows two main fractions. The first elutes froh08
min, and the second elutes from-1D min with average molecular weights of
45.753 kDa and 21.307 kDa, respectively, determined using a dextran calibration
curve. Furthermore, UV (280 nm) signals were found in both fraction 1 and fraction
2, attributed to the presence of aromatic amino acids (tryptophan, tyrosine, and
phenylalanine) in the proteinaceous moidiyin et al., 2021) indicating a
polysaccharidgrotein complex (PPC). This CABP behaves as a heterogeneous
systemalmost similar to gum Arabic and cashew gufde Paula & Rodrigues,
1995)

The elution profiles obtained by UV B min) show a significant peak covering
both fractions shown by RI. The intensity of each fraction differs due to variations in
protein content, as reported lgris et al. (1998)in characterization ofAcacia
senegaltrees gum. The major fraction (peak 1) and a higher molecular mass peak
might correspond to the arabinogalaepmotein (AGP) fractior{with higheramount
of protein) which is the main molecular fraction of our extract. The second fraction,
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with a smaller molecular weight, should beother fraction of compleXVe also
observed a small fraction detected only by the UV detector, which could correspond
to proteins, peptides, or other LAbsorbing aromatic compoundEhese findings

align with the composition analysis results, which showed that the major
monosaccharides are galactose and arabinose with AGPs as the dominant class of
polymers in the CABPPC. Our results are consistent with thos®edflgwell et al.
(2005) in their study on coffee hydrocolloids, which showed the physicochemical
and functional properties of an arabinogalagiestein (AGP) fraction. Using the
Yariv test, they demonstrated that some of the proteins (up to 20%) were covalently
bound to arabinogalactan, while the remainder were likely intracellular proteins that
co-precipitated with AGP during alcohol precipitation.

Therefore, the HPSEC results, in agreement with the monosaccharide
composition, confirm the hypothesis that the CRBC extract contains a protein
polysaccharide complex.

Similar to studies on gum Arabfidris et al., 1998; Lin et al., 2021; Mahendran et
al., 2008; Rhazi et al., 202(Kang et al.(2024) also used HPSEC to demonstrate
the conformational properties describing the heterogeneous structure of the natural
complex (arabinoxylan protein) from corn br@g€éang et al., 2019, 2024Moreover,
our raw material CAB has a composition almost similar to corn bran;padalyct
from the corn milling process.

Gum Arabic considered the gold standard is an amphiphilic polysaccharide
comprising major galactose chains and highly branched galactose/arabinose side
chains(Dai et al., 2018; Mariod, 2018; Tang et al., 2028um Arabic, primarily
consisting of arabinogalactan (AG) and Arabinogalactan protein (AGP) with a
highly branched structure, is a popular pleased emulsifier in the food industry
and finds applications in various other industrial sectors. The AGP fraction in gum
Arabic plays a significant role in its emulsifying properties, primarily due to its
covalent linkage between protein and polysacchdf@#e et al., 2021; Castellani et
al., 2010; Kang et al., 2024)

Like gum Arabic, CAB ProtehiPolysaccharide (CABPPC) is a natural protein
polysaccharide complex composed mainly of proteins, galactose, and arabinose,
which might have wide applications in various fields. We know that individual
biopolymers in the food industry often do not provide the desired properties and
viscosity of edible gels, including the ability to retain the predominant solvent and
the desired rheological propertiésiao et al., 2023) which limits their wide
application. To address this issue, many scientists have shown that the most
effective approach is to add an additive, i.e., adding protein as an additive to
polysaccharidéased edible geld.in et al., 2023; Miao et al., 2023However, the
discovery of new sources of a natural hydrocolloid like GABC could limit these
artificial modifications.
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5.4.6.Fourier Transform Infrared (FTIR)

Fourier Transform Infrared (FTIR) analysis provides valuable insights into the
nature of interactions between molecylBsi et al., 2018)offering insights into the
characteristic vibration patterns of covalent bonds within moled@egon et al.,
2004) This analysis presents quantitative data about all constituents that absorb IR
radiation, including proteins and polysaccharigbai et al., 2018; Etzion et al.,
2004) Moreover, Midinfrared (MIR) spectroscopy directly provides information
about specific constituents in the sample, their characteristic molecular structure,
and chemical bond&tzion et al., 2004; Nandiyanto et al., 2014 spectroscopy
analyzes absorption peaks at specific wave numbers (expressediinact is
crucial for identifying polysaccharides and proteins strucfidee et al., 2018; Li et
al., 2023)

In this context, FIMIR spectroscopy was utilized to elucidate the structural
characteristics of CABPPC a natural proteipolysaccharide complex sample. The
results revealed numerous peaks, indicating the complex structure of the novel
hydrocolloid (as depicted iRig. 5-3). The infrared spectra of CABPC exhibited
similarities to those observed in gum Arabic, particularly within the peak at 3330
cm'?, which is associated with hydrogen boriHsy et al., 2024; Nandiyanto et al.,
2019)confirming the presence of hydroxyl {€), and the two characteristic bands
at 16001630 and 1421450 cnt (Hay et al., 2024; Nandiyanto et al., 2018) the
literature (TUrkerKaya & Huck, 2017) the bands from 3500 to 3200 ¢nare
assigned to Ck N-H and QH stretch: carbohydrates, proteins, alcohols and
phenolic compounds. According f@ong et al. (2017¥ignals between 2162490
cm'*correspond to the structure of arabinogalactan, with vibration modes including
O-H deformation + @ stretching, CH stretch + deformation of £bhd CH
stretch, and € stretch. Moreover, according id et al. (2024) amides are
considered the most reliable indicator for determining the secondary structure of a
protein, more essentially the amide | bgidrkerKaya & Huck, 2017) The peaks
around 1630 chhare ascribed to amide | and are associated with C = O stretching
(Li, Zheng, et al., 2021; Nandiyanto et al., 20I®)e vibrational signal at 1540 €m
(amide 1) originated from M bending and @\ stretching(Feng et al., 2024; Li,
Zheng, et al., 2021)Additionally, the vibrational peak at 1450 énmay be
attributed to the structure of glucuronic acid (C=O third overtone). The peak
observed at the wavelength of 1360"coorresponds to the structure of rhamnose
(C-H stretch first overtone + CH deformation of CH3). The same peaks have been
identified in gum Arabic byDong et al. (2017)The amide Il (1150 ci) peaks
arisen due to the interplay betweern HN angular vibration and CN stretching
vibration(Li, Zheng, et al., 2021)

It appears that the model information in the region from 1630 to 1150 cm
primarily are from the proteinaceous moieties in GRBC, with some contribution
from the carbohydrate moieties (aliphatic CH stretch{bgng et al., 2017)
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Figure 5-3. Mid-infrared spectra of CABPPC

5.4.7 Nuclear magnetic resonance' NMR) spectroscopy
spectra

The chemical structure of the CABPC particles was further elucidated usiHg
NMR spectroscopy. Th#H NMR spectrum displayed characteristic chemical shifts
and peaks, as illustrated kiig. 5-4. The scanning region of CABPC sample 4i4
5.4 contained significant cross peaks indicating the high structural complexity of
CAB-PPPC(Grein et al., 2013)demonstrated by FTIR analysis, suggested the
presence of sugar constituents within the polysaccharide chains, particularly in the
anomeric region according tgay et al.(2024) The signal from 5.01 to 4.69 ppm
could be assigned (Hay etAl, 2a024)TRdseapeaksamtde b
CAB-PPC sampl e, al ong vGalt dould camfem that thes e n c
polysaccharide composition of CABPC closely resembles that of gum Arabic.
Gum Arabic polysacchar(ideYt§gpigal hygt cs
with linked branches, predominantly from&C but also & and G2 of Galp and
Arap, terminating in Rha and GlupiRhazi et al., 2020)

In the 'H NMR spectrum of CABPPC, in addition to signals attributable to
carbohydrates, signals corresponding to the protein component of the molecule were
al so observed 08 (Cagel et al.e 20l0dThe NMR Resulls
confirmed those obtained with the MIR analysis.
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Figure 5-4. Nuclear magnetic resonance (1 H NMR) spectra of GAHEC

5.4.8.Physicochemical properties characterization of CAB
PPC

The complex obtained was therefore characterized by three main physicochemical
properties including thermal behavior, surface/ interfacial tension and zeta potential
Particle size and polydispersity were also determined to elucidate the relationship
between their results and the properties of the composite.

5.4.8.1 Differential scanning calorimetry (DSC)

The DSC profile of CABPP revealed a melting point (Tm) at 77.66 °C, attributed
to the denaturation of the protein fractidhg. 5-5).

The presence of a weak endothermic peak at 77B@orresponding to free
protein denaturation containing in CABPC. The enthalpies of protein in PP were
low compared to those of known protein with high pufidgnnings et al., 2024)
Since the enthalpy changes represent the ratio of the content of the ordered structure
(Qin et al., 2013)it could be inferred that the ordered structure of protein in-CAB
PPC was weak. This could be due to the deployment of some pr{ideihsad et
al., 2023)and the fixation of a large portion of the proteins to the polysaccharides
contained in CABPPC. This confirms that not all proteins are free in GABC, as
demonstrated by HPSEC.

An exothermic peak is then observed which corresponds to the decomposition of
the CABPPC powder compoundd.he occurrence of an exothermic reaction,
characterized by the release of energy due to the liberation of heat, implies the
potential breakdown of proteipolysaccharide bond$he Tm of CABPPC powder
(109.74°C) indicate its thermal stability. This trend can be linked to the interactions
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between the hydroxyl groups of polysaccharides and the amino and carboxyl groups
of the protein as reported guilar-Vazquez et al. (2018), Tan et al. (20@4d
Tang et al(2024) The DSC result is also consistent with the HPSEC results.
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Figure 5-5. DSC thermograms of CABPC

5.4.8.2 Interfacial tension

To assess thénterfacial behavior of the CABPPC, adsorption kinetics were
evaluated at the awater Fig. 5-6) and sunflower oilvater interfacesKig. 5-7).
The study of the adsorption kinetics on a longer time scale and the extrapolation of
the equilibrium SFT value were carried out using the drop volume tensiometer. The
surface tension dropped significantly, indicating the rapid diffusion and adsorption
capacity of molecules at the interface. Subsequently, the molecules were gradually
adsorbed at the interface from 71 mN/m to a stable SFT value of approximately 45
mN/m (Fig. 5-6). Hay et al. (2024)and Castellani et al. (20103howed that the
surface tension of GA decreased from 72.4 to 60.1 mN/m and from 71 mN/m to 57.4
mN/m respectively, which is higher than our result. This value further demonstrates
the favorable interaction between the protein and polysaccharide fractions ef CAB
PPC. The hydrophilic nature combined with the more hydrophobic nature of the
PPC constituents gives them a low surface tension.
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Figure 5-6. Dynamic surface tensiaas a function of surface Agé CAB-PPC solutiorat
0.1% of protein concentration using DVT50

The adsorption of particles at the -wihter interface primarily involves two
phases. Initially, the particles move towards thewaiter interface and infiltrate;
subsequently, the particles gather and rearrange at the interface to create a
viscoelastic interfacial layer. This behavior is essential for the emulsifying properties
of particles(Tang et al., 2024)The interfacial tension of CABPC and GA was
measured under identical analytical conditions to examine the effect of the high
protein content in CABPPC on the interfacial tension compared to GA. As depicted
in Fig. 5-7, the interfacial tension decreased swiftly within the first 350 s due to the
complex particles adsorbing at the-wihter interface for both GA and CABPC.

This indicates that both samples exhibited the fundamental traits of efficient
emulsifiers. Afterward, a gradual decrease in interfacial tension was noted, attributed
to the extensive stacking and rearrangement of the prptépsaccharide complex
particles at the oilvater interface(Tang et al., 2024)The rapid reduction in
interfacial tension could also be because of @ABC's small particle size, making

the particles more prone to adsorb at theaaiter interfacgHan et al., 2020; Tang

et al.,, 2024) This decrease in interfacial tension indicated that an appropriate
enhancement of the electrostatic interaction occurred and facilitated the adsorption
of proteinpolysaccharide complexes at the interface. This indicates thatREAB
might be excellent candidates as Pickering stabilifehs et al., 2021) The
interfacial tension of CAB’PC (21.32 mN/m) was lower than that of gum Arabic
(23.71 mN/m), probably due to the high protein content of GXEC.
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Figure 5-7. Dynamic interfacial tensioas a function of surface Age of CABPCand GA
solutionsat 0.1% of protein concentration using DVT50

5.4.8.3 Zeta potential, polydispersity index and particle size data

The particle size of the natural complex particles was 365.1 nm showing strong
intermolecular interactions. The polydispersity index (PDI) of the patrticle solutions
were 0.308, indicating that all particles had good dispersibility as fourithby et
al. (2024)

The zeta potential serves as a measure of the electric charge that develops on the
surface of a molecule or suspended partjtigo et al., 2024)This measurement
provided an insight into the electrical properties of GRBC. In the studied pH
range, the zeta potential value remains negative even as the pH dropstdbBJ.

This phenomenon can be attributed to the electrostatic interactions within the CAB
PPC complex. This electrostatic interaction between functional groups with opposite
charges could effectively contribute to their stabi{iboublier et al 2000; Xu et al.,
2021) The negative zeta potential observed over the investigated pH cange
originate from the deprotonation of ionizable carboxyl groups carried by uronic acid
residues within the polysaccharide fraction. Similar-ggppendent negative zeta
potential values have been reportedTan et al. (2021)This result showed that
polysaccharide has a major impact on the zeta potential.

Moreover, below a pH of 5.5, the protein can either aggregate with other protein
molecules due to se#ssociation near the isoelectric point or interact with
oppositely charged groups on the anionic polysaccharides in the surrounding
solution (Jones & McClements, 20110 the CAB extract, most protein molecules
would be bound to polysaccharide molecules, and few free proteins would self
associate. The formed complexes result in a net negative charge even below pH 2,
which would explain the 22.10% of protein purity after precipitatidones &
McClements (2011)also reported similar results, where the measurement of
n e g a tpotgndals i proteipolysaccharide systems within the same pH range
demonstrated proteipolysaccharide complexation. This complex could result from
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thermodynamic compatibility induced by associative electrostatic interactions
between proteins and polysaccharides due to the net opposite electrical charges
carried by the two biopolyme(ke et al., 2017)
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Figure 5-8. Influence of pH on the zeta potential of the GRBC solutiorat 0.1% of
protein concentration

5.5.Conclusion

This study has provided new insights into the potential valorization of cashew
apple bagasse (CAB), specifically focusing on the extraction and characterization of
nutritional, technedunctional and bioactive compounds, with an emphasis on protein
and polysaccharide fractions. The analysis of dXBC composition allowed us to
hypothesize the presence of a profedtysaccharide complex (PPC). Detailed
characterization using HPSEC, coupled with Rl and UV detectors, confirmed that
CAB-PPC contains two fractionsicluding proteins which form a complex with
polysaccharidesnay bearabinogalactaproteins.

Further molecular insights were gained through MIR FTIR spectroscopy and 1H
NMR techniques, elucidating the characteristic molecular structure of theRPAB
The effects of proteipolysaccharide interactions within CABPC on structure and
functionality showed good functional properties as well as their correlation
relationship. These interactions influence structural integrity and enhance the
functional capabiliies of CABPPC, particularly in applications such as
emulsification and stabilization.

The emulsifying properties of CABPC were particularly attributed to the
arabinogalactaprotein fraction, which plays a critical role in its functional
properties. Comparisons with gum Arabic, known for its wide range of industrial
applications, suggest that CABPC could act similarly due to its structural and
functional similarities. Given its technological characteristics, GBC shows
promise as a stabilizer, emulsifier and thickener in various industries.
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Ultimately, this study highlights the identification of a novel natural pretein
polysaccharide fraction within CAB, providing valuable knowledge for future
applications of this hydrocolloid complex. The findings open new avenues for the
utilization of CAB, contributing to the development of sustainable and \zlded
products from agricultural bgroducts.

As a perspective, an approach will be carried out to deepen our understanding of
the technological properties of the CAB protpmlysaccharide complex by
including other physicochemical parameters and other functional properties such as
emulsification properties. The characterization of other samples from other
extraction conditions such as a comparative study with gum Arabic would be
relevant. The influence of extraction conditions on the propertigheobbtained
fractions could be studied in the following research. An advanced study can also be
investigated to better understand the detailed structure of this matrix in order to
increase the added value of cashew apple bagasse.
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Ultrasound-enhanced extraction and structural

dynamics of proteinpolysaccharide complexes

from cashew apple bagasse: structuiéunction
relationship
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Description of Chapter 6

The previous chapter aimed to extract a protein fraction using an optimization
plan. However, the purity obtained proved to be insufficient. This observation was
clarified by the identification of a natural protépolysaccharide complex (PPC),
whose existence had not yet been reported in the scientific literature.

The second part of the bibliographic review showed that such complexes may
exhibit significant techndunctional potential, which fully justifies considering this
PPC as a functional entity with possible valorization interest. In this perspective, the
purpose of the present chapter is to deepen the understanding of this newly revealed
complex.

The objective is therefore to characterize in greater detail the composition,
structure, and organization of the PPC, while evaluating the influence of ultrasound
treatment, identified in the previous chapter as a parameter affecting protein yield
and purity. To achieve this, an integrated analytical approach is implemented,
including chemical composition, macromolecular characterization, structural and
microstructural analyses, interfacial assessments, and téahect@mnal properties.

This strategy aims to explain the functional behavior of the PPC by establishing
clear relationships between its structural features and its properties.

This chapteris an original researchdapted fronthe article publishedin Food
Hydrocolloids 171(July 2025), 111843vy Zie, M., Karoui, R., Alabi, T., Jacquet,

N., Richel, A., & Blecker, C. (2026)JItrasoundenhanced extraction and structural
dynamics of proteip ol ysacchari de compl exes from
structurei function relationshiphttps://doi.org/10.1016/j.foodhyd.2025.111843

96


https://doi.org/10.1016/j.foodhyd.2025.111843

Chapter6. Experimental work

Chapter 6. Ultrasound-enhanced extraction and
structural dynamics of protein-polysaccharide
complexes from cashew apple bagasse: structiire

function relationship

6.1. Abstract

Cashew apple bagasse (CAB) is increasingly recognized for its role in promoting a
circular bioeconomy. Emerging research on this @ggastrial byproduct highlights
its nutritional benefits and its versatility as a biomass platform for developing
bioproducts through innovative technologies. This study investigates the impact of
ultrasound on natural protepolysaccharide complexes (PPC) of CAB and aims to
understand the underlying mechanisms behind their modified functional properties.
Ultrasound induced two major transformations: a modification of the composition
through the extraction of new proteins, leading to a protein content increase from
18.04% to 20.64%, and a structural reorganization of the constituents, characterized
by an i n csheetalsvel fromn 26.15% to0®5%. The reduction in
polysaccharide content from 32.52% to 25.24% and the enrichment in proteins
reduced proteipolysaccharide interactions, while protgirotein interactions were
strengthened through increased surface hydrophobicity (rising from 131 to 304) and
enhanced interfacial elasticity (from ~11 mN/m to ~30 mN/m). These
rearrangements led to an improvement in interfacial properties, including a reduction
of interfacial tension measured by tracker from 16 mN/m to 6 mN/m, despite an
overall decrease in solubility (from 27.8% to 23.6%). Ultrasound enabled the
formation of a more robust complex, enhancing the ‘g emulsifying stability
index (ESI) from 237 min to 262 min, although the initial emulsifying activity index
(EAl) was moderately reduced (from 26.1 to 24.6 m?#/g). Correlation analyses,
including heatmap visualization, revealed strong interrelations between PPC
secondary structure, surface hydrophobicity, interfacial properties, and solubility,
key factors influencing emulsion functionality. These findings highlight ultrasound
assisted extraction as an effective approach to tailor PPC composition and structure,
enabling their use in innovative, sustainable plaaged food formulations that can
overcome limitations of traditional protein emulsifiers.

Keywords: Cashew Apple Bagasse; Emulsifying stabijlRyoteirPolysaccharide
Complexes Sustainable bioproductsStructuralinterfacial properties Structuré
functionrelationship UltrasoundAssisted Extraction.
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6.2.Introduction

Currently, foodgrade particles are categorized into three main types:
polysaccharide particles, protdiased particles, and composite parti¢ks et al.,

2024) Natural polysaccharide particles are highly hydrophilic, which makes them
challenging to use as emulsion stabilizers and they often require physical or
chemical modifications to adjust their hydrophobidihang et al., 2020)Protein
particles, on the other hand, have good amphiphilicity but are limited by sensitivity
to temperature and pH. By combining the strengths and offsetting the weaknesses of
both, polysaccharidprotein complexes (PPC) create a robust stabilizer, forming a
thicker interfacial layer at the eilater interface and enhancing emulsion stability
(Xu et al., 2024)

To enhance applicability and functional properties, many complexes currently
considered are protejpolysaccharide conjugates or modified complef@sbu et
al., 2024; Bouyer et al., 2012; Kato, 200Bpwever, there is a growing consumer
demand for more natural, environmentally friendly, and sustainable commercial
products(Cherian & Jacob, 2012Yherefore, natural complexes, resulting from the
interaction between macromolecules such as proteins and polysaccharides, play a
central role in various applications in biological and food syst@Bosiyer et al.,

2012) These complexes are essential for stabilizing emul¢Rayg et al., 1995)a
critical feature for ensuring the texture and stigdfof food products.

While natural PPCs remain relatively rare, notable examples including acacia gum
(gum Arabic), a natural exudate fromcacia Senegahre widely used as an
emulsifier (Phillips et al., 2008; Williams & Phillips, 2009ther tree exudates
such as cashew gumnd ghatti gum also form natural PR@s Paula & Rodrigues,

1995; Singh et al., 20250Igaederived polysaccharide matrices produce PPCs with
associated proteins, albeit without structural integrgt®ngh et al., 2025)

Growing interest in natural ingredients for food and pharmaceutical applications
has led to conduct research studies on PPCs from various sources such as green
beans (Redgwell et al., 2005)Pleurotus tuberegium (Tao & Zhang, 2008)
shiitake mushroom$§Zong et al., 2022)Clitocybe squamuloséXu et al., 2024)
Gidyea gum(Hay et al., 2024)highlighting structural and functional diversity
across botanical origins.

Recently, cashew apple bagasse (CABp, agreindustrial byproduct from
cashew juice extraction, has emerged as a promising source of bioactive compounds
(Fonteles et al., 2016; Patra et al., 2021, 2022; Silva et al., 2018; Zié et al., 2023)
CAB is increasingly recognized for its potential within a circular bioeconomy
framework(Barroso et al., 2024) Recent studies highlight:
and its versatility as a biomass platform for the development of bioproducts through
innovative technologie@Barroso et al., 2024)

Our group recently identified and characterized, for the first time a novel PPC
derived from CAB(Zie et al., 2025) Given its techndunctional characteristics,
CAB-PPC holds considerable benefits while aligning with sustainability goals and
promoting waste valorizatiorzbiou et al., 20237ié et al., 2023)
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Extraction conditions critically influence the structure and functionality of PPCs.
Ultrasoundassisted extraction (UAE) is an emerging green technology that
enhances bioactive compound release by mechanically disrupting plant n{&ices
Wang, Belwal, Xu, et al., 2021; Yusoff et al., 202R)increases surface area and
hydration, reduces particle siz&umar et al., 2021)and enhances extraction
efficiency by exposing cytoplasmic components and inhibiting protein reaggregation
(Rahman & Lamsal, 2021)

Ultrasound treatment has also been recognized for its ability to improve the
functional and structural characteristics of plant extrégekki et al., 2021 In
addition, ultrasound treatments can induce structural modifications at the molecular
level, allowing better dispersion and interaction of components, which can lead to
significant improvements in emulsifying performarite& Van der Meeren, 2022)

Supporting these observatio@heung et al. (2012¢ported that UAE PPCs from
medicinal mushrooms exhibited higher protein content, reduced carbohydrates,
lower molecular weight fractions, and enhanced antioxidant activity compared to
hotwater extraction. In a complementary studiheung et al. (2015%howed
ultrasound disruption of fungal mycelia increased PPC yield, reduced viscosity, and
i mproved bioactivity, demonstrating ul
and functional attributes.

While plantderived PPCs have been extensively studied, the structural and
functional properties of CABPPCs remain unexplored in food hydrocolloid science.
Notably, no previous study has investigated: (i) The prgteigsaccharide
interaction networks in CA#Rlerived PPCs exhibiting characteristics that
differentiate them from those found in conventional plaeged PPCs. (ii) How
ultrasound processing modulates these interactions to tailor interfacial functionality.

This present research study provides the first systematic investigation of these
critical aspects, offering fundamental insights that bridge the gap between
agricultural byproduct valorization and sustainable hydrocolloid design. Our
approach combines advanced characterization techniques to establish structure
function relationships specific to CABPCs, a knowledge void in the current
literature.

In the present study, both conventional alkaline extraction (PPCNU) and
ultrasoundassisted alkaline extraction (PPCU) methods were applied to obtain PPC.
This study specifically aims to highlight the ability of ultrasound to modify not only
the overall composition of the complex (hypothesis 1) but also its intermolecular
interactions (hypothesis 2), which could influence its structural and functional
properties. Chemical composition, surface hydrophobicity and molecular
conformation have been established to confirm the synergic effect of both
hypothess. Indeed, physicochemical properties, including solubility, adsorption
dynamics, viscoelasticity were determined. A Langmuir film balanasused to
investigate the intrinsic interfacial behavior of the monolayer films while surface
dilatational experiments were performed to analyze the rheological behavior of the
interface. Additionally, emulsions prepared using PPC were characterized by
determining average particle size, emulsion activity index (EAI) and emulsion
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stability index (ESI). The study also discusses the relationship between molecular
structure, interfacial properties, and emulsion behavior, providing a deeper
understanding of how these PPCs could be used in the best manner for practical food
applications.

6.3. Materials and Methods
6.3.1.Materials

The materials have been reported in sectio®d ofchapterb.
6.3.2.Methods

6.3.2.1. Samplepreparation
Sample preparation kaeen reported in sectioBs3.2 of chapteb.

6.3.2.2. CAB Protein complex extraction

PPC was extracted accordingtte previouschapter5 with slight modification.
Briefly, CAB powder was dispersed in distilled water at a CAB: solvent ratio of 1:20
(w/v), at 40°C, the pH was adjusted to 11 with 6 M and 1 M NaOH solutions to
enhance complex solubilization. This step was the same for both treatments. Then,
for nonultrasound assisted extraction, the mixture was placed in a water bath (GFL
1083) at 40°C for 2h. Regarding ultrasound assisted extraction, the ultrasound probe
was submerged in the mixture and sonicated also aC4fr 30 min by applying
the following conditions: amplitudes of 40%, frequency of 20 kHz, power of 400 W,
stirring speed of 250 rpm with a pulse duration otiore 5 s and offime 2 s. All
parameters were selected based on preliminary optimization studies (data not
shown), following previous work conducted Batra et al. (2022and Zie et al.
(2025) During sonication, the sample was placed in a bottle of ice by controlling
temperature to avoid overheating.

After various times allowing the mixture of each extraction to follow the same
process, the mixture was centrifuged (Beckman Coulter AvdatiCéntrifuge) at
11000 g for 20 minutes at 28C. After centrifugation, the pH of the obtained
supernatant was adjusted to 3.5. Then, the sample was centrifuged again at 11000 g
for 20 minutes at 28C and the pellet was washed twice usingatezed water at
the precipitation pH, followed by centrifugation at the same conditions and the PPC
(pellet) was recovered for PPCU (with ultrasound treatment) and PPCNU (without
ultrasound treatment). The pellet was finallysmubilized by neutralizing the pH
using 1 M NaOH, freezdried, and stored a20 °C until analysis.
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6.3.2.3 Chemical analysis

6.3.2.3.1 Moisture and protein contents

The moisture content (by gravimetry ) was determined accordi@guo Reina et
al. (2022) Crude protein was determined using the Dumas combustion method
(rapid N cube Elementar analyzer system, Villeurbanne, France) with a conversion
factor of 6.25.

6.3.2.3.2 Amino acid analysis

Amino acid composition was determined by applying the method of
(Bidlingmeyer et al., 1984)ith minor modifications. To hydrolyze the samples and
release proteibound amino acids, 6N HCI containing 0.1% phenol was added to
each sample, followed by acid hydrolysis at 2@0for 24 hours. After hydrolysis,
the pH of the samples was adjusted to 2.2 for preparation and subsequent injection
into the Biochrom 30 HPLC system. Amino acid separation was performed using a
cationrexchange resin column (High performance sodium oxidized colurdp, U
Resin n°: 09238). Elution was achieved by gradually increasing the pH and ionic
strength of the elution buffers, as well as raising the column temperature. Post
column derivatization with ninhydrin was employed for detection, and absorbance
readings were determined at 570 nm for general amino acids and at 440 nm
specifically for proline.

6.3.2.3.3 Monosaccharide analysis by gas chromatography with flame ionization
detection (GGFID)
This methochas been reported in sectioBs3.72.1 of chaptels.

6.3.2.3.4 Size exclusion chromatography
This method habeen reported in sectioBs3.7.1.1 of chaptées.

6.3.2.4. Characterization of the structure of PPC

6.3.2.4.1 Fourier-transform midinfrared spectroscopy (FMIR)

PPC solution (2%w/w) structural changes were monitored according to our
previous study with slight modification using Midfrared (MIR) Fourier
Transform Infrared Spectroscopy (FTIR) on an IRTre®0 spectrometer
(Shimadzu, Duisburg, Germany) equipped with an attenuated total reflection (ATR)
accessory. The ATR accessory consists of a horizontal ZnSe crystal with an
incidence angle of 45and a total reflection of 10 contact points (Pike Technologies,
Il nc. , USA). The investigated spectral
resolution of 4 cM with an accumulation of 40 scans. All measurements were
carried out at 20C in triplicates. Following spectral acquisition, the LabSolutions
software (LabSolution IR 2.31, Shimadzu, Duisburg, Germany) was employed for
the second derivative analysis of the Amide | region, enabling the calculation of the
proportions of protein secondary structures in PPC solutions according to the
method used bifevzioglu et al. (2020)The analysis procedure applied a Savitzky
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Golay smoothing filter and included: baseline correction at zero (Auto O0),

normalization at 1 7 0-pointtwinddw, calaulatioroaf the ng w
second derivative using an-pbint window, followed by a second smoothing with a
7point window, and a final nor mal i zation

and ensures accurate estimation of the secondary structure of proteins.

6.3.2.4.2 Tryptophan intrinsic fluorescence spectra

A volume of 2 mL of 2% (w/w) PPC solution was poured in a quartz cell, and
measurements were performed at °ZD using a Fluoroma® spectrofluorometer
(Jobin Yvon, Horiba, USA) with a thermostatically controlled cell. The excitation
wavelength of tryptophan residues was set at 290ameh the emission wavelength
range was set from 305 to 450 nm.

6.3.2.4.3 ANS extrinsic fluorescence spectra

The surface hydrophobicity of 2% (w/w) PPC solutions was assessed following
the method ofruksel et al.(2012) I ncreasing concentratior
an external fluorescence probe; (8 mM ANS), were incorporated into 2 mL of PPC
solution and maintained for 3 min in the dark before scanning spectra. Fluorescence
emission spectra were collected at°@0by using a spectrofluorometer (Fluoromax
4, Jobin Yvon, Horiba, USA), with an excitation wavelength set at 350 nm and
emission wavelengths ranging from 400 to 650 nm. Binding parameters were
calculated using the Benddildebrand double inverse linearization equation:

— Equation6-1

With oF represents the difference in f
with and widxBogni AN8s ¢¢he maxi mum @F at
maximum binding sites available for ANS), Korresponds to the binding constant
of ANS to /Mhe pAOBSEidefotes the concentr

The protein surface hydrophobicity index (PSH) was calculated as mentioned
below:

0"YO—— Equation6-2

Where K corresponds to the apparent constant dissociation of the protein and
ANS complex and [P] represents the concentration of the protein in the solution

(g/L).

6.3.2.4.4 Scanning electron microscopy (SEM) analysis

The morphological structures of PPCs were observed by SEM ((FlexSem 1000ll,
Hitachi Corporation, Tokyo, Japan). Freelteed PPC powders were applied onto
doublesided carbon adhesive tape affixed to the specimen stubs. The images were
obtained at an acceleration voltage of 10 kV and a magnification of 60X.
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6.3.2.5 Physicochemical and surface properties

6.3.2.5.1 Protein solubility

Solutions of PPCU and PPCNU were prepared by dispersing PPC powders in
ultrapure water to achieve a final protein concentration of 1% (w/w), based on the
total solution weight. To ensure an accurate comparison, protein content was
normalized considering the dry matter of the powders. Based on the protein and
moi sture content, PPCU required 4.84 g
1:19.7), whil e PPCNU required 5.54 g o
1:17). Dispersions were prepared at their native pH, stirred for 1 h at room
temperature (~22C), and centrifuged at 11000 rpm for 20 min at °Z5 The
protein content in the supernatant was determined using the Dumas method. Protein
solubility of PPCs was calculated using the following equation:

311 OAEIT E&U zpmm Equation6-3

6.3.2.5.2 Flow behavior of PPC

The flow behavior of PPC solutions 2% (w/w) were performed using a MCR302
rheometer (Anton Paar, Austria) equipped with a Peltier temperature control system.
All measurements were carried out using cplate geometry, with a CP50/1 probe
(50 mm diameter, cone angle of 4nd gap of 0.102 mm) at 2&. The samples
were rested for 5 min before analysis to allow temperature equilibration. The shear
rate increased with a linear ramp from 0 to 10¢*.sThe rheological data of the
solutions was modeled according to the pdveav model:

z + Equation6-4

Where U the shear stress TOPRPayp, ik ithet
(s1), and n is the flow behavior index characterizing the degree efNearonian
behavior. All measurements were carried out in triplicates.

6.3.2.5.3 Interfacial properties of PPC

6.3.2.5.3.1 Adsorption kinetics

A 0.1 wt% aqueous solution of PPC or PPCNU was prepared for the
determination of sunflower oivater interfaces (netreated commercial oil).
Dynamic interfacial tension asstudied under adsorption times ranging from 0.05 to
24 min using a drop volume tensiometer (DVT50, Kriss, Germany) equipped with a
0.25 mL syringe and a 2.016 mm diameter metal capillary at°@5 All
measurements were carried out in triplicates. The transmissivity of the sunflower olil
used for all interfacial tension was checked as in studhafet al. (2025)o prove
it purity.
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6.3.2.5.3.2 Interfacial dilatational rheology

The interfacial tension of PPC solution (0.1% w/w in protein) was measured by
TrackeE tensiometer (IT Concept, Longessaigne, France), to investigate the
interfacial rheology of ocilwater interface stabilized by PPC. This analysis was
carried out in an oscillating mode study the interfacial dilatational elasticity of the
PPC samples. The instrument was equipped withshdped capillary connected to
a 0.5 ml syringe. In this setup, the aqueous (PPCU or PPCNU) was loaded into the
syringe and the oily phase (in the cuvette) consisted of sunflower oil. The capillary
attached to the syringe was passed through the cuvette and immersed in the oil.
Before each measurement, the tensiometer was thoroughly cleaned usinQ Milli
water and the interfacial tension between oil and pure water was measured to 23 +
0.5 mN/m. This value was maintained throughout the experiments as the blank.
Then, to eliminate potential impurities, two drops of sample were generated and
expelled from the capillary before each analysis. After the formation of a pendant
drop of 5 eL a sinusoidal variation in i
5% with a frequency of 0.1 Hz, and deformation started once the bubble reached
equilibrium interfacial tension. A water bath maintained a constant temperature of
25 °C throughout the experiment. The pendant drop tensiometer measured
interfacial tension by applying the Youhgplace equation to the drop's profile. The
instrument featured a monochrome CCD camera that captured images of the bubble
over time. These raw digital images were analyzed to determine interfacial tension
and the bubble's area. During sinusoidal deformation, the Ybapigce equation
was used to assess the shape of the oscillating drop, facilitating the measurement of
the interfacial viscoelastic properties. All measurements were carried out in
triplicates. The dilatational modulus was then calculated from the deformation
amplitude using the following equation from the studZoémer et al. (2023)

9B ! — Equation6-5
The storage modulus EO6 and | oss modul us
angle (G between @i and @A:

%06 PEATHO Equation6-6

%06 960 E3l Equation6-7

6.3.2.5.3.3 Film compression isotherms

The film compression isotherms were measured using a Langmuir film balance
(Biolin Scientific KSV NIMA Interface Unit LB, Finland). This analysis enables the
study of molecular packing in the form of a monolayer at the liquid/air interface
(Cremeretal,2023) A vol ume of 400 ¢l of PPC sol
was carefully spread at the surface of an yitrar e wat er subphase
RephiLe Bioscience, Miami, USA) using a micro syringe. The concentrations and
volumes were established through preliminary testing. Various volumes and
concentrations were evaluated to ensure quantitative surface spreading. To minimize
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the risk of contamination, buffers were not used. A waiting period of 15 minutes
between sample deposition and the start of compression was implemented to allow
the film to form and stabilize. Compression of the monolayers was performed with a
constant barrier speed of 10 mm/min at 25 Changes in surface tension were
measured using a Wilhelmy plate connected to an elbalence. The balance was
cleaned thoroughly before each isotherm measurement based on the laboratory
standard protocol, and the cleanness was verified to be less @hamiN/m change

in surface pressure during the compression/expansion cycle of MilliQ water. The
results are presented as a surface pressuree a i sot her m. The e
monolayer film during the compression was calculated as:

R ! — Equation6-8

Where, A is surface area and ~ is surf
All measurements were carried out in triplicates.

6.3.26. Emulsification characterization of PPC

6.3.26.1 Determination of emulsifying properties

The emulsifying properties were examined according to the methd, &/ang
et al., 2020) with some modifications. Briefly, 2% (w/w) of PPC solutions were
prepared and stirred for 1 h. 80% of the 2% PPC solutions were mixed with 20% of
sunflower oil, and then the mixture was homogenized at 15000 rpm for 5 min using
aT25UltraTurraxE (1 KA, Germany) . A 50 gL ¢
and 10 min later was transferred into a tube and diluted 100 times with 0.1% sodium
dodecyl sulfate (SDS) solution. The absorbance of the emulsion was measured using
a UVivis spectrophotometer (Hitachi U 2900, Tokyo Japan) at 500 nm taking the
SDS solution as a blank. The emulsifying activity index (EAI) and emulsifying
stability index (ESI) were determined as follows:

8

06 0 IC Equation6-9

oY Q¢ 30 Equation6-10

whereAo and Ay are the absorbances of the emulsion at 0 min and 10 min at 500
nm, DF is the diluted factor (100) , d
the optical path length (1 cm), C is the protein concentration (g/mL).

6.3.2.62. Particle size determination of the emulsions

The patrticle size of the emulsions obtained at time 0 was directly determined using
a laser diffraction granulometer (PSA 1190, Anton Paar). Results are discussed
using the 3, or volumeweighted mean diameter which, represents the droplet
size weighted by their volume and the; Iy or surfacenveighted mean diameter
which, represents the droplet size weighted by their surface area.
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6.3.2.7. Statistical analysis

Measurements were performed in triplicate unless otherwise stated. Data were
statistically analyzed using GraphPad Prism 8 software (GraphPad Software Inc, San
Diego, USA). T-tests were performed with a significant level of 0.05 to detect
significant differences between means. Moreover, Pair wise correlation was
conducted using Pearson correlation analysis to examine the relationship between
PPC structural, physicochemical, and emulsifying properties. The results are
visualized in the form of a heatmap, created using Google Colab and Seaborn
Python libraries.

6.4. Results and discussion
6.4.1.Effect of ultrasound on the chemical composition

6.4.1.1 Protein content and amino acid composition

UAE significantly increased protein yield (39% vs 30%) and enhanced the
recovery of both hydrophilic and hydrophobic amino acids, suggesting disruption of
proteinpolysaccharide interactions and the exposure of inaccessible proteins
(Appendix Table A2 & A3) . The dominant hydroxyprol
g/100g) confirms arabinogalactpnoteins (AGPs) as the primary protein
component in CABPPC, in agreement with previous findin@lis et al., 2010;
Showalter, 1993; Zhang, Ou et al., 2023)

Cavitation can dissociate proteins that are highly aggregated or encapsulated by
polysaccharides, making certain proteins accessible that were previously buried in
compact structure€€hemat et al. (2014lIso reported that ultrasound facilitates the
release of proteins trapped in plant cell walls, thereby increasing the extraction of
membrane or cytoplasmic proteins that would otherwise remain inaccessible in the
raw material. The increase in protein content of the complex after ultrasonic
treat ment (PPCNU: 18. 05 Y PPCU: 20. 63 %
mechanisms. In a PPC, proteins are held together by electrostatic, hydrophobic,
and/or covalent interactions. Ultrasonic treatment disrupts these interactions through
acoustic cavitation phenomena. The mechanical forces generated by cavitation break
noncovalent interactions (hydrogen bonds, Van der Waals forces), thereby releasing
more proteins that were initially bound to polysacchar{déérunavookarasu et al.,
2022) The analysis of global hydrophobicity using the Bigelow scale indicates an
increase in global hydrophobicity, suggesting a redistribution of hydrophobic
residues(Bigelow, 1967) This phenomenon may be due to increased exposure of
previously buried hydrophobic segments or the formation of aggregates stabilized by
hydrophobic interaction&hang et al., 2022)

The amino acid distribution of PPCs, highligtihotable differences depending on
the extraction method. UAE improved the overall recovery of both hydrophilic
amino acids (Asp, Glu, Lys, Arg) and hydrophobic amino acids (Val, lle, Leu, Met),
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with a statistically significant increase observed in the total hydrophobic amino acid
content for PPCU (P < 0.05).

This increase can be attributed to the structural impact of ultrasound on the
proteiri polysaccharide matrix. As demonstrated in previous studies, ultrasound can
induce protein unfolding and disrupt protein aggregates, thereby exposing
previously buried amino acids and improving extraction efficiefcy.Qi et al.,
2023)reported that significantly enhanced amino acid content due to cavitation and
mechanical forces, which unfold proteins and release embedded residues. Similarly,
Das et al. (2022)showed that ultrasound, combined with alkaline protease,
significantly increased both total and hydrophobic amino acid contents in pecan
protein extracts by promoting protein disaggregation.

Our findings align with these observations: although the relative amino acid
profiles between PPCNU and PPCU remained stable, the total quantities increased,
indicating that UAE facilitates a more complete extraction rather than altering the
protein's origin or specificity. This is consistent with the interpretation that
ultrasound breaks down plant cell walls and loosens matrix interagtiuang et
al., 2022) thereby making more proteins and thus amino acids acce@3énidita et
al., 2024)

In comparison with the work diVu et al. (2020)n Hovenia dulcispolyphenol
proteirtpolysaccharide complexes, similar trends were observed: extraction
conditions significantly influenced not only the composition but also the molecular
interactions within the complex. In our study, ultrasound not only increased protein
content but also influenced the functional availability of key amino acids.

The dominant amino acids in our PPCs Asp, Glu, Leu, Hyp, and Met partly
resemble those reported in other natural PPC systemierson et al. (1985, 1986)
reported high Hyp and Pro contentsRrosopisgum and gum Arabic, while seed
galactomannans were richer in Glu, Asp, and Gly. While similarities exist, our PPCs
exhibit a comparatively higher level of Met and Hyp, possibly due to the specific
protein structure in CAB and the effect of ultrasound on protein accessibility.

These findings confirm that amino acid profiles in PPCs are influenced not only by
botanical origin but also by the extraction method. UAE appears to promote protein
unfolding and matrix disruption, improving the exposure and recovery of both total
and hydrophobic amino acids.

6.4.1.2 Polysaccharidecontent

Ultrasound treatment reduced total polysaccharide content in PPC by promoting
partial degradation or solubilization of carbohydrate chains, while preserving key
structural sugars like galactose, thereby altering the prtiginlysaccharide ratio.

The total monosaccharide content decr
PPCNU to 25.24 g/100 g in PPCU (P < 0.
the ability of ultrasound to cleave polysaccharide chains through mechanical and
cavitation effects, resulting in smaller carbohydrate fragments that are more easily
solubilized or dissociated from the protein matrix during extraction.
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Previous studies have also demonstrated similar tré&idgsing et al. (201Zpund
that the total carbohydrate contents of PPCs by UAE from their mushroom species
were notably lower.Wang et al. (2016)observed that while the type of
monosaccharides in grapefruit pectin remained unchanged between extraction
methods, the relative ratios and contents were affected by ultrasound, indicating
partial degradation of longhain carbohydrates. Likewis&/u et al. (2020noted
that ultrasound treatment significantly altered the content of monosaccharides in
cactus seed polysaccharides without altering their qualitative composition. The
effects are largely ascribed to ultrasodnduced disruption of plant cell walls and
weakens the matrix through cavitation, which facilitates solubilization of
carbohydrategGan et al., 2021)

In our study, the galactose content remained statistically unchanged (P > 0.05)
between PPCNU and PPCU. Since galactose plays a crucial role in covalent bonding
with proteins (e.g., through hydroxyprolifiaked glycosylation), its persistence
may explain the structural integrity (AGP) of PPCs gmmstication. This support the
idea that while total carbohydrate content decreases the structural sugar backbone
remained intact, consistent with the findinggWfu et al., 202Q)who also reported
compositional stability in monosaccharides types following after ultrasonic
treatment.

However, a significant decrease in glucose contéppé¢ndix Table A4) was
observed in PPCU, likely due to ultrasotinduced solubilization of carbohydrates,
which could be explained by the fact that ultrasound disrupts plant cell walls and
weakens the matrix through cavitation (Gan et al., 2021).

Overall, these findings suggest that ultrasound primarily alters the quantity rather
than the type of monosaccharides by promoting solubilization and partial breakdown
of polysaccharide chains. Consequently, the relative proteins contents in the PPC
increases, modifying both composition and intermolecular interactions key factors
influencing the functional and structural behavior of the PPC.

6.4.1.3 Size exclusion chromatography analysis

High-Performance Size Exclusion Chromatography (HPSEC) analysis coupled
with a refractive index (RI) detector and a UV detector (280 nm) was performed to
assess the structural differences between BRE obtained by UAE (PPCU) and
conventional extraction (PPCNUJif). 6-1). Analytical SEC with different detectors
(RI/UV) has the advantage of being able to study the structure and chain
conformation of complex biopolymeréTao & Zhang, 2008) HPSEC results
revealed that ultrasound induced subtle changes in molecular weight distribution,
reducing polysaccharide molecular weight slightly, while promoting protein domain
aggregation, indicating structural reorganization rather than extensive
depolymerization.
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Figure 6-1. Macromolecular characterization of PPCNU and PPCU
Chromatogram (A) shows the profile of the two detectors: refractive index (RI) detector and
ultraviolet (UV) detector for both complexes PPCNU and PPCU. (B) shows the RI profile of the two
complexes and (B6) shows the UV 280 nm profile
R and UV detectors for the PPCNU compl ex, and
for the PPCU complexPPCNU: ProteinPolysaccharide Complexes non Ulsanicated; PPCU
Protein-Polysaccharide Complexes Ultsonicated.

UVv/ muA
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Fig. 6-1 shows the HPSECchromatogram indicating that regardless of the
extraction type, the Rl and UV signals coexist in both samples, demonstrating that
all polysaccharides are complexed with proteins to fdPRC may be an
Arabinogalactan Proteins complex (AGP). Previous studies have shown that the
extracted CAB PPC contained two fractions, the main one being AGP and a small
one being FP (free protein) which could also be peptic compounds not bound to
polysaccharides(Zie et al., 2025) However, ultrasound may have altered how
proteins and polysaccharides interact within these complexes. Similar studies on
natural PPCs extracted from the scleroti@&urotus tuberregium(Tao & Zhang,
2008)and CAB(Zie et al., 2025plso confirmed with this method that proteins are
bonded with polysaccharides to form a complex.

The elution traces revealed six main peaks (and two small peaks) in the RI
detector and five in the UV detector. The RI chromatograms of both sarRple (.
1B) show similar overall profiles but differ in intensity distribution, with PPCNU
generally exhibiting higher signal intensities. This observation aligns with its higher
polysaccharide content, as RI detection is primarily sensitive to sugar moieties and is
used to quantify their concentratigfMahendran et al., 2008Fractions 1 and 5
showed nearly identical intensities between the two samples, while fraction 4 was
slightly more pronounced in PPCU.
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This variation may be attributed to ultrasotinduced fragmentation of larger
PPCs (fractions 2 and 3), followed by redistribution and the formation of new
populations with altered molecular weights. These findings are consistent with those
of Wu et al. (2008)who reported that chitosan degradation occurred more readily in
higher molecular weights. Similarfpou et al. (2023suggested that ultrasound
induced cleavage predominantly occurs near the center ofclmig polymers,
leading to a shift in molecular weight distribution from higher to lower Mw regions
a phenomenon that aligns with our observations.

The UV traces K i &1 B) dalso exhibited comparable peak distribution but
showed notable differences in intensity. As UV detection primarily reflects the
presence of aromatic amino acids and peptide blridset al., 2021; Tang et al.,
2016) the stronger signals observed in PPCNU fractions 2, 3, and 5 may indicate
more pronounced protejpolysaccharide interactions or aggregation states preserved
under conventional extraction. Conversely, the nearly identical signals in fractions 1
and 4 suggest some degree of rearrangement or reorganization of the protein
components in PPCU, consistent with the observations of Cheung et al. (2012), who
reported structural redistribution following UAE in similar biopolymer complexes.

Overall, these findings support the hypothesis that ultrasound influences both the
structural organization and elution behavior of PPC components by altering their
size, compactness, and intaplecular interactions.

6.4.1.3.1 UV absorption differences and aromatic residue accessibility

PPCU contains more proteins according to the composition analyses. However,
the UV intensity is lower than that of PPCNU, even though the retention profiles are
similar in both samples regardless of the extraction methimd §-1C & 6-1 6
This could be due to the accessibility of aromatic residues (Tyr, Trp, Phe). In
HPSECUV, aromatic residues are primarily responsible for absorption at 280 nm. If
the aromatic residues are exposed differently, their absorption capacity may change
due to environmental effects on the molar extinction coefficients. An unfolded
protein may expose these residues differently, modifying their environment and
potentially decreasing or increasing absorption. Accordingdklar & Vesnaver,
(2000) absorption also significantly depends on the molecular environment. The
variation of the spectrum according to the environment can then be interpreted in
terms of biological events, such as the unfolding of proteins or nucleic acids and the
binding of other molecules to proteins or nucleic a¢Rlsklar & Vesnaver, 2000)
Ultrasound likely partially denatured the proteins. But instead of forming large
aggregates, the proteins restructured their interactions within the complex, resulting
in a more compact and ordered structure. Therefore, it is possible that proteins in
PPCU are more unfolded, reducing the UV absorption of aromatic residues (e.g.,
Tyr, Trp) because the protein conformation can affect UV absorption.
Simultaneously, the lower UV intensity for PPCU could also be due to decreased
accessibility of aromatic residues. These hypotheses can be validatedNWRFT
analysis and intrinsic fluorescence analysis to verify whether the secondary and
tertiary structures of proteins are modified between PPCNU and PPCU.
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6.4.1.3.2 Molecular weight analysis & structural differences

A clear difference is observed between the values obtained by calibration with the
two detectors, with significantly higher molecular weights detected by UV
(Appendix Table A4). This discrepancy suggests that the complexes adopt an
intermediate structure between linear polysaccharides and globular proteins, likely
in the form of aggregates or protginlysaccharide network#tkins, 1985)

UAE (PPCU) resulted in only a slight reduction in molecular weight compared to
conventional extraction (PPCNU). Specifically, the weigi®trage molecular
weight(My) measured by RI decreased margi n.
indicating limited fragmentation or depolymerization of the polysaccharide fraction.
In contrast, UV detection revealed a slight increase infMo r PPCU (134
compared t o PPCNU (1327 kbDa), -indweddi c h
aggregation or reorganization of proteioh components. Additionally, the Mw/Mn
ratio decreased from 1.13 to 1.11, indicating a narrower molecular weight
distribution after ultrasound treatment.

These results partially aligns with previous studies demonstrating that ultrasound
induces partial depolymerization of PPCs, primarily due to cavitation and shear
forces(Fu, Wang, Belwal, Xie, et al., 20214ccording toHosseini et al. (2013nd
Chemat et al. (2011)the depolymerization process occurs through two main
mechanisms: mechanical degradation caused by the collapse of cavitation bubbles
and chemical degradation involving highergy molecules such as hydroxyl
radicals generated duringavitation.Wu et al. (2008yeported a clear reduction in
My and polydispersity in chitosan upon higlensity ultrasound treatment,
attributing the effect to glycosidic bonds cleavages chain scission. Similalyg
et al. (2016)observed a 27.5% reduction in the Mw of grapefruit pectin extracted
with ultrasound, alongside a 5.4% decrease in polydispersity, which was associated
with a more homogeneous degradation process and narrower molecular weight
distribution.

Dou et al. (2023also found that ultrasouraksisted extraction éfueraria lobata
polysaccharides resulted in lower Mw and enhanced bioactivity, further supporting
the role of ultrasound in selectively breaking down High chains. Moreover,
Cheung et al. (201Zhowed that ultrasound applied to mushredenived PPCs led
to a shift in molecular weight distrib
both mechanical fragmentation and lower extraction temperatures that limited the
solubilization of larger molecules.

In our case, the modestJ/Meduction observed by RI detection suggests that the
polysaccharide fraction underwent only limited depolymerization. This relatively
minor change, compared to the more pronounceddglses in previous studies, is
likely attributed to the milder ultrasonic conditions employed in our protocol. These
conditions appeared to have preserved the integrity of the polymer backbone while
still inducing some degree of molecular disruption.

Meanwhile, the increase in JMobserved by UV detection indicatgotential
aggregation or conformational rearrangement of praiem domains following
ultrasound treatment. Protein unfolding and exposure of hydrophobic groups may
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have enhanced intermolecular interactigh®zafarpour et al., 2022; Sha et al.,
2021) leading to the formation of larger Udletectable aggregates. The observed
decrease in the MM, ratio (1.77% decrease in polydispersity) is particularly
noteworthy, as it indicates a more uniform molecular population in the PPCU
sample. Similar trends were reportedWng et al. (2016yvho interpreted reduced
polydispersity as evidence of controlled fragmentation and improved molecular
homogeneity, which can contribute to enhanced functional stability of the PPCs. In
our study, the slightly narrower distribution suggests that ultrasound facilitated
molecular reorganization or refinement, possibly by disassembling loosely
associated proteipolysaccharide aggregates and encouraging the formation of more
compact, weldefined structures.

Collectively, these findings suggest that under our experimental conditions,
ultrasound treatment acts primarily as a structuring and reorganizing force than as a
strong depolymerizing forcdHuang et al., 2024)It maintains most of the
polysaccharide backbone while promoting selective unfolding and association of
protein domains. Such controlled molecular modulation may improve functional
stability and interfacial behavior, key attributes for applications in emulsification,
encapsulation or bioactive delivery systems.

6.4.1.3.3 Peakanalysis

The analysis of the different peaks provides valuable insights into the molecular
weight distribution as influenced by the extraction methpdpendix Table A5).
The first peak (highest molecular weight) is slightly higher for PPCU in UV
detection (~620 kDa vs. ~614 kDa for PPCNU), which corroborates better protein
polysaccharide interaction under ul tras:c¢
20 kDa) are generally similar between PPCU and PPCNU, suggesting that these
fractions are less affected by ultrasonication. HiSEC chromatogranalso
showed the presence of a peak detected only by the UV detector, with a relatively
low molecular weight. This peak is detected for both PPCU and PPCNU, but its
intensity is higher for PPCNU. This small fraction could be a low molecular weight
molecule that strongly absorbs the UV region at 280 nm, likely a peptide. To further
investigate this observation, gel electrophoresis with Coomassie Blue staining was
performed (data not shown). The results revealed the presence of a band
corresponding to a low molecular weight molecule, suggesting that this peak could
be a peptide or a peptide fragment. This comprehensive analysis indicates that
ultrasound treatment induces significant structural changes in the PPC complexes.
While enhancing protein extraction, ultrasound promotes the formation of more
integrated and potentially more compact complexes, modifying the molecular
interactions and the structural organization of the complexes.
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6.4.2 .Effect of the ultrasound on the structure of the PPC

6.4.2.1 Fourier-transform mid -infrared spectroscopy (FT-MIR).

FT-MIR analysis provides valuable insights into molecular interaciiDaset al.,
2018) revealing characteristic vibration patterns of covalent bonds within molecules
(Etzion et al., 2004)This technique relies on measuring the molecular vibrations
induced by infrared radiation absorption in the bonds of chemical functional groups.
IR spectroscopy examines absorption peaks at specific wavenumbers (expressed in
cm T) and is essential for identifying
Additionally, MIR spectroscopy offers direct information about the specific
constituents in a sample, including their molecular structure and chemical bonds
(Etzion et al., 2004; Nandiyanto et al., 2011) this context, FIMIR analysis was
conducted to evaluate the potential changes induced by ultrasonic treatment on the
chemical structure and composition of protpolysaccharide complexes (PPC). The
FTIR spectra of PPCNU and PPCU reveal significant differences (P < 0.05) in
several characteristic regions associated with proteins and polysaccharides within
this novel hydrocolloid Kig. 6-2). These modifications reflect synergistic
phenomena, including the dissociation of +wamvalent interactionsstructural
reorganizationand the potential release of loosely bound proteins.

I I I |: C-Hand CH: groups in polysaccharides

- & o
) & ) and proteins (Amide IIT). C-O. C-C. and C-H
0.014 « 1SS '1«@ ’59“ o
~ A o Pe— — bonds in polysaccharides; Ring vibrations.
0.012 + (‘ \ 3 P stretching of C—OH side groups. Glycosidic
i \ K{ P \ ——PPCNU bond vibrations (C-O-C)
\ o Y .
0.01 + / ‘,‘ & | \ hd PPCU IT: Amide Il and Amide 1
@ |‘ | | II1: c-H vibrations (aliphatic C-H bonds).
Q 0.008 | | "‘ | | I\ “ (C-H stretching vibrations of aliphatic side
ﬁ N T \ \J \‘ | i | chains (methyl CHs and methylene CH:)
E-] & V| from proteins
] S | |
3 0.006 + T
2 2NV e
| Vv gl

< H §|

0.004 -/ ol

Y 2
=
0.002 T+ AN p
A
0 4 ) ettt
900 1400 1900 2400
Wavenumber (cm?)

Figure 6-2. FT-MIR Spectra of PPCNU and PPCU acquired in the 2800 cm*
PPCNU: Protein-Polysaccharide Complexes non Uksanicated; PPCU Protein-Polysaccharide
Complexes UltresonicatedAll curves are the mean of the 3 measurements.

Madification of protein -polysaccharide interactions

The increased band intensity in the characteristic regions of PPCU proteins and
polysaccharides suggested greater exposure of functional gitupgphenomenon
can be attributed to the modification of hydrophobic interactions and hydrogen
bonds between proteins and polysaccharides caused by ultraeduned
cavitation. According t&Chemat et al. (2011gndHosseini et al. (2013)Itrasound
generates mechanical and chemical effects (e.g., hydroxyl radicals and shear forces)
capable of disrupting molecular bonds and altering macromolecular structure. These
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effects may explain the improved accessibility of functional groups observed in
PPCU.This improved accessibility refers mainly to the exposure of hydroxyl groups
(Oi H stretching), protein amide bands (amide | and amide Il), and polysaceharide
related GO and GOi C vibrations. These bands appeared more intense or better
resolved in PPCU than in PPCNU, suggesting that ultrasonication enhanced the
availability of these functional groups.
INnthe 9501 295 cm T regi on, i ntense and over
to vibrations of GO, GC and GH bonds in polysaccharides. These are dominated
by ring vibrations, stretching ofi©H side groups. and glycosidic bond vibrations
(CiOi C) (Vera et al., 2019)For PPCU, the more intense peaks indicate better
dispersion of the complexes and reduced initial masking. Similar changes were
reported byWang et al. (2016andLi, Qi et al. (2023)who found that ultrasound
treatments altered polysaccharide backbone exposure and promoted rearrangements
in plantbased matrices. This suggests that ultrasonic treatment likely increased the
exposure of polysaccharide functional groups, enhancing their spectral absorbance.
Peaksinthe 1200 480 c¢cm T region are associated
CH and CH groups in polysaccharides anc
Amide Il band of proteins. Higher absorbance in PPCU suggests improved protein
polysaccharide interactions after ultrasonic treatment, potentially due tolside
modifications or increased exposure of polysaccharide residues.

Reorganization of protein structures and formation of a more integrated

complex

Bands around 15004 700 c¢cm T are characteristic o
indicating sec-bpd asheatsslbopsiFevriagiu et sl., Z020)

In PPCNU, distinct peaks at 1550 cm T (

relatively stable secondary structures. The proteins and polysaccharides form a
relatively stable and balanced complex, without any reorganization or dynamic
transformations. In contrast, PPCU exhibits a single broad peak in this region,
indicating a change in protein composition as well as a reorganization of proteins.
This change is likely due to bending vibrations of intead intermolecular
hydrogen bonds, induced by cavitation and the energy released during ultrasonic
treatment. The partial denaturation of proteins may have promoted closer integration
with polysaccharides, as evidenced by stronger interactions in the Amide 1l and
CH regiit 480 (,ttrbdd )y both an increase in band intensity and a
slight shift in wavelengthComparable findings were reported &heung et al.
(2012)who observed a redistribution of protein structures and enhanced exposure of
functional domains in ultrasourtteated mushroom PPCs. Similarly, Qi et al.

(2023) confirmed that sonication increased functional group availability due to
unfolding and rearrangement of proteins.

Release and reorganization of existing proteins

Alternatively, ultrasound treatment may induce structural rearrangements in
existing proteins. The increase in band intensity inthe 25804 0 c¢cm T r egi
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PPCU, corresponding to-B vibrations (aliphatic €4 bonds), reflects enhanced
exposure of polysaccharide chains due to ultras@noheced dissociation of protein
polysaccharide complexes. The 2BBOO OO0 c¢cm T region in th
classically associated with-B stretching vibrations of aliphatic side chains (methyl
CH and methylene CH ) (Glleroetmal. R2016)Thesens
functional groups (CH and CH ) are pt
such as leucine, isoleucine, valine, phenylalanine and algMnghram et al.,

2023) The observed increase in intensity in this region after ultrasound treatment
suggests a greater exposure of previously buried hydrophobic side chains, likely due
to partial protein unfoldingdGller et al., 2016)This structural rearrangement is
further supported by amino acid composition analysis, which revealed an increase in
hydrophobic residues. These findings indicate that ultrasound induces
conformational changes, modifying the hydrophefydrophilic balance within the

PPC. These observations are complementary and highlight the dual effect of
ultrasound, which promotes the dissociation of weak bonds within the complexes
and reorganizes the molecular architecture to expose both polysaccharides and
hydrophobic residues of proteins. Similar patterns were notdoabyet al. (2022)

who showed that sonication enriches the presence of hydrophobic amino acids and
increases protein accessibility in fddrived protein isolates. Ultrasound treatment
may have promoted the release of loosely bound proteins. increasing their
availability for functional interactions. These released proteins contribute to a
modified complexation profile. raising the protein content. This observation is
consistent with changes in HPSEW/ (with decreased UV intensity for PPCU),
indicating alterations in the environment of aromatic amino acid residues like
tryptophan.

FT-MIR analysis demonstrates that ultrasonic treatment profoundly alters protein
polysaccharide interactions by breaking fomvalent bonds, release more proteins
and inducing structural reorganization. This leads to greater exposure of functional
groups and closer integration of components. These changes align with hypotheses
of increased extraction of associated proteins in the matrix and reorganization of the
complex under ultrasound treatment observed in chemical analyses. Such
observations suggest that these modifications could enhance the physicochemical
and techndunctional properties of the complexes. including their interfacial
behavior and emulsification capacity.

6.4.2.2 Secondary Structures determined by FIMIR

The Amide | region enabled the analysis of the secondary structures of proteins in
both PPC sample§éble6-1) . A si gni f i c an-sheets (fhdi0db)e r
was observed in PPCU compared to PPCNU. This increase can be attributed to the
dual action of ultrasound: the structural reorganization of existing protein
components and the release of previously embedded or inaccessible proteins from
the polysaccharidprotein matrix of the CAB. These effects, caused by cavitation

115



Discovery and characterization of a novel napveteinpolysaccharide complex

and shear forces, have been well documented as contributors to protein unfolding
and aggregatio(Hu et al., 2013; Jiang et al., 2014)

Ultrasound is known to disrupt namvalent bonds such as hydrogen bonds,
hydrophobic interactions and electrostatic forces leading to partial protein
denaturation and the exposure of functional grai@semat et al., 2011; Li, Qi et
al., 2023) These exposed regions can subsequently rearrange into more stable
conf or mat i osheets, svhichhare fagoredbdue to inthain hydrogen
bonding. Similarstructural transitions have been reportedliayg et al. (2014and
Rafique et al. (2025Wwho observed an increasefirsheet level and a reductionli
helix amount following ultrasound treatment, reflecting a more expanded and
aggregated protein conformation.

Conv er s edrnycontent tygicallp associated with compact folded structures
was significantly reduced (P < 0.05) in PPCU, supporting the hypothesis of
unfolding and structural extension. This loss of compact loops likely promotes the
alignment of peptshdeetisac kWhinlees -tielixee or ebd
amounts was not statistically significant (P > 0.05), it still indicates a trend toward
disruption of intrachain hydrogen bondingeng et al. (2022xnd Rafique et al.
(2025)e mp h a s i zhelites gemexally rdpresent tightly packed, stable regions,
whi ch can t sleetsor disordened forms wndeibthermal or ultrasonic
stress.

The slight, norsignificant decrease in random coils observed in PPCU (P > 0.05)
aligns with the overall transition toward more ordered structures, reflecting a decline
in protein disorder. Consistent with the findingsLafFu et al. (2020andLi, Qi et
al. (2023) t he obser védix andkrdndomtcoilcamountsnindithte a
breakdown of internal hydrogen bonding and greater structural flexibility, which
could contribute to improved protein functionality in our complexes. Consistent with
our findings,Zhang, Sun et al. (2023ndZou et al. (2017also reported a decrease
inh&l ix and random coi l | e v edheet struatare o mp a |
level following ultrasounehssisted alkaline extraction of proteins fraranebrio
molitor larvae and chicken liver respectively. These results suggest a common
mechanism by which ultrasound disrupts intramolecular hydrogen bonding, leading
to protein unfolding and structural reorganization. The resulting structural ordering
l' i kely enhances f wsheeténriched 8RCs gre kmqwe to forme s i
more robust interfacial layers, enhancing emulsion and film staflilifyFu et al.,

2020; Li, Qi et al., 2023)

Taken t oget her , -shedisein RPGUniefleasnacrestructuring fof
protein conformation facilitated by ultrasound treatment. This effect appears to stem
from both the exposure of previously hidden protein domains and an unfolding
realignment process, ultimately leading to more cohesive and ordered molecular
assemblies.
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Table 6-1. Effect of ultrasound on PPC structural properties

Samples b-sheei(%) UHelix (%) b-turn(%) Randomcoil(%) PSH
PPCNU 26.75+2.8% 9.00+0.8% 45.07+1.1¢¢ 16.07+4.34 131.47+8.3%

PPCU 60.65+4.64# 6.7+0.3¢% 20.07+3.80 12.33+1.58 304.04+ 36.02

All values are expressed as mean +SD (n=3). Within the same column, means with different letters
ar e significantl| y PPENUW fPreteirPalyftsacclaatide €ompleRes Mdn. Ukra
sonicated; PPCU Protein-Polysaccharide Complexes Ultsonicated

6.4.2.3 Intrinsic fluorescence Emission Spectra

Fluorescence emission spectra are a powerful tool for monitoring modifications of
the tertiary structure of proteins, particularly conformational rearrangements
(folding/unfolding) and microenvironmental changégivian & Callis, 2001)
Intrinsic fluorescence arises mainly from aromatic amino acids tryptophan, tyrosine,
and phenylalanine with tryptophan (Trp) being the dominant contributor due to its
high quantum vyield and sensitivity to local polarfiyang et al., 2005; Vera et al.,
2019) Consequently, the maximum fluorescence intensify) nd the wavelength
at ma x i mu m m.g lare svisldlyoused (0 aassess changes in the protein
environmgalbdaveA 330 nm typically indica
exposed to a polar (agueous) environment, whereas a shift to shorter wavelengths
(blueshift) suggests a more hydrophobic microenvironménairoverov &
Kuznetsova, 2003; Vivian & Callis, 2001)
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Figure 6-3. Tryptophan emission spectra acquired on PPCNU and PPCU after excitation
set at 290 nm.
PPCNU: Protein-Polysaccharide Complexes non Uksanicated; PPCU Protein-Polysaccharide
Complexes Ultrasonicated.All curves are the mean of the 3 measurements.
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I n this study, both PPCU and PPCMNU exhi
> 3 3 OFign ®3), €onfirming that the tryptophan residues were in a polar
environment . However, t he slight bl uesh
417 nm), accompanied by a notable increect
structural changes in the protein components. Specifically, UAE appeared to
partially unfold the proteins, allowing for the reorientation and rearrangement of
polypeptide chains. This structural adjustment likely led to a more compact
conformation with reduced solvent exposure of tryptophan residues. This
observation aligns with the findings Kbng et al. (2023)who demonstrated that a
rapid shear and molecular collisions during ultrasound treatment increased the
exposure of previously buried chromophores in soybean protein isolate (SPI),
thereby enhancing fluorescence intensity due to conformational changese Th
mechanisms are further supported by studies reporting that ultrasound disrupts
intramolecular interactions, particularly hydrogen bonds and hydrophobic forces,
thereby promoting protein unfolding and tertiary structure reorganization. For
example,Li, Fu et al. (2020)and Wang et al. (2025khowed that ultrasound
promotes partial unfolding of protein molecules by breaking hydrophobic
interactions and hydrogen bonds, increasing the exposure of buried hydrophobic
regions. SimilarlyLi, Qi et al. (2023)observed that ultrasound treatment of cactus
seed protein induced a rearrangement of protein molecules that exposed aromatic
residues to a more hydrophobic environment, as evidenced by shifts in fluorescence
spectral.

Moreover,Jiang et al. (20143emonstrated that ultrasound can increase surface
hydrophobicity and decrease solvent accessibility of tryptophan residues due to
structural compactness, which aligns with our observations of higher fluorescence
intensity and a blue shift in PPCU. Similarlyera et al. (2019Yyeported that
ultrasound induced conformational rearrangement in quinoa protein, resulting in
fluorescence change indicative of a less polar environment of tryptophan residues.
These results support the hypothesis that ultrasound modifies protein conformation
within the PPC, promoting a more compact and hydrophobic tertiary structure.
These fluorescence data are further aligned with the HRBE@ndings, which
suggest that ultrasound facilitates partial protein unfolding in PPCU, decreases the
exposure of aromatic residues such as tryptophan and induces structural
reorganization that stabilizes new intramolecular and intermolecular interaction.
This reorganization likely explains the reduced UV absorbance observed for PPCU
in HPSEC, as fewer aromatic groups remain accessible to interact with UV light.
Such structural adjustments are particularly relevant for enhancing the functional
properties of PPCs, notably their emulsifying capacity, by favoring more ordered,
stable andurfaceactive molecular conformations.
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Figure 6-4. Effect of ultrasound on the surface hydrophobicity
PPCNU: Protein-Polysaccharide Complexes non Uksanicated; PPCU Protein-Polysaccharide
Complexes Ultresonicated All graphs are the mean of the 3 measurements.
Protein surface hydrophobicity (PSH)q Korresponds to the apparent constant of the dissociation of
the protein and ANS complex, Fmax signifies the maximum fluorescence intensity at saturation
(indicating the maximum binding sites available for ANS).

6.4.2.4. Surface hydrophobicity

Protein surface hydrophobicity (PSH) is a key indicator of the number of
hydrophobic groups exposed on the surface of a protein molecule in contact with the
polar aqueous environment. This property is closely related to the protein's
functional characteristic€Chandrapala et al., 2011; Chen et al., 2011; Hu et al.,
2013) Fig. 6-4 demonstrates that ultrasonic treatment significantly increased the
surface hydrophobicity of PPCU (P < 0.05). This finding aligns with previous
studies, which have shown that the cavitation effects induced by ultrasound can
expose hydrophobic regions of proteins that were previously buried within the
molecule, as observed for bovine serum albui@iilseren et al., 200/)soya
protein isolatgChen et al., 2011; Hu et al., 2018)ilk protein concentratéSun et
al., 2014)and SPIGum Acacia conjugate@iu et al., 2010) Ultrasonic treatment
appears to induce significant structural modifications in proteins, promoting the
compaction of certain regions while exposing hydrophobic groups more readily at
the surface. This is confirmed by the higher PSH angt ratio for PPCU. The
low Fmax and Ky values for PPCU Kig. 6-4) suggest that the hydrophobic
fluorophores are less exposed in a generally more compact environment. However,
specific hydrophobic regions become more accessible to hydrophobic probes (ANS),
as evidenced by the elevated PSH. These results indicate that ultrasound treatment
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facilitates a balance between stabilizing internal hydrophobic interactions and
exposing hydrophobic regions on the molecular surface, potentially enhancing the
functionality of the complex for industrial applications. The lower PSH observed in
PPCNU may be related to its higher polysaccharide content compared to PPCU. In
fact, Mu et al. (2010) found that when higher amounts of polysaccharides are
covalently linked to proteins, the surface hydrophobicity tends to decrease as the
steric structure of the proteins changes.

On the other hand, the increase in surface hydrophobicity reflects a structural
reorganization that enhances the exposure of previously buried hydrophobic
residues. This observation is further supported by the intensified absorbance in the
28003000 cm T region of the i nH stratchegd s pec
vibrations of aliphatic side chains. Unlike global hydrophobicity, which provides
insights into the overall composition of the complex, surface hydrophobicity is more
indicative of its interaction with the surrounding environment, particularly during
interfacial phenomena such as aggregation or film formgt@iiler et al., 2016)

The Bigelow scale, based on transfer coefficients, provides additional evidence of
this redistribution of hydrophobic residues. Specifically, it highlights an increase in
hydrophobic amino acids in the extracted protein fraction, suggesting that these
residues, once released, may promote their aggregation or partial exposure on the
complex surfac€Bigelow, 1967)

6.4.2.5. Scanning electron microscopy (SEM) observation

The surface morphology and microstructure of PPCs are showig.is-5 where
PPCNU and PPCU exhibited differences in particle morphology and distribution.
PPCU particles appear smaller, with more pronounced fragmentation and better
dispersion. This is likely due to the effect of ultrasound, which fragmented the
molecular structuregRafique et al., 2025)In contrast, PPCNU particles seem
generally larger, less fragmented, and certain areas show more significant
agglomerates. The surfaces of PPCU particles are relatively smoother and more
uniform than those of PPCNU, indicating enhanced interactions and cohesion of
PPCs under the influence of ultrasound. These findings also suggest that the PPC
extraction methods altered or modified the microstructure, further explaining the
observed differences in functional and physicochemical properties. These results
corroborated with the findings dlokhova et al. (2023)vho applied ultrasonication

on different polysaccharide solutions (alginate, chitosan, algicisitesan and
alginaté gelatin) at their preliminary freezing stage. One of the main conchkisfon

their study was that ultrasound contributed to a uniform distribution of pore sizes of
polysaccharides.
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Figure 6-5. Surface morphology of PPCNU (A) and PPCU (B) determined by scanning
electron microscopy.
PPCNU: Protein-Polysaccharide Complexes non Uksanicated; PPCU Protein-Polysaccharide
Complexes Ultresonicated.

6.4.3.Effect of the chemical and structural changes induced
by ultrasound on the physicochemical and interfacial
properties

6.4.3.1 Solubility

The solubility results offer further insight into the structural reorganization
induced by ultrasound in the PPCs. PPCNU exhibited significantly higher solubility
(27.8%) compared to PPCU (23.6%) (P <
structure. This may be attributed to the abundance of hydrophilic groups such as
hydroxyl and carboxyl moieties that enhance water interactieesg et al., 2024)

The greater solubility of PPCNU likely reflects fewer intermolecular interactions
and less aggregation, favoring dispersion in agueous environments.

In contrast, the lower solubility of PPCU indicates a more compact molecular
structure, consistent with ultrasoumdiuced conformational changes. Previous
studies have shown that ultrasound can promote protein unfolding and the exposure
of buried hydrophobic residuéki, Qi et al., 2023) which enhances protéiprotein
aggregation. This aggregation reduces hydration and leads to the formation of denser
networks, thereby decreasing solubility. Our fluorescence ardliRTdata support
this hypothesis, showing modifications in secondary structure and a shift toward
stronger intermolecular interactions within PPCU.

Despite these differences, both PPCs remain relatively insoluble (solubility
< 50%), whi ch i mplies t hcevaleptr itesaetions e C
particularly hydrophobic and hydrogen bonds maintaining the integrity of the PPCs
matrix. Such stability may be advantageous in specific applications. In the food
industry, these complexes can contribute to enhanced textural properties and
improved emulsion stability. In pharmaceutical formulations, the robustness of these
PPCs may be exploited for use in controlietbase systems or encapsulation
technologies.
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6.4.3.2 Flow behavior of PPC

Fig. 6-6A presents the viscosity curves as a function of shear rate for 1% and 5%
PPC solutions. The viscosities of both PPCU and PPCNU varied significantly (P <
0.05) with increasing shear rate. At 1%, no substantial difference was observed

between the two. At low shear rate§ 150 s T ) . PPCU exhibite
viscosity, indicating a more rigid initial structure. However, its viscosity decreased
sharply with increasing shear rat e, fal

contrast, PPCNU showed a more gradual dedlngiscosity, reflecting greater
rheological stability. These findings are consistent with thosBuaf et al. (2014)
who reported viscosity reduction in milk protein concentrates after ultrasonic
treatment.
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Figure 6-6. Effect of the chemical and structural changes induced by ultrasound on the
apparent viscosity of 1% and 5% PPCU and PPCNU (A)

Dependence of the shear stress on the shear rate of PPCNU and PPCU solutions (1% and 5%) with
increasing the shear rate from 1 to 100 fellowed by a decreasing from 100 to 1 @). PPCNU:
Protein-Polysaccharide Complexes non Uksanicated ; PPCU Protein-Polysaccharide Complexes
Ultra-sonicatedAll curves are the mean of the 3 measurements.

This pseudoplastic behavior, typical of macromolecular or PPCs solutions, reflects
the progressive alignment of molecules in the flow direction, thereby reducing flow
resistanceLiu et al., 2017) The effect is more pronounced in PPCU, suggesting a
structure more susceptible to sheatuced disruption, likely due to its lower
polysaccharide content. Previous studies have shown that ultrasound can partially
disrupt polysaccharide networks and induces protein unfolding, exposing
hydrophobic region§Gan et al., 2021; Li, Qi et al., 2023)his structural alteration
promotes aggregation via hydrophobic interactions, forming denser but less cohesive
molecular assemblies.

A similar reduction in viscosity following ultrasonic treatment was reported by
Cheung et al. (2015who observed that the apparent viscosity of fungal PPCs
decreased due to acoustic cavitatiouced fragmentation of mycelial aggregates.
The intense shear forces and acoustic generated by collapsing cavitation bubbles
disrupted intermolecular interactions and reduced structural entanglement.

Additionally, Asaithambi et al. (2022)emonstrated that ultrasougédnerated
cavitation leads to chain scission and disruption ofemralent interactions such as
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hydrogen and hydrophobic bonds. This breakdown, combined with microstreaming
and turbulence lowers viscosity, particularly in systems where protein aggregation
and denaturation are modulated by ultrasonic intensity. These mechanisms likely
contribute to the lower viscosity of PPCU under shear compared to PPCNU. An
increase in viscosity can also reflect enhanced hydrophilicity or protein
conformational changegLiu et al., 2017) In PPCNU, the dominance of
polysaccharides supports the formation of a more structured-dimessional
hydrodynamic network that resists mechanical breakdown, contributing to a more
stable viscosity profile at higher shear rates. This behavior aligns with that of gum
Arabic, which also exhibits shethinning flow (Al-assaf & Phillips, 2015;
Goycoolea et al., 1995; Mothé & Rao, 1999; Sanchez et al.,.2002)

Shear stress analysis at different concentrations (1% anBi§%6;6B) confirmed
pseudoplastic behavior in both complexXegcept for PPCNU at 1%)with shear
stress increasing with shear rate. Higher PPC concentration led to increased shear
stress and apparent viscosity. For PPCNU, the higher polysaccharide content
supports a more viscous response and elevated flow curve due to robust
hydrodynamic structuring. In contrast, PPCU, being richer in proteins and subjected
to ultrasound, shows more localized hydrophobic interactions that do not form
extended networks, resulting in lower flow resistance. Similar effects have been
reported in ultrasountteated plant protein systerftdosseini et al., 2013; McCarthy
et al., 2016)

The viscosities of PPCU and PPCNU r e m:
consistent with gum Arabic values reported3anchez et al. (2002\t 1%, both
PPCs showed similar rheological behavior, but at 5%, PPCNU displayed higher
shear stress values. The power law modgbpéndix Table A6) confirmed
pseudoplastic flow (n < 1), except for PPCNU at 1%, where n approached 1,
indicating neaiNewtonian behavior. At an equal concentration (1%), PPCU showed
a higher consistency index (K) and a lower flow index (n) value under the power law
model, indicating higher apparent viscosity at low shear rate and a more pronounced
pseudeplastic behavior. However, at 5% concentration, PPCU deviated from the
power law and was better described by the HergBlditley model, with a lower K
and a higher n value compared to PPCNU, suggesting a structural transition
characterized by the emergence of a slight yield stress and reduced resistance to flow
under low shear. This shift may be attributed to a looser reorganized network formed
by ultrasoundnduced protein unfolding. A similar deviation from Newtonian or
power law behavior following ultrasound treatment has been reportéddihambi
et al. (2022) who showed that acoustic cavitation disrupted protein networks and
altered flow resistance, particularly at higher concentrations. The absence of
hysteresis suggests no thixotropic behavior and good structural rebuild capacity after
shear(Abid et al., 2021)

These rheological properties suggest that PPCU could be advantageous for shear
sensitive applications at low concentrations (e.g., as a thickener or stabilizer), while
at higher concentrations, its lower flow resistance and rapid flow initiation make it
relevant for injectable gels or dispersible systems requiring minimal force to flow.
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6.4.3.3 Interfacial properties of PPC

6.4.3.3.1 Interfacial adsorption kinetics

To evaluate the colloidal behavior of PPCNU and PPCU, adsorption kinetics were
studied at the sunflower eilater interface Kig. 6-7). Dynamic interfacial tension
(IT) was measured over time. with equilibrium values extrapolated using a drop
volume tensiometer. Adsorption at the-wihter interface of both PPC typically
occurs in two stages: an initial migration of particles toward the interface, followed
by their accumulation and reorganization to form a viscoelastic interfacial layer
(Tang et al., 2024)Electrostatic interactions may facilitate the initial migration and
adsorption of PPC components at the interfécie et al., 2025) although the
amphiphilic nature of proteins and hydrophobic interactions are likely the dominant
factors driving the reduction in interfacial tension and the stabilization of the
interfacial layer.

PPCU exhibited a higher adsorption rate

I 10 mN/ mLs 1), indicating more rapid
the interface. This enhancement aligns with previous findings showing that
ultrasound pretreatment enhances protein flexibility, surface hydrophobicity and
interfacial diffusion (Li, Fu et al., 2020; Wang et al., 2025For example,
ultrasoundtreated chicken myofibrillar protein and peanut protein showed
accelerated interfacial adsorption and improved emulsification properties attributed
to conformational expansion and exposure of hydrophobic domains. This greater
rate of adsorption for PPCU can be attributed to the ultrasimahded structural
modifications, which enhance the surface activity of the protein components. By
contrast, the slower rate for PPCNU may reflect more intact and less flexible
complexes, leading to slower diffusion and interfacial accommodation.

Consistent with this, PPCU also exhibited a lower equilibrium interfacial tension

(15. 82 mN/ m) compared to PPCNU (17.02
highlights the superior ability of PPCU to reduce interfacial energy and stabilize the
interface over time. The lower equilibrium IT of PPCU is primarily due to the
enhanced availability of proteins, a direct result of ultrasonic treatment, which
increased the protein content and promoted structural reorganization. Previous
studies have shown that ultrasound promotes partial protein unfgldjinQi et al.,
2023; Rafique et al., 2025)esulting in increased surface hydrophobicity and a more
balanced amphiphilic character, both crucial for strong interfacial adsorption.
Proteins play a critical role in interfacial activity. as their amphiphilic nature allows
them to adsorb strongly at the interface, reducing interfacial tension.

While both proteins and protdipolysaccharide complexes are present at the
interface, proteins dominate the initial adsorption process due to their faster
diffusion and stronger interactions with thei aihter interface. Polysaccharides, in
turn, contribute by enhancing the viscoelasticity and stability of the interfacial layer
through their synergistic interaction with proteins. The synergistic interfacial action
of PPCs has also been reported Ziyu et al. (2025) who observed enhanced
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interfacial film elasticity and emulsion stability when ultrasound was used to tailor

complex structures.
The di fferences i n

adsorption

K i

net.

impact of ultrasonic treatment on molecular conformation and composition. In

PPCU, protein unfolding and increased surface exposure of hydrophobic regions

promote stronger interfacial anchoring, while in PPCNU, reduced mobility and
fewer surfaceactive groups limit interfacial performance.

These findings underscore the complex interplay between adsorption kinetics and
equilibrium behavior. While PPCNU demonstrates slower interfacial tension decay,
PPCU combines faster adsorption rates and lower equilibrium tension, which
together suggest enhanced interfacial activity and more robust film formation. These

effects are in line with those reported ®fieung et al. (201%ndAsaithambi et al.
(2022) who linked ultrasounéhduced chain fragmentation and structural loosening
to improved emulsification and interfacial film properties in prot&gh systems.

This could translate into improved emulsifying performance, particularly in systems

requiring rapid and stable droplet coverage.
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Figure 6-7. Evolution of the dynamic interfacial (sunflower-sitater ) tension of PPCNU
and PPCU dispersions at 0.1% of protein concentration using DVT50.

PPCNU: Protein-Polysaccharide Complexes non Uksanicated; PPCU Protein-Polysaccharide
Complexes Ultresonicated.All curves are the mean of the 3 measurements.

6.4.3.3.2 Interfacial dilatational rheology
Dilatational

rheology is a powerful technique for analyzing protein and

polysaccharide interactiofiiu et al., 2011) Its unique ability to link the dynamic

behavior of interfacial layers to adsorption mechanisms makes it an invaluable tool
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for studying the transport and kinetic processes governing adsorption reequilibration
and the physicochemical properties of surfactartrface systems. This property is
particularly essential for understanding the stability of emulsions. The dilatational
interfacial rheology of PPCU and PPCNU could provide a deeper understanding of
the adsorption mechanisms and the nature of the interfacial layers by linking them to
the differences in composition and structure of the complexes. This analysis could
also help identify the most suitable complex for specific applications in emulsions or
foams based on their interfacial performarféig. 6-8A shows that both complexes
effectively reduce IT, with PPCU demonstrating superior capacity (6 mN/m) to
stabilize the interface than PPCNU (16 mN/m). The IT values obtained with the
DVT are higher than those measured with the Tracker. This difference in IT could
be attributed to the methodologies of the two analyses, as the DVT measures a series
of droplets with local equilibrium times, while the Tracker monitors a single droplet
that reaches a more complete equilibrium. It could also be linked to the state of
equilibrium, as the DVT captures a rapid and local (static) equilibrium, whereas the
Tracker captures a longer and deeper (dynamic) equilibrium. This observation may
also be explained by structural and molecular phenomena caused by the complexity
of molecules at the interface, where their migration and adsorption to the interface
can be slow. Molecules have more time to reduce interfacial tension with the
Tracker, as these complexes eventually form a more compact and stable interfacial
layer. The molecules might also undergo reorganization or interactions after
adsorption (e.g., hydrophobic interactions or hydrogen bonds). These processes take
time and are better observed with the Tracker.

Elasticity measurements reveal notable differences in the rigidity and
viscoelasticity of the interfacial films formed by PPCU and PPCHNY. 6-8B). For
PPCNU, the tot al modul us is 11.46 mN/ m,
MmN/ m and a viscous component (En) of 4. 3
film that is predominantly elastic but still has a significant viscous contribution. In
contrast, PPCU exhibits a significantly higher total modulus of 29.94 mN/m,
dominated by the elastic compondnENj = 29. 62 mN/ m) and wi
contribution (En = 4.23 mN/ m). Such hig
strong and cohesive interfacial network, consistent with previous observations in
ultrasoundtreated protein systems, where structural reorganization promotes the
f or mat i on -sheet stouctutes ang direrfythens prepeatein interactions
(Li, Qi et al., 2023; Zhang et al., 2022his indicates a highly rigid and elastic film
from the outset. The phase angle for PPCU remains low (7.78°), reflecting an almost
exclusively elastic behavior, as opposed to PPCNU, which has a higher phase angle
(20.68°), indicating a mixed viscoelastic nature. These results are consistent with
previous findings, such as those @#cClements, 2004)on proteinstabilized
emulsions andAbid et al. (2021) on the emulsifying properties of an
exopolysaccharide. Thus, ashedtsh tharigiitya@@her p
PPCU increased as the proteins in the PPC promoted elastic interactions at the
interface. The greater presence of polysaccharides in PPCNU made the layer less
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rigid (reduced E Nj) but increased it
differently.
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Figure 6-8. Effect of the chemical and structural changes induced by ultrasound on the
interfacial dilatational rheology of PPCNU and PPCU dispersions at 0.1% of protein
concentration using Tracker (A) and (B) zoom on a part of sinusoidal profile.
PPCNU: Protein-Polysaccharide Complexes non Uksanicated; PPCU Protein-Polysaccharide
Complexes UltresonicatedAll curves are the mean of the 3 measurements.

6.4.3.3.3 Langmuir film balance (Film compression isotherms)

After measuring the adsorption kinetitise interfacial tension reduction capacity,
and the dilatational rheological properties (rigidity, elasticity) at a realvatiér
interface, where hydrophobic and hydrophilic forces play a major role, the film
balance was used to measure the surface presmaesotherms, enabling the study
of the arrangement of surfaaetive molecules within a monolayer. The study of the
monolayer at the aiwvater interface provides a simpler and more ideal configuration
to investigate the intrinsic interfacial behavior of PPCs without interference from
complex oitwater interactions. It thus allows for a clearer distinction of the roles of
proteins and polysaccharides in PPC monolaffeasconnier et al., 2000)providing
better insight into the influence of ultrasound on PPC composition.
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Figure 6-9. Compression isotherms for PPCU and PPCNU dispersions at 0.1% of protein
concentration using Langmuir film balance.
PPCNU: ProteinPolysaccharide Complexes non Ulsanicated; PPCU Protein at air water

interfacePolysaccharide Complexes UltspnicatedAll curves are the mean of the 3 measurements

Fig. 6-9 presents the compression isotherms of PPCNU and PPCU solutions. The
compression isotherm for PPCNU was less extended, whereas PPCU exhibited a
broader isotherm. The surface pressure reached a maximum of 38 mN/m for PPCU,
indicating that the ultrasourtdeated complex forms a more stable and compression
resistant interfacial filn{Fauconnier et al., 2000 he inflection point observed at
33 mN/m and 29 mN/m for PPCU and PPCNU respectively may indicate a
transition in the molecular structure or a reorganization of film components (proteins
and polysaccharides). However, the film remained intact, demonstrating its
robustness under compression. The gradual increase in surface pressure beyond the
inflection point illustrates an enhanced capacity of the proteins and the overall
complex to maintain a stable arrangement at the interface. Similar enhancements in
interfacial behavior following ultrasound treatment have been reported by
Mozafarpour et al. (2022)who observed that ultrasoumibdified soy protein
isolates formed more extended and elastic films at thevaier interface, attributed
to improved molecular flexibility and dispersion. Ultrasound treatment likely
promoted better protein dispersion and increased the proportion of hydrophobic
proteins, which are more capable of stabilizing interfaces. In contrast, the maximum
surface pressure for the untreated complex (PPCNU) was lower, at 34 mN/m,
suggesting that the film formed by PPCNU is overall less stable than that formed by
PPCU.

The inflection point observed at 29 mN/m for PPCNU suggests that the film
quickly reaches a threshold where it begins to lose cohesion, though it does not
completely collapse. The different behavior between PPCU and PPCNU is likely
due to differences in their sugar and amino acid composition. A lower protein
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content in the untreated complex and less efficient pr@elysaccharide
interactions result in a weaker film. Moreover, the higher polysaccharide content in
PPCNU may contribute to the formation of a less cohesive film due to weaker
intermolecular interactions. While polysaccharides contribute to viscosity and steric
stabilization, they often lack the ability to form strong elastic films compared to
proteins. Their presence could dilute protpintein interactions, thereby reducing

the film's structural integrity. Similar studies on gum Arabic have shown that the
most hydrophobic polypeptide chain of PPC adsorbs at the interface, while the
hydrophilic carbohydrate attached to the chain protrudes into the solution, providing
a strong steric barrigiFauconnier et al., 2000; Islam et al., 199%hother factor

could involve the specific nature of the protpiolysaccharide interactions in
PPCNU. Without ultrasonic treatment these interactions might be less efficient or
less organized, leading to a more heterogeneous and weaker film at-\Wateair
interface. This hypothesis aligns with the structural differences observed in
secondary structure and microstructure analyses, which revealed larger, less
dispersed particles in PPCNU, indicating less effective molecular organization.
Finally, it is important to consider that polysaccharides could influence the dynamics
of molecular adsorption and rearrangement at the interface. The slower adsorption of
larger polysaccharides or their aggregation could hinder the formation of a compact
and cohesive film. This combination of factors explains why the film for PPCNU
demonstrates reduced cohesion at the critical pressure point compared to PPCU.
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Figure 6-10. Elasticity of the monolayer of PPCU and PPCNU dispersion at 0.1% of
protein concentration at air water interface using Langmuir film balance.
PPCNU: Protein-Polysaccharide Complexes non Uksanicated; PPCU Protein-Polysaccharide

Complexes UltresonicatedAll curves are the mean of the 3 measurements

Fig. 6-10illustrates the evolution of elasticity as a function of surface pressure and
its implications for film structure. For PPCU, elasticity reaches its maximum
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gradually (33 mN/m) and remains relatively stable over a wide range of pressures
(12 to 33 mN/m). This suggests that the interfacial film formed by PPCU is flexible
and can adapt to varying compressions without collapsing. The initial rapid increase
in elasticity (starting at 30 mN/m) indicates that the film becomes more rigid,
possibly due to a reorganization of proteins and polysaccharides at the interface. The
final decrease in elasticity may indicate saturation or excessive component density at
the interface, which limits flexibility. Similar studies on proteins and
polysaccharide¢Cremer et al., 2023; Rodriguez Patino & Pilosof, 20idye also
reported that conformational changes at the interface and the loss of monolayer
structure during compression can lead to multilayer formation, which subsequently
reduces elasticity. For PPCNU, elasticity reaches a higher maximum (45 mN/m at
22 mN/m of surface pressure) but drops sharply afterward. This indicates that the
film is initially more rigid, likely due to a relatively high proportion of unbound
polysaccharides or a less elastic complex network. However, this rigidity limits the
filmés resilience, causing it to coll ayg
findings are consistent with the composition of the complex in terms of protein and
polysaccharide content. Ultrasound treatment has been widely reported to enhance
protein flexibility and interfacial activity across various systems, including soy
protein isolatgKong et al., 2023)cellulose nanoparticles from ginkgo seed shells
(Ni et al., 2021) myofibrillar proteins(Tao et al., 2024)pea proteir{Sha & Xiong,

2022) and proteirbagd colloidal particles(Mozafarpour et al., 2022)These
findings align with the improved compressibility and enhanced elastic stability
observed for PPCU in our study, suggesting that ultrasouhated conformational
rearrangements promote the formation of stronger, more resilient interfacial films.
Ultrasound treatment, by increasing the proportion of proteins in the complex,
enhances the ability of PPCU to stabilize the interface. Hydrophobic and
amphiphilic proteins are better organized under compression, resulting in greater
film stability. The lower polysaccharide content in PPCU, likely due to
fragmentation or modification caused by ultrasound, reduces film rigidity, allowing
for better interaction with proteins and promoting the formation of a more flexible
and stable film. These results explain and confirm those obtained with the tracker.
Indeed, the analyses performed using the tracker and the film balance allowed the
exploration of different interfacial properties depending on the type of film formed
and the studied interface.

The tracker measured dilatational elasticity (via oscillation) at the oil/water
interface, where PPCs spontaneously adsorb to stabilize the interface. This interface
directly reflects the conditions present in colloidal systems such as emulsions. In
contrast, the film balance analyzed dilatational elasticity (via slow compression) at
the air/water interface, where PPCs form a monolayer through controlled spreading.
This approach highlights the intrinsic properties of interfacial films in the absence of
adsoption dynamics. With the tracker, elasticity is influenced by the adsorption
kinetics and the rearrangement of molecules (proteins and polysaccharides) at the
oil/water interface. This behavior depends on their mobility, structure and
interactions between components. Using the film balance, elasticity reflects the
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properties of a homogeneous monolayer spread over an air/water interface, without
adsorption dynamics. This made it possible to more precisely characterizi@rimtra
interactions and cohesive forces between adsorbed molecules. By combining these
two approaches, it was possible to link the interfacial properties measured under real
conditions (oil/water interface) to the fundamental structural and organizational
characteristics of interfacial films (air/water interface).

These complementary analyses reinforce the conclusion that ultrazssistkd
extraction not only modifies the composition of PPCs but also enhances their
molecular organization and interfacial performance through improved grotein
protein and proteirpolysaccharide interactions.

6.4.4.Effect of the chemical and structural changes on the
techno-functional properties of PPC

6.4.4.1 Emulsification characterization

6.4.4.1.1 Emulsion properties

The Emulsifying Activity Index (EAI) and Emulsifying Stability Index (ESI) are
key indicators used to evaluate the ability of biopolymers to stabilize emulsions. EAI
relates to the surface area stabilized by a unit weight of biopolymers and reflects the
capacity of proteins or complexes to rapidly adsorb at thHewatkr interface,
reducing interfacial tension and promoting uniform droplet disper&om et al.,

2014) In contrast, ESI measures the leegm ability of the emulsion to resist
coalescence and phase separation, thereby indicating interfacial film robustness and
molecular interactions stabilizing the droplets.

The results presented Table 6-2 reveal a clear distinction between PPCNU and
PPCU. PPCNU shows aslightlyut si gni f i ¢ a n tg) cpmphréddgon e r
PPCU (/I®)4, myhereas its ESI is | ower (27
di fference (P < 0.05) l'i kely arises fr
induced by ultrasonic treatment. PPCNU, not subjected to ultrasound, shows better
initial emulsifying activity attributable to its higher solubility and lower viscosity,
facilitating rapid migration and adsorption of biopolymer components to the oil
water interface. The greater polysaccharide content in PPCNU may also enhance
initial droplet dispersion through steric stabilization and hydration shell formation
(Zzhang & Li, 2022)

However, PPCNU lacks structural rearrangements such as protein unfolding and
i ncr e-sheeeabnteht triggered by ultrasound, which are known to contribute to
more stable interfacial films. For examplg, Qi et al. (2023) demonstrated that
ultrasound treatment significantly improved both EAI and ESI in cactus seed protein
by enhancing molecular flexibility and surface hydrophobicity, as well as reducing
particle size. Similarly,Li, Fu et al. (2020) reported that ultrasouridduced
d e ¢ r e-hetixamountd in stretch protein molecules, facilitating their adsorption at
the oill water interface and improving emulsion formati@muzLoépez et al. (2024)
further emphasized that acoustic cavitation disrupts hydrogen bonds and exposes

131



Discovery and characterization of a novel napveteinpolysaccharide complex

hydrophobic side chains, which increase-koilding affinity and emulsifying
potential.

These findings align with the behavior of PPCU, where ultrasound treatment
increases protein flexibility and hydrophobic exposure, promoting better interfacial
anchoring and structural cohesion. Contrary to what might be expected based solely
on solubility, PPCU exhibited a higher interfacial adsorption rate than PPCNU,
indicating enhanced surface activity despite its lower EAI. This suggests that the
proteins in PPCU, rendered more flexible and surtmteve by ultrasound
treatment, can rapidly and efficiently anchor at the interface.

Its ESI is significantly higher, reflecting improved lotegm stability. This
superior stability is attributed to ultrasouimiiuced conformational changes,

i ncl udi ng -sheetcconeat,swhith facilitates the formation of rigid
interfacial films and reduces interfacial tension. Such properties enhance the
cohesion of interfacial layers, as also showrHoyet al.(2020)with whey proteiin
chitosan complexes, and hou et al. (2016)and Nahimana et al. (2024in
soybean and lupin protein systems, respectively.

Overall, these results confirm that while PPCNU excels in rapid interfacial
adsorption, PPCU offers superior film strength and {tmmg emulsion stability,
making it a more effective stabilizer for emulsions that require resilience under
storage or processing.

Table 6-2. Effect of the chemical and structural changes on emulsifying properties of
PPCU and PPCNU

Samples EAI (m?/g) ESI (min) Dya,31 (Lm) Dis, 27 (Lm)
PPCNU  26.13+0.02 236.78+1.58 14.35+0.07 5.840.29

PPCU 24.64+0.01 261.91+5.00 14.46+0.05 4.28+0.18
All values are expressed as mean +SD (n=3). Within the same column, means with different letters
are significant IEAL Emuldifffing actvitytindea; tESI:Remudslyind sability index;
Dj4,3) droplet size weighted by their volumejzB : droplet size weighted by their surface area;
PPCNU: ProteinPolysaccharide Complexes ntftra-sonicated; PPCU Protein-Polysaccharide
Complexes Ultresonicated

6.4.4.1.2 Emulsion particle size

Granulometry analysis provides valuable information about the size and
distribution of droplets in emulsions, which are critical factors for both stability and
functionality. The [ 3 or volumeweighted mean diameter, represents the droplet
size weighted by their volume, while thes B or surfaceweighted mean diameter,
represents the droplet size weighted by their surface area. The latter measure is more
sensitive to smaller droplets and thus more indicative of interfacial stabilization
efficiency.

The granulometry resultsTéble 6-2) confirm that the ultrasound treatment
applied to PPCU affects the droplet size in the emulsion, although this difference is
not statistically ggvglues foribatraRPENU(@aRd PPCU . 05)
indicate comparable capacities of the complexes to stabilize the overall droplet
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distribution. However, the smaller @ v al ue observed for
compared to PPCNU (5.8 Om) reflects im
a more homogeneous size distribution, which reduces the risk of flocculation and
coalescence over time.

This enhancement is attributed to PPCI
its ability greater to reduce interfacial tension more effectively and to form denser,
more elastic films at the d\vater interface. Similar effects have also been observed
in ultrasoundreated protein systems, where cavitafioduced unfolding and
increased surface hydrophobicity enhance interfacial adsorption and droplet
encapsulatiofiLi, Fu et al., 2020; Li, Qi et al., 2023)

Although the overall volumeveighted droplet size is similar for PPCNU and
PPCU, the ultrasounithduced conformational changes in PPCU such as increased
b-sheet amount, enhanced molecular flexibility, and localized hydrophobic exposure
facilitate tighter molecular packing at the interface and more uniform droplet
coverage. These factors promote the formation of emulsions with finer droplet sizes
and improved stability.

The reduction in Rz for PPCU likely contributes to its increased ESI, by
supporting a more robust and uniformly coveredvediter interface, consistent with
observations from the dilatational rheology analysis and Langmuir film balance,
where PPCU exhibited more elastic and compresssistant interfacial films.

Previous research has shown that sonication can improve the emulsification
capacity of proteins by reducing aggregate size, increasing flexibility, and
facilitating faster surface diffusiofCruzLopez et al., 2024; Mozafarpour et al.,
2022) These mechanisms are likely at play in PPCU, helping to explain the
observed improvements in emulsion microstructure despite similgnvBlues.

In summary, while both PPCs stabilize emulsions effectively, PPCU demonstrates
a superior ability to maintain small and uniformly distributed droplets, a property
essential for londerm emulsion stability in food, pharmaceutical, or cosmetic
applications.
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6.4.5.Correlation between structure, physicochemical and
emulsion properties of PPC

Heatmap of Pearson Correlations
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Figure 6-11. Heatmap of Pearson correlation coefficients of protpimlgsaccharides
complex structural, physicochemical, and emulsifying properties.
The color scale ranges from dark blue (strong negative correlatidh, through
yellow/orange (moderate correlation), white (no correlation, values close to zero), to bright

red (strong positive correlation, -sheetPaidam

He | i-turn, rarffidom coil, surface hydrophobicity), physicochemical properties (Interfacial
tension, elasticity modulus, solubility), and emulsifying properties (Emulsion activity index
(EAI), Emulsion stability index (ESI), Mean size surfage:).

Pairwise correlations analysis between structure and functional properties was
performed using Python. The red areagim. 6-11 represent positive correlations,
whereas the blue one show negative correlations, with darker shading indicating
stronger correlations between indicators. The properties related to interfacial tension
and elasticity modulus appear to be strongly correlated with proteins, EAlgind D
The secondary st rtuwcrtsgsheeednd ranflom jpail)oateeaisn s
strongly corelated with certain physicochemical properties (e.g., elasticity modulus
and solubility). These results suggest that interfacial properties (such as elasticity
modulus and interfacial tension) strongly depend on the interactions between

proteins, their secondary structure, and other components like polysaccharides.

Polysaccharides have a complex but critical effect on the propsttid®ed They
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increase interfacial tension and solubility by improving EAI, but they reduce ESI.
Their presence promotes shped d-nm)i wifile s e ¢ ©
r e d u csheaetg. THese correlatmhighlight the importance of polysaccharides in
modulating interfacial properties and prot@olysaccharide interactions in complex
systems such as emulsiorfBenichou et al., 2007)A very strong positive
correlation between proteins and ESI (0.975) shows that proteins play a key role in
ESI due to their ability to form elastic films at the interface. A strong negative
correlation between proteins and interfacial tenstor809), solubility {0.912) and
EAl (-0.997) confirming that proteins are critical in forming and stabilizing
emulsions through their adsorption at the interface and ability to form elastic films.
Although several studies reported a positive correlation between protein content
and emulsifying activity(Li, Qi et al., 2023; Zakki et al., 20249ur results show a
negative correlation, suggesting that EAl depends not only on protein quantity but
also on protein structure and interactions within the PPC. However, their initial low
solubility, caused by aggregation and exposure of hydrophobic groups, may limit
their emulsifying activity. This result does not align with previous findings,
depicting that high protein solubility leads to increased protein distribution at the oil
water interface, resulting in the formation of a thick interfacial layer and improved
emulsification(Liu et al., 2022; Zhang & Li, 2022 his discrepancy is likely due to
covalent links between proteins and polysaccharides in this study. The relationship
between proteins and their secondary structure supports a strong positive correlation
wi t fsheefs, which enhances the rigidity and stability of interfacial films.
Ultrasound treatment reorganizes the secondary structure, improving the proteins'
ability to form robust elastic films and reduce interfacial tension by exposing
hydrophobic groups (Liu et al.,, 2022) and interacting effectively with
polysaccharides. This contributes to enhanced ESI, similar results were found by
Feng et al. (2023) The positive <cor-shéat iunmdb &
structures likely increases protein rigidity and hydrophobic surface properties,
promoting better interaction at interfac@du et al., 202Q) Con v ehelges| vy ,
appear less favorable for hydrophobicity, showing a negative correlation. Although
b-sheets are often associated with more rigid interfaces, an excessive amount could
lead to protein aggregation, reducing the ability to stabilize emulsions (strong
negative cor r eheattandoBESl). A exivamely strdng negative
correlation between proteins and EAD.Q97) suggests that while proteins stabilize
emulsions longerm (ESI), their low solubility reduces their initial EAL
Additionally, the negative correlation between ESI and EBI9(/) arises because a
more rigid and organized interfacial film, which contributes to high ESI, often takes
longer to form. This delay may reduce the initial adsorption rate at the interface,
thereby decreasing EAI. A high PSH (strong positive correlation, 0.922) improves
emulsion stability, consistent with the findings frauin et al. (2017) However, the
very strong negative correlatiorD(985) between PSH and EAI indicates that high
hydrophobic potential may reduce rapid protein adsorption at the interface, which
impacts emulsifying activity. The very strong positive correlation (0.966) between
PSH and elasticity modulus suggests that an interface with high hydrophobic
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potential develops a more rigid and elastic interfacial layer. This strengthens the
mechanical stability of interfacial films, which is crucial for emulsion stability. The
strongly positive correlation between elasticity modulus and ESI (0.977) results
from the fact that rigid interfacial film formation directly contributes to the
mechanical stability of emulsionBicharry et al. (2006jound that the most stable
emulsions corresponded to the highest elasticity modulus. Solubility enhances
emulsifying activity (0.939) but compromises letegm stability ¢0.898), due to
insufficient adsorption at interfaces. A very strong negative correlation between
solubility and PSH -0.934) indicates that as solubility increases PSH demease
High solubility is associated with low hydrophobicity, which could explain reduced
adsorption at interface&Zhang & Li, 2022) These correlations demonstrate that
solubility plays a critical role in protein interfacial properties and secondary
structures, directly influencing their ability to form and stabilize emulsions, as
observed in the case of PPCU.
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Figure 6-12. Mechanistic overview of ultrasound effects on PPC during the extraction

6.5.Conclusion

Ultrasound induced significant transformations in PPC via two synergistic
mechanisms: the extraction of additional proteins, potentially complexed with
polysaccharides or embedded within the primary CAB matrix, and the structural
reorganization of existing components, including partial protein unfoldiig 6-

12). These phenomena led to substantial changes in the composition and molecular
interactions within the complex.

The extraction of new proteins altered the overall composition of PPCU, as
evidenced by an enrichment in amino acids, increased protein content, and a
reduction in polysaccharide (monosaccharide) levels. These changes directly
influenced key functional properties such as global hydrophobicity, solubility, and
the distribution of secondarsheetsihPPCOt ur
is likely the result of not only the rearrangement of existing proteins but also the
contribution of newly extracted proteins, whose structural characteristics promote
the formation of such structures.

Simultaneously, the mechanical action of ultrasound caused partial denaturation
and reorganization of proteins lead to the formation of a more cohesive protein
network. Previously hidden hydrophobic regions and functional groups, such as
amine and carboxyl groups, which were buried within the protein structure, are
exposed, enhancing the interaction between proteins and polysaccharides. The
hydrophobic regions interact with the npalar parts of polysaccharides, while the
exposed functional groups form hydrogen bonds with hydroxyl groups on
polysaccharides. Although ultrasonic treatment initially weakens the interactions
between proteins and polysaccharides, the subsequent reorganization of proteins
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results in stronger interactions, which enhance the integration of polysaccharides
into the protein network. This process ultimately led to the formation of a more
cohesive and stable protgiolysaccharide complex.

In summary, ultrasound combined effects of composition modification and
structural reorganization, resulting in profound changes to molecular interactions
within the complex. These transformations directly influenced the distinctive
functional properties of PPCU, such as its solubility, surface hydrophobicity,
interfacial elasticity stability in dispersed systems. These findings pave the way for
specific applications in food or industrial systems requiring more robust interfaces,
tailored interactions and adapted rheological propeffies 6-13).

Our findings demonstrate that the unique functionality of €ABC arises from
two distinct protein components such as covalelntiynd arabinogalactan proteins
(AGPs) and nortovalently associated free proteins (FPs). While MAOQIF or
LC-MS/MS proteomics could further identify specific protein families within these

pools, our comprehensive physicochemical

characterization (FTIR, HPSEC,

interfacial rheology) has already established their complementary strfiohaten
relationships critical for emulsion stabilization.

This study is the first to provide a detailed understanding of how ultrasound
simultaneously modifies the composition and molecular structure of-d@x%Bed
PPCs, offering new opportunities to tailor their functional properties for food

hydrocolloid applications.

Future research could explore the impact of specific ultrasound parameters, such

as intensity, treatment duration and temperature on

the structure and functional

properties of PPC in depth detail, as well as their behavior in other complex

matrices.
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Investigation of temperature combined with
ultrasound extraction impact on the
composition, structure of cashew apple bagasse
protein- polysaccharide complex and the
resulting functional properties
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Description of Chapter 7

The previous chapter demonstrated that ultras@ssisted extraction at moderate
temperature (40 °C) modified the composition and structure of the PPC, which
resulted in an improvement of its functional properties. Moreover, the extraction
process optimization phase revealed that increasing temperature also enhanced
protein yield and purity, up to a plateau observed around 55 °C.

These two complementary observations raise the question of the potential effect of
a higher temperature, applied alone or in combination with ultrasound, on the
organization and functional behavior of the complex. This chapter therefore
examines the influence of therrsonication applied at two distinct thermal regimes
(40 °C and 55 °C), compared with their pglirasound equivalents.

The resulting extracts undergo andepth integrative characterization aimed at
understanding the mechanisms responsible for the compositional, structural, and
functional modifications induced by temperature and ultrasound. The approach also
includes the analysis of relationships between the structural characteristics of the
PPC and its functional properties.

This work is an original contribution adapted fratie, M., Karoui, R., Alabi, T.,
JacquetKaramoko, G.N., Richel, A., & Blecker, C. (2026ji Modul ati on of
natural hydrocolloid structure and functionalities from cashew by combined
ultrasound and temperature extractiono.
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Chapter 7. Investigation of temperature combined
with ultrasound extraction impact on the composition,
structure of cashew applebagasseprotein-
polysaccharide complexand theresulting functional
properties

7.1. Abstract

The extraction of proteipolysaccharide complexes (PPCs) from natural
biomasses represents a promising route for developing functional ingredients with
tunable properties. This study examines the combined effect of temperature and
ultrasound assisted extraction (UB) on the composition, structure and
functionalities of PPCs extracted from tbashewapple bagasse (CABFT-MIR,
HPSEC, and TGA analyses show that thesapication deeply alters the molecular
architecture of the complexes. Ultrasound induces partial protein unfolding,
convethteilngx hnd random c o i-sheetstugturedvits i nt
UAE at 40 °C, this action is accompanied by high molecular mobility, meaning an
increased ability of chains to move and reorganize, allowing controlled assembly
without excessive compaction. Intrinsic fluorescence confirms the exposure of
aromatic residues and tertiary rearrangement, revealing an uniolesgembly
mechani sm. These transitions directly
sheet enrichment improves structural cohesion while preserving good mobility,
promoting rapid interfacial adsorption and high colloidal stability. At 55 °C,
molecular mobility decreases; the temperature strengthens intermolecular
interactions, inducing network compaction, increased resistance to flow (K = 0.440
Pa-$), and higher thermal stability (293 °C compared with 188 °C for PPCUA40).
Thus, dual modulation by temperature and ultrasound enables precise
comprehensionf the structure and functions of PPCs. A clear compromise emerges
between colloidal mobility (40 °C) and mechanical compaction (55 °C), highlighting
the central role of proteipolysaccharide interactions. Therraonication appears to
be a strategic lever for sustainatdgtraction of PPC with a high-performance
hydrocolloids derived from agfimdustrial ceproducts.

Keywords: Cashew apple bagas&emulsifying properties; Interfacial properties;
Proteinpolysaccharide complexegieological propertiesStructurefunction
relationship Thermal properties; Therrrspnication extraction.
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7.2.Introduction

Proteini polysaccharide complexes (PPCs) are natural hybrid macromolecules
whose functionality results from synergistic interactions between polysaccharide
backbones and protein domains. These associations govern solubility,
emulsification, gelation, and film formation, making PPCs promising candidates for
the design of sustainable hydrocolloidéu et al., 2024Liu et al., 2023 Beyond
their technological potential, these complexes illustrate molecular complementarity
between proteins providing interfacial and cohesive properties and polysaccharides
contributing hydration, viscosity, and stabilifiziu et al., 2023; Redgwell et al.,
2005) Unlike reconstituted systems such as whey propsatin or soy protein
alginate conjugates, native PPCs already present within plant matrices remain
underexplored, even though they offer-esmlved architectures and a reduced
environmental footprin(Singh et al., 2025)Understanding how these intrinsic
associations can be extracted and modulated without denaturation is therefore
crucial for controlling the molecular architecture of sustainable hydrocolloids.

Cashew apple bagasse (CAB), a fiband proteirrich by-product of cashew
apple processing, represents a promising substrate for such natural cort(tazes
Reina et al., 2022; Zie et al., 2025; Zié et al., 20P8vious analyses have shown
that PPCs derived from CAB contain arabinogaldgtasiein linkages celuting in
HPSEC profiles, confirming intrinsic polysacchaiigeotein interactions distinct
from natural conjugatefZie et al., 2025, 2026)These PPCs exhibit remarkable
surface activity and pseudoplastic rheological behavior, but their extraction is
limited by the tight encapsulation of macromolecules within lignocellulosic
structures. Their emulsifying, stabilizing, gelling, and encapsulating capacities
depend closely on the integrity of molecular interactions both covalent and non
covalent that define their structufieiu et al., 2023; Redgwell et al., 2005; Singh et
al., 2025) Conventional thermal or alkaline treatments often enhance solubilization
at the expense of molecular integrity, breaking glycosidic or peptide bonds and
thereby reducing functional performan®gu et al., 202Q)

To overcome these limitations, green extraciiensification techniques have
gained considerable interest, with ultrasoasdisted extraction (UAE) standing out
as a particularly effective approagChemat et al., 2017)Acoustic cavitation
generates localized shear forces, shock waves, and transient heating capable of
disrupting cell walls, enhancing mass transfer, and modifying biomolecular
conformations in sitgKong et al., 2023)Ultrasound has been shown to alter protein
aggregation states, depolymerize polysaccharides, and promote iprotein
polysaccharide interactions under controlled energy i(hsaithambi et al., 2022;
Cheung et al.,, 2015)In parallel, temperature plays a key role in protein
solubilization, polysaccharide release, and molecular reorganid&@ojami et al.,
2021; Wu et al., 2019'emperatures around #4b °C facilitate extraction without
excessive denaturation, whereas temperatures fréfO6T can induce substantial
denaturation and disrupt native structuiiearjami et al., 2021; Tam et al., 2025)
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However, understanding the combined effect of ultrasound and temperature on
naturally associated protéipolysaccharide complexes remain limited and has
barely been explored systematically for the valorization of fruipromlucts. Most
existing studies examine these factors independently; however, they likely act
synergistically or antagonistically depending on energy input and matrix structural
mobility, as demonstrated byam et al. (2025)on PPCs from another matrix
(mushroom). The joint modulation of cavitation and heat could therefore critically
influence extraction yield, molecular conformation, and supramolecular organization
of natural PPCs parameters directly linked to their emulsifying and rheological
functionalities.

The present work addresses this gap by examining how temperature modulates
ultrasoundassisted extraction of PPCs derived from CAB and how this dual
treatmentby modifying their composition andstructural affects theirfunctional
attributes. Structural transitions were characterized using HPSE®JIRT and
fluorescence spectroscopy, while TGA assessed thermal stability. Functional
performance was evaluated through rheological, interfacial, and emulsifying
analyses to establish explicit structifienction relationships. By correlating
processing conditions with molecular reorganization and functional properties, this
study provides the first mechanistic insight into the assembly of native firotein
polysaccharide complexes extracted by thesmiaication.

7.3. Materials and methods
7.3.1.Materials

The materials have been reported in secttoBd of chapteb.
7.3.2.Methods

7.3.2.1. Sample Preparation

The procedure for collecting bagasse samples is describedction5.3.2 of
chapterb.

7.3.2.2. CAB Protein complex extraction

PPC was extracted followirthe previouschaptermprotocolat 40 °C or 55 °C

As mentioned in the previous chapteltrasound settings were selected from a
preliminary optimization (400W and 700W at 0, 15 and 30 min of sonification.time)

Normalizationof ultrasonic energy (reported as upper bounds): Acoustic power
was not measured calorimetrically; therefore, we report nominal metrics computed
from the electrical settings. The tip cremsctional area wass& ~ (¢ d 1.227
cn? (diameter d= 13mm). The duty cycle was D= 5 / (5+2) = 0.714, giving an
effective ONtime of by = 1286 s during a 30 min run.

Nominal average intensitysoh=Pseex D/ Apd 215 WLcm | at 40
WbLem | at 700 W.
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Nominal specific energy was estimated by the following equatiokobf et al.
(2014} Enom = Psetx ton / m. When normalized to the total suspension mas (m= 210
with g: ~10 g solids + 200 g water),dsi s & 2. 45 kJLg T (400 V
(700 W). These figures are upper bounds because acoustic power delivered to the
liquid is lower than the electrical spower; no calorimetric correction was applied.
Identical geometry and thermal control across conditions allow robust sgithim
comparisons.

7.3.2.3 Chemical analysis

7.3.2.3.1 Moisture and protein contents
The moistureand proteingontentwas reported isection6.3.2.31 of chapte®.

7.3.2.3.2 Amino acid analysis
Amino acid composition waported in sectiof.3.2.3.2 of chaptes.

7.3.2.3.3 Polysaccharide quantification using gas chromatography with flame
ionization detection (GEFID)
The method was reported in sectmB.7.1.1of chaptelb.

7.3.2.3.4 Size exclusion chromatography
The method was reported in sectmB.7.10of chaptelb.

7.3.2.3.5. Highresolution mass spectrometry analysis-{@F MS)

The last chromatographic peak obtained by HPSBLC from the native
PPCNU40 sample, identified as a unique fraction not characterized by the standards
used, was collected for detailed analysis. This fraction was isolated by online
fractionation during HPSEC chromatography.

Purification and concentration of the fraction were performed using asudise
extraction (SPE) <cartridge, all owing rer
analysis.

Molecular characterization was carried out by higbolution mass spectrometry
using a quadrupole timaf-flight mass spectrometer {QOF MS) coupled with an
Agilent 1290 UPLCDAD-Q-TOF system (6530).

Analytical conditions were as follows:

1 Column: Acquity Premier Waters, 1.7 pm particle size, 2.1 x 50 mm
dimensions.

1 Column temperature: 40 °C

1 Injection volume: 5 pL

1 lonization mode: Dual Agilent Jet Stream Electrospray lonization (Dual AJS
ESI) in positive mode.

1 Mobile phase: water/acetonitrile mixture containing 0.1% formic acid.
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7.3.2.4. Characterization of the structure of PPC

7.3.2.4.1 Fourier-transform midinfrared spectroscopy (FIMIR)
The method was reported in sect@B.2.4.10f chapter6 using0.5% (w/w) PPCs
solution

7.3.2.4.2 Tryptophan intrinsic fluorescence spectra
The method was reported in sect@B.2.42 of chapter6 using0.5% (w/w) PPCs
solution

7.3.2.4.3 ANS extrinsic fluorescence spectra
The method was reported in sect@B.2.4.3of chapter6 using0.5% (w/w) PPCs
solution

7.3.2.4.4 Scanning electron microscopy (SEM) analysis
Themethod was reported in secti6ér8.2.4.4of chapte®.

7.3.2.5 Physicochemical and surface properties

7.3.2.5.1 Thermogravimetric Analysis (TGA)

The thermal characteristics of the PPCs powder were studied using a thermal
analyzer TGA/DSC (STAR System, METTLER TOLEDO, Hollande) with a
heating ramp of 5 °C/min, in a nitrogen atmosphere. Samples were heated from 25
to 600 °C.

7.3.2.5.2 Solubility
Themethod was reported in sectiér8.25.1 of chaptei6.

7.3.2.5.3 Rheological properties

7.3.2.5.3.1 Flow behavior of PPC
Themethod was reported in sectiér8.2.52 of chapte®.

7.3.2.5.3.2 Oscillatory shear measurements

Firstly, a strain sweep was carried out for the PPCs atC&nd a constant
frequency (1 Hz), while varying the strain from iGQl00%. The appropriate strain
was selected in the linear viscoelastic region in order to perform the dynamic
viscoelastic measuremerftdan et al., 2016)

7.3.2.5.4 Interfacial properties of PPC
The method was reported in sect®8.2.5.3o0f chapte6.

7.3.2.6. Emulsification characterization of PPC
Themethod was reported in secti6r8.2.6 of chapte.

145



Discovery and characterization of a novel napveteinpolysaccharide complex

7.3.2.7. Statistical analysis

Measurements were performed in triplicate unless otherwise stated. Data were
statistically analyzed using GraphPad Prism 8 software (GraphPad Software Inc, San
Diego, USA). Anova one way were performed with a significant level of 0.05 to
detect significant differences between means. Moreover, Pair wise correlation was
conducted using Pearson correlation analysis to examine the relationship between
PPCs structural, physicochemical, and emulsifying properties. The results are
visualized in the form of a heatmap, created using Google Colab and Seaborn
Python libraries.

7.4.Results and discussion

7.4.1.Yield and interactive effect of temperature and
ultrasound on the yield and compositiorof PPC

Table 7-1. Biochemical composition and protein yield of extracted PPCs

PPCU55 40.48+1.12

Polysaccharides
.. Protein Proteins  (g/100g DM)  Polyphenols Ash
ppcs  owsaccharide o (g/100g — (gGAE/100g (g/100g L* Wi
yleld (/0) (%) DM) Post Dubois DM) DM)
hydrolysis method
3012 1804 3252 3198 482 58 4218 36.70
PPCNU40 33312023 1% +00® +00% +056 +0.00F +0.13 +1.04 +0.66
39.37 2064 2524 2820 514 978 4595 37.48
PPCU40 32482012 039 ,01» 4009 +02% +000Z +0.14 +0.09 +0.08
55.04 2302 27.67 3090 431 583 849 6.10
PPCNUSS 45.17£1.13 138 +006 +1.06 +036 +0004 +03C +0.78 +0.33
4961 2292 30.35 30.60 433 458 1226 7.33

+137 +0.14 +061 =042 +0.02% +0.16 +0.27 +0.10

All values are expressed as mean +SD (n=3). Within the same line, means with different letters are
significantly different at P -POysacéhéride CerRpretdod and
Ultra-sonicated at 40C & 55 °C; PPCU40 and PPCU55Protein-Polysaccharide Complexes Ultra
sonicated at 40C & 55 °C. L* represents sample lightness (0 = black, 100 = white). WI
(Whiteness Index) indicates the degree of whiteness based on L* and chromatic components.

The extraction yields and biochemical composition of the prigteiysaccharide
complexes (PPC) varied significantly with temperature and the application of
ultrasound, showing both synergistic and antagonistic effd@bl€ 7-1). These
findings reveal nomdditive, mechanisrdependent interactions between
temperature and ultrasound. The effect of ultrasound on yield and protein purity is
favorable at moderate temperature (40 °C) and unfavorable at higher temperature
(55 °C). Nevertheless, it appears that 55 °C is the most advantageous temperature
for extracting proteins and polysaccharides.
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With extraction at 40 °C, ultrasound increased protein recovery by approximately
31% (30.1 Y 39.4%), while polysacchar
32.5%). This selective release indicates that cavitation mainly disrupisonatent
interactions anchoring proteins to polysacchake# wall networks, freeing
macromolecular domains enriched in proteins. The divergence between total sugars
and hydrolyzed sugars in PPCU40 further supports the partial release of small
saccharides. A similar selective extraction of proetssociated glycans was
reported for complex plant matric@A/u et al., 202Q)

With extraction at 55 °C, temperature alone maximized solubilization (proteins =
55%, polysaccharides = 45.2%) through matrix swelling (relaxation and hydration of
the plant matrix), polysaccharide depolymerization, and protein unfo{dingi et
al., 2023) However, combining temperature with ultrasound at this level reduced
yields (49.6% proteins, 40.5% polysaccharides) and produced PPC with a more
balanced composition, reflecting an antagonistic interaction. The additional acoustic
stress likely disrupts nespecific, heainduced associations, generating complexes
with a more homogeneous protein/polys:
di sruptiono b e havi-glucan systangTanb steal.,v2025) i n
confirming that ultrasound can refine rather than simply amplify extraction
efficiency.

At 40 °C, ultrasound slightly improved polyphenol recovery and increases L and
WI, suggesting better dispersion of the complexes and reduced aggregation, which
makes PPCUA40 appear clearer than PPCNU40. Polyphenol recovery decreases at 55
°C, likely due to thermal degradation or browning of phenolic compounds, which is
consistent with the marked drop in L and WI observed for both PPCNU55 and
PPCUS55. Ultrasound partially mitigates this darkening in PPCUS5, indicating that
cavitation partly limits the formation of dense aggregates and-itdated
browning.

Mineral content showed the opposite trend: at 40 °C, ultrasalmaost doubled
ash content (9.8 vs 5.8 g/100 @), suggesting incorporation of minerals into
reorganized macromolecular networks, whereas at 55 °C, thswmocation
produced the lowest value (4.6 g/100 g), explained by the fact that minerals,
although partially solubilized by temperature, do neppecipitate with proteins and
polysaccharides during PPC recovery. Part of them remains in the soluble phase,
reducing their final proportion in the recovered PPC fraction.

These findings highlight the dual role of ultrasound disruptive under low mobility
and consolidating under thermal softening conditions. Thus, extraction optimization
cannot rely on a |inear f@Amore energy =
°C + US) enables controlled release of intact PPC by weakening hydrogen and
hydrophobic interactions without fragmentation, whereas higher thermal energy (55
°C + US) amplifies cavitational collapse and partial disaggregation. Ultrasound
therefore shifts from amxtraction tool (40 °C) to a refining tool (55 °C). This
irregular selectivity shows that extraction results from a combination of effects: at
low temperature (40 °C), cavitation dominates and controls compound release, while
at higher temperature (55 °C), thermal solubilization prevails. This defines an
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optimal window where yield, composition, and structural integrity converge. The
unaccounted dry matter fraction {HD%), depending on extraction method,
corresponds to native constituents of cashew apple (organic acids, secondary
metabolites)GutiérrezPaz et al., 2024which may synergistically interact within

the recovered PPC matrix.

7.4.1.1. Amino acid profile

The amino acid profile shows that the relative distribution of amino acids remains
essentially identical acrosall extraction conditions, indicating that thermo
sonication does not alter the intrinsic composition of the proteins. However, the total
amount of amino acids recovered varies significaniiab{e 7-2). At 55 °C,
PPCNU55 and PPCUS5 samples display the highest total amino acid contents (27.44
and 26.57 g/100 g protein), compared with 22.86 g/100 g for PPCNU40 (P < 0.05).
These differences therefore reflect mainly variations in protein purity and extraction
efficiency rather than changes in protein profile. Increasing temperature favors
protein solubilization, yielding PPC richer in proteins per unit mass. These results
are consistent with cavitation and temperature effects reported for mushroom
derived PPC proteindam et al., 2025)

Table 7-2. Amino acid profile of extracted PPCs.

Amino Acid (g

/100g proteiy  PPCNU40 PPCU40 PPCNU55 PPCUS5
Aspartic acid 1.76 £ 0.02 2.00 + 0.02 2.2+0.03 2.12 +0.02
Threonine 0.81+£0.0% 0.92 + 0.0% 1.03+0.0% 1.00 + 0.0¢
Serine 0.90 £ 0.0% 1.02 +0.0% 1.19 £+ 0.0% 1.15+0.0¢
Glutamic acid 2.63+£0.0% 2.94 +0.08 3.09£0.05 3.00 + 0.02
Proline 0.84 £ 0.06 0.93 +0.02 1.11 £ 0.02 1.11 £ 0.04
Glycine 0.85+0.0% 0.96 + 0.02 1.08 £ 0.0% 1.06 + 0.0%
Alanine 1.00 £ 0.0% 1.12 +0.02 1.24 £+ 0.0% 2.20 £ 0.0%
Valine 1.10 £ 0.0% 1.26 + 0.0% 1.37 £ 0.02 1.32 +0.0¢
Isoleucine 0.85+0.06 0.98 + 0.0% 1.09 £ 0.02 1.05 + 0.00
Leucine 1.50 £ 0.0% 1.72 +0.02 1.93+0.08 1.87 +0.00
Tyrosine 0.57 £0.0% 0.69 + 0.0% 0.75+£ 00 0.74 £0.0%
Phenylalanine  0.85 + 0.00 1.00 + 0.02 1.07 £ 0.02 1.03 +0.00
Hydroxyproline  1.76 + 0.02 2.00 +0.02 2.2+0.08 2.12+0.02
Histidine 0.42 £0.06 0.48 + 0.00 0.58 £ 0.0% 0.56 + 0.0%
Lysine 1.19 £+ 0.0% 1.39 +0.0% 1.38 + 0.02 1.25+0.0%
Arginine 0.87 £0.06 1.03+0.0% 1.11 £ 0.02 1.02 +0.0%
Cysteine 0.25+0.06 0.26 £ 0.00 0.27 £ 0.02 0.25+0.0%
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Methionine 4.71+0.08 4.94 +0.02 4.78+0.13 4.73 +0.09

Hydrophilic AA  8.58 + 0.07 9.78 £ 0.12 10.57 £ 0.15 10.09+0.08

Hydrophobic
AA

Total amino acic 22.86 +0.19 25.61+0.25 27.44+0.13 26.57+0.08

All values are expressed as mean +SD (n=3). Within the same line, means with different letters are
significantly different at P -POlysaccharide CorRp@Res/dod a n
Ultra-sonicated at 40C & 55 °C; PPCU40 and PPCUS55Protein-Polysaccharide Complexes Ultra
sonicated at 40C & 55°C.

14.28 £ 0.12 15.86 +0.18 25.25+0.02 24.44+0.02

7.4.1.2. Monosaccharide profile of hydrolyzed polysaccharides

Polysaccharide contenfTdble 7-3), assessed via monosaccharide composition
after acid hydrolysis and GEID analysis of alditalacetate derivatives, showed
moderate but significant differences (P < 0.05) between extraction condiftoms.
polysaccharide fraction represented 32.52% and 25.24% for PBCNIdd
PPCUO, respectively, indicating that ultrasound at low temperature can slightly
disrupt polysaccharide integrity, leading to partial depolymerization or redueed co
extraction. At 55 °C, sugar contents were more balanced (27.67% for PPCNU and
30.35% for PPCU), suggesting that high temperature promotes polysaccharide
solubilization and that the additional effect of ultrasound remains limited. These
findings agree with those dfCheung et al., 2012Fheung et al. (2012), who
observed thaPPCo bt ai ned by UAE at O50 AC di
contents and lower protein contents than those extracted with hot water, indicating
that at high temperatures, UAE acts as a more intense yet more efficient process.

Monosaccharide analysis revealed that PPCs consisted mainly of glucose (Glc),
galactose (Gal), and arabinose (Ara), with small amounts of mannose (Man),
rhamnose (Rha), and xylose (Xyl)Table 7-3). The dominance of these
monosaccharides, particularly Ara and Gal, is consistent with polysaccharide
structures rich in arabinogalactans (AG) and arabinogaligmtaiein (AGP)
domains, as described in pladdrived complexes and wine polysaccharide extracts
(Canalejo et al., 2022; Doco et al., 2003; Guadalupe et al., .ZDHR)Ara/Gal ratio
(~0.60.7) in all samples confirms the presence of these branched neutral
polysaccharides, known to form soluble conjugates with proteins via covalent or
noncovalent interactions (Han et al., 2019).

For extraction at 40 °C, PPCNU40 showed the highest glucose (13.73%) and
galactose (8.24%) contents, indicating a strong contribution from glumadh
galactartype polysaccharides. Ultrasound application at the same temperature
(PPCUA40) greatly reduced glucose (8.34%) and mannose (1.79%) contents,
suggesting disruption or partial depolymerization of glueam®d mannosech
fractions. Such ultrasouridduced changes in monosaccharide profiles have been
reported for cactus seed polysaccharideis Qi et al., 2023)and other plant
matrices, where cavitation promotes cleavage of certain glycosidic bonds and
reduces molecular size.
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A marked compositional shift appeared during extraction at 55 °C. PPCNU55
contained much higher arabinose (9.01%) and galactose (13.07%) contents but the
lowest glucose content (3.04%), suggesting preferential extraction of
arabinogalactamich fractions and partial thermal degradation of gluaide
polysaccharides. Similar behavior was observed Lbyas et al.(2016) and
TamielloRosa et al. (2019uring thermal extraction of branched arabinogalactan
pectins. Under combined temperature and ultrasound (PPCUS55), arabinose (8.81%)
and galactose (13.23%) remained high, while glucose slightly increased (6.10%),
indicating that at 55 °C, ultrasound may promote selective release of branched
polysaccharides while limiting extensive degradation of certain glycosidic linkages
(Gan et al., 2021)

Overall, the compositional profiles suggest that PPCs extracted at higher
temperature, particularly under UAE, are enriched in arabinogalggian
polysaccharides, with decreasing contributions from manrmse glucoséased
structures. These results show that temperature and ultrasound synergistically
influence both the yield and structure of polysaccharides, likely through enhanced
disruption of the CAB cell wall and selective solubilization of complexed
macromolecules.

Although the GCFID method mainly quantifies neutral sugars, the trends
observed here are consistent with those reported in studies using the more precise
GCi MS technique on plant and wine polysacchari@malejo et al., 2022; Doco et
al.,, 2003; Guadalupe et al., 2012Jhis consistency confirms that extraction
conditions effectively modulate the polysaccharide composition of the grotein
polysaccharide complexes.

Table 7-3. Monosaccharides composition of PPCs.

Monosaccharide
composition PPCNU 40 PPCU 40 PPCNU 55 PPCU 55
(9/100 of DM)
rha 1.35+0.02 1.25+0.02° 1.20 +0.05° 1.17 + 0.08¢
ara 5.27 £0.02 5.41 +£0.02 9.01+0.48 8.81+0.29
xyl 0.55+0.02 0.37 +£0.02 0.42 +0.0% 0.33+ 0.01
man 3.38 £ 0.0% 1.79+0.0% 0.94 +0.08 0.720.0¢
glu 13.73 £ 0.0% 8.34+0.08 3.04+0.1% 6.10+0.1¢
gal 8.24 + 0.0% 8.08+0.03 13.07+0.42 13.23+0.18
Rha/Gall 0.16 0.15 0.09 0.09
Ara/Gall 0.64 0.67 0.69 0.67

All values are expressed as mean +SD (n=3). Within the same line, means with different letters are
significantly different at P -POysacéharide CerRpeiestdod and
Ultra-sonicated at 40C & 5 5°C; PPCU40 and PPCU55Protein-Polysaccharide Complexes Ultra

sonicated at 40C & 55°C.
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7.4.2.Structural characterization and molecular
reorganization

7.4.2.1. Multi -detection HPSEC and chromatographic dynamics
analysis

HPSEC coupled with refractive index (RI) and UV (280 nm) detection was used to
examine the molecular size distribution and macromolecular organization of
proteiri polysaccharide complexes (PPCs) derived from CAB obtained under
different thermesonication conditions Higure 7-1, Table 7-4). The exclusion
volumes (\4, 8.12 min, thyroglobulin 670 kDa; 8.17 min, dextran 270 kDa) and total
permeationvolume (y 17. 44 mi n, vi tamin B 1. 35
window of the column. Within this interval, the-etution of Rl and UV signals for
all major peaks confirmed that proteins and polysaccharides remained covalently
associated, forming AGPs as previously reported for CAB ext(a&<t al., 2025,

2026) According to (Atkins, 1985) the high molecular weights detected by UV
suggest that the complexes adopt an intermediate structure between linear
polysaccharides and globular proteins, likely in the form of aggregates or protein
polysaccharide networks.

700
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Figure 7-1. Macromolecular characterization of PPCs.
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Table 7-4. Size exclusion chromatography by Rl and UV for PPCs.

PPCs Molecular weight by RI (KDa) Molecular weight by UV (KDa)
sample pPeak My Mn  Mu/Mn  Mp Me Mn  Mu/My Mp
1 48.08 4758 1.01 47.6 614.23 601.25 1.02 642.71

2 32.64 32.53 1 32.59 339.77 335.13 1.01 338.61
3 254 25.33 1 25.38 199 195.76 1.02 201.46
4 21.18 21.13 1 21.33 106.01 103.98 1.02 119.85
PPEONU 5 13.51 13.48 1 13.67 56.06 54.48 1.03 43.73
6 10.79 10.76 1 10.21 12.84 749 171 18.12
7 3.46 3.46 1 3.45 0.06 0.05 1.09 0.05
8 1.27 1.27 1 1.28
Total 156.32 155.54 1 155.5 1327.96 1298.15 1.13 1364.53
1 47.61 4719 1.01 47.68 620.45 607.94 1.02 649.85
2 3292 328 1 32.86 3319 327.67 1.01 344.27
3 2549 25.42 1 2538 205.33 2028 1.01 200.9
PPCU 40 4 21.12 21.05 1 21.3 120.6 116.97 1.03 118.21
5 13.66 13.64 1 13.69 54.72 53.34 1.03 43.85
6 10.88 10.86 1 10.3 12.24 751 163 17.72
7 3.43 3.42 1 3.45 0.06 0.05 1.07 0.05
Total 155.11 154.38 1 154.65 1345.3 1316.28 1.11 1374.86
1 45.62 4525 1.01 46.2 487.22 410.25 1.19 562.9
2 33.72 3354 101 35.57 4484 4477 1 43.49
3 25.34 25.26 1 25 14.32 837 171 19.68
4 206 2043 1.01 21.47 0.05 0.05 1.06 0.05
5 13.68 13.66 1 13.67
PPé:SNU 6 11.09 11.06 1 10.72
7 3.39 3.37 1.01 3.45
8 191 191 1 1.92
9 1.75 1.75 1 1.75
10 128 1.28 1 1.28
Total 158.38 157.51 1 161.04 546.45 463.44 1.24 626.13
1 4466 4432 1.01 45 49499 419.25 1.18 574.68
33.81 33.63 1.01 35.63 44.73 44.66 1 43.25
PPCU 55 2558 255 1 24.63 14.26 8.09 176 19.68

20.58 20.39 1.01 21.47 0.05 0.05 1.07 0.05
13.72 13.69 1 13.74
11.2  11.17 1 10.79

o OB~ WDN
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7 3.36 3.33 1.01 3.45

8 259 2.58 1 2.61
9 211 2.09 1.01 2.24
10 1.76 1.76 1 1.75
11 164 1.64 1 1.64

Total 161.01 160.11 1 162.95 554.03 472.04 1.25 637.67

Mw = weight average molecular weight, M= number average molecular weight, wMn =
polydispersity index, M= peak molecular weight. PPCNU40 and PPCNU55: Profealysaccharide
Complexes non Ultrgonicated at 40C & 55 °C; PPCU40 and PPCUS55 Protein-Polysaccharide
Complexes Ultresonicated at 40C & 55 °C.

Chromatographic profiles and complementarity of detectors

The RI chromatograms showed seven to eight peaks, reflecting the strong
structural heterogeneity and polydispersity of the polysaccharide matrix. In contrast,
the UV chromatograms displayed four to seven peaks, mainly concentrated in the
high-molecularweight region (69 min) where proteiipolysaccharide celution
occurs. The strong UV absorbance in this retention zone indicates that aromatic
residues and chromophoric peptides are mostly associated with large PPC
aggregates, consistent with their protgah nature. Beyond 10 min, UV signals
gradually decreased while RI intensity persisted, revealing fractions dominated by
polysaccharides with low aromatic content. A small purely UV peak (~21 min),
observed in all PPCs and absent in RI, corresponds temioiecularweight
aromatic compounds such as peptides or phenolics released during thermal or
alkaline extraction(Carboni Martins et al., 2022; Lin et al., 202IJhese
complementary responses slamithat Rl detection captures the full carbohydrate
complexity of CAB PPCs, while UV detection highlights protenriched
subpopulations. This dual detection provides an accurate view of the hierarchical
organization of PPCs within theoW:; window, from large AGP assemblies to
intermediate complexes and small molecular constituents.

Effect of temperature and ultrasound on molecular weight distribution

Temperature strongly influenced the molecular size distribution of PPCs. For
extraction at 40 °C, PPCNU40 and PPCUA40 displayed-degihed multimodal
profiles with high total mol ecul ar wei
polydispersity (M/Mn, & 1. 1) , characteristic of st
complexes. The presence of several highlecularweight fractions (fractionsiB;
M, & B3 kDa in Rl and ~65@40 kDa in UV) suggests the coexistence of large
AGP assemblies and intermediate conjugates. In contrast, extraction at 55 °C caused
these peaks to merge into a broad sighEjyre. 7-1C), indicating coalescence and
loss of chromatographic resolution. The chromatograms displayed a pronounced
shift toward longer retention times, with total molecular weight decreasing by ~59%
between 40 °C (1.34 MDa) and 55 °C (550 kDa). This reduction in molecular weight
distribution and pealesolution reflects disruption of naovalent interactions, such
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as hydrogen bonding and electrostatic bridging, which maintain the integrity of large
macromolecular networks at lower temperatyg® °C). Thermal treatment
promotes protein unfolding and fragmentation as well as possible polysaccharide
depolymerization, leading to smaller and more homogeneous species. This
observation agrees witWang Ji et al. (2024) suggesting that temperature induces
structural homogenization and conformational rearrangement®RE while
promoting partial depolymerization of arabinogalactan and pectin chains.
Polysaccharide depolymerization induced by ultrasound at 55 °C may result from
both mechanical and chemical mechanisms. As showkolsgeini et al(2013)and
Chemat et al(2011) cavitation bubble collapse generates intense shear forces
capable of mechanically breaking polysaccharide ch&imsultaneously, transient
hydroxyl radicals produced during cavitation can oxidize sugars and weaken
glycosidic linkages, causing their rupture via an oxidative degradation mechanism.
Similarly, Wang Ma et al. (2016) observed a 27.5% decrease iR, Bhd a 5.4%
reduction in polydispersity in grapefruit pectin after ultrasonication, indicating a
more homogeneous degradation process and narrower molecular distribution. More
recently,Dou et al.(2023) reported thalUAE of Pueraria lobatapolysaccharides
selectively reduced M while enhancing bioactivity, highlighting targeted
fragmentation of higtM, chains. Consistently witlfCheung et al. (2012who
showed that sonication of mushroatarived PPCs shifted thkl, distribution
toward smaller species (< 1 kDa) due to both mechanical fragmentation and limited
solubilization of larger macromolecules under extraction temperatlire
appearance of small leM,, fractions (<5 kDa; peaksi 8) in PPCNU55 suggests

the release of short oligosaccharides and aromatic subunits. Simila¥lJow
polysaccharide fragments (~1.8 kDa) were reportedChygalejo et al. (2022n

grape pomace extracts and associated with functional bioactivity rather than
degradation artefacts.

7.4.2.2. Investigation of the last HPSECUV peak by high-resolution
mass spectrometry (HRMS)

The late UV peak (~21 min), systematically detected in all PPC extracts and
absent in RI chromatograms, was further characterized to determine the nature of its
UV-absorbing constituents. Higlesolution QTOF mass spectrometry (positive ion
mode) revealed a complex pattern dominated byrfaMecularweight ions (LMW),
whose high mass accuracy enabled plausible elemental composition assignments
corresponding to small peptide fragments and various phenolic compdtugdg- (

2). These metabolites are typical GA matrices(Fonteles et al.,, 2017nd are
likely co-extracted with macromolecular PPI3as Tiwari et al., 2022Wu et al.,
2020) Combined chromatographic and spectrometric evidence confirms that this
late fraction represents a pool of-ertracted LMW metabolites rather than
degradation products.

Two key implications arise: (i) Functional synergy: This LMW fraction constitutes
an intrinsic and functionally relevant component of the bioactive extract. The
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identified phenolic compounds, well known for their antioxidant pote(fiafino et

al., 2010) likely enhance the techrfanctional properties of PPCs by increasing
oxidative stability and potentially contributing to interfacial activity through
interactions with proteins and polysaccharides, which can strengthen the adsorbed
film, increase steric stabilization around droplets, and protect interfacial components
from oxidation. Similar synergistic effects between polyphenols and pirotein
polysaccharide complexes have been reportétbirenia dulcisextracts(Wu et al.,

2020) and plartderived emulsifiers(Adjonu et al., 2014) (ii) Organizational
information: The consistent presence of this fraction, regardless of extraction
conditions, suggests that these metabolites are structurally or physicochemically
associated with the PPC matrix in the native biomass. Suedxtcaction is
characteristic of natural tissue treatments, where small metabolites remain trapped
within macromolecular networkSchieber et al., 2002)

60 5/0 580 590 600 610 620 630 640 650 660 670 630

Figure 7-2. Molecular analysis of the last HPSE®/ peak of the native PPCNU40
complex by higkresolution mass spectrometry-{@F MS)

7.4.2.3. Fourier-Transform Mid -Infrared spectroscopy (FT-MIR)

FTIR spectra of the PPCs revealed characteristic vibrational signatures ofiprotein
polysaccharide assemblies modulated by extraction condittogs43). The main
absorption regions corresponded to carbohydrate vibrationsii880c m 1 ) ,
protein amide bands (1500700 c¢cm 1) , and ailBopPMWatcimc T
Overall, PPCsextracted at 55 °C showed higher absorbance intensities than those
extracted at 40 °C, particularly inthe 9004 8 0 c¢cm 13 ahd 2M 010 r e
reflecting increased density reorganization of carbohydrate and protein functional
groups(Dai et al., 2018; LiBai et al., 2023Li, Qi et al., 2023; WangMa et al.,

2016) In the carbohydrate region (D480 c¢cm T ) , 4GI€,0;, at ec
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and @ OH vibrations, PPCU55 exhibited markedly higher intensity than the 40 °C
PPCs indicating a more compact polysaccharide network and stronger interchain
associationgVera et al., 2019)However, absorbance intensity did not directly
correlate with total sugar content, suggesting that spectral variations primarily reflect
conformational order and interaction density rather than compositional differences
(Ashton et al., 2013)

Inthe 15001 700 cm 1 regi on, the amide | (~1
cm T) bands provided insights into prote
with carbohydrate chaingevzioglu et al., 2020JAE at 40 °C (PPCU40) caused
band broadening and slight wavenumber shifts, indicative of partial unfolding and
formation of new intermolecular hydrogen bonds between protein and
polysaccharide domairki, Qi et al., 2023)Inthe 28003 000 c¢cm T regi on,
CiH stretching vibrations i n PPCUS55 <con
aliphatic groups, likely from denatured protein side chains and more accessible
polysaccharide methyl grouf&iler et al., 2016)

0.025 - ——PPCNU 40
——PPCU40
——PPCNU 55

0.02 - ——PPCU 55

0.015 +

Absorbance
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900 1400 1800 2400 2900
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Figure 7-3. FT-MIR Spectra of PPCs solution at 2% acquired in the 3i@Dcm?.
PPCNU40 and PPCNU5%rotein-Polysaccharide Complexes non Uksanicated at 40C & 55
°C; PPCU40 and PPCU55Protein-Polysaccharide Complexes Ultsonicated at 40C & 55 °C. All
curves are the mean of the 3 measurements

Secondderivative analysis of the 17006 00 c¢cm T region enab
estimation of protein secondary structur&ale 7-5). Significant variations were
observed among treatments, reflecting the combined influence of ultrasound and
temperatur e. PPCNU4 @ uagxhiclointteedhtt H ed 5/4) g hae
helix content (9%), characteristic of folded native Alid@ conformations
stabilized by native @lycosidic bonds. These natural covalent linkages maintain
helical motifs and flexible loops pycal of AGP structures, whereas ultrasound and
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temper at ur e pr o gsheetssucturiad tiirough mizeateot eand b
subsequently covalent interactions.

Overall, increasing temperature (PPCNU40 vs. PPCNU55) induced a classical
structur al transi ti ons hienetpsl, antimspanecatsesidn
sl ight d-bdices rfieaing tharmalunfolding followed by reorganization
into more ordered conformations.

The effect of ultrasound, however, strongly depends on temperature. At 40 °C,
ultrasonication (PPCU40) disrupted intramolecular hydrogen bonds without
breaking native covalent bonds, -shdete adi
proportion reached®63%, w hturhsedrodped to 20.1%, indicating conversion
of short flexible motif s-assemhlies drivenrbge st
cavitation.For extraction at 55 °C, thermal activation had already initiated unfolding
and partial structuring of proteins. In this context, ultrasonication (PPCNU55 vs.

PPCU55) no | o n-tuerconvereianebntsiriddcédeadmore gradual
reorgani zati on, wi tshh eae tiioed 4a& red -helixicmiela
contents (a8 %) . Thi s trend agrees wit

covalent interactions and hydrophobic aggregates stabilized bytdwgserature
thermaosonication(Xu, Jiang et al., 2021)eading to rearrangestructurethat are

less drastically converted than those at 40 &¥@raction Slight spectral shifts
observed for PPCUS55, associated with increased thermal stability (see TGA
section), suggest the initiation of moderate covalent crosslinking via carbarigke

or thermally activated oxidative pathwafts, Zheng, et al., 20213s we could see

with the decrease in phenolic content and the appearance of a brownTo@or.
peaks in the region between 2300 and
atmospheric C@absorption.

Thus, FFMIR spectra reveal a gradient of secondary structure reorganization:
from a flexible AGRlike native state (PPCNU40) to intense ultraseimtliced
structuring at low temperature (PPCU40), and then to more moderate thermal
rearrangements at 55 °C. These trends align with the hydrodynamic distribution
revealed by HPSEC, where increasing temperature gradually narrows distribution
and lowers apparent molar mass, indicating more compact assemblies. This
structural evolution, modulated by the combined temperatitrasound effects,
underliesthe distinct functional behaviors of the PPCs discusseébllowing
sections.

Table 7-5. Influence ofextraction on the protein secondary strucaff®PCs.

PPCs 3-sheets Random coils  Alpha helix Betaturns
PPCNU 40 26.75+2.85 16.07 £ 4.33 9.00 +0.89 45.07 +1.16
PPCU 40 60.65 + 4.65 12.33+1.55 6.7 £0.30 20.07 + 3.80
PPCNU 55 47.7 +1.29 145+ 0.26 8.03+0.49 29.77 £ 0.87
PPCU 55 50 +2.2% 11.27 +0.8 7.8+0. 30.43 £ 1.27

All values are expressed as mean +SD (n=3). Within the same column, means with different letters
are significantly different at -PélysaCcharidk LTomplexBsC N U 4
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non Ultra-sonicated at 40C & 55 °C; PPCU40 and PPCUS55 Protein-Polysaccharide Complexes
Ultra-sonicated at 40C & 55°C.

7.4.2.4. Fluorescence emission spectra

Fluorescence spectroscopy was utilized to probe the molecular environments and
conformational dynamics of protéipolysaccharide complexes (PPCs) through
intrinsic tryptophan (Trp) fluorescence and the extrinsic probenikho-1-
naphthalenesulfonic acid (ANS), under varying extraction conditieigs -4 & 8-

5).

50000 -
——PPCNU40
40000 - —_PPCU40

——PPCNU55

30000 1 —PPCUS5

20000 +
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10000 -

300 450

350 400
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Figure 7-4. Tryptophan emission spectra acquired on PPCs at 2% solution after excitation
set at 290 nm.
PPCNU40 and PPCNU5ZroteinPolysaccharide Complexes non Ulsanicated at 40C & 55
°C; PPCU40 and PPCU55Protein-Polysaccharide Complexes Ultsonicated at 40C & 55 °C. All
curves are the mean of the 3 measurements

7.4.2.4.1. Intrinsic tryptophan fluorescence

Intrinsic Trp fluorescence showed that at 40 °C, ultrasonication (PPCU40) induced
a notable increase in fluorescence intensity along with a slight hypsochromic shift
(419 Y 417 nm) compmxFél® nm.iThihshiPifdCdled 4 0 ( &
slightly less polar microenvironment around Trp, consistent with partial burial in
hydrophobic microdomains created by cavitation. The increased intensity
simultaneously reflects partial exposure of aromatic residues linked to moderate
local unfolding(Peng et al., 2025; Zhao, Ye, et al., 2021)der these conditions,
ultrasound induces local and heterogeneous compaction without global tertiary
reorganization.

Extraction at 55 AC, all PPCsmxedutedbit ed
to 414 415 nm, indicating a less polar microenvironment and burial of Trp residues
within thermal aggregates. These aggregates correspond to compact assemblies
formed during thermal unfolding, where exposed hydrophobic regions associate
with each otherThe strong quenching results from increased collisions between Trp
residues and internal quenchers (carboxyl groups, peptide carbonyls, aromatic
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residues)within these compacPPC structures and may also be enhanced by
oxidized polyphenols, whose aromatic and quinlkes structures can participate in
additional norradiative energy dissipatidiBdcker et al., 2020)he slightly higher
intensity of PPCU55 compared with PPCNU®®es not indicate increased
structural exposure but rather slightly reduced quenching, suggesting that cavitation
partially prevents excessive compaction during thermal denatur@i@mg et al.,
2014; Vera et al., 2019)

7.4.2.4.2. Extrinsic fluorescence (ANS)

Utilization of ANS as extrinsic fluorescence revealed significant differences in
surface hydrophobicity among PPCs, providing insights into molecular organization
and hydrophobic site accessibilifyig. 7-5).

300 -

N i I I I

PPCNU40 PPCU40 PPCNU55 PPCUS5

N

o

o
1

Surface hydrophobicity (PHS)

o

PPC samples

Figure 7-5. Surface hydrophobicity of PPCs.
PPCNU40 and PPCNU5%rotein-Polysaccharide Complexes non Uksanicated at 40C & 55
°C; PPCU40 and PPCU55Protein-Polysaccharide Complexes Ultsonicated at 40C & 55 °C. All
graphs are the mean of the 3 measurements

PPCU40 showed high surface hydrophobicity (304 PSH), much greater than that
of PPCNU40 (131 PSH), reflecting exposure of hydrophobic domains induced by
cavitatiorassisted unfoldingChen Chenet al., 2011; Mu et al., 2010PPCNU55
and PPCU55 showed similar values (~2224), indicating that thermal
denaturation is the dominant factor: it exposes large hydrophobic regions, but these
tend to organize into thermal aggregates where some hydrophobic sites become less
accessible to ANS. These observations agree with trends reported for wheat proteins
(He et al., 2025).

Overall, fluorescence shows that thersmmication modulates the tertiary
structure of PPCs through a balance between ultrasododed local unfolding (40
°C) and heainduced global compaction (55 °C). Ultrasound at 40 °C transiently
exposes hydrophobic segments while generating compact microdomains, whereas 55
°C promotes formation of thermal aggregates in which Trp residues are largely
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buried. These tertiary modifications induced by thesuanpication help explain the
variations in interfacial and emulsifying properties of PPCs.

7.4.2.5. Scanning Electron Microscopy (SEM) observations

SEM micrographs Kig. 7-6) highlighted pronounced morphological changes in
PPCs depending on ultrasound and temperaéxteaction underscoring their
impact on surface morphology and microstructure. PPCNB#®D T-6A) displayed
irregular and heterogeneous aggregates with rough surfaces, indicating incomplete
molecular reorganization and low interparticle cohesion. In contrast, PPGU#{0 (
7-6B) showed smoother, more compact, and more uniformly distributed particles,
reflecting partial fragmentation of large aggregates induced by ultrasound. This
microstructural refinement aligns witRafique et al. (2025)who reported that
acoustic cavitation promotes size reduction, homogenization, and enhanced
morphologicalkcohesion in polysaccharidgrotein systems.

Increasing extraction temperature to 55 °C markedly altered PPC morphology.
PPCNU55 Fig. 7-6C) exhibited a highly porous and fragmented structure,
consistent with thermal unfolding and reaggregation of RR@an et al., 2014; Sun
et al., 2016; WangLi et al., 2022) This porosity likely results from conformational
relaxation of macromolecules at high temperature. Conversely, PPEW55-6D)
retained a relatively cohesive but porous network with smoother pore walls,
suggesting that ultrasound counteracts excessive thermal disruption by promoting
reorganization into more ordered clusters. Similar ultrasewthaced stabilizing
effects were reported Biyang, Ji et al. (2024yvho observed preservation of matrix
integrity in macromolecular assemblies subjected to thermal stress.

...........

Figure 7-6. Surface morphology of PPCNU40 (A), PPCU40 (B), PPCNU55 (C) and
PPCUS55 (D) determined by scanning electron microscopy.
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PPCNU40 and PPCNU5®rotein-Polysaccharide Complexes non Uksanicated at 40C & 55°C;
PPCU40 and PPCU55Protein-Polysaccharide Complexes Ultsopnicated at 40C & 55 °C.

7.4.3.Physicochemical and thermal properties

7.4.3.1. Protein solubility

Protein solubility profiles dependent ghe impact of PPCextraction methods
reflecting the interplay between molecular unfolding, aggregation, and hydration.
However, protein solubility of PPCs mainly depends extractiontemperature,
while the effect of ultrasound remains secondary. For extraction at 40RE,
slightly decreasegrotein solubility by 15%, due to local unfolding that exposes
hydrophobic pockets likely to promote reversible interchain interactions, limiting
redispersion aftedrying, a phenomenon also reportedlbyQi et al. (2023) who
showed that moderate ultrasonic energy can expose hydrophobic regions and
strengthen interchain interactions, thereby promatiogerateaggregation.

The effect of wultrasound is attenuate
becomes predominarRrotein slubility increases strongly between PPCs extracted
at 40 and 55 °C (+113%). This increase does not reflect dissociation of the complex
but rather an enhanced aqueous affinity of unfolded proteins: heating exposes
numerous hydrophilic polar groupsgQ OO TQH,TNH ) previously |
native structure, which strengthens their interactions with water (hydrogen bonding,
electrostatic interactions) and facilitates solubilization. In parallel, hydrophilic
polysaccharide chains covalently linked to proteins and stabilized bgavatent
interactions play a key esolubilization role. They partially surround exposed
hydrophobic regions, prevent their aggregation, and improve overall hydration of the
complex. The increase in surface hydrophobicity of PPCs extracted at 55 °C
therefore does not contradict the rise in solubility. ANS only detects the exposure of
local hydrophobic residues, whereas solubility depends on the overall hydrophilic
compatibility of the complexWith PPCs extractteb5 °C, the massive presence of
newly exposed polar groups together with the hydrating role of polysaccharides
predominates, ensuring high solubility despite the opening of some hydrophobic
sites.Yildiz et al. (2018)also observed, in their study on thersmnicated protein
polysaccharide complexes, high surface hydrophobicity despite enhanced protein
solubility.

Table 7-6. Solubility and interfacial tension of PPCs.

Adsorption rate

PPCs Solubility (%) Jeq (MN/m) ( mN/ mL s
PPCNU40 278+ 1.2 17.02 £ 0.05 1.2 1 19
PPCU40 23.6+0.8 15.82 + 0.02 2.8 1 1
PPCNU55 59.15+1.55 18.93+0.04 0.9 1T 1
PPCU55 56.7+1.2 19.11 + 0.08 1.1 1 19

All values are expressed as mean +SD (n=3). Within the same column, means with different letters
are significantly different at -PélysaCcharidk LTomplexBsC N U 4
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non Ultra-sonicated at 40C & 55 °C; PPCU40 and PPCUS55 Protein-Polysaccharide Complexes
Ultra-sonicated at 40C & 55°C.

7.4.3.2. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was used in this study to evaluate the overall
thermal stability of PPCs, that is, their resistance to irreversible chemical
degradation. In contrast to denaturation, which corresponds to changes in secondary
or tertiary structure, TGA only measures mkss events associated with
decomposition. It therefore does not allow identification of denaturation
temperature, but rather the temperatures at which polysaccharide and protein chains
begin to break anthefragmenation oflarge macromolecak

Thermogravimetric (TGA) profiles showed several degradation sEQs7-7A).

The associated DTG curvd=ig. 7-7B) refined this interpretation by clearly
separating the different thermal transitions ofRRCsamples.

The thermograms of PPCNU40 and PPCU40 display four distinct-losss
events, indicating that complexes extracted at 40 °C possess a heterogeneous
organization composed of domains degrading independently from each other. The
first event (25150 °C) corresponds to the loss of free and bound water, in line with
observations made on other hydrated polyn{Braoub et al., 2018; Karim et al.,
2025) The three following events (17800 °C, 220270 °C, and 28®60 °C)
reflect the sequential degradation of polysaccharide and protein fractions of
increasing stability, with disordered segments and short carbohydrate units
degrading first, followed by longer chains and ordered protein dorf\dlarg, Ma
et al., 2016; Zhou et al.,, 2022)he presence of several thermal plateaus also
indicates that PPCs extracted at 40 °C contain heterogeneous macromolecular
subunits, each degrading at a specific tempergsecuential degradatian)

UAE at 40 °C lel to a PPCU40 witla slight decrease in early mass loss and a shift
in the first t her mal inflection point
physical compaction of the matrix, mainly attributable to stable cavitation effects
during extraction, which can bring chains closer together or reduce the most labile
and sensibléractions without altering the covalent bonds of the netwitk Wu et
al., 2013; Jiang et al., 2014)

For PPCs extracted at 55 °C, the thermograms show only two main stages: water
loss (25140 °C) and then krgedegradation event between 200 and 400 °C. The
merging of the transitions observed at 40 °C into a single broadened domain reflects
more simultaneous degradation of the different PPC fractions, suggesting that the
components of the complex exhibit more similar thermal behaviors at this
temperature. This behavior is frequently observed in heated polymers when
temperature induces structural reorganization that promotes stronger integration of
the constituent¢Pathak et al., 2010Ynder ultrasound, the effect is amplified: the
thermal inflection point increases markedly from 261 to 293 °C, indicating
significantly higher thermal stability.
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Figure 7-7. TGA and DIG thermograms of PPCs
PPCNU40 and PPCNU5%Protein-Polysaccharide Complexes non Uksanicated at 40C & 55
°C; PPCU40 and PPCU55Protein-Polysaccharide Complexes Ulteonicated at 40C & 55 °C.

7.4.3.3. Rheological properties of PPCs

Analysis of the viscosityHig. 7-8A) and shear stres§if). 7-8B) curves reveal
significant differences betwedtPCsamples, reflecting structural variations induced
by biochemical composition and extraction conditions.

7.4.3.3.1.Steady shear flow behavior

As shown inFig. 7-8Ai B, shear stress increased and apparent viscosity decreased
with increasing shear rate for all PPC dispersions, indicating -fieaing
(pseudoplastic) behavior typical of polymer dispersions in which supramolecular

networks progressively disintegrate under shedlowing fluidization (Liu et al.,
2017)
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PPCs extracted at 40 °C without ultrasound (PPCNU40) exhibit pawer
behavior with no yield stress (U = 0
indicating low pseudoplasticity and a flow behavior close to a Newtonian fluid
(Table 7-7). This weak structuring is explained by the composition of PPCNU40,
which combines low protein content (18.0 g/100 g) and moderate protein solubility
(27.8%). Because proteins are poorly solubilized, only a small fraction unfolds and
participates in intermolecular interactions, so their contribution to network formation
remai ns mini mal . I n contrast, the | arge
hydrated and governs the rheological response. As a result, the dispersion is
dominated by a dilute to sedilute polysaccharide regime, leading to low viscosity
at low shear rates, very limited shd¢hinning, and the complete absence of a yield
stress. Overall, PPCNU40 behaves as a weakly structured, polysaccharide
dominated fluid with almost Newtonidike flow characteristics. Application of
ultrasound at 40 °C (PPCU40) substantially modifiee behavior: a yield stress
appeaed ( U & 0.103 Pa) and the flow index
changes indicate increased network structuring and higher mechanical cohesion.
However, it flows more easily once the yield stress is exceeded (lower n), leading to
a transition to a lower viscosity and, consequently, a K value lower than that of
PPCNU40.This is consistent with a higher protein content (20.6 g/100 g) and a
notable decrease in the polysaccharide fraction (25.2 g/100 g). Here, reduced protein
solubility (23.6%) reflects ultrasonicalipduced exposure of hydrophobic patches
and strengthened protéjolysaccharide interactions. This explains the emergence
of U . These 0bGheuny et dl(2009 Gan et gl{2@28 andlii,t h
Qi et al.(2023) who showed that ultrasonic cavitation enhandd33 interactions.
Theinitial increase in lowshear viscosity is also consistent wliil et al.(2017)

PPCNU55 exhibits the highest yield stre
to flow is explained by its highest protein content (23.0 g/100 g) combined with very
high protein solubility (59.2%). In this system, high protein solubility acts as an
indicator of extensive thermal unfolding: although unfolded proteins become more
watercompatible, they also expose hydrophobic regions that associate readily to
form dense protein aggregates within tHeP8 network. This aggregatiahiven
densification is cofirmed by the strong increase in the consistency index K, in line
with Liu, Huet al.(2025) The lower polysaccharide content in PPCNU55 compared
to PPCNU40 further contributes to this behavior, since fewer hydrated
polysaccharides are available to soften the network. Ultrasonication at 55 °C
(PPCUS55) reduces this yield stress (U
PPCUS55 despite its higher polysaccharide content (30.4 g/100 g). This decrease
reflects a softening effect of polysaccharides, which improve deformability of the P
PS network by limiting excessive thermalhduced aggregation. Theiydrophilic
nature and strong hydration help counterbalance the aggregation driven by thermal
unfolding in PPCNU55. Because PPCUS55 contains slightly less protein and lower
protein solubility than PPCNU55, fewer unfolded protein segments are available to
form dense aggregates, and the higher polysaccharide content promotes a more
deformable and hydrated network. This moderating effect of polysaccharides on
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thermallyinduced aggregation has also been observed in natural fungal PPCs
(Cheung et al., 2015)

The HerschélBulkley and powetaw models show excellent fitting in all cases
(R2 > 0.99), confirming their relevance for describing these disper§i&E P
networks. The absence of hysteresis between upward and downward shear ramps
confirms the absence of thixotropy and indicates networks capable of reversible and
instantaneous deformations.
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Figure 7-8. Extraction condition on rheological properties of profeatysaccharide
complex (PPC) solutions at 5% of dry PPC (w/w) at 20 + 1 °C. A) apparent viscosity; B)
flow behavior; C) Amplitude sweep.
All graphs are the mean of the 3 measuremd?®CNU40 and PPCNU5®roteinPolysaccharide
Complexes non Ultrgonicated at 40C & 55 °C; PPCU40 and PPCU55 Protein-Polysaccharide
Complexes Ultresonicated at 40C & 55 °C.
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Table 7-7. The HerschélBulkley parameters (consistency index (K) and flow behavior
index (n)) of PPC dispersions.

Consistency inde»

2
K (Pa.4) R

PPCs G

PPCNU40 0+ 0.0G 0.083 £ 0.08 0.796 = 0.08 0.999 + 0.08
PPCU40 0.103 £ 0.0 0.067 £ 0.08 0.801 +£0.01 0.999 + 0.0
PPCNU55 0.412 +0.00 0.351+ 0.0 0.635+ 0.00 0.998 £ 0.08

PPCUS5 0.162 + 0.03 0.440 £ 0.02 0.573+0.01 0.999 + 0.00

All values are expressed as mean +SD (n=3). Within the same column, means with different letters
are significantly different at -Pélysa€charideTomplexBsCNU 4 0
non Ultra-sonicated at 40C & 55 °C; PPCU40 and PPCUS55 Protein-Polysaccharide Complexes
Ultra-sonicated at 40C & 55°C.

7.4.3.3.2. Linear dynamic viscoelastic properties in amplitude sweep

Amplitude sweep analysis of PPCs extracted at 40 and 55 °C, with or without
ultrasound treatment, highlighted significant impacts of extraction parameters on
PPCviscoelasticity Fig. 7-8C). The determination of the linear viscoelastic region
(LVE) andviscoelastic parametef3able 7-8) provided insights int@®PCnetwork
mechanical stabilitafter extraction

Table 7-8. Linear dynamic viscoelastic parameters of PPCs.

LVE .
PPCs Range G |(r|;IZ;)VE G ('EEII)VE
(%)

PPCNU40 0.1-5% 14.39+1.08 3.66+0.68
PPCU40 0.1-7% 17.56+0.17 3.42 +0.0%°
PPCNU55 0.1-:2.2% 3.50+0.35 1.29+0.18

PPCU55 0.1-:3% 10.75+0.8¢ 2.66+0.28

All values are expressed as mean +SD (n=3). Within the same column, means with different letters
are significantly different at -PdlysaCoharidk TomplexBsC N U 4 0
non Ultra-sonicated at 40C & 55 °C; PPCU40 and PPCU55 Protein-Polysaccharide Complexes
Ultra-sonicated at 40C & 55 °C.

The viscoelastic properties confirm the combined effect of temperature and
ultrasound on the organization of thieFS network. During extraction at 40 °C, the
absence of ultrasound (PPCNU40) leads to a weakly structured material with modest

modul i (GNj = 14.39 Pa; Gnj = 3.66 Pa) a
(LVR). Application of ultrasound at 40 °C (PPCU40) results in a slight increase in
GNj, i ndicati ng t hB&PS compldxesrbecanteisanevshat meré¢ we e

numerous or better organized.i¥moderate structuring also appedwnder steady
shear flow, where a small yield stress emerges. Both responses thued shaiwv
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cavitation at 40 °C weakly strengthens the network without profoundly changing its
nature.
Extracts without ultrasound at 55 °C (PPCNU55) exhibi profile opposite to
that observed under steasyh ear f | o w: despite a high
very | ow (GN = 3.50 PaiR.2%,nndicatindy & fragil&/ R i
structure. This behavior reflects a network dominated by laiggSPaggregates
formed during thermal unfolding, which can resist continuous flow but are weakly
interconnected and therefore unstable under small (oscillatory) deformations.
Ultrasonication at 55 AC (PPCU55) cl e:
(10.75 Pa)and the LVR expanded These results indicalethat polysaccharides
better extracted under ultrasound partiaibated(surround)and stabilizd the heat
treated PPS structures, reducing the fragility induced by thermal denaturation and
promoting better internal connectivity.

7.4.3.4. Interfacial properties of PPCs

7.4.3.4.1. Interfacial adsorption kinetics

The interfacial properties of protéipolysaccharide complexes (PPCs) reflect
their ability to diffuse, adsorb, and organize at thd vaditer interface, three
processes directly influenced by their composition, molecular structure, and
solubility. This study showed how thermasonication, by modifying PPCs,
influenced their behavior at the interfacEig. 7-9A illustrated the evolution of the
interfacial tension of proteimpolysaccharide complexes extracted under different
conditions (PPCNU40, PPCU40, PPCNU55, PPCU55).

During dynamic interfacial tension (DVT) measurements, PPCNU40 exthidit
moderate decrease in interfacial tension and relatively moderate adsorption. This
behavior is explained by its low solubility and predominantly native structure, still
r i ¢ h-turhnsrandfdisordered conformations, which diftustowly and is poorly
able to reorganize upon reaching the interface. In contrast, PPCU4@dstiev
fastest and most pronounced decrease in interfacial tension. Although its solubility is
the lowest among all PPCs, the dominant efesoergedirom cavitationinduced
small fragmentation et reorganizéon (HPSEC) and increased exposure of
hydrophobic domainshi{gh surface hydrophobicity These features facilitate
transport to the interface and acceletagelsorption of hydrophobic segments,
allowing the film to form and reduce tension more efficiently. Thus, at 40 °C,
ultrasound primarily enhandenterfacial access and anchoring through improved
molecular dispersion, even when overall solubility is limited. This behavior is
consistent with the observationslof Fu et al. (2020pndZhu, Wang et al. (2025)
who showed that acoustic cavitation by increasing the availability of amphiphilic
sites improvedinterfacial activitywith acceleratd molecular diffusiontowards the
oil-water interface.

For extracts obtained at 55 °C, both PPCs guvigher equilibrium tensions and
slower kinetics than their 40 °C counterparts, despite their higher solubitity.
behavior is explained by the fact that thermal deployment greatly increases
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hydrophilic exposureand promotes the formation of more compact and partially
structured proteiipolysaccharide assemblies, as revealed by FTIR and by the
marked decrease in fluorescence intensity, indicating that hydrophobic segments
become trapped within dense aggregates. PPCs extracted at 55 °C thus have limited
ability to diffuse, adsortd, andreorganizedrapidly at the interfaceWang et al.
(2024) observed similar behavior in thermally aggregated protein systems, where
unfolded proteins ladlexibility and hindeedinterfacial rearrangement.

During extraction at 55 °C, cavitation no longer orgathibe matrix as effectively
as at 40 °C, because the matnasalready strongly thermally reorganized, which
reducel the advantage brought by ultrasound for PPCU55.
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Figure 7-9. Evolution of the dynamic interfacial (sunflower -o¥ater ) tension of PPCs
dispersions at 0.1% of protein concentration using DVT50 (A), the interfacial dilatational
rheology (sunflower oilvater ) of PPCs dispersions at 0.1% of protein concentration using
DVT50 (A), the interfacial dilatational rheology (sunflower-wiater ) of PPCs dispersions
at 0.1% of protein concentration using Tracker (B).

PPCNU40 and PPCNU5®rotein-Polysaccharide Complexes non Uksanicated at 40C & 55 °C;
PPCU40 and PPCUS55 ProteinPolysaccharide Complexes Ultspnicated at 40C & 55 °C. All
graphs are the mean of the 3 measurements

7.4.3.4.2. Interfacial dilatational rheology

Dilatational rheology at the @ivater interface, as shown kig. 7-9B, elucidatel
the formation, cohesion, and mechanical resistance of films formed by PPCs,
essential factors for emulsion stabilizatidiable 7-9 presenédkey parameters such
as the total viscoelastic modulus (E),
interfacial tension, reflecting the dynamics and robustness of the interfacial
networks. In this test, PPCs had time to diffuse, fully adsorb, and organize
efficiently, resulting in lower interfacial tensions than in DVT for all PPC.

PPCNU40remainedthe least efficient of the four PPCs, becawdeits low
solubility and surface hydrophobicity, together with its weakly reorganized
structure, limied the amount of material adsorbed and pres@hbrmation of a
sufficiently stable interfacial film. Conversely, PPCU40 fedthe most elastic and
resistant film, with a high dilatational modulus (E = 29.94 mN/m) and very low
interfacial tension (5.14 mN/m). This she@that hydrophobic exposure and the
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hi gh pr o psheets favad after adsdyption, the establishment of numerous
interactions, leading to a cohesive and rigid interfacial film despite its low solubility.
PPCs obtained at 55 °C behdwfferently from DVT: once adsorbed with more
time thanks to their high solubility, they mandg® reorganize and effectively
reducel interfacial tension. However, their reorganization capacity resadower
than that of PPCU40: t L@ mK/m) chndlindetfagial i o n
tension (~12.5 mN/m) are intermediate. The effect of ultrasound at 55 °C egmain
moderate: it slightly improwkinterfacial film organization (PPCU55 > PPCNU55).

Table 7-9. Interfacial dilatational rheology parameters of PESpersions at 0.1% of
protein concentration using Tracksunflower oitwater )

Dilatational  Dilatational
viscoelastic elasticity
modulus (E) modul u

Dilatational Interfacial
loss modulus tension (O/W)
( En) ( (mN/m)

PPCs

(mN/m) (mN/m)
PPCNU40 11.47+0.2 10.6+0.22 4.38+0.0%8 16.28+0.2%
PPCU40 Zg'ggji 29.62+0.28 4.41+0.29 5.14+0.09
17.56 +
PPCNUS55 019 16.97+0.19 4.5+0.08 12.6+0.2
PPCU55 18'ggi 16.13+0.28 4.16 0.08 12.42 +0.11

All values are expressed as mean +SD (n=3). Within the same line, means with different letters are
significantly different at P -POlgsactharide CorRfpRiesidod a n
Ultra-sonicated at 40°C & 55°C; PPCU40 and PPCUS5Brotein-Polysaccharide Complexes Ultra
sonicated at 40°C & 55°C.

7.4.3.4.3. Compressiorsotherms anddasticity of monomolecularfilms

Compression and elasticity profileBig. 7-10A & 7-10B) showed that extraction
temperature and ultrasound treatment strongly govern molecular packing,
mechanical resilience, and flexibility of PPC monolayers. These parameters
determinethe balance between rigidity and ductility, which is crucial for interfacial
stabilization in colloidal systems.

PPCNU40 formed loose and fragile films, with low initial molecular coverage
(0.0182 mAng) and low collapse pressure, reflecting limited molecular alignment
and weak interchain interactions. In contrast, PPCU40 exhibited higher surface
coverage (0.0208 rmhg) and higher inflection and collapse pressures (33/86n
and 37.62nN/m, respectively), indicating more cohesive films. Its elasticity profile
(maximum of 34.5mN/m at 18.mN/m) extended over a wider compression range,
reflecting better ductility and resistance to rupture. These effestdtedfrom
cavitatiorinduced disaggregation and homogenization of macromolecules, which
improved dispersion and faved formation of uniform films, as reported by
Mozafarpour et al. (2028ndChemat et al. (2017)

Increasing extraction temperature to 55 °C increased molecular coverage in
PPCNU55 and PP &g} Suggestir® thét padtial omfolding facilitates
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spreading and molecular packing. However, collapse pressures and film elasticity
slightly decreased compared with PPCU40. Notably, PPCUS55 reached the highest
maximum elasticity (48.4nN/m), higher than that of PPCNU55 (44n2N/m),
showing that ultrasound under thermal conditions strengtheproteiri
polysaccharide interactions and cohesion through restructuring of the interfacial
network. With extraction at 55 °C, ultrasound slightly reduced collapse pressure
(36. 6 YmN/B)5 reflecting cavitatioinduced modification of P- Ps
compositionand interactionat this temperature, as observed GyuzLbpez et al.
(2024)
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Figure 7-10. Compression isotherms (A) and Elasticity of the monolayer (B) of PPCs
dispersions at 0.1% of protein concentration using Langmuir film balance at the air/water
interface.
PPCNU40 and PPCNU5®rotein-Polysaccharide Complexes non Uksanicated at 40C & 55
°C; PPCU40 and PPCUS55Protein-Polysaccharide Complexes Ultspnicated at 40C & 55 °C. All
graphs are the mean of the 3 measurements

Table 7-10. Characteristic points of the compression isotherm graph and Maximum
elasticity, and corresponding area and surface pressure during the compression isotherm at
the air/water interface.

Compression characteristic

PPCs points
Ao it E A

Elasticity characteristic points

PPCNU40 0.0182 +0.0d 31.01+1.05 45.07 +1.6%& 0.0048 £+0.00 22.34+1.26
PPCU40 0.0208 +0.0p 37.62+0.40 34.92+2.36 0.0105+0.00 18.40+1.30

PPCNU55 0.0230 + 0.00 36.63 +0.92 44.24 + 0.9¢" 0.0065 + 0.08' 25.24 +1.30
PPCU55 0.0232+0.06 35.65+1.62 48.40+0.79 0.0061 +0.088 23.88 + 1.38

All values are expressed as mean +SD (n=3). Within the same line, means with different letters are
significantly different at P -P@lysacEharide CRmRp@Retidod an d
Ultra-sonicated at 40C & 55 °C; PPCU40 and PPCU55Protein-Polysaccharide Complexes Ultra
sonicated at 40C & 55°C. Ao area at the start odurfatcelpresswecampr es si
maximal compression. E: maximum elasticity of the film (mN/m); A: area of the film at maximum
elasticity (n"f/ mg ) ; “: surface pressure of the film at ma>
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7.4.4. Techno-functional properties of PPCs

7.4.4.1. Emulsifying properties of PPCs

The emulsifying activity index (EAI) and emulsifying stability index (ESI) are key
parameters for evaluating the ability of PPCs to effectively stabilize emulsions.
These properties are intrinsically linked to the biochemical composition of PPCs as
well as to their structural and dynamic organization at thievailer interfacg¢Sun et
al., 2014) PPCNU40 exhibédt he hi ghest emul si f yg.ng a
Although PPCNU40 shosd a relatively | ower adsor
MmN/ mLs T) and a higher equilibrium int
its solubility and polysaccharide matrix compensate, resulting in superior
emulsifying activity (Zhang & Li, 2022) In contrast, PPCU40extracted by
ultrasound, shoeda slight decrease in EAI (~24.6 i despite a markedly higher
adsorption rate (2.8 1 10 MmN/ mLs T)
(15.82 mN/m). This apparent contradiction can be explained by the ultrasound
induced decrease in solubility (23.6%), which ldit the availability of
macromolecules in the continuous phase to cover droplets during emulsification.
Ultrasoundby improving PPCU4Qinterfacial adsorption efficiency through protein
unfolding and increased exposure of hydrophobic gr¢GpszLépez et al., 2024,

Li, Fu et al., 2020)and accelerating interfacial coverage and tension reduction
allowed to PPCU40 to get bestemulsbn stability with le hjher ESI The high
polyphenol content of PPCU40 could also contribute to this improvement in
emulsifying stability According toAziznia et al. (2024)solubility is an essential
factor for improving emulsifying propertiebutin the case oPPCUA40it was not

the essential factor in improving emulsification performanB®CNU55 and
PPCUS55 shoed a marked decrease in emulsifying activapd stabiliy, which
could be explained by reduced adsorption rates and higher equilibrium interfacial
tensionsdans PPC40These results reflead the impact of thermal modification,
which led to the formation of more compact interfacial protein networks, limiting
molecular diffusion and adsorption efficiendgowever, UAE at 55 °C partially
improves emulsifying stabilithy increasing it by8%.

These results highlight that the interaction between solubility, protein unfolding,
and interfacial adsorption kinetics govedremulsifying performance. Ultrasound
improved the formation and stability of interfacial films but can redyweetein
solubility, affectingslightly emulsifier availability during droplet formation

Table 7-11. Emulsifying properties of PPCs.

PPCs PPCNU40 PPCU40 PPCNU55 PPCU55
EAI (m?/g) 26.13 £ 0.02 24.64 £ 0.0 22.72+£0.0% 22.59 +0.04
ESI (min) 236.78 +1.5% 271.91+500 170.34+3.2 183.67 +2.38
Dya,3 (M) 14.35 + 0.07 14.46 + 0.05 18.56 + 0.2% 18.46 + 0.18

171



Discovery and characterization of a novel napveteinpolysaccharide complex

All values are expressed as mean +SD (n=3). Within the same line, means with different letters are
significantly different at P -POlysactharide CorRpekeétldod a n d
Ultra-sonicated at 40C & 55 °C; PPCU40 and PPCUS55Protein-Polysaccharide Complexes Ultra

sonicated at 40C & 55 °C. EAl: Emulsifying activity index; ESI: emulsifying stability indexs, 4p
droplet size weighted by their volume

7.44.2. Emulsion particle size and impact on stability

Emulsion particle size plays a critical role in the physical stability of emulsified
systems, directly influencing coalescence, flocculation, and phase separation
(Schmitt et al., 1998)Both PPCU40 and PPCNU40 exhibited similar volumetric
mean diameters B a 1 4 . 4Tabl® ri#-11), indicating that modification
generated byltrasoundduring extractiorat 40°C had no significant effeain PPC
ability to formeddropletsduring emulsification A comparable trend was observed
at 55 °C, where PPCU55 and PPCNU55 showed similar particle sigesdD 1 8 . 5
pum) with no statistically significant difference (P > 0.05). However, PPCs extracted
at 40 °C produced significantly (P<0.05) smaller droplets than those at 55 °C,
favoring improved emulsion stability through finer and more homogeneous droplet
dispersion. This observation is consistent with the higher emulsifying stability
indices measured for PPCs at 40 °C (236.78 min for PPCNU40 and 271.91 min for
PPCUA40), indicating better lorgrm emulsion stability at lower extraction
temperatures, particularly with ultrasound treatmditie finer droplets observed
contributed to reducing coalescence and flocculation risks because the sedimentation
rate of small droplets is slower. They are subject to stronger frictional forces relative
to their volume, unlike large droplets whose contact surfaces with the fluid are
smaller relative to their volume, in accordance with Stokes' Behrfitt et al.,

1998 Li, Qi et al., 2023)

7.4.5.Structurel Function correlations in proteini
polysaccharide complexes

A pairwise correlation analysis was performed to assess the relationships among
the emulsifying properties of PPCs derived from CAB and their structural,
interfacial, and physicochemical characteris{ielgy. 7-11). In this analysis|n this
analysis, correlation strengths were classified accordistatwlard thresholds: weak
(F< 0.5), mode0.7,andstror@i & ®©. 7) [ repebeatthe
absolute value of the correlation coefficient. Positive correlatsdrsy that an
increase in one variable is associated with an increase in the other, while negative
correlationgndicatean inverse relationship between the variables.

The correlation analysis highligh/d a coherent set of structiifenction
relationships linking the emulsifying properties of PPCs (EAI, ESI), droplet size
Dug, interfacial tension, solubility, hydrophobicity, chemical composition, and
FTIR structural parameters. The ESI and EAI shdwa strong negative correlation
with protein content (r 0.750 and r 50.995) as well as with solubility (r
0.987 and r =5 0.893). In this specific system, being richer in proteins and more
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soluble does not guarantee improved emulsifying efficiency: these more dispersible
PPCs appear to adsorb less effectively and form interfacial films that are less
efficient at stabilizing dropletsThe correlations between polysaccharides and the
emulsifying indices remained weak (ri9.202 for ESI and r = +0.305 for EAI)
suggested that polysaccharides stabilizing role (through increased corimases
viscosity and steric barrier) is masked by other dominant mechanisms in this
complex Here, interfacial behavior is governed primarily by proteilated factors:
the ability to rapidly decrease interfacial tension (TI), the degree of protein
unfolding and exposure of hydrophobic residues (fluorescence and surface
hydrophobicity), and the for mati-sheet of
content and the dilatational modulus E). These parameters therefdrelledmost
of the variation in emulsifying performandadeed, loth indices are also strongly
and negativelyorrelated with interfacial tension (EAI: ri.775; ESI: r 5 0.983),
confirming that a efimenédatelygsutaib limitad acyivitt o |
and stability. A high interfacial tensiofimited the formation of cohesive,
continuous films capable of resistidgstabilization consistent with the findings of
Liu et al.(2025)andCortésMorales et al(2021)

The volumeweighted droplet size [ displayed highly contrasting correlations:
it is strongly positively correlated with solubility (r = +0.993), protein content (r =
+0.899), and interfacial tension (r = +0.943). Thus, when PPCs are highly soluble,
rich in proteins, and associated with slow adsorption (high TI), they produce larger
droplets due to the absence of rapid formation of a protective interfacial film.
Conversely, R 3 is only weakly correlated with E (r£0.246), polysaccharides (r =
T0. 0 O0-funs (r=b0 . 1 1 4 }sheets(d= +0.136), confirming that droplet size
distribution depened primarily on adsorption dynamics and film cohesion rather
than isolated secondaggructure elements. A particularly strong correlation is
observed between I3 and hydrophobic amino acids (r = +0.995): excessive
hydrophobic exposure teedto produce larger dropletén this system, excessive
hydrophobicity does not improdestabilization but causkheterogeneous initial
adsorption (some molecules readhhe interface very quickly and anckdrthere,
while others remaied in the bulk phase or raggregate), incomplete interfacial
coverage and therefore increased coalescence causing the formation of large
particles in the emulsiofWang et al., 2025)

Composition plagd a central role in this structufanction organization. The
strong positive correlation between proteins and solubility (r = +0.844)esthinat
PPCs richer in proteins are also more dispersible. This increased solubility indeed
facilitated access to the interface, but in this system, it does not guarantee cohesive
interfacial film formation, which explagd the negative correlations between
protein/solubility and EAI/ESI. Polysaccharides skdwa very weak positive
correlation with soluttity (r = +0.09), suggesting that they contribditmodestly to
aqueous dispersion. However, they exledbin strong negative correlation with
interfacial modulus E (r =10.926) and a strong negative correlation with
hydrophobicity (r =i 0.783). Due to their highly hydrophilic nature, they tedtb
hydrate and separate protein chains while partially masking hydrophobic regions
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through electrostatic interactions and hydrogen bon@fgo, Wen, et al., 2021)
This dispersion facilitatédiffusion to the interface biimited the formation of rigid
and cohesive films, thereby decreasing E.

The FTIR parameters confied and refinelt h e s e {Sheets displagd ab
weak negative correlation with EAl (r ¥0.469) and a very weak positive
correlation with ESI (r = +0.127) and43 (r = +0.136), as well as a weak negative
correlation with Tl (r =10.192). Their increase therefore does not systematically
reinforcad emulsifying activity but contributk slightly to longterm stabilization,
consistent with their known role in moderate rigidification of interfacial fi(las
Fu et al., 2020; Lj Qi et al., 2023)C o0 n v e r -tumd showd dweak positive
correlation with EAI (r = +0.441) but a negative correlation with ESI (0432),
while being weakly correlated with({3; (r = 10.114) and positively with Tl (r =
+0.223). It suggested thathese conformations promote rapid initial adsorption,
improving activity but subsequently form films that are less cohesive and less
resistant to deformation, decreasing stab{igng et al., 2022)

Surface hydrophobicity is weakly and positively correlated with Tl (r = +0.243),
indicating that excessive hydrophobic exposure does not prdmgteduction and
may limit interfacialdispersion Its negative correlation with ESI (ri-0.314) also
suggestd that highly hydrophobic surfaces prommtaggregation, reducing their
ability to dynamically reorganize to maintain stability, consistent with behaviors
observed under 55 °C conditions.

The dilatational modulus E shed a strong negative correlation with
polysaccharides (r ¥0 . 92 6) and a strong -sheets(rt i ve
+0.920). This indicatthat matrices rich in polysaccharides produfmwver elastic
films (masking hydrophobic sites and generating less cohesive organization),
wher eas hi g hskeets gromutistie Sormation ob stronger interfacial
networks resistant to deformatidi.also showed weaker negative correlations with
EAI (r =70.098) and solubility (r 5 0.349), indicating that increases in protein
solubility tended to slightly reduce the interfacial elasticity, and that an overly elastic
film may in turn limit the initial emulsifying activity. These effects remain weak, but
they suggest that optimal initial activity requires a balance: enough solubility to
ensure rapid diffusion and moderate elastio@pnversely, E is weakly positively
correlated with ESI (r = +0.476) and with protein content (r = +0.199), highlighting
that a minimum interfacial cohesion and sufficient protein fraction are necessary to
maintain a stable emulsion over time.

Overall, these relationships highligltan integrated structuréunction model in
which emulsifying performance reti®n a precise balance among solubility, protein
richness, controlled hydrophobic exposure, préfatysaccharide interactions,
relative psbpeet gurnamw intgfacid film rigidityUAE at 40
°C represemd the optimal condition, as it combitcidower TI, higher interfacial

el asticity, controll ed hydr ophodheets. expo

Conversely,UAE at 55 °C produce high solubility and hydrophobicity but are
accompanied by increased compaction, reduced flexibility, and aggregation that
limitedthe interfacial rearrangements required for forming a continuous film. Thus,
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the correlations demonstrdtethat the global composition and structural
organization modulated by the combination of temperature and ultrasduridg
PPCsextraction goverredemulsifying properties of CARlerived PPCs.
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Figure 7-11. Heatmap of Pearson correlation coefficients of protpimlgsaccharides
complex structural, physicochemical, and emulsifying properties.

The color scale ranges from dark blue (strong negative correlatid), through
yellow/orange (moderate correlation), white (no correlation, values close to zero), to dark
red (strong positive correlation, -sheet Pa U
He | i-turn, rarfidom coil, surface hydrophobicity), physicochemical properties (Interfacial
tension, elasticity modulus, solubility), and emulsifying properties (Emulsion activity index

(EAI), Emulsion stability index (ESI), Mean size surfagesf).
7.5.Conclusion

This study showd that the controlled combination of temperature and ultrasound
during the extraction of protégipolysaccharide complexes (PPCs) from cashew
apple bagassemake it possible to simultaneouslgontrol their composition,
structural organization, and functional propertibg the choice of process
parameters
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Temperature promote protein unfolding and the emergence of hydrophobic
interactions, while ultrasound impravelispersion, exposkfunctional groups, and
reorganizd secondary and tertiary structures without altering rieté/e covalent
integrity of the proteinpolysaccharide complexThese effects led to complexes
exhibiting distinct structural and functional signatures depending on extraction
conditions.

PPCNUA40 retaied a structure close to the native st CNUS55 exhibits more
pronounced thermal modifications, higher protein content, and greatly increased
solubility, but formed fewer flexible aggregates that sled down interfacial
adsorptionand emulsion performanc®PCU40was the most effective condition:
UAE at moderate temperature proddammplexes that are flexible, hydrophobic,
and well organized, promoting rapid adsorption, high interfacial elasticity, and
excellent emulsifying stability. Conversely, PPCU55 devetbgenser networks,
higher thermal stability, and a composition enriched in polysaccharides, making
them suitable for applications requiring increased mechanical and thermal
resistance.

The structuréfunction correlation analysis shows thmitysicochemical properties
and emulsifying efficiency depead on a balance among solubility, protein
ri chness, conformati onal fl exihedti t vy,
organization. It reveal that thermesonication can produce strongly beneficial
effects at moderateemperature (40C), whereas thermal reorganization at 55 °C
limited interfacial rearrangement despite righroteins and polysaccharides
composition and high solubility.

Overall, this work demonstratghat ultrasoundissisted thermal extraction is an
effective molecular design tool for obtaining natural PPCs with tunable properties.
This strategy opesd the way toward the development of sustainable, versatile
hydrocolloids derived from ag#mdustrial byproducts, meeting the needs of the
food sector.
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Chapter 8. General discussion

8.1. Optimization, discovery and characterization of
PPC

The general objective of this thesis was to develop an innovative strategy for the
valorization of cashew apple bagasse (CAB) based on the fractionation of its natural
constituents, with particular focus on the protein fraction and its interaction with
polysaccharides. This approach is part of a context of sustainable valorization of
agroindustrial byproducts and aims to understand, reveal and exploit the techno
functional potential of protetnch macromolecular extracts, which are still poorly
documented for cashew appleable 8-1 provides an overview of the key points
from the three research chapters discussed.

The first part of the experimental work aimed to optimize protein extraction from
CAB, in line with the initial objectives. After pretreatment and an overall analysis of
CAB composition to standardize the raw material, a factorial design was set up to
optimize protein extraction conditions.

More specifically, the factorial design (RSM) was constructed after a preliminary
optimization of key extraction parameters using a-factorata-time approach, in
order to study the effect of each factor individually and obtain a clearer mechanistic
understanding of the process. The results showed that yield increased strongly with
pH (from 9 to 12) and temperature (from 20 @°€), while protein purity increased
only moderately, reaching 102 %. Optimizing the precipitation pH allowed the
recovery of around 226 % protein with a protein purity of abouti1B %.

The application of ultrasound under the selected optimal conditions (pH 11, 40 °C,
20 kHz, 30 min, 1:20 mjwvith precpitation) significantly intensified extraction.
Increasing the power from 400 W to 700 W further improved yield and purity after
precipitationat pH 3.5 with solubilized mass reaching up to 50.5 g/100 g, which
reflects matrix fissuring and faster diffusion under cavitation.

To summarize the entire extraction process based on the selected optimal
parametersFigure 8-1 presented a complete protein mass balance and a process
flow diagram for a representative batch. This overall view was crucial to quantify
the fate of proteins, from raw CAB to the final functional isolate, and to
contextualize the yields and purities discussed throughout this work. The data from
this diagram showed that ultrasouaskisted alkaline extraction at 700 W at 40 °C
and pH 11 was very efficient, solubilizing 61.7 % of the initial proteins. The
isoelectric precipitation step allowed the recovery of 81.8 % of these solubilized
proteins, but with a protein purity of 2B.26. These results show that although
optimization greatly improved protein recovery, the protein purity obtained
remained systematically low. This observation was explained by thgtcaction of
other constituents from the CAB matrix.

Converging analyses monosaccharide profiles;MHR, NMR and HPSEC
demonstrated that the extract presented the characteristics of an arabinogalactan
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proteinlike (AGP-like) complex, with a high proportion of arabinose and galactose,
proteiri polysaccharide celution, and functional signatures consistent with those of
natural hydrocolloids such as gufrabic. More specifically, the monosaccharide

profile reinforced this c@xtraction hypothesis, with high levels of galactose (~17.5

g/ 100 g) and arabinose (~11.09 g/ 100 g
(Ara+Gal)/Rha ratios, which are characteristic fingerprints of AGPslRFGlearly
showed the coexistence of the amide I (
(~1540 7K bending) bahds, which are unambiguous markers of proteins,
together with glycosidic vibrations typical of polysaccharide$QGC between

~10701 150 <cikh Bt r ®t chi ng arib bending rear3~0400 cm T
cm T). These spectra confirm the simultas
moieties,but do not by themselves prowe covalent association. The *H NMR

spectra confirmed this interpretation: strong, we#iolved signals of arabinose and

gal act oiAd ppmlreflécte@ the polysaccharide backbone, while broad,

di ffuse resonances i3 ppn) suggasted thehpeesence of r e g i
protein side chains, as previously described for AGPs in arabinogatatan

extracts such as coffee (Redgwell et al., 2002, 2005). Taken separately, each of these
markers could only indicate the coexistence of proteins and polysaccharides. By
contrast, their combination with HPSEC -elution of UV (proteins) and RI
(polysaccharides) signals provides convergent and strong evidence that these
macromolecules are not independent entities, but components of a nativei protein
polysaccharide complex. This stepwise logic, from resistance to purification through

to co-elution, constituted the first structured demonstration of the existence of a
natural proteinpolysaccharide complex (PPC) in this cashew appierbgluct.

This original discovery reoriented the scientific trajectory of the thesis: the goal
was no longer to improve protein purification, but to characterize a native
hydrocolloid that could have potential techiumctional interest, as discussed in the
literature review chapter.

However, as mentioned above, although ultraseassisted extraction (UAE) at a
sonication power of 700 W led to stronger intensification of protein recovery, it was
observed that this power also induced molecular modifications. Increasing to 700 W
raised the yield after isoelectric precipitation from 39.4 % to 50.5 %, that is a gain of
about 28 %, while protein purity increased only slightly (+7 %), indicating that the
additional energy solubilized more of the matrix without truly enriching the protein
fraction. Structurally, at 700 W, HPSEC revealed strong fragmentation, with only
two molecularweight populations around 45.753 kDa and 21.307 kDa. In contrast,

400 W preserved a broad, heterogeneous and higher mole@iddrt distribution,
indicating a largely preserved organization. This guwecessing at 700 W also
appeared as marked browning, reflecting oxidation, whereas 400 W maintained a
much lighter colorAghababaei et al. (2024¢ported that overly intense cavitation
fragments polysaccharide and protein chains, promotes oxidation and browning
reactions, and degrades macromolecular size distribution. Interfacial properties
confirmed this contrast: at 700 W, equilibrium interfacial tension remained high
(4a21.3 mN/ m), whereas it decreased to
improvement of 26%. Adsorption kinetics were faster at 400 W due to optimized
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exposure of hydrophobic groups without loss of macromolecular integrity, whereas
at 700 W fragmentation limited interfacial performance. Thus, although 700 W

improves extractability, it strongly degrades structure, color and interfacial behavior.
In contrast, 400 W appears to be the optimal condition, offering the best balance
between yield, structural preservation and functional performance.

The next step was therefore to evaluate how extraction conditions modulate this
complex, which led to a more detailed tpart characterization.

The first part of this detailed characterization (Chagerconsisted in closely
investigating the impact of 400 W ultrasound on PPC properties using a multi
analytical approach combining chemical composition, structural signatures (FTIR,
fluorescence), macromolecular distribution (HPSEC), microstructural organization,
interfacial properties and techifienctional behavior. The results showed that
ultrasound modifies the structure of the complex (disaggregation, exposure of
functional groups, reorganization of protein secondary structure), which directly
improves its techndéunctional performance. This understanding motivated an in
depth study of the interactions between ultrasound and temperature, which also
appeared as an intensifying parameter during optimization. The aim was to
understand how these parameters, by increasing protein content and yield, could
together modify and reorganize the structure and subsequently affect PPC
functionality.

The final part (Chaptei7) explored the combined effect of temperature and
ultrasound on PPC, by comparing two representative regimes (40 °C and 55 °C) and
their equivalents without ultrasound, using the same ranhlytical approach as in
the previous chaptebut with two additional analyses, namely rheological properties
and thermal stability. This approach made it possible to identify two distinct thermo
sonication mechanisms. UAE at 40 °C led to moderate restructuring that was
optimal for interfacial properties. UAE at 55 °C resulted in increased-tnbasg
and structural densification.

More specifically, UAE at 40 °C promoted partial unfolding of proteins, improved
molecular dispersion, exposed hydrophobic groups and increased the proportion of
b-structures while preserving PPC flexibility. These effects translated into: (i) rapid
interface adsorption, a strong reduction in interfacial tension, the formation of an
elastic interfacial film and excellent emulsion stability. PPCU40 thus emerged as the
most efficient condition for interfacial applications.

By contrast, at higher temperature (55 °C), UAE increased protein content and
solubility, caused a loss of flexibility, intensified hydrophobic interactions and likely
some new covalent protéipolysaccharide interactions (including those mediated
by polyphenols), leading to the formation of a more compact and thermoresistant
network. These structures diffused more slowly to the interface and formed films
less suitable for longerm emulsion stability, but relevant for applications requiring
thermal stability, mechanical cohesion andldgel behavior.

In paralle] in Chapters5 and 6, the last UV peak observed in the HPSEC
chromatograms had been reasonably attributed to free proteins or small peptides not
associated with polysaccharides within the complexes. This interpretation was based
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on the UV absorbance and the absence of an RI signal, which are characteristic
features of peptide species or lowolecularweight aromatic compounds. However,

the depth analysis performed using higlolution mass spectrometry allowed this
conclusion to be revisited. The results showed that this peak corresponded to a
heterogeneous fraction containing a broad distribution ofnmlecularweight
compounds ranging from 166.35 to 1022.52 m/z. Comparison of these molecular
masses with literature data indicates that thedhttng fraction is not composed of

free proteins but is instead dominated by-melecularweight metabolites, mainly
polyphenols, aromatic compounds, and bioactive compounds typical of D#sBet

al., 2022; Fonteles et al., 2013a)though the presence of short peptides cannot be
entirely excluded.

This revised interpretation highlights two major points for understanding CAB
PPCs: (i) CABderived PPCs are not strictly protemolysaccharide systems but
natural tripartite organization in which lemolecularweight metabolites
particularly polyphenols are systematically-extracted. These small molecules
remain trapped within the native biomass and are released together with AGPs
during extraction. (ii) The polyphenols associated with PPCs could play a functional
role. Through their antioxidant properties and their ability to interact with protein
and polysaccharide chains, they can contribute to colloidal stabilization, locally
strengthen interfacial film cohesion, modulate interfacial activity, and protect
aromatic or hydrophobic domains from oxidation. Such effects have been
demonstrated bywWu et al. (2020)for their proteiii polysaccharidigpolyphenol
complex extracted frorhlovenia dulcis

Beyond these results, it is important to clearly distinguish the protein
polysaccharide complex identified and characterized in this work from the complex
commonly referred to as cashew gum. Unlike the gum obtained from sap or
exudates, where processing mainly consists of purifying a hydrocolloid naturally
secreted by the tree, the PPC identified here is extracted as an intrinsic
macromolecular entityThe literature reports three main fractions within cashew
gum: a predominant pol ysacchar ipiotein fract
fraction (a4 9%), and a minor glycoprot:
arabinogalactdrprotein component does not constitute the structural core but rather
a | ow abundance subset, whil e the bul k
mainly contributing thickening functionalityBarros et al., 2025; de Paula &
Rodrigues, 1995; Ribeiro et al., 2016; Silva et al., 2025)

Conversely, the complex discovered in cashew apple bagasse corresponds to an
intrinsic and ceextracted assembly, in which the protein and polysaccharide
domains are associated in a rigsociable manner. It is therefore not a physical
mixture, nor a gum in the conventional sense, but a unique macromolecular entity.
Moreover, this complex exhibits a minimum protein content of approximately 18%,
nearly ten timeq10 x) higher than that of purified cashew gmGy edu Ak ot o
2011) which profoundly affects its internal organization, unfolding behavior,
reactivity, and technéunctional performance. Thus, the essential difference lies in
the molecular nature of tttwmplexsystems.
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Table 8-1: An overview of the key points from the three research chapters

Chapter Parameters studied Key Results / Contributions Transition to next chapter
Low protein purity despite optimizati
5HI Rt #Y2UEIPPHY N
Confirmation of aroteint
Chapter Integrative analyses: polysaccharide complex (AGRpe):: 8 H 1JUJT HaqVYHt qal ! HE

Identification and composition, HPSERI/UV, FT
Characterization of the MIR, *HNMR, interfacial tensio
Native PPC 5HAAOQHC qHT

high Ara + Gal, HPSE@/M two
associated fractions. Complex
structure similar to gum Arabic (FTI
NMR). Very good interfacial propert
andtechnen 2 UHqRYUC¢ @ H(
at700 W40°C

q6 Rt HAA9 H3 H~ Yeptt |
structuren 2 UHqRYUHt qeal
(Chapter 6)

Comparison PPCU vs PPCN
(with/without UAE). Preliminat
comparison: 400 W vs 700 \!
based on HPSEC. Choié60 W
for detailed analysis. Integrati\
Chapter 6y Effects of  analyses: composition, FTIR
Ultrasound on PPC (secondary structure),
Structure and Function intrinsic/extrinsic fluorescence
HPSEC, microstructure,
solubility, viscosity, interfacial
properties, emulsifying
Gl YGUI qRIJt Hul E
400 W40°C

Otql ¢t YeUTl HalAA9
Gl YqURUt HeINYH3 H:
polysaccharides. Strong structural

reorganization:+ 6 JIJqt Ha H

6!'11 YG6E6YHRHRGq! |
reinforced proteirprotein interactions
stabilizing PP@&nhanced interfacial

activityst RUq IJI n ¢ AR ¢ i
8 olGbHEEf HoaHHzq
stable structures). Identification of

structurerfunction correlations

(heatmap).

5HAI DGe¢ |l It HQq6 IIHNI

Ultrasound x Temperature study (Chag

TobH3H[ RUWDHz2U0T 31t q
compositiong structure3 function
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Two thermal regime40 °Cand

55 °C Optimized conditions Ubest balance

) between solubility, flexibility,
derived from RSM + UAE. hydrophobicity, and structural

Integrative analyses: organization; enables rapid adsorpti
Chapter % Combined composition, FTIR (secondar ¢UT H6RNDG6HRUQI ¥ dSHOYUHGel Bt Hqg6 IHD

structure), intrinsic/extrinsic extractiong structure3 techno
Temperature + UAE fluorescence, HPSEC, neUrqRYUCORq! HSHE!
Effect microstructure, solubility, applications and CAB valorization
thermal stability, rheology
interfacial properties,
emulsifying properties (EAI/ES
3 PPC at 400 W

excellent emulsifying efficiency.
srich composition, high
solubility, maximal thermal stability, k
reduced flexibility and increased
¢cnNNI WNEqRYUHS HY 0
stable interfacial film, less suitable fi
emulsions, but ideal for structures
requiring thermal stability and
mechanical resistance.
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Spent bagasse

|

(pellet) Spent
Residual protein: o SUPef';a(‘;'gz Rinsing
0.335¢g rotein: 0. 9 2 steps

'

| Proteinlost : 0.0428g |

Losses: 0.0548¢g
(5.48%)

Figure 8-1. Protein mass balance and process flowchart for a representative batch
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8.2.Proces$structure i function relationships

Within the procedsstructuréfunction conceptual framework adopted here,
composition (relative proportions of proteins, polysaccharides and polyphenaols) is
considered the primary structural input. It governs macromolecular assembly and
organization, which in turn determine functional properties. Consequently, each
condition was analyzed by linking the structuring dictated by composition to the
observed interfacial, rheological and stability performances.

The multt integrative analysis confirmed that the functional properties of the
PPCs extracted fronCAB did not arise from composition alone, but from the
interaction between processing conditions, structural organization and chemical
composition. The operating parameters (temperature, ultrasound) directly modulated
the relative proportions of proteins, polysaccharides and polyphenols, while
reshaping macromolecular organization (heterogeneity of HPSEC profiles, degree of
b-sheet compaction, hydrophobic exposure, and microstructure observed by SEM).
These structural signatures were then reflected in distinct functional behaviors,
including interfacial properties, filforming capacity, and thermal stability
rheological behavior and emulsifying performance

The processstructuré function model made it possible to establish design rules.
This section thus proposed an integrated reading of the results, explicitly linking
process Y structure Y function, in order
each PPC within an application spectrum.

In analyzing the effect of ultrasound at 40 °C, it appears that applying ultrasound
at 40 °C first modified composition. Protein content increased by about 14%,
polysaccharides decreased by 22%, and polypheimci®ased by abou?%.

St r uct ur-sheel fraction imbre thab doubled 37, indicating increased
compaction, while surface hydrophobicity more than doubled as well (+131%),
reflecting the exposure of hydrophobic domains previously buried. This
reorganization was accompanied by reduced solubility about 15%, illustrating a
well-known tradeoff between hydrophobic exposure and agueous dispersion. These
rearrangements greatly improved interfacial performance: equilibrium tension
decreased by about 7%, adsorption kinetics increased by a factor of 2.3, and
dilatational elasticity by a factor of 2.6. Langmuir films became more flexible yet
more cohesive. Emul sifying activity slic
of the lower solubility, but emulsion stability increased by 15%, in line with the
reinforcement of interfacial elasticityand polyphenolincreasing Regarding

rheol ogi cal properties, the network bec
22%, while the consistency index K decreased by 19%, reflecting improved ability

to flow under shear without excessive thickening. Thermal stability improved by
about 3%.

In the absence of ultrasound, increasing the temperétreC) led to a marked
rise in proteins (+28%while polysaccharideand polyphenolslecreasedhy ~15%
and ~11% respectively St ructur al Cc 0 mgheetstraseohy aboub c r e a
78%, and hydrophobicity more than doubled to 124%. At the same time, solubility
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increased sharply (+113%), indicating thermal disruption of -imadrix
interactions. These changes in composition and structure influenced the functional
properties. This resulted in a degraded interfacial behavior, with the adsorption rate
decreasing by 25%, an increase in equilibrium tension of al2étitdnd a reduction

of interfacial elasticity E by approximately 53%, indicating a structure less favorable
to interfacial cohesion. Emulsifying efficiency declindy 13% and stability
decreased by 28%. Regarding rheological properties, the network became
di sorgani zed: GNj col |l apsed (176%), ref
increased by 323%, characteristic of increased viscosity but a fragile network.
Thermal stability, however, increased by about 43%, as a consequence of the higher
presence of potential protémolyphenal polysaccharide complexes.

The effect of temperature under ultrasound 40 55 AC) showed t
extraction from 40 to 55 °C generated an entirely different structural behavior.
Protein content increased by 11%, polysaccharides by 20%, and polyphenols
decreasedby 19% due to thermal degradation or browning of phenolic compaounds
However, unlike thenee o ni ¢ at e dsheetdracdon detréased B§%, and
surface hydrophobicity remained nearly
structural modifications strongly affected the functional properties of the PPC.
Solubility increased sharplyy 140%, indicating partial dissociation of theotein
compact structures formed at 40 °C. Interfacial tension increased by 21%,
adsorption kinetics dropped by 61%, an
by about 45%, reflecting tharoteinpolysaccharidgolyphenol reorganizatioare
less adaptive at the interface. The EAIl decreased by 8% and the ESI dropped by
33 %. The i mpact of these modificati ons
decreased by 39%, while the consistency index K increased more théold5.5
Thermal stability, however, increased by 56%, indicating enhanced formation of
covalent bridges via oxidized polyphenols and modified proteins, potentially
promoting new proteiipolyphenai polysaccharidéinking.

The effect of ultrasound at 55 °C showed that the influence of ultrasound differs
radically from the behavior observed at 40 °C. Protein content remained stable
(10. 4%) , polysaccharides increased by
(0.5%) .-Sheets increased slightly (+4.8%), while surface hydrophobicity remained
near |l y unchanged (1T1%) . These struct
perfor mance of t he PPC. Solubility d
properties c¢ hainceeased sligikly (y1%), E detréased by %%, and
adsorption kinetics increased by 22%.
while stability (ESI) increased by 8%. Rheological properties were affected by these
mol ecul ar reorganizations, notably wit
increase in K, indicating a dense network, resistant to deformation. Thermal stability
increased by 12%, confirming thermonicated consolidation of the network.

Overall, ultrasound at 40 °C enhances flexibility, accelerates interfacial
adsorption, and improves film cohesion while preserving n&R€ integrity it
constitutes the optimal window for emulsified applications. In contfashperature
of 55 °C combinedwithout ultrasound leads to more crosslinked, denser, and
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thermally reinforced structures that may be better suited for gelled systems requiring
mechanical strength and thermal stability.

8.3.Originality and scientific contribution

This thesis demonstrated for the first time the existence of a novel native jprotein
polysaccharide complex (PPC) GAB, whose arabinogalactaprotein (AGP)like
nature was confirmed through a convergence of analytical tools: HPSEC showing
proteiri polysaccharide celution, FTIR revealing characteristic amide | and Il
bands, *H NMR detecting arabinose and galactose signals, and monosaccharide
profiles enriched in galactose (& 17.5
result is original as it positiorGAB as a previously undocumented source of PPC.

The methodological originality lies in the construction of a prdcasscturé
function model that finely connected extraction conditions to structural integrity and
functional performance. The identification of synergistic effects (40 °C +
ultrasound) andnontadditional effects (55 °C + ultrasound) highlighted that
ultrasound could either enhance protein exposure and interfacial cohesion or
mitigate thermal disorganization. These results provided a new mechanistic
understanding of thermsonication in complex matrices.

Finally, direct interfacial tension measurements against gum Arabic, the industrial
reference hydrocolloid, showed that PPC exhibited comparable interfacial
performance, with adsorption kinetics slightly faster than gum Arabic. This trend
was consistent with values reported for commercial gum ArdBiatel &
Dewettinck, 2016; Verbeken et al., 2003)his positioning represents a major
scientific contribution: proposing a native hydrocolloid that could be an alternative
to gum Arabic in the food industry.

8.4.Economic valorization and market potential

CAB is currently regarded as a lewalue agreindustrial residue, mainly used as
animal feed, compost, or simply discarded. However, the demonstration of the
existence of a native protéipolysaccharide complex (PPC) with advanced techno
functional properties (emulsification, viscoelastic behavior) repositions CAB as a
strategic resource for the production of innovative natural ingredients. This
requalification opens strong opportunities for economic valorization, substitution of
imported ingredients, and local development in producing countries, particularly in
West Africa.

8.4.1.Creation of a new highvalue ingredient

The results obtained in this thesis show that the PPC extracted from CAB displays
functional properties comparable to those of conventional natural complexes, such
as gum Arabic especially regardiimgerfacial behavior(Zie et al., 2025)It could
therefore be envisioned as:

o an emulsifying ingredient for food applications (beverages, sauces, dairy
and dairyfree analogues),
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0 a structuring agent for food and nutraceutical applications,
o a functional ingredient in cosmetic matrices.
The transition from an undealued residual fraction to a targeted technological
ingredient constitutes a major lever for value creafi@ble 81).

8.4.2.Quantitative potential and economic value creation

From a quantitative standpoint, Clte
tons of cashew nuts annually (Consei
corresponding to nearly 13.5 million tons of apples, assuming an average ratio of 9
kg of apple per kg of nut. In a deliberately conservative scenario where only 5 % of
these apples would be collected and processed, this would represent about 675,000
tons of apples treated per year. The solid fraction obtained after juice extraction
represents approximately 20 % of fresh mass, i.e. around 135,000 tons of fresh
bagasse. After drying, the material contains about ~90 % dry matter, corresponding
to approximately 121,500 tons of dry bagasse available for extraction. Considering
an overall extraction yield of approximately 20 % of prdtpivlysaccharide
complex Fig. 81) , the potenti al guantity of [
year, i.e. roughly 3.6 % of the processed raw mass. Using market prices of
functional natural hydrocolloids typically ranging between 3,000 and 6,000 USD/t
for exportgrade food gumgAccio, 2025)the theoretical economic value of PPC
derived from CAB would range between
year, even in a conservative configuration. In comparison, the global hydrocolloid
mar ket is estimated a(lMARC GtbGD20Mymedningb i | |
that this volume represents less than 0.1 % of the global market. However, for a
single byproduct stream in one producing country, this constitutes a strategically
significant potential.

8.4.3.Contribution to circular economy and development of
value chains

Extraction of PPC from CAB fully aligns with circukioeconomy principles and
biomass valorization strategies. It could contribute to: (1) reducing material losses
along the cashew value chain, (2) complementing nut valorization by integrating
applederived resources, (3) partially substituting imported PPC or hydrocolloids,
(4) strengthening local transformation industries.
This valorization pathway could support:
1 new direct and indirect employment opportunities,
1 deployment of decentralized mieextraction units in production zones,
1 emergence of territorial economic diversification models.
Thus, PPC derived from CAB is not only a promising functional ingredient but
also a lever for improved local revenue, enhanced industrial sovereignty, and
transition toward circular bioeconomy models within the cashew sector.
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8.5. Limitations and precautions

Certain methodological limitations deserve to be underlimagt material
variability remains a key challenge. The results reported here were obtained on
Ivorian CAB (red and yellow varieties). However, protein, polysaccharide, and
polyphenol contents may fluctuate significantly depending on genotype, growing
conditions, and podtarvest treatments. Such variability could affect both
composition (e.g., Ara/Gal ratios, polyphenol levels) and functional performance.
Systematic studies across origins and varieties will be necessary to ensure robustness
and reproducibility of PP®ased applications.

Finally, although the extraction reported here are promising the industrial
competitiveness of the process remains to be demonstrated. Energy costs associated
with ultrasound, process scalability, solvent recovery, and comparison with the
techneeconomics of conventional hydrocolloids (e.g., gum Arabic, modified
starches) need to be assessed in detail. A fultlitde and cosbenefit analysis will
be required before larggcale adoption.
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Chapter 9. Conclusions and perspectives

9.1.Conclusions

This thesis demonstrates that CAB, an abundant and underutilizaddyct, can
be transformed into a credible source of functional ingrediémitally approached
from a conventional Aprotein extract
revealed a robust signature: while alkaline extraction parameters (pH, temperature,
liquid/solid ratio, time, agitation) strongly influenced yield, protein purity remained
consistently low and increased only moderately at the isoelectric precipitation step.
This observation redirected the research question. Rather than pursuing purified
proteins, the focus shifted to the valorization of a natural piigielgsaccharide
complex (PPC) intrinsic to CAB.

For the first time, this work establishes the presence of an arabinogajaaiin
like PPC (AGRlike) in CAB, supported by convergent evidence from HPSEE (co
elution of proteins and polysaccharides), monosaccharide profiles rich in galactose
and arabinose, FIR (Amide I/l bands), andH-NMR signals. This reframing
enabled the development of a proé¢essicturéfunction approach, showing that
ultrasound and temperature can modulate composition and conformation (increased
b-sheet content, higher surface hydrophobicity), which translate directly into
improved interfacial performance (reduced interfacial tension, more elastic films)
and bulk rheological properties.

Two operating domains were identified. At 40 °C under ultrasound, the PPC
exhibited rapid adsorption, reduced interfacial tension, and enhanced emulsion
stability, making it particularly suited for emulsions systems in foods. At 55 °C
under ultrasound, the PPC developed greater mechamisistanceand thermal
endur ance (as shown by TGA, flow <co
characteristics more appropriate for applications sucthersnally stable gels and
structuring agents in seraolid formulations

Compared with reference hydrocolloids, particularly gum Arabic, ©KE
displayed close structural similarities and interfacial performances that were at least
equivalent and in some aspects superior, making it a credible candidate- for co
emulsification, substitution, or gmrmulation strategies. The main caveats (raw
material variability, ceextraction of polyphenols and tannins) do not undermine this
potential; instead, they highlight the need for pragmatic standardization using
molecular markers (Ara/Gal ratios, HPSEC fingerprints) and rapid functional
qualitcontr ol tests (interfacial tension

Beyond its scientific contribution identifying a native AGP in a tropical by
product and formalizing structurinction relationshipsthis thesis also carries
clear socieeconomi c i mplications. For Ctte d
CAB into a highvalue functional ingredient offers opportunities for cashew sector
diversification, partial substitution of imported hydrocolloids, and new income
streams for producers and processors. In shisiwork establishes the scientific and
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technological foundations for the sustainable valorization of CAB and opens
pathways for its industrial implementation through mild and adaptable extraction
processes suited to applications in the food sector.

9.2.Perspectives

The valorization of cashew apple bagasse (CAB) into a natural hydrocolloid
(CAB-PPC) is now underpinned by a detailed understanding of pictessuré
function relationships. The next step is to move from laboratory demonstration to
industrial translation, ensuring standardization, compliance, and-socci@mic
impact. These perspectives position GRBC not only as a credible alternative to
gum Arabic in selected applications, but also as a strategic resource for the Ivorian
bioeconomy and the broader scientific community working on food biopolymers.

x  Validation in real food matrices and broadening applications

CAB-PPC must now be validated beyond model emulsions. Applications include
beverages, sauces, dairy analogues, and-sipigy encapsulates. Robustness should
be tested under real processing constraints (pH shifts, ionic strength, thermal cycles,
freezéd thaw). Coformulations with lecithin, starch derivatives, or plant proteins
could create synergistic systems combining fast adsorption with high interfacial
elasticity, positioning CABPPC as a partial substitute for gum Arabic. Beyond
emulsions, its capacity for Pickering stabilization, foaming, andridaced gelation
should be explored to expand its use into aerated products, structured gels, and new
textures. Nutritional functions (digestibility, prebiotic potential of Ara/Gal motifs,
antioxidant protection of lipids) also deserve systematic study.

x  Safety, regulatory compliance, and consumer acceptance
Industrial adoption requires a full safety dossier. Chemical (metals, pesticides,
mycotoxins), microbiological (HACCP plan), and allergenic risk assessments (IgE
ELISA against cashew allergens) must be completed. Regulatory positioning should
emphasize functional analogy to gum Arabic, enabling smoother approval. Clear
technical documentation on variability, composition, and safety will be necessary for
EFSA/FDAtype submissions.

x  Raw-material variability and territorial anchoring

CAB composition is expected to vary with variety, terroir, and season. Mapping
this variability and defining blending or correction strategies will be essential to
guarantee reproducible performance. From an industrial perspectivesqailet
units integrated with juicprocessing workshops could stabilize bagasse (drying,
hygienization) and optimize watenergy balances. Techioonomic analysis
(TEA) and lifecycle assessment (LCA) will clarify the competitiveness of €CAB
PPC, quantify its environmental footprint, and highlight sagonomic benefits in

Citte doélvoire (import substitution, | oca
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