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Abstract

The global food system faces a critical sustainability challenge with significant food loss and waste,
substantially contributing to greenhouse gas emissiBlubal efforts aim to reduce this waste by adopting
circular economy principledndeed,the largge amounts of agricultural waste generated are rich in valuable
bioactive compounds like polyphenols and proteins, with applications in nutraceutical, pharmaceutical, and
cosmetic industrieS hisresearch focuses on valorizing underutilizeepbyducts fran Fruttagel®, an Italian
agri-food company processing many fruits (apples, apricots, peaches and tomato) and legumes (beans, green
beans, peas and soy).-Byoducts fronfruit juice (pomace, peels, etc.) and tomato sauce production (peels),
as well as legme byproducts (skins, leaves, okara), were analyzed and compared to final pradabtscal
methodologies, including Ultrasow#ksisted Extraction (UAE) for polyphenol recovery and
chromatographic methods (HPHOAD and UHPLCDAD-ESI-MS"), were developed and optimized for
chemical characterization and stability evaluation. The Total Phenolic Content (TPC) and Total Antioxidant
Status (TAS) assays were applied for functional screening. Protein content was determined using the Kjeldahl
method. Pegtide analysis was also conducted on fruitdsgducts.Chemical analysis revealed significant
amounts of different polyphenols in the-psoducts, such as chlorogenic acid in biological peach and apricot,
feruloyl glucaric acid derivatives in beans, flaats in green beans, and isoflavones in soy. Margrbyucts,
especially soy, also showed high protein content suggesting potential in nutraceuticals and cdemetics.
collaboration with the pharmaceutical comp&ajpharma S.p.Aan enteriecoated tableincorporating UAE

extracts as active ingredients was formulated, exploiting the prebiotic potential of polyphenols. Purification
and concentration methods for the extracts were optimized, and a "marker Tablet" strategy, employing a
substitute active ingdient, was used to evaluate tablet properties. The obtained results demonstrate the
significant potential of agifiood by-products as valuable and sustainable ingredients within a circukar bio
economy, highlighting their nutritional and functional bersefiir new formulations.
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1. STATE OF THE ART

1.1 CIRCULAR ECONOMY

1.1.1 From Waste to Resourc&heCircular Economy Approach to Food

The global food system facesignificantsustainability ballenge characterized by excessive food waste with
seriouseconomic and environmehtaonsequencés According to the latest report from the Food and
Agriculture Organization (FAO) of the United Natig2©22) approximately 14% daflobal food is lost during
harvest, production, and distribution, while an additional 17% is wasted by con&ufiéssresults in an

annual global food waste of 1.3 billion tones, with 90 million tones wasted in the European Union alone, as
noted in theFAQ report.

Historically, food waste was ofteégnoredor undervalued, with surplus food frequernigirectedo animal

feed or compost. However, growiadarmsover resourceeduction climate change, and food security have
encouragea paradigm shift

Moreover, concerning the climate change, thdEP FoodWaste Index2021 Repoff highlights the
significant contribution of unconsumed food to global greenhouse gas emissions, estimating that it accounts
for 8-10% of the totaf. This finding underscores the urgent need to address food waste as a critical factor in
climate changenitigation efforts®.

As a result, the United Nations General Assembly approved the Sustainable Development Goals for 2030,
which include a 50% reduction in food waste and at least a 25% reduction in food losses along supply and
production chair’s To address this challenge, advanced supply chain management practices have emerged as
a crucial strategy to optimize resource use and minimize ¥&aste

Moreover,in 2020 The European Commission exposed the new Circular Economy Action Plan (GEAP)
This initiative serves as a basis of the European Green Deal, a comprehensive strategy for sustainable growth
in Europé®. By transitioning to a circular economy, tB& aims to improve pressure on natural resources,
stimulate sustainable economic growth, create jobs, and contribute to achieving the 2050 climate neutrality
goal®. The CEAP outlinesthe circular economy processes, sustainable consumption practices, and waste
prevention, with the ultimate goal of maximizing resource use within the EU ecéhdimgcircular economy

model has been proposeas a framework for sustainable developmianshifting from a linear economy
(Figure 1 andFigure 2), where resources are extracted, used, and discarded, to a circular eatreoenaste

is minimized, and materials are recovered and réiis&this circular approach aligns with the principles of
sustainable development, promoting resource efficiency, reducing environmental impact, and enhancing

econony’,*2,
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1.1.2 Agri-Food Waste: A Source of Bioactive Compounds

In the context of the circular economy, the food sector emerges as a prime candidate for adopting sustainable
practices.Indeed, he food chainaboutproduction,treatmen, storage, processing, packaging, distribution,
marketing, and consumption, generates billions of tons of agricultural food waste annahllying plant
material such as fruitsjegetablescereals, and their derivativedhis waste streamepresents negative
impact on the environment and human health. Therefore, the idieaiofy innovative ideas for the reusé
food wastes ariseKnowing the unusedpotential ofagrifood by-products researchers have increasingly
focused on valorizing these residues into higlue productsAgri-food by-productsis a rich source of
bioactive compounds, including phenols, peptides, polyphenols, tannins, alkaloids, carotenoids, terpenes,
flavonoids, flavanols, anthocyanins, essential oils, carbohydrates, enzymes, fatty acids, dietary fibers, lipids,
biopolymers, nitrogen compounds, minerals, vitamins, amino acids, and other phytocons{iaehtgure
3). Among these bioactivemolecules polyphenols, particularly flavonoids and phenolic acids

2



(hydroxybenzoic and hydroxycinnamic acids), are of particular interest due teffieeirveantioxdant and
antimicrobial propertie¢d. These compounds offer significant potential for the development of nutraceuticals,
functional foods, and food additiveBy employing advanced separation, identification, and characterization
techriques, it is possible to extract and isolate these valuable bioamieeulesrom agri-food by-products
These extracted compounds can theadmzin manydifferentindustries, including food, pharmaceutical, and
cosmetic sectotsCurrent researchctivitiesare primarily directed towards the innovative applicatioagrf

food byproductsderived bioactives to create novel, higdlue products, thus contributing to a more

sustainale and circular food systém

Agri-food waste

Bioactive Biopol: . . Nitrogenous Vitamins Polysaccharides
compounds lopolypmers Snzmliezis Lipids compounds and minerals anhd enzymes
J
Starch
Glycogen
Polyphenols: He%eig:t?jzse Steroid Linolei id Caffeine Vitamins C, B.E. Pepsin
Phenolic Acids Pectin flfrfl'ds mlo elc ac!d Trigenelline and Minerals Cellulase
Flavonoids. Chitosan AB & ‘21' = Pao{mtlc a_(é" Free amines Ca. K, Mg. Fe, Pectinase
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Figure 3 The Chemical Composition of Agfbod Waste

1.1.3 Pharmaceutical, nutraceutical, and cosmetic applications of-ogrd byproducts

Thehigh amounbf bioactive molecules within agfbod by-productshas unlocked newathsfor ther usein

the pharmaceutical, nutraceutical, and cosmetic indusknésed, gri-food waste serves as a rich source of
phenolic compounds, including flavonoids and anthocyaniffese compoundbold a wide range of
therapedut properties, such as antibacterial, antifungal -eflammatory, and immunomodulatory activities,

as well as significant antioxidant potential, which can mitigate oxidative stress and cellular ‘§amage
Furthermoretheyhave exhibited antiviral properties, capable of inhibiting viral replication and cell infection.
For instance, flavonoid compounds like tangeretin, nobiletin, and hesperidin have shown promise as potential
antiviral agent§. In addition to their antiviral properties, bioactive compounds, particularly phenolic

compounds, present iagli-food wastehave potent antioxidant activityparticularly interesting for the
3



cosmetics industryThese compounds effectively neutralize free radicals and protect cellular components from
oxidative damag@. The cosmetic idustry extensivelexploitsantioxidants in formulations such as creams,
powders, and skin oils tpreventcellular aging and promote skin hedfthNotably, antioxidants, when
incorporated into sunscreen products, enhance UV protection, preventing collagen degradation and

photoagind’.

1.1.4 Valorization of AgriFood Byproducts fronfruttagel®

This research aims to valorize underutilizedpogducts and waste generated from the industrial production

of Fruttagel®, an agri-food company based in the EmilRomagna regionFruttagel® specializes in the
processing of fresh fruits, cereals, and legumes in@riadrange of products, including fruit juices, tomato
sauce frozen legumes, and plabésed milk alternatives like soy milkhe fruit samples provided by the
companyincludeda variety of cultivarsuch aspples, apricots, peaches, and tomatoes. Similarly, the legume
samplesncludedpeas, green beans, beans, and Athysamples wergrownusing three differentultivation

mehods bi ol ogi cal, convent ¥ dhesgractices diftein thétgpestamdmduntt e g r a
of pesticidesised Conventional agriculture is an intensive farmiingt maximize¢and use and yiekto meet

global food demandsiowever, this approach is often based on heavy use of chemical pesticithrsilaals,

leading to significant environmental concerns and high energy consufgtiazontrast, biological farming,
regulated by EU Regulation 2018/848,emergingas a sustainable agricultural alternative. This method
emphasizes the use of natural substances and processes, exploiting the soil fertility and respecting natural
cycles.Although biological systems may produce lower yields than conventional methods, they are generally
more environmentally friend#. "Lotta Integrata” (LI) offers another approach to agricultural production,
which represents a middle way between conventional and organic farming, aiming to minimize the use of
chemicds and reduce environmental impact. This strategy balances economic and production needs with
environmental and health consideratféns

Concerning fruits, te agrifood consortium providedy-products generated durirfiguit juice productior®,

The various processing steps involved in juice production result in the separation resficrrration of
different fruit components, leading to the formation of-gogducts with distinct compositions and
biomolecular profilegseeFigure 4)%4,

The specific fruit byproducts examined in this study inclugigle pomace comprising pulp, peels, seeds, and
stalks, constitutes approximately 25% of the total apple processed for juice prodittion

Peach and apricot pomaces composed primarily of pulp and peel tissues, account for approximately 10% of
the initial fruit weight used in juice pduictiorf®?’. Tomato byproducts consisting mainly of seeds (60%) and

skin (40%), repesent nearly 5% of the total waste generated during tomato paste prodstieRigure5).

These byproducts offer sigfiicant potential as sources of valadded compoundsich as plyphenolg®?7,2°

which possess a wide range of bioactivities that contribute to human health. Their primary functions include

4



antioxidant and photoprotective activities, which help combat oxidative stress implicated inaading
degenerative diseasésg!. Plantbased proteingvhich provide nutritional valu& . Indeed, hese peptides,

derived from planbased proteins, exhibit various bioactivitie.
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Regarding legumeshé¢ agrifood consortium provided samples of bdtans and green bearhéseolus
vulgarisL.) from the final production of frozen legumgeeFigure 6). The bean samples included both by
products (peels, leaves, hulls) and the final product for sale, while the green bean samples consisted only of

t he raw m

waste. Additionally, soy sampleswerepravid, speci fically isoy

initial source in soy milk production while the "legumefinpduct”, called okara, denotes the waste material

5



generated during the industrial processing st@ge Figure 7). The literature provides many examples
showing thatlegumewaste is still rich in active metaboliteS. Recent research by Sayegh et al. (2823)
investigated the impact of incorporating bean hull, aplpduct of bean prossing, into bread since it
represents a dietary fiber and metabolites, including polyphenols, source. These results demonstrated the
potential of bean pe@nriched bread in preventing chronic diseases revealing that regular consumption of
such bread careduced the risk of type 2 diabetes and the cancer development. In addition to bean hull, other
agricultural byproducts may still have potential for secondary applications in human health. For example, the
nutritional value and potential health benefitgiaen beans has been already demonstfabedeed, they are

rich in proteins, vitamingninerals, and dietary fiber, which have been linked to various health benefits, such

as reduced risk of cardiovascular disease, improved digestive health, and potential cancer fewdriteon

the majority of research focuses on the edible part, it is reasonable to hypothesize that greeprogaictsy

such as pods, may retain significant nutritional vaeiwen their similarity to the edible portion, it is likely

that they share similar biochemical compositions, including the presence of essential nutrients and bioactive
compoundsMoreover, the byproduct of soy processing, okara, has been the subjesterit wide research
regarding its potential for reusRecent literature studies have highlighted the potential of okara as a valuable
source of protein, carbohydrates, and bioactive compounds, including isoflavones. This nutritional profile
makes okaraa promising substrate for microbial fermentation and a versatile ingredient in various food
formulations. As reported by Swallah ef4lokara can be incorporated into a wide range of food products,
such as beverages, bakery items, meat products, and confectionery or used to promote gut health and preven
chronic diseases likdiabetes, hyperlipidemia, and obesity. Thus, okara represent a valuable food ingredient

and a sustainable solution for food waste.



& jE-

I (= wome
Manua'l pre- Ventilation Washing Buncl.1 Peeling —
sorting separation

Legume by-product

—~29 = L

Separation of Loading into
Optical sorting »  untrimmed tanel’( Cooking Cooling down

‘ greenbeans

Fresh Legume by-product

%o, =)

e
le=JL s

Manual (green
- beans) optical | . ) . Storage in the
> Draining N sorting (beans - 3 > Freezing » Storage in bins cell (-18°C)
peas

Cooked Legume by-product
pﬂ 4 =
4
Optical an_d N Packaging > Frozen legumes
» manual sorting

Figure 6 Fruttagel® Frozen Legumes production

2
=" |
e
¥
v * . . . Loading into
0] T Washing Roasting Hopper Soy hydration tank
o s P Centrifugal Loading into
¥ 1° Grinding »  2°Grinding Thermal break Decanter < tank

Soy by-product

— #) il #|
Steam heat . N . Storage into
treatment »  Flash cooling » Homogenization > Cooling oo

i
v
Soy milk

-

A

Figure 7 Fruttagel® Soy milk production



1.2 BIOACTIVE COMPOUNDS IN AGRI -FOOD WASTES

1.2.1 Polyphenols: chemical classification and beneficial effects on human health

In nature, plants producevariedrangeof secondary metabolites known as polyphenols. These compounds
are esential for plant survival and play critical roles@verabiological functionsindeed, plyphenols serve

as a vital defense mechanism against biotic and abiotic stressors, including infections, ultraviolet radiation,
and pollutants. Thepreventherkivores and pathogens through the emission of unpleadang®.

Furthermore, polyphenols significantly contribute to the sensayepties of plants and their derived foods.
Anthocyanins, for instance, impart thexd, blue, and purple coloobserved in fruits like strawberries, plums,
and grapes. Flavanones contribute to bitterness, as exemplified by olives, while proanthocgargdins
astringency, a characteristic flavorwihe™®.

From a chemical standpoint, polyphenols are organic compounds characterized by an arométtc oime

or more hydroxyl groups. Despite this common structural feature, pigidhexhibit remarkabhearietyand

are classified intonanysubgroups with distinct properties.

Polyphenols are primarily categorized into two major groups: flavonoida@mrflavonoids® .

A) FLAVONOIDS

Flavonoidspresenta characteristic fifteenarbon skeleton composed of two aromatic rings (A arfeiddire

8) linked by a heterocyclic pyran ring (€igure 8), resulting in aC6-C3-C6* structure.While the basic
structure of flavonoids is aglycone, they are predominantly found in plants in a glycosylated form, with sugar
moieties attached at various positias the flavonoid skeleton. The most common glycosylation sites are
positions 3 and 7. The types of sugars involved can incluti@mnose, Bylucose, glucorhamnose, galactose,

and arabinose.

The structuralariety of flavonoids, particularly in terms ofygosylation patterns, significantly impacts their

biological activitie&!,*2.

Figure 8 Flavonoids skeleton

The structuraVvarietyof flavonoids arises from variations in the linkage position between the heterocyclic ring

8



(C, Figure 9) and the second aromating (B, Figure 9), as well as the degree of unsaturation and oxidation
within the heterocycle. This structural variability gives rise to a widegrahgubclasses, including flavones,
flavonols, isoflavones, flavanones, flavails, anthocyanidins, and anthocyanins. Additionailyalcones,

which serve as biosynthetic precursors to flavonoids, are also considered part of th#,family
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Figure 9 Subclasses of Favonoids

Flavones

Flavones are characterized by a carbonyl group at the C4 position, a B ring linkeddtetheyclic ring at

C2, and a double bond between C2 andfgufe 8)*2. These compounds are primarily found in plants as
glycosides, with apigenin and luteolin beimgtableexamples Eigure 10)424,

Luteolin, in particular, stands out for its potent ability to modulate the immune response compared to other
natural compounds. It exhibits a wide range of pharmacological properties,ingchuatimicrobial, anti
inflammatory, antallergic, chemopreventive, chemotherapeutic, cardioprotective -diahitic, and
neuroprotective effects. Apigenin, another significant flavone, is recognized for Hefeamtimatory and
antioxidant propertiesyhich are mediated by inhibiting cytokine secretion and downregulating enzymes like
COX-2%. Additionally, apigenin has been implicated in various therapeutic and health benefits, showing
potentid efficacy against conditions such as diabetes, amnesia, Alzheimer's disease, depression, insomnia, and

cancef®,



Apigenin Luteolin

Figure 10 Apigenin and Luteolin: major flavones

Flavonols

Flavonols are characterized by unsaturation between C2 and C3 in the heterocyclic ring and a ketone group at
the C4 positior(Figure 8). Distinguishing them from flavones is the presence of a hydroxyl group at the C3
positiorf24%. The flavonol skeleton is essentially3anydroxyflavone. The hydroxyl group at position 3 can
undergo glycosylation or sugar binding.

Among the mostdocumentedand widely studied flavonols are quercetin, kaempferol, myricetin, and
isorhamnetinigure 11). Quercetin and kaempferol, in particular, exhibit extensive structural diversity, with
over 270 and 340 glycosidic forms, respectively, making them highly versatile comffou@dercetin,
isoquercetin, kaempferol, and myricetin play crucial roles in modulating oxidative stress and treating
inflammatory and infectious diseases. Kaempferol, sigadif, is known for its antinflammatory, anttumor,

and cardioprotective propertfés

Another notable compound is querceti-O-rutinoside, commonly known as rutin. Often referred to as
"vitamin P," rutin is known for its ability to reduce blood vessel permeability. It has been extensively

researched and marketed for its diverisarmacological effects
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Quercetin

OCH;

Myricetin Isorhamnetin

Figure 11 Flavonols

Isoflavones

Unlike most flavonoids, which have the B ring linked to the C ring at position 2, isoflavoresasaeterized

by the B ring being connected to the heterocyclic ring (C) at posifis@eBigure 8)*¢,4’. In plant, isoflavones

exhibit antimicrobial activity and are produced as a defense mechanism against bacterial and fungal attacks.
However, their occurrence is limited to specific taxa, primarily found in legumes. Soy and its derivatives, such
as soy milk, tofutempeh, and miso, are the primary dietary sources of isoflavones for Himans

Despite not being steroids, isoflavones share structural similarities with estrogens, pargstiadipl. This

similarity endows them with pseudohormonal properties, including the ability to bind to estrogen receptors.
Consequently, they are classified as phytoestrogens, or plant estrogens. The most abundant isoflavones in
legumes include genisteidaidzein, and glyciteifseeFigure 12), which can be found in both aglycone and

glycone form$¥'.

Genistein Daidzein Glycitein

Figure 12 Isoflavones
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Flavanones

Flavanones share structural similarities with flavones, featuring a carbonyl group at C4 but lacking a hydroxyl
group at C3(Figure 8). A key difference is the absence of a double bond between positions Z’and 3
Glycosylation in flavanones typically occurs through disaccharide substitution at positiomh€Se
compounds are primarily found in citrus fruits, such as oranges and lemons, contributing to the bitter taste of
their juice and pe#.

Most flavanones»dst in aglycone form, with naringenin and hesperetin beotgbleexamplesKigure 13)%.
Research suggests that flavanone consumption may be linked to a reduced risk of diabetes atfid obesity
Naringenin, in particular, has been extensively studied for its potential benefits against oxidative stress,
inflammation, neurological disorders, and esaly cardiovascular and metabolic diseases. dbisumented

for its ability to lower LDL cholesterol and triglycerides while raising HDL cholesterol and inhibiting glucose

uptaké®.
OH O\
HO o) HO O o
g OH
OH @) OH o]
Naringenin Hesperetin
Figure 13 Flavanones

Flavan-3-ols

Flavan3-ols, also known as flavanols, are a significant class of polyphenols characterized by a saturated
heterocycliaing (C, Figure 8) lacking a double bond between C2 and C3, and a carbonyl group at position 4
(Figure 8). They are often referred to as flavaols due to the hydroxydroup at the C3 position of the C

ring. Primarily found as aglycones, flavanols are abundanaimyfruits, including grapes, apples, blueberries,

tea, and cocoa beans.

The hydroxyl group at C3 introduces two chiral centers, distinguishing catechinspmateehins as
diastereomers. Catechins have a trans configuration, represented-date¢hin and -f-catechin, while
epicatechins have a cis configuration, represented bepieptechin and-)-epicatechin Figure 14)%.
Flavanols can also form conjugates with gallic acid, such as epicatechin galigi|oeatechin, and
epigallocatechin gallate

Catechins are the ajor polyphenols in tea, linked to its associated health benefits. Epigallocatechin gallate,
the most abundant catechin in green tea, is thought to play a significant role in reducing vascular inflammation,
lowering blood pressure, and decreasing oxidiZed levels. Similarly, flavanols in cocoa and chocolate have

garnered clinical attention for their potential in preventing cardiovascular and metabolic dfseases
12
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Figure 14 Flavan-3-ols

Anthocyanidins and anthocyanins

Anthocyanidins and anthocyanins are uniqgue among flavonoids due to the presence of two double bonds in
their heterocyclic rings. Anthocyanins, the glycosylated forms of anthocyanidins, are characterized by an
oxonium ion in theC ring Figure 8), contributing to their intense cofér They also exhibit specific patterns

of hydroxylation and methoxylation on the B ring. Variations in the number of hydroxyl groups and the
presence of sugar units, such as glucose, gak@cand arabinose, result in a diverse array of anthoc§fanins
Anthocyanins are responsible for the red, blue, and purple colors observed in varisuikdratrawberries,

plums, grapes, and radishes, as well as ceregetablesand flower petals. Their color can change with pH
levels, appearing red in acidic conditions and blue in basic condftidiese compounds are of significant
interest to humans due to their technological and health implications. From a technological perspective, they
influence the sensory propesief products, while from a health standpoint, they are believed to protect against
cardiovascular risk&

Chalcones

Chalconesepresent subclass of flavonoidsotablefor the absence of the-fihg, a characteristic feature of

the basic flavonoid structur&igure 15). This unique structure has led to their alternative name:-cipain
flavonoidg’. Key representatives of thitass include phloridzin, arbutin, phloretin, and naringenin chalcone
(Figure 155 These compounds are found in significant quantities in tomatoes, pears, strawberries,
cranberries, and certain wheat products.

Chalcones and their derivigs have attracted significant interest due to their various nutritional and biological

benefits. Dietary intake of flavonoids is considered a simple and safe method for potential disease ptevention
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Phloridzin

Naringenin Chalcone
Figure 15 Chalcones

B) NOT-FLAVONOIDS
Polyphenols share a structural backbone characterized by multiple hydroxyl groups attached to aromatic rings.
In contrast, nofilavonoidshavea single aromatic ring, while tannins feature multiple aromatic rings. This

family of polyphenolsncludesphenoic acids, stilbenes, lignans, atahning?,®,

Phenolic Acids

Phenolic acids are neditavonoid polyphenols characterized by a phenolic ring containing at least one
carboxylic acid group. They are primaritategorized into two main types: benzoic acid derivatives and
cinnamic acid derivatives, with @61 and CEC3 skeletons, respectivelfifure 16)°2,%,

While fruits andvegetablegprimarily contain free phenolic acids, cereals ardds predominantly contain
bound forms. These bound forms can only be released through acid or alkaline hydrolysis or enzymatic
actior??2. The main sources of phenolic acids include cramds pears, cherries, apples, oranges, grapefruits,
cherry and apple juice, lemons, peaches, potatoes, lettuce, spinach, coffee, tea, and cdffee beans

The most common hydroxybenzoic acid derivatinetude gallic acid, ghydroxybenzoic acid, protocatechuic

acid, vanillic acid, and syringic aéfd However, the levels of these hydroxybenzoic acids, whether free or
esterified, are generally low in edible plants. As a result, they have not been extensively studied and are not
currently considered to be of significant nutritiondévancé?,

In contrast, hydroxycinnamic acids are a predominant class of phenolppuaods, including caffeic acid,

ferulic acid, pcoumaric acid, and sinapic acid among the most corffifoThese hydroxycinnamic acids are
widely distributed in foods, with chlorogenic acid being the most abundant. Chlorogenic acid, a combination
of caffeic acid and quinic acid, is found in high concerdretiin various fruits and coffee

Interest in phenolic acids stems from their digant potential for food preservation and therapeutic
applications. Biological studies on hydroxycinnamic acids have explored their possible beneficial effects on

neurodegenerative diseases, highlighting theiriaflfammatory, antioxidant, and neuropeotive properties.
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Hydroxybenzoic acids are primarily recognized for their antioxidant capabilities, which may offer benefits in
managing chronic diseases. Additionally, epidemiological studies have revealed an inverse relationship

between the consumptiari hydroxybenzoic acids and the risk of cardiovascular diseases and Bbesity

Hydroxybenzoic acid Hvdroxycinnamic acid
o} o} o e}
HO. HO HO
HO HO HO HO
OH . )
p-coumaric acid caffeic acid
Gallic acid Protocatechuic acid o
o]
OH
o o o ~F
AP OH o S
o} ~ o OH
; Q)L ” TN L B
HO HO
o HO Ho nd OH
~
Ferulic acid
Syringic acid Vanillic acid Chlorogenic acid

Figure 16 Phenolic acids

Stilbenes

Stilbenes possess aC2-C6 structure, characterized by two benzene rings linked by a methylene bridge to
two carbon atoms. These compounds can exist in two isomeric forms: cis and traranTbeyound in both

free and glycosylated forms, with the latter being more abundant. Key dietary sources of stilbenes include
grapes, wine, soybeans, peanuts, beans, blueberries, and cratiberries

These substances function as antifungal molecules synthesized in response to infections or injuries.
Consumption of stilbenes has been associated with protection against oxidative stress relatesld®mage
diseases, as well as a reduced risk of hypsioe, diabetes, and obesity.

The most wellknown and extensively studied stilbene is resveratrol, renowned for its high biological activity

OH
S

and primarily found in grapes and red wit.

HO O
OH

Figure 17 Stilbenes
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Lignans

Lignans are a class nbnflavonoid compounds characterized by two phenylpropane units linked by a-carbon
carbon bondpbsiweensthe €8 of the pr-bpabendi déhuaés
chemical structure can be represented asGB8@&'. The C9 and C9' positions of lignans can undergo various
substitutions, resulting in a diverse range of structural forms. Primarily, lignans are found in aglyogne for
with a smaller presence of glycositfes

The primary dietary sources of lignans include oilseeds, particularly flaxseed, while secondary sources
encompass whe grains, legumes, anggetablesuch as garlic, asparagus, and carrots, as well as fruits like
apricots, pears, peaches, and strawberetabledietary lignans include secoisolariciresinol, matairesinol,
lariciresinol, pinoresinol, medioresinol, aggringaresindf.

In the plant kingdom, lighans are produced as secondary metabolites, serdigfgrasive functions against
pathogenic fungi and bacteria. They also possess antioxidant properties. Additionally, lignans are natural non
flavonoid phytoestrogens. Epidemiological and physiological studies in humans have demonstrated their
beneficial efects in preventing lifestyleelated diseases, such as type Il diabetes and certain estrogen
dependent tumors, including breast cancer in postmenopausal flomen

™o

OH ] OH
HO
HO O

O

Secoisolariciresinol Matairesinol
Figure 18 Lignans

Tannins

Tannins are watesoluble phenolic compounds with molecular weights ranging from 500 to 3000 Daltons.
They can fornmstrong complexes with carbohydrates and proteins and are classified into two main categories:
hydrolyzable tannins and condensed tannins.

Hydrolyzable tannins are esters of gallic and ellagic acids, including gallotannins and ellagitannins. Condensed
tannins, also known as proanthocyanidins, are oligomers or polymers composed of two to more than 200
flavan3-ol monomers. Additionally, a third group known as phlorotannins, composed entirely of
phloroglucinol units, has been isolated from various generaoufrbalgaé’ .

Proanthocyanidins significantly impact the sensory properties of foods by forming complexes with salivary

proteins. They are responsible for the astringent tasted in fruits such as grapes, peaches, persimmons,
16



apples, pears, and berries, as well as in beverages like wine, cider, tea, and beer, and even contribute to the
bitterness of chocolat®™,

Like many other polyphenols, tannins exhibit sevberalogical effects, including antioxidant, antimicrobial,
anticancer, and antinflammatory activities. However, it is important to be aware of the potential toxicity of
tannins when consumed in excess. Their ability to form complexes with proteins astivdignzymes may

disrupt normal physiological activities in the body, increasing the risk of adverse health effects. Generally, it

is not advisable to consume large quantities of tannins due to these potential health risks. Many questions about

tannins emain, as they have not been studied as extensively as simpler poly{¥henols

OH
OH

Figure 19 Tannins

1.2.2 StructureActivity Relationship of Polyphenols: Impact on Antioxidant Activity

The antioxidant properties of polypherfSlsre closely linked to their chemical structure, particularly the
number and arrangement of hydroxyl groups. The primary mechanism of antioxidant action involves the
scavenging of free radicals through hydrogen atom donation from the phenolic hydroxyfgrou

FFOH + RAAY+ FRH
where FOH represents the phenolic ©dmpsunte BAen® xthe
In phenolic acids, antioxidant activity is primarily determined by thmbrar and position of hydroxyl
groups’®® Gallic acid, with three hydroxyl groups, exhibits high antioxidant capacity. The electron
withdrawing nature of the carboxyl group in hydroxybenzoic acids glyeatecreases their -Honating
ability. In contrast, hydroxycinnamic acids, with the presence of the elesttodrawing but weaker
CH=CH-COOH side chain, tend to exhibit higher antioxidant activity than their benzoic acid countér3arts
The position of electrodonating substituents (such as hydroxyl or methoxy groups) on the aromatic ring
significantly influences antioxidant activity. Ortho and para substitutions generally enhance antioxidant
acivity by increasing electron density on the aromatic ring and facilitating hydrogen atom dohation

In flavonoids, antioxidant activity is significantly influenced by the arrangement of functional groups on the
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core structur®. Key structural featuresatributing to high radical scavenging capacity include:
1 B r i n-gate@hdl:, THedpresence of two adjacent hydroxyl groups on the B ring enhances radical
stability™®.
1 2,3double bond conjugated with ao%o function: This structural arrangement contréisuto electron
delocalization and increased radical stabifity
1 Free 3hydroxyl group: This group is crucial for hydrogen atom donation and subsequent radical
stabilizatior?®.
Structural modifications can significantly impact antioxidant activity . @xample, Gmethylation of hydroxyl
groups can decrease antioxidant activity by perturbing the molecular planarity and reducing hgtdnadieg
ability. Glycosylation typically reduces antioxidant activity due to steric hindrance and the removal of free
hydroxyl groups®. Conversely, increasing the degree of polymerization in compounds like proanthocyanidins
can enhance antioxidant activity against various radical sp&cies
Quercetin serves as a prime example of a potent antioxidant flavonoid, fulfilling all the critical structural
requirements. Rutin, the@-rutinoside of quercetin, exhibits lowantioxidant activity due to glycosylation.
Similarly, luteolin, lacking the -Biydroxyl group, demonstrates reduced antioxidant capacity compared to
guercetin. Flavai3-ols, which lack the 2;80ouble bond conjugated with theoo function, generally exhibi

lower antioxidant activity than flavondis

Bring 3'.4'-catechol: the presence of
two adjacent hydroxyl groups on the
B ring enhances radical stability

| OH
J Free 3-hydroxyl group: this group is
crucial for hydrogen atom donation

and subsequent radical stabilization

2,3-double bond conjugated with a 4-oxo
function: this structural arrangement
contributes to electron delocalization and
increased radical stability

Figure 20 Flavonoids structureantioxidant activity relationshii

1.2.3 Types of polyphenols in agiood byproducts under investigation

Knowing the potential of agifood by-products to contribute to a more sustainable fuftllewing the circular
economy perspectiyaumerousesearclstudies have investigated their valorization. This chapter reviews the
stateof-the-art research on bgroducts fromapples, peachapricots and tomatoes, highlighting their
polyphenolic contenreported inFigure 21, and theirsubsequenpotential applicationsn human health.
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Concerning apple,sareported by Szabo et®]its by-productshas been demonstrated torimh in phenolic
compounds with significant concentrations found in the seeds, peel and’B&emajorphenolic compounds

in apple byproductsinclude phlorizin from the dihydrochalcone family, chlorogenic acid from the
hydroxycinnamic acid family, and epicatechin from the flagasl family®®. Interestingly phlorizin represents
theprominent phenolic compound in apjpig-products making themttractive for nutraceutical applications,
given its potent antioxidant, astiflammatory, and antimicrobial properttésindeed, jlorizin has shown
particular promise in managing diabetes, owing to its ability to influence glucose absorption and excretion.
Literature sudies on diabetic mice have demonstrated that a phlaiziched diet can significantly mitigat
blood glucose spiké&s

RodriguezGonzalez et & led aresearclstudy onpeachoy-productgPrunus persica ), containingpeel and
remnant pulp revealing their richness in polyphenols and dietary filsgrecifically, these byproducts
exhibited high levels 08-O-caffeoylquinic acidchlorogenic acid)p-coumaroylquinic, and-fieruloylquinic
acids, as well as kaempferol derivatives. These findingderlinethe potential ofpeachby-products as
valuable sources of bioactive compounds for functional foods and food suppldeeaats juice byroducts,

in particular, due to their high polyphenol content, have been shown to mitigate obesiayed
complication&. A study reported in the literatdfedemonstrated that treatment of obese rats with hepatic
steatosis usingeachby-products resulted in significant hypoglycemic effects, improved insulin sensitivity,
increased hepatic glycogen content] decreased hepatic activity.

A researclreported in the literatuf&@has demonstrated the potential of apridtuus armeniaca ). by-
products, particularly the leaves, as functional nutraceutical and bioactive ingrethesstudy?* identified
twelve phenolic compounds in apricot leaywith 30-caffeoylquinic acid, 40-caffeoylquinic acid, and-5
O-caffeoylquinic acid being the mogtedominant phenolic compoundghese compounds are analogous to
those found in peach khyroduct§? (mentioned above)Additionally, apricot leaves were rich in quercedin
O-glucosides amh kaempferolGiven the similarity in polyphenol profilesf peach byproducts theseresults
suggest that apricot byroducts hold significant promi$er preventing cardiovascular diseases, diabetes, and
obesity?.

Literaturestudy’® indicates that tomato bgroducts are rich in polyphenols, particularly tomato peels, which
contain 83% of the total flavonoid content. While tomato processingrducts are primarily ¢h in
carotenoids, such as lycopene, the synergistic effects with other bioactive compounds, including polyphenols,
contribute to their overall antioxidant and antimicrobial activifieBhe valorization of tomato bgroducts
represents an opportunity isethese natural ibactive molecules for human healthimong polyphenols,
guercetin, naringenin, and rutin are the predomimamhpoundsn tomato peels and bgroducts. These
compounds exhibit significant antioxidant and antimicrobial propé&ttiesdditionally, due to their
hydrophobic nature, flavonoid polyphenols can penetrate bacterial cell membranes, exerting their antibacterial

activity within the cefi°
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Figure 21 Most common polyphenols fadiim fruit waste, based on previous stud?€s

Moving to legume sampléBigure 22), it has been already reported in literature by Colletti &tthht okara,

the by-product of soymilk production, is rich in polyphenols, particularly isoflavoresong them, the
specific isoflavones content in okara includg/cone isoflavones such as daidzein, genistein, and glyeitein

The pharmaceutical interest in these compounds stems from their role as phytoestrogens, which has been
extensively investigated in the literature. Isoflavones are believed to have potential benefits in preventing
hormonerelated cancers, osteoporosis, and mpansal symptoni

Species oPhaseolus vulgarik., includingboth beans and gnedeanshave been documentéat their rich
polyphenol content. A study by Yang efainvestigatedhe polyphenol composition of various bean species,
identifying a significant presence of both phenolic acids and flavonoids. While this study examingdehe e
plant matrix, it is reasonable to assume that beaprbgucts also contain substantial amounts of these
bioactive compounds

Zilani et al®®investigated the polyphenol content of peRism sativum ). Among thgohenolic compounds

found, ellagic acid has been shown to enhance pancesaiietion, increase glucose absorption and glycogen
storage in the liver and muscles, reduce glucose intolerance, and inhibit glucose absorption by inhibiting
glucosidas®. The flavonoid kaempferol has been reported to improve instititulated glucose uptake in
mature adipocyté$ while naringenin suppresses carbohydrate absorption from the intestine, exerting-an extra
pancreatic effeét. These finding suggest potential mechanisms underlying the antidiabetic activity of pea

extracts.
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Figure 22 Most common polyphenols found in leguand legume wate, based on previous
studie§>"*

1.2.4 Proteins and peptides

Proteins are macromolecules composed of linear polymers of amino acid residues linketiteyboep €.

They exhibit diverse structural levels, including primary, secondary, tertiary, and quaternary sffudtures
plants, proteins fulfill crucial roles, serving as enzymes, structural components, and functional molecules.
Moreover, they act as storage reserves to support the growth and developsesuliofys’. Plants possess

the biosynthetic capacity to synthesize all 20 proteinogenic amino acids, encompassing alanine, arginine,
asparagine, aspartic acid, cysteine, glutamic acid, glutamine, glycindjngsisoleucine, leucine, lysine,
methionine, phenylalanine, proline, serine, threonine, tryptophan, tyrosine, and’valihe unique
combination of amino acids, their sequence, and the intricate interactions between them determine the protein's
physicochemical properties, includingwutture, surface hydrophobicity, net charge, and the presence of
reactive group®. These properties, in turn, significantly influence the protein's biological funti@ased

on their structuratharacteristics, proteins can be broadly classified as globular, fibrous, or flexible. While
fibrous proteins are generally waiesoluble, globular proteins exhibit varying degrees of solubility in water,
acids, and bases. Notably, plant proteins predantly consist of globular proteins, often existing as
multimeric complexes linked by covalent bonds. These proteins are further categorized into distinct groups:
albumins (watesoluble), globulins (soluble in dilute salt solutions), prolamins (solubdgireous ethanol
solutions), and glutelins (soluble in dilute acids or alkalis, or insoluble in water). Albumins and globulins
constitute the major protein fractions in most pulses (>50%) and some pseudocereals (e.g., quinoa, amaranth).
In contrast, prolatins (predominant in wheat, maize, barley, and rye) and glutelins (predominant in wheat)
represent a significant portion of the total protein content in cereals and pseudéceregisnes, such as

beans, peas, and lentils, are recognized for their substantial patént2. Bioactive peptides, derived from
proteins, can be classified as endogenous or exogenous. Exogenous peptides are inactive within their parent

protein source but are released through proteolytic processes, such as fermentation, hydrolysis, and food
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processing. In contrast, endogenous peptedeert biological activities within the plant itself, playing roles in
defense mechanisms, cell division control, and reproductive processes. A vast array of both endogenous and

exogenous bioactive peptides has been identified in plant sources, indediats and legum®s

1.3 ANALYTICAL CHARACTERIZATION OF POLYPHENOLS AND PROTEINS

1.3.1 Pre-treatment and extractiotechniques

Extractin of bioactive compounds from plant matrices is a comgekdue to the inherent complexity of
these matricesindeed, fant matrices exhibit significant heterogeneitgcluding a different range of
compounds. Moreover,idactive compounds are oftenorfined within the inner cellularareasof fruit,
vegdablg and legumerequiringtargeted extraction processes for their refease

The suitability of an extraction technologgpend®n several critical factors, including the desired purity of

the extract, the physicochemical properties of the target compound, its localization witrégeted matrices

(both free and bound within kelar structures), and the economic feasibility and value of the resulting
product. Beforethe extraction processianypreliminaryprocedureor pretreatments are typicallyppliedto
enhance yiel®f bioactives extractédExamples of these operations include washing, cutting, size reduction,
and dryind’. It has been demonstrated thalappropriatessample preparation, including drying (freedtging

is generally preferred over aiirying to preserve phenolic content) and size reduction (milling, grinding) is
essential for efficient extractiéh

Extraction techniques atargely categorized into conventional and roonventional methods. Conventional

or traditional methodsnclude Soxhlet extraction, maceration, infusion, percolati decoction, steam
distillation, and hydrodistillatioh The problemsof conventional techniques include high organic solvent
consumption, stringent purity requirements, elevated costs, reduced extraction efficiency, prolonged
processing times, high temperatures, and the release of potesimlfgingesidued

On the contrarynorconventional extraction techniques such as supercritical fluid extraction (SFE), pulsed
electric fields (PEF), ultrasouraksisted extraction (UAE), microwaessisted extion (MAE), enzyme
assisted extraction (EAE), and pressurized liquid extraction (PLE) offer several advantages, including
economicfeasibility, enhanced safety, and innovative process design, making them increasingly preferred in
contemporary applicatiohsConcerning extractionodvent, selection is crucial, with factors like polarity and
compatibility with target compounds considered. Common solvents include methanol, ethanok, aceton
water. Additionally, ecidification of solvents (with weak acids like formic acid) is often necessary for
stabilizing and extracting compounds like anthocydfindany factors influene the extractionsuch as

solventto-solid ratiothat impacts extraction yield, with an optimal balance negpgadicle size amaller
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particle size generally enhances extraction efficieaey emperature and timenigher temperatures can
increase extraction rates but also increase the risk of compound degrédation

Furthermore, it is crucial to rigorously evaleahe economic feasibility and applicability of the extraction
process, particularly within sectors such as-mpyt and pharmaceuticals, where ensuring the production of
specific compounds with low or nenxicity is necessarfy

Regarding safety, the potential toxicity associated with different solvents in the extracts, coupled with low
yields, hasencourage@ growing interest in green and modern extraction technologies to maximize product
yield while minimizing the adverse environmental impact of solveFt®m an economic perspectibg

desired phytochemicals should be extracted using appropriate methods that facilitate the recovery of all value
added componentallowing the completeiseof agrifood wastes

Emeagentgreen extraction techniques are founded onthemmal principles, aimed at facilitating extraction
without the risk of overheating the waste matrix while simultaneously reducing energy constimptiong

the targeted solvents, water is frequently employed, with ethanol emergindassrite alternative.In
conclusion, nn-conventional extraction methods offer several advantages over conventional approaches,
notably enhanced stivity in the isolation of bioactive compoundfipwingthe production of safe extracts,

reduced energy consumption, and minimized environmental ifapact

1.3.2 Analytical characterizatiomf polyphenols

Following extraction, the potential of bioactive compounds cambasuredased on theicharacteristic
properties. In the case of polyphenols, antioxidant (radical scavenging capacity) and antimicrobial (microbial
inhibition) activities @ae of primary significance

Antioxidant activity is extensively investigated through the radical scavenging mechanisms of the active
compounds, employing methods such as thadipfeyl-2-picrylhydrazyl (DPPH) assay and the Za2inc
bis(3-ethylbenzothiazoling-sulfonic acid) diammonium salt (ABTS) assay. In addition to these, the ferric
reducing antioxidant power (FRAP) assay measures the capacity of bioactive compounds temnec iaresf

(Fe3+) to ferrous ions (Fe2+). Furthermore, the oxygen radical absorbance capacity (ORAC) assay evaluates
the ability of bioactive compounds to scavenge peroxyl radicals, resulting in a diminished level of fluorescence
inhibition within the reation®.

Traditional spectrophotometric assays offer convenient and rapid screening methods for quantifying classes of
phenolic compounds within crude plant extracts. However, the compleiipjant phenolic compounds,
coupled with their varying reactivity towards assay reageagsiiresheuseof adifferentrange of analytical
method#:. Several techniques are employed for the separation and identification of bioactive compounds,
including gas chromatograptmass spectrometry (GES), ultrahigh-performance liquid chromatography
(UHPLC), and attenuated total reflectance infrared spsotpy (ATRFTIR)®.
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Gas chromatography (GC) has been widely employed, particularly for the analysis of phenolic acids and
flavonoids. However, theharacteristidow volatility of the®e compoundsequiresderivatizationbefore the

GC analysis, such as methylation or trimethylsilylafion

High-performance liquid chromatography (HPLC) has emerged adatlmite technique for analyzing
phenolic compounds due to its versatility and reliability. Revepbese chromatography using C18 columns

is the most widelyisedapproach. Mobile phases tgplly consist of acetonitrile or methanol, often acidified

with acetic, formic, or phosphoric acid, to optimize separation. Both isocratic and gradient elution modes are
employed, depending on the complexity of the sample matrix. Hlb@ssimultaneousnalysis of multiple

phenolic compounds and their potential derivatives or degradation préducts

PRE-TREATMENT | » EXTRACTION i *  PURIFICATION | » ANALYSIS

Spectrophotometric assays

Air-drying Maceration FD, F-C, etc.
Freezedrying Soxlhlet SPE GC/LC/electromigration
Milling MAE Column chromatography with instrumental analysis
Grinding UAE CccC (UV/VIS, FLU, PDA, EAD,
Homogenization PFE (PLE/ASE, SWE, SFE) voltammetry, ECD, MS,
NMR)

Figure 23 From Sample té\nalysig®

1.3.3 Protein Extraction and Quantification from Plant Matrices

Several methodologies are employed for extracting filaséd proteins, including acid, alkaline, and ionic
strength modulation. Alkaline extraction, utilizing a medium with a pH significantly above the protein's
isoelectric point (pl), enhances proteinudility by disrupting electrostatic interactions. Conversely, acid
extraction exploits protein solubility at acidic pH values below the pl. Salt extracfloancesthe "salting

in" and "saltingout" phenomenon, where increasing salt concentratiomllgiincreases protein solubility
followed by precipitation at higher salt concentratifns

To improve extraction efficiency, various gireatmets areused including enzymatic and physical methods.
Ultrasoundassisted extraction (UAE) has gained significant attention due to its ability to disrupt plant cell
walls through cavitation, leading to enhanced protein retéase

Protein quantification in food samples is commonly achieved through the determination of total nitrogen
content. The Kjeldahl and Dumas methods are widely used forutpesg®. The Kjeldahl method involves

the conversion of organic nitrogen to ammonium ions, followed bylzase titration. The Dumas method
combusts the sample, releasing nitrogen gas, which is then quantified using a thermaivityndietector.
However, these indirect methods can overestimate protein content due to the presencgrofeimon

nitrogenous compoundske nitrates, nitrites, nucleic acids)
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Direct protein determination based on amino acidlyais offers a more accurate approach. This method
involves hydrolyzing the protein into its constituent amino acids, followed by their separation and
quantification using liquid chromatography (LC) with pestumn ninhydrin derivatizatidi. The protein

content is then calculated by summing the individual amino acid residues after subtracting the molecular mass
of water. Amino acid analysis provides a more accurate assessment of protein content as it eliminates

interference from noprotein nitrogenous compourfds
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2 DEVELOPMENT AND APPLICATION OF ANALYTICAL
M ETHODS FOR CHEMICAL AND FUNCTIONAL
CHARACTERIZATION OF POLYPHENOLS IN AGRI-FOODS

2.1 MATERIAL AND METHODS

2.1.1 Chemicals and Reagents

Methanol for HPLGMS, Water for HPLEMS, Acetic acid for HPLEMS, Methanol HPLC grad® 9 9 . 9 %,
met hanol O 99.8%, acetone HPLC grade O 99.8%, et/
99.0%, ABTS (2,2azinobis(3ethylbenzothiazoling-sulfonate), Trolox® (éhydroxy-2,5,7,8tetramethy
3,4dihydrochro men@-carboxylic acid),sdi um hydroxide O 98% in pellet
gallic acid O 95%, proitocamiechacicda®i 948 Oad®iadc at f a
acid O 98.0%, fecatechaoi @ ©9 90 %5 %j snp g er7c.i0t%,i ng e
O 97.0%, and phloridzin di hydrAdtica (T&fkiBcBen 5emang;r e p L
chlorogenic acid 098. 0% was purchased from Apoll o
purchased from Cayman Chemicahf Arbor, MI, USA). Foliri Ciocalteu reagent was purchased from VWR
Chemicals (Darmstadt, Germany); copper (I) sulfate pentahydrate and potassium sodium tartrate tetrahydrate
EMSUREE were purchased fr om-eMeirccakt g cDhhiens gl add@7t. jOriG ©r |
and apigenin O 97.0% were purchased from TCIl (Zwi
from HWI group (Rulzheim, Germany); )ut i n tri hydrate O 97% was purch
MA, USA); myrarciengeniOn 9% 7% and kaempferol O 98.C
(Kandel, Germany); and naringenin chalcone O 95%
Germany). Ultrapure (type 1) water for HPLC was obtained using a E)®cb UV system(Merck,

Dar mstadt, Ger many) . VWR Syringe Filter, nyl on,
(Milan, Italy). VWR Syringe Filter, PTFE, 0.22 &m

2.1.2 Equipment

The analytical HPLC system employed was Agilent 1260 Infinity, equipped with ChemStation software 3D
system Rev. B 04.03, G1312C 1260 Bin Pump VL, and G1315D 1260 DAD VL detector (Agilent, Santa Clara,
CA, USA), a Kinetex XBC18 column (4.6 mm x 150 mmgbm, 100 ) (Phenomenex, T
The Spectrophotometer: JascoMWS V-630 (Jasco Europe, Lecco, Italy). Ultrasound Bath: ElImasonic S 40

H (GEASS S.R.L., Turin, Italy). The centrifuge: Awel International MFR20nultifunction centrifuge
(MedWrerch, East Point, GA, USA). Freedeyer: Alpha 14 LO plus (Martin Christ, Harz, Germany).
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Rotatory evaporator: IKA Rotary Evaporators RV 10 basic (WAarke GmbH & Co. KG, Staufen im
Breisgau, Germanypionex UltiMate 3000 RS system including a Diode ArEetector (DAD) coupled to

a LTQ XLTM linear ionritrap mass spectrometBSI| ion source from Thermo Fisher Scientific (Waltham,
MA, USA). The Thermo XCalibur software, version 3.1.66.10 (Waltham, MA, USA), was employed for the
acquisition of mass chromat@gns and spectral data. Ultrasound Bath from Bandelin Sonorex (Berlin,

Germany); Analytical balance from Sartorius; Centrifuge from Heraeus Biofuge Pico (Barcellona, Spain)

2.1.3 Agri-food samples

Materials derived from fruits (such as apricot, peach, apple juice, and tomato sauce) and legumes (including
beans, peas, green beans, and soy) were suppli€dutbagel® S.C.p.A (Alfonsine, Italy). Thevegetal
matriceswere freezeadried by the supplierrad were then processed in two grinding steps. In the first step, a
domestic mixer was used to break down the solid materials and reduce their particle size. The second step
involved milling with the IKA Tube Mill 100 control to obtain fine powders. Thesegers were subsequently
cryo-lyophilized at-60 °C for 24 hours and stored-20 °C until further use. The fruit and legumeprpducts

(ByP), the final products (FinalP) and tl@vrmaterial (RM) being studieare listedm TablelandTable2.

Tablel Fruit samples

Sample Acronym
Biological by-product Ac-Bio-ByP
Apricot Conventional byproduct Ac-ConvByP
Biological final product Ac-Bio-FinalP
Conventional final product Ac-ConvFinalP
Biological by-product PchBio-ByP
Peach Conventional byproduct Pch-ConvByP
Biological final product Pch-Bio-FinalP
Conventional final product PchConvFinalP
Biological by-product Apl-Bio-ByP
Apple Conventional byproduct Apl-ConvByP
Apple final product Apl-FinalP
Biological peels T-Bio-ByP
LI* peels T-LI-ByP
Tomato Biological final product T-Bio-FinalP
Conventional final product T-ConvFinalP
Table2 Legume samples
Sample Acronym
Biological by-product B-Bio-ByP
Conventional byproduct B-ConvByP
Final product B-FinalP
Beans . . .
Biological fresh byproduct B-Fr-Bio-ByP
Biological cooked byproduct B-Co-Bio-ByP
LI* fresh byproduct B-Fr-LI-ByP
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LI* cooked byproduct B-Co-LI-ByP

LI* fresh by-product GB-Fr-LI-ByP

LI* cooked byproduct GB-Co-LI-ByP

Green Beans Biological fresh byproduct GB-Fr-Bio-ByP

Biological cooked byproduct GB-Co-Bio-ByP
Biological raw material SBio-RM
Soy Conventional raw material SConvRM
Biological by-product SBio-ByP

Biological freshby-product P-Fr-Bio-ByP

Peas Conventionafreshby-product P-Fr-ConvByP
Final product P-FinalP

Lotta integrata* is a croplefense practice that aims to reduce pesticide use through the implementation of

multiple measures. It is the intermedium between conventional and biological methodologies

2.1.4 UltrasoundAssisted Extraction (UAE) procedure of Polyphenols from-Rgdd Samples

Approximately 0.5 grams of each lyophilized sample was weighed (n = 3), and 4 mL of a 50:50 methanol:water
mixture containing 3.4% acetic acid (Solution A) was added. The resulting suspension was vortexed for 1
minute and then subjected to an ultrasorithi{fElmasonic S 40 H) at 25 °C for 15 minutes. Afterward, the
solution was centrifuged at 3680x g (4400 rpm) at 20 °C for 15 minutes, and the supernatant was collected in
a 50 mL Falcon tube. This process was repeated two more times. The residual bimfeasent a second
extraction step with 4 mL of a 70:30 acetone:water solution (Solution B). This mixture was also vortexed for
1 minute and treated with ultrasound at 25 °C for 15 minutes. The solution was then centrifuged at 3680x% g
(4400 rpm) at 20 °Cdr 15 minutes, and the supernatant was placed in a 50 mL Falcon tube. This extraction
procedure was carried out twice more. Once all six supernatants were collected, a final centrifugation at 3680x
g (4400 rpm) at 20 °C for 5 minutes was performed to renamy residual particles. The obtained extracts
were filtered through a nyl obottof flagkbanc dmed using & tary t r
evaporator at 40 °C followed by crophilization for 24 hours. The dried extracts were weighead fo
gravimetric determination and t hen sTheenteegprodedurep| as
is reported irFigure 24.

The UAE extraction method detailed above has been reported in the lit€&ture
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Figure 24 UltrasoundAssisted Extraction (UAE) procedure

2.1.5 Gravimetric Determination (Yield of Extraction)

»

Polyphenols ™
k/

/

Gravimetric determination was performed on all dried extrattsined through UAE to calculate the

extraction yield (%):

yield% = (grams of dried extract/grams of sample) x 100

The Gravimetric Determination has been reported in the litefatire

To performthe TPC assay, TAS assay, and HAREAD analysis, the dried extracts were reconstituted with
25 mL of a 50:50 mixture of Solution A and Solution B (v/v), as desciib&actior2.1.4

2.1.6 Total PhenolicContent (TPCAssay

The phenolic content of the extracts was measured following the procedure described by-Bedioifeet

al®. The method involves preparing two reagents: Reagemthgh reacts with proteins to eliminate their

interference, and Reagent B, which is #meactive with proteins, allowing for the measurement of
of three diffe

sodium potassium

pol yphen
100 mL of

ol s.
H O,

Bot h
(2)

reagents consi

7

g

of

st

tartrate

in 1 L of 0.35 N NaOH solution. To prepare Reagent A, these three solutions were combined sequentially in a

volume ratio of 1:1:100 (v/v/v). Reagebtwas prepared similarly, except that the first solution was replaced
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with deionized water. A standard calibration curve was created using gallic acid as the standard (MW: 170.12
g/mol), yielding solutions ranging from 15.71 to 31.43 pg/mL. Standard anplsaolutions were prepared
as described iGection2.1.4 and subsequently diluted 1:2 with deionized water. Each solution was prepared
in triplicate. Next, 400 uL of the standard or sample dilution was mixed with 400 pL of Reagent A. The same
procedure was applied for Reagent B. The samples and standsedthen incubated at room temperature in
the dark for 10 minutes. After incubation, 400 pL of Fb@iocalteu reagent (diluted 1:10) was added to all
standards and samples. This dilution was prepared just before the end of the incubation by miximg 2N Fol
with deionized water in a 1:10 ratio and stored in the dark. The reaction proceeded in the dark for 30 minutes
at room temperatur e, after which the absorbances
was prepared by adding 400 pL of wa#00 L of either Reagent A or Reagent B (depending on which was
used), and 400 pL of the Faii@iocalteu reagent diluted 1:1The absorbance values measured at 750 nm
(eemax) for Reagent A (AbsA) and Reag eeotprokinsaddb s B)
the absorbance of polyphenols following equations reported in the litétature

Abs proteins = 1.25 1T (AbsA 1T AbsB)

Abs polyphenols = AbsB 1 0.2 1T (Abs pr

The Abs polyphenols were used to determine the TPC valypsessed in mmol of gallic acid equivalents
( GAE) 100 gT1 1 o ffruitBample powdeéyVehiehinitHedase efdegumes, the TPC values
wereexpressed as mg of gallic acid equivalents (GAE)d dry extract (Ex£F. For legumes, expressing
TPC results over dry extraffExt) facilitated comparison with existing literature.

The TPC methodetailed above has been reported in the liter&ttfte

217 TAAABTSA+ Radi cal Cation Scavenging Activit

TAS was determined through the Trolox Equivalent Antioxidant Capacity (TEAC) assay by
spectrophotometric measur &m&mN solation of ABES saAtBvAsPrkpared a d i
in water, along with a 2.45 mM solution of potassium persulfate, using sonication for 5 minutes. The ABTS
stock solution (referred to as solution A) and the potassium peessifiaition (solution B) were then combined

in a 2:1 (v/v) ratio to produce the ABTSA+ radica
by incubating the mixture in the dark at room temperature for 8 hours. Before measurement, solution C was
diluted 1:3 (v/v) in ethanol to create a working solution (solution D) with an absorbance of approximately 0.7
at 734 nm (eamax) . A calibration curve was establ
dissolved and diluted in ethanoltoack ve f i nal concentrations ranging
along with Trolox solutions and samples (prepared in triplicate as outlirgetiion?2.1.4), was equilibrated

at 30°C using a thermomixer. The reaction was conducted directlyurvaect t e , in the dar k,
of each Trolox solution and sample to 1.0 mL of solution D (with an absorbance at 734 nm of 0.712). The

mixture was then gently mixed and allowed to stand for 1 minute before measuring the absorbances at 734 nm.
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Ethanolwas used as a blank for the measurements. After recording all absorbances at 734 nm, the change in
absorbance (&®Abs) and the percentage of i nhibiti
sample were calculated as follaws

& A bsn= A T{sample or Trolox solution)

and
I % = [73;(nnm>b]fﬂ0

A: control absorbance (ABTSA+);
Al: sample absorbance.

The TAS was expressed as mraglivalent ofTrolox (TE)1 00 g1 1 of dry weifgiht ( DW
powder?. While in the case of legumes, the TAS values weameseda s € mo | equivalent o
g1 1 of dr y¥ Fexagumes; éxpresding TAS results over dry ex(Ed) facilitated comparison

with existing literature.

The TAS method detailed above has been reported in the lie¢&fu

2.1.8 Liquid ChromatographiDiode Array Detection (HPLAD) Analysis of Polyphenols

TablelOreports the concentration of the 22 standard polyphenols whose separation was achieved with HPLC
analysis in gradient modd&he column tempeture was maintained at 20.0 £ 0.8 °C. The mobile phase
comprised 100% methanol (solvent A) and a 2% acetic acid agueous solution (solvent B). The optimized
gradient was as follows:-20% solvent A over the first 10 minutes, transitioning te486 solventA from

10 to 65 minutes, with a flow rate of 1.0 mL/ min.
out at five different wavelengths (& = 250 nm, 28
absorptions of the various standsin the mixture. Chromatographic peaks were identified by comparing the
elution order, retention times (RT), and WAs absorption spectra with those of the known standards. For
compounds without available standards, identification was based on phelastc or family spectral
parameters, and quantification was achieved using calibration curves from a member of the phenolic class that
had similar spectraas described by Monteffo For sample preparation, all extracts (25 mL each) were
concentrated by a factor of 10 and then filtered
20 eL from these sol ut i-DAD systemausderithe gesaldisheddthedograploc t h e
conditions. Samples were extracted in triplicate, and the resulting solutions were analyzed twice daily to
determine polyphenol content, following the previously described chromatographic conditions. The
concentration of each polyphenol in th@mples was determined by interpolating the peak area against the
respective calibration curve. The polyphenol content was expressgdlio0o g1 DW (DW) of the lyophilized

sample powder

TheHPLC-DAD chromatographienethod detailed above has been regabim the literatur.
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2.1.8.1 HPLC-DAD Method Validation

Sensitivity.The limit of detection (LoD) and limit of quantification (LoQ) were obtained by considering the
standard deviation of signals (LoD = 3.3 x (SD of intercept/m); LoQ = 10 x (SD of intercept/m); SD of intercept
= SE of iftercept I &N

Linearity. Stock solutions (SS) of each reference standard were prepared in 100% methanol to a concentration
of 1.5 mg mLIi1. Only apigenin was dissolved in 10
each standard were prepared using methanol: &@1t80 with 2% acetic acid (employed to avoid peak tailing).

The standard calibration curves were obtained by analyzing each standard in the linearity ranges described in
Table6. Calibration curves were then obtained via linear egstires regression analysig)(By plotting the

peak areas versus polyphenol concentrétion

Precision.The intraday precision was evaluated by analyzing the mean concentration of the linearity range
of each compound and diluted in 50:50 MeODH2% acetic acid on the same day (8)XTable8). The
inter-day precision was obtained by analyzing the same solutions two times a day on three different days for

one week (n = 6)Table7)%.

Accuracy (Recoverylhe % recovery was carried out &giding a 22 polyphenol standard mixture at a fixed
concentration (reported ifable9) in a vegetal matrix before and after being subjected to ultrasmsisted
extraction (n = 4), as reported $ection2.4. The obtained solutions were concentrated 10 times and injected
twice in the HPLCDAD system under the chromatographic conditiossritbed inSection2.9. The %
recovery (reported iffable9) was obtained using the following forméia

% Recovery = [(A post/AE/A preUAE)] x 100

A pre-UAE: peak area of standard spiked in the sample, obtained before UAE.-NABsipeak area of
standard spiketh the sample obtained after UAE

Specificity.The method specificity was determined using three vegetal nsatmples and comparing the
chromatograms obtained after injecting the -spiked and spiked samples, respectively. Moreover, each
sample analysis was followed by a double solvent injection. No signal at polyphenol retention times
demonstrated the absendeaay carryover effect.

TheHPLC-DAD chromatographienethod validation detailed above has been reported in the litéfature

32



2.1.9 Ultra High-Performance Liquid Chromatograpiiyiode Array DetectiofElectron Spray

lonizationtlon Trap Mass Speametry (UHPLCDAD-ESFMS)

Polyphenolic compounds in legume UAE extracts were analyzed using a UBIRDEESIMS" system.
Chromatographic separation was achieved on a Kinetex C18 column (50 x 2.1 mm, 1.7 pm) kept at 20 °C. A
gradient elution was employedsing a mobile phase consisting of 0.1% formic acid in water [A] and 100%
methanol [B] at a flow rate of 0.250 mL/min. The gradient profile started with 2% [B] for 5 min, increasing to
10% [B] at 7.78 min, 30% [B] at 9.72 min, 37% [B] at 14 min, 60% [B2Z&0 min, then dropping back to

2% [B] at 23.23 min and keeping this composition until the end (27 mimVid\épectra were recorded on a

DAD detector in the range of 18800 nm, with signal acquisition at 280 nm.

Mass spectrometric analysis was perfadmesing a linear ion trap mass spectrometer equipped with an
electrospray ionization (ESI) source. Both positive and negative ion modes were applied. The ESI source
parameters were set as follows: source voltage of 4.20 kV (positive) or 4.00 kV (negaidary
temperature of 330 °C, source heater temperature of 250 °C, sheath gas flow of 50 arbitrary units, and auxiliary
gas flow of 8 arbitrary units. Mass spectra were acquired over an m/z range0060

Regarding sample preparation, all UAE extsaof 25 mL were subjected to a-fithes concentration and
subsequent centrifugation at 13,000 rpm for 10 min before injection.

A semiquantitative analysisvas performed using DAD total scan chromatograms. Peak areas of standard
reference compounds witin&wn concentrations were compared to those of identified polyphenols in the UAE

extracts to estimate their relative amount employing the following equation:

: . ‘Q o : - X mrn o AQ
01 OO we MMiEL wQE o*m‘m&m%n 01 DAOQAWa N % ¢ OQE 00 DOV &) §\—L£,2

In the absence of a standard reference compound;ggemititative calculations were performed using the
areas of polyphenol standards from the same class or familgreausly reported by Mesquita and
Monteird*. The quantity of polyphenols was expressed in milligrams per 100 g of dry weight (DW) of the
lyophilized sample powder

The UHPLC-DAD-ESIMS" chromatographimethod detailed above has been reported in the lite¥ature

2.1.10 Analysisof Pesttide Residues

The procedure applied to determine pesticide content in UAE fruit extract was adopted from-thedagri
company,Fruttagel®. This procedureknown as UNI EN 15662 of 2018, originates from UNI (Ente di
Normagzione lItaliano)a private Italianassociatioff. This is a multimethod for detecting pesticidsidues
using gas chromatography (GC) and liquid chromatography (LC) after extraction.

A total of 10 mL of extract was combined with 10 mL of acetonitrile containing an internal standard,

Tetrakis(4chlorophenyl)carbohydrate (TPCC). Salts were then aduéuaket mixture for dehydration, and it
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was vortexed thoroughly. The mixture was centrifuged at 4000 rpm for 5 minutes, and the supernatant was
collected and dried under nitrogen. The resulting dry extract was solubilized in 1 mL of ethyl acetate, from
which 0.5 mL was injected for gas chromatographgss spectrometry (GES). The remaining 0.5 mL was

dried again under nitrogen and reconstituted with 0.1 mL of acetone and 0.9 mL of acetonitrile, followed by
filtration through a 0.45 um filter for HPL-®S anaysis. The analytical procedures for pesticide determination
using GEMS and HPLGMS were carried out entirely &ruttagel®, which provided the result$he legal
pesticide limit in food is 0.01 ppih

2.1.11 Evaluation of the Stability of Polyphenolic Compounds

Stability studies werperformedon both the UAE extractsdfer toSectior2.1.4 and the sample powder used
for the extractions. A single representative sample, the biological apjplebyct (AptBio-ByP), was used
to optimize the study. The results obtained fromdghimple were considered valid for all samples analyzed in

the project.

2.1.11.1 LongTerm Stability of Polyphenols in Stored UAE Extract

To evaluate the stability of the UAE extract, samples were stored in plastic falcon t@@e€dor 15 months
(t = 15 mth) Pdyphenol content was assessed at the beginning (t = 0) and at the end of the storage period (t =
15 months) using the HPLDAD chromatographic method descriiadsectior2.1.8 This analysis aimed to

investigate potential changes in polyphenol composition and stability over the extended storagEigerad

25).

2.1.11.2 LongTerm Sability of Polyphenols in Storeshmplepowder

To evaluate the stability of polyphenols in the powdered samples, two extractions were performed: an initial
extraction at time zero (t=0 months) and a subsequent extraction after 15 months of st&t@We iatits

original plastic container. The amount of polyphenols in each extract was determined using thBAIPLC
chromatographic methodéscribed irSection2.1.8. By comparing the polyphenol content between the two

time points, potential changes in polyphenol stability over thmasth storage period were asseq$égure

25).
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Figure 25 Lefthand side: HPLEDAD analysis of fresh extraction of powdered apple bio by
product vs. stored extract. Righand side: HPLEDAD analysis of the effect of UAE on freshly
extracted powdered apple bio-pyoduct and stored powdered apple biegrpduct

2.1.12 Statistical Evaluation

All results were expressed as the mean £ SD of 3 independent experiments. Statistical analyses were performed

using ordinary onev a y

ANOVA

and

Si

dakods

mul tiple

compari son

10.0 version (Graph®aPrism, San Diego, CA, USA) was used, andalues < 0.05 were considered

statistically significarff .
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2.2 RESULTS AND DISCUSSION

2.2.1 Characterization of Fruisamples

2.2.1.1 Gravimetric Determinatiod Extract Yield (%)of UAE fruit extracs

The graph presented Figure 26 compares the extract yield (%) from fruit-pyoducts with that of the final
products. The results indicate that the yields from therbgucts are significantly lower than those of their
respective final products, with the exception of peaciprmgluctsand their corresponding final products.
However, these bproducts still possess tipetential for further valorization. On the other hand, it was
expected that the final juice products would yield a higher amowetodctablematerial compared to their
by-products. In the cases of apricots and peaches, the extraction yields froapthdumts are slightly lower

than those from the final products, while the yield from the final produapmé(Apl-FinalP) is nearly 90%
(Table3). Notably, the unexpectedly low yield of the peach conventionarbgiuct (PchConvByP) may be
attributed to variations in the composition of the initial samples. Concerning tomatoegraotableortions

from the byproducts were expected to be significantly lower than those from the final products. This is because
tomato byproducts casist mainly of the peels and seeds, and no pulp remains in the waste, which differs from
the other fruit&.
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Figure 26 The yield (%) values of the extracts obtained from fruiptnducts (ByP) and final
products (FinalP) after ultrasoundssisted extraction (UAE). The results are the mean value of 3
extractions + SD of the same sample. *f¥ 0.0001; *** p < 0.005 *p<0.05. ns=not
significant®

Table3 Extract Yields (%) of UAE Fruit extraéts

Samples analyze Gravimetric Determinatiol
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Yield (%) +SD

(n=3)
Ac-Bio-ByP 49.8+7.29E01
Ac-ConvByP 52.6+4.23E+00
Ac-Bio-FinalP 78.0£2.53E+00
Ac-ConvFinalP 64.3£1.42E01
PchBio-ByP 50.7+3.57E+00
Pch-ConvByP 27.0+4.58E02
Pch-Bio-FinalP 54.1+2.31E01
Pch-ConvFinalP 50.7£1.59E01
Apl-Bio-ByP 47.7+4.65E+00
Apl-ConvByP 51.8+4.81E+00
Apl-FinalP 87.5£3.24E01
T-Bio-ByP 20.7+£9.08E01
T-LI-ByP 16.3+2.18E+00
T-Bio-FinalP 78.6£2.96E+00
T-ConvFinalP 82.1+2.55E+00

2.2.1.2 Total PhenolicContent (TPCof UAE fruit extracs

The calibration curve of standard gallic acid (1531 . 43 €g mLT 1) , obtained by
reported inSecton2 . 7, showed a |inear equation (y = 0.0512
eg mLT 1) 2x0.997handavas used totdemine the TPC of all the AE extracts Figure 27 (Table4)

showst he TPC values expressed as mmahpleAE 100 g1 1 D'
The TPC for those bproducts with a high pulp content, such as apricot and peagtodycts, was very high

and comparable to those obtained for their final products. In particular, in the case of apricots, the TPC values
of all theUAE extractsare very close to each other, indicating that the amounts of polyphenols remaining in
the byproducts are comparable to that present in the final products. As expected for apple samples, the by
products show lower but mowaluable TPC than the final prodacFor tomato samples, the TPC values of

the byproducts are significantly lower than those of their final products, which is explained, as said before,
by thecomposition of byproducts and by the low extraction yield observed in the gravimetric detaiomin
(Section2.1.5%,

37



mmol GAE 100g-1 DW

*
*
*
*
*
*
*
™1
*
*
*
*

*
*

L

o
%

Figure 27 Total phenolic content (TPC) values of extracts obtained from ByP and~Riel

ultrasoundassisted extraction (UAE). The results are the mean value of 3 extractions + SD of the
same sample. **** p < 0.0001. ns = not signific&ht

Table4 TPC of UAE Fruit extrac®

Total Phenolic Content

Samples analyze (TPC)
Average mmol GAE 100§DW +SD
(n=3)
Ac-Bio-ByP 5.14+1.71E01
Ac-ConvByP 5.42+3.22E01
Ac-Bio-FinalP 5.73+1.18E+00
Ac-ConvFinalP 5.52+1.34E+00
PchBio-ByP 6.06+4.71E01
Pch-ConvByP 4.99+1.58E01
PchBio-FinalP 7.87+1.05E+00
Pch-ConvFinalP 7.56+5.09E01
Apl-Bio-ByP 4.68+3.34E01
Apl-ConvByP 4.25+4.97E01
Apl-FinalP 7.38+1.04E+00
T-Bio-ByP 1.42+5.98E01
T-LI-ByP 1.9949.35E02
T-Bio-FinalP 5.35+2.95E01
T-ConvFinalP 6.27+8.81E01

2.2.1.3 Total Antioxidant Status Assay (TASU®E fruit extracs

The calibration curve of Trolog0.742 3. 73 e M) was performed to obtain
3.3127; LoD = 0.04 ¢M; LoQ = 0.11 ¢ M; R2 BAEO. 99 3.
extracts whi ch was expr essed Fgure28(iable5) Shows the KAS talu@s fog 1 1 L

all the UAE extractsobtained following the methodology describedSection2.1.7. Overall the results
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showed that final products display a similar TAS value compared to that of-firedhycts, except for Peh
Bio-ByP. This is an interesting result since the TPC levels evaluated for both the ByPs andiairafBand

to be significantly different for all the fruit samples except for apricot pro#fucts

515- NS NS %%k NS NS NS NS ns
10
IR
: NN TNAR
g 541 §§T\\
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Figure 28 Total antioxidant status (TAS) values of extracts obtained from fruit ByP and FinalP
via UAE. The results are the mean value of 3 extractions + SD of the same sample. ** p < 0.005.
ns = not significart®

Table5 TPC of UAE Fruit extract

Total Antioxidant Status
(TAS)

Samples analyze
Average mmol Trolox 100§DW +SD

(n=3)

Ac-Bio-ByP
Ac-ConvByP
Ac-Bio-FinalP
Ac-ConvFinalP

5.04+5.58E01
6.12+1.26E+00
7.51+9.60E01
8.51+1.14E+00

Pch-Bio-ByP
Pch-ConvByP
Pch-Bio-FinalP
Pch-ConvFinalP

6.73+1.05E+00
6.88+1.69E+00
10.57+1.17E+00
8.66+1.93E+00

Apl-Bio-ByP
Apl-ConvByP
Apl-FinalP

7.06+£7.96E01
4.95+5.69E01
5.98+1.10E+00

T-Bio-ByP
T-LI-ByP
T-Bio-FinalP
T-ConvFinalP

2.27+3.65E01
2.53+3.69E01
4.21+1.66E+00
2.94+7.71E01
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2.2.1.4 Relationship Between Total Phenolic Content, Antioxidant Activity, and Individual Phenolic
Compounds in Fruit Byroducts

In general, it can be noted that peach samples tend to have the highest antioxidant activity, followed by apricot

ones. For almost all thgAE extracts it is interesting to note that the 4pyoducts exhibit a TAS value

comparable to that of the final pnatts. This feature observed for applefrgducts is in contrast to the

previous results, where AglinalP revealed the highest difference between thgrbgiuct and final product

related to the extract yield (%) and to TPC values. The unexpectedly higlvdlae obtained for these-by

products may be explained by the composition of such extracts. Indeed, desiBie,FRthhConv, AplBio,

Apl-Conv, T-Bio, and FLI by-products having lower TPC values than their final products, they may contain

a remarkablgercentage of phenolic compounds, such as flavonoids, whose chemical structure is linked to a

higher capacity of scavenging free radiea$ The analysis of the graph reportedrigure 29in which TPC

and TAS values are correlated, indicates that a higher content of phenolic compounds might not be necessarily

related to a higher antioxidant activity. This aspect confirmsrtipmitance of characterizing the bioactive

compounds since the type and the nature of the polyphenol contained in the sample might influence the TAS

values greatly. Other important considerations that can help in considesprgdiycts for their valorizain

have to be conducted on the results obtained by correlating the TPC values to the extract yklgli(o) (

30). According to the results previoudsliscussed, a higher yield of extraction does not necessarily relate to a

proportional increase in the content of phenolic compounds. This observation is more evident for the peach

and apricot samples studied, whereas for apple and tomato samples, adrighetion is visible between by

products and final products.

The TPC value for each group of samples was also correlated to the sum of the individual phenolic compounds

(SPC) determined by HPLOhe graphs reported Figure 31 suggest a good correlation between the TPC

and the Sum of the individual quantities of Phenolic Compounds (SPC) values except for apricot (Ac) samples.

A TPC assay is indeedqaick method, which can be used for a preliminary indication of the polyphenol yield

when optimizing the extraction, but many chemically similar compounds interfere with the tesresults

Therefore, the HPLC method is strictly required for an accurate quantification of polyphenols. The difference

in TPC and SPC can be ascribed to all the compounds that interfere in tles§dBCas well as to the types

and levels of interferents, which depend on the natural source of the xfrhit evidence allows for the

characterization of the samples from both a chemical and functional point of view, thus optimizing the reuse

of the studied byroducts in a circular economy prospéidtis discussiomas been reported in literatéte
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A) PEACH SAMPLES B) APRICOT SAMPLES
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Figure 31 Correlations between the Sum of Individual Quantities of Phenolic Compounds (SPC),
as determined by HPLOAD, and the Total Phenolic Content (TPC) values. Each graph
corresponds to the results obtained for both fruidpbgducts ad the final products of each
sample type: A) peach samples; B) apricot samples; C) apple samples; D) tomato samples. The
results are expressed as the mean value of three replicates{n=3)

2.2.1.5 HPLC-DAD Method Validation

The results of the HPLLOAD analytical method validation, as describedheSection2.1.8.1 are

presented belowAll results have been reported in literatdre

Sensitivity and Linearity.

Table6 Data concerning calibration curves of polyphenols standards including LoD and LoQ

valueg®
rt  Linear Rang N , LoD LO(
Std Compound & (min)  pg mLt Calibration Curves R (g mLY)

1 Gallic Acid 280 3.685 31.60240.00y = 71.466x + 198.80.9994  10.40 31.60
2 Protocatechuic aci 250 6.175 7.00100.00 y = 44.709x + 49.350.9998  2.30 7.00
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3 (+)-Catechin 280 9.324 19.46240.00y = 19.454x + 52.850.9998  6.40 19.40
4 Chlorogenic acid 320 10.59749.96300.00y = 84.437x + 353.80.999¢  16.50 49.90
5 Caffeic acid 320 11.522 3.6060.00 y=127.5x +74.5820.9998 1.20 3.60
6 (-)-Epicatechin 280 12.20410.76128.00y = 14.039x + 21.120.9997  3.50 10.70
7  P-coumaric acid 320 14.982 0.60-10.00 y =241.61x +23.810.999¢ 0.20 0.60
8 Ferulic acid 320 16.484 2.6032.00 y=99.2x+35.8380.9998 0.90 2.60
9 Hyperoside 250 24.97% 7.30150.00 Y=49.26x +44.5290.999¢  2.40 7.30
10 Isoquercitrin 250 25.828 2.8040.00 y =49.507x +17.740.9998  0.90 2.80
11 (+)-Rutin Trihydrate 250 26.301 5.0064.00 y =37.121x + 13.260.9998 1.70 5.00
12 Phloridzin dihydrate 280 27.814 7.30:96.00 y =41.09x + 44.0110.9998  2.40 7.30
13 Transcinnamic acic 280 32.30€ 1.5024.00 y = 156.96x + 30.130.9998  0.50 1.50
14 Quercitrin 250 32.93413.30256.00y = 31.202x + 64.340.999¢  4.40 13.30
15 Myricetin 370 33.91%5 7.50128.00 y =118.7x-39.818 0.999¢ 2,50 7.50
16 Daidzein 250 37.583 8.50160.00 y = 111.22x + 142.70.9999  2.80 8.50
17 Naringenin 280 44.20C 5.2064.00 y=64.552x ¥39.8 0.9998 1.70 5.20
18 Genistein 250 50.684 7.7096.00 y =160.73x +172.30.9998 2,50 7.70
19 Hesperetin 280 50.70212.60160.00y = 114.62x + 213.90.9998  4.20 12.60
20 Naringenin chalcon 370 57.58% 8.1096.00 y =125.18x +120.40.9997 2.70 8.10
21 Kaempferol 370 60.822 5.3096.00 y =193.95x + 70.830.999¢ 1.70 5.30
22 Apigenin 320 65.028 6.7096.00 y=112.74x + 66.400.9998  2.20 6.70
Precision.
Table7 inter-day variation of polyphenols standaféls
Conc. Day 1+SD Day 2+SD Day 3+SD Average of Areas +SD
Std Compound RSD%
pg mL?t n=2 n=2 n=2 n=6
1 Gallic acid 120 8749.600+£2.022E+01 8770.900+8.771E+03 8877.750+1.768E+00 8799.417+6.8670E+01 0.78
Protocatechuic
acid >0 2299.750£1.520E+01 2336.500+6.081E+00 2383.950+5.586E+00 2340.067+4.2213E+01 1.80
3 (+)-Catechin 120 2540.800+5.233E+00 2566.450+9.19260)1 2584.700£1.980E+00 2563.983+2.2054E+01 0.86
4 Chlorogenic acid 150 10681.000+1.273E+0: 10687.000+1.414E+0. 10800.500+1.202E+0. 10722.833+6.7328E+0. 0.63
5 Caffeic acid 30 3792.800+5.233E+00 3915.350+1.690E+01 4068.600+7.071E+00 3925.583+1.3818E+02 3.52
6 (-)-Epicatechin 64 986.350£1.216E+00 994.080+1.004E+00 1001.700+1.556E+00 994.043+7.6751E+00 0.77
7 p-coumaric acid 5 1091.650+1.485E+00 1125.650+4.738E+00 1172.500+5.233E+00 1129.933+4.0595E+01 3.59
8 Ferulic acid 16 1583.900+1.41481 1591.300+5.657801 1605.300+2.404E+00 1593.500+1.0868E+01 0.68
9 Hyperoside 32 3769.550+£2.072E+01 3868.150+1.237E+01 4023.700+1.442E+01 3887.133+1.2813E+02 3.30
10 Isoquercitrin 20 970.415+£1.973E+00 974.000+2.404E+00 983.190+3.437E+00 975.868+6.5892E+00 0.68
(+)-Rutin
t Trihydrate & 1200.200+9.192E+00 1228.400+1.556E+00 1236.450+2.044E+01 1221.683+1.9036E+01 1.56
Phloridzin
12 dihydrate 48 2127.250£1.025E+01 2154.050+3.465E+00 2192.750+4.313E+00 2158.017+3.2930E+01 1.53
Transcinnamic
13 acid 12 1895.150+2.758E+00 1904.300+5.65781 1925.250+1.061E+00 1908.233+1.5431E+01 0.81
14 Quercitrin 128 3866.200£3.111E+00 3993.500+1.202E+01 4156.050+1.421E+01 4005.250+£1.4528E+02 3.63
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15 Myricetin 64 7852.050+3.316E+01 7901.650+4.525E+00 7995.650+9.405E+00 7916.450+7.2935E+01 0.92
16 Daidzein 80 32849.500+4.738E+0: 32660.000+2.121E+0. 32715.500+5.162E+0. 32741.667+9.7422E+0. 0.30
17 Naringenin 32 2118.750+4.830E+01 2080.700+2.8288€1 2103.000+1.414E+01 2100.817+1.9119E+01 0.91
18 Genistein 48 7557.650+7.071€2 7787.400+1.966E+01 8103.000+3.154E+01 7816.017+2.7380E+02 3.50
19 Hesperetin 80 9721.650+1.153E+01 9865.300+4.525E+00 10028.500+1.626E+0. 9871.817+1.5353E+02 1.56
20 Naringenin 48
chalcone 14759.50042.051E+0: 14712.500+1.626E+0. 14685.500+7.07191 14719.167+6.8670E+0: 0.25
21 Kaempferol 48 18385.000+4.243E+0. 18365.500+2.616E+0. 18396.500+2.051E+0. 18382.333+4.2213E+0: 0.09
22 Apigenin 48 12293.0004£3.536E+0. 12324.000+7.071E+0( 12331.500+2.616E+0. 12316.167+2.2054E+0: 0.17
Table8 Intra-day variation of polyphenols standaféls
) Average of Areas
Concentration Area 1£SD Area 2+SD Area 3£SD
Std  Compound +SD RSD%
pg mL? n=2 n=2 n=2
n=6
1 Gallic acid 120 8892.8+4.09E+01 8982.250+1.28E+02 9046.850+8.59E+01 8973.967+7.74E+01 0.86
Protocatechuic
2 " 50 2341.800+3.39E+00 2372.150+2.69E+01 2382.800+2.88E+01 2365.583+2.13E+01 0.90
aci
3 (+)-Catechin 120 2660.450+7.97E+01 2773.100+1.03E+02 2820.950+1.10E+02 2751.500+8.24E+01 2.99
Chlorogenic
4 " 150 10846.000+£1.20E+071 10947.500+7.00E+0] 11004.500+1.03E+0z 10932.667+8.03E+01 0.73
aci
5 Caffeic acid 30 3889.550+5.16E+00 3947.250+2.30E+01 3956.350+2.45E+01 3931.050+3.62E+01 0.92
6 (_)__ ) 64 1033.600+3.82E+00 1075.700+3.97E+01 1093.750+4.31E+01 1067.683+3.09E+01 2.89
Epicatechin
p-coumaric
7 " 5 1119.300+1.70E+00 1137.150+6.15E+00 1138.850+7.42E+00 1131.767+1.08E+01 0.96
aci
Ferulic acid 16 1657.900+3.11E+00 1726.650+6.46E+01 1754.800+6.99E+01 1713.117+4.98E+01 2.91
Hyperoside 32 3854.450+9.97E+00 3900.450+1.34E+01 3900.750+2.24E+01 3885.217+2.66E+01 0.69
10 Isoquercitrin 20 991.735+2.88E+00 998.445+5.87E1 995.775+4.28E+00 995.318+3.38E+00 0.34
(+)-Rutin
11 i 75 1214.800+2.01E+01 1215.900+1.56E+01 1233.100+3.41E+01 1221.267+1.03E+01 0.84
Trihydrate
Phloridzin
12 48 2159.450+1.91E+00 2185.950+2.50E+01 2196.700+2.86E+01 2180.700+1.92E+01 0.88
dihydrate
Trans
13 ] ) ) 12 1929.350+4.88E+00 1951.500+1.20E+01 1955.800+1.67E+01 1945.550+1.42E+01 0.73
cinnamic acid
14 Quercitrin 128 3977.650+7.14E+00 4032.650+1.85E+01 4033.200+2.57E+01 4014.500+3.19E+01 0.79
15  Myricetin 64 7676.300+4.67E+00 7651.850+5.95E+01 7709.900+4.98E+01 7679.350+2.91E+01 0.38
16  Daidzein 80 33093.500+2.98E+0z 33054.500+5.37E+0z 33116.000+6.18E+0z 33088.000+3.11E+01 0.09
17  Naringenin 32 2287.850+7.078€2 2301.250+1.90E+01 2283.350+7.45E+01 2290.817+9.31E+00 0.41
18 Genistein 48 9083.350+1.05E+03 8975.550+1.20E+03 8953.250+1.23E+03 9004.050+6.96E+01 0.77
19 Hesperetin 80 9801.900+2.15E+02 9627.500+1.22E+02 9673.050+2.76E+02 9700.817+9.05E+01 0.93
Naringenin
20 hal 48 14718.000+3.82E+01 14724.500+7.07801 14729.500+6.15E+01 14724.000+5.77E+0C 0.04
chalcone
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21
22

Kaempferol 48 18548.500+2.74E+0z 18579.000+3.28E+0z 18613.500+3.27E+0z 18580.333+3.25E+01 0.18
Apigenin 48 12423.000+2.19E+0z 12466.000+2.08E+0z 12487.500+2.47E+0z 12458.833+3.28E+01 0.26

Accuracy (Recovery).

Table9 %Recovery of HPLDAD data®

Concentration % Recovery=SD

Standard
Compound Mg mL-1 n=2 RDS%

1 Gallic Acid 7.031 103.16+5.42E+00 2.20
2 Protocatechuic acid 2.813 91.71+7.73E+00 6.11
3 (+)-Catechin 15.625 92.81+1.20E+01 5.27
4 Chlorogenic acid 2.344 92.47+4.94E+00 5.53
5 Caffeic acid 0.938 91.7241.21E+01 6.10
6 (-)-Epicatechin 7.031 101.67+1.73E+00 1.17
7 p-coumaric acid 0.469 104.44+1.23E+01 3.07
8 Ferulic acid 1.406 100.36+9.06ED1  0.25
9 Hyperoside 9.375 93.95+2.13E+00 4.41
10 Isoquercitrin 9.375 97.94+5.80E+00 1.47
11 (+)-Rutin Trihydrate 4.688 100.48+1.87E+00 0.34
12 Phloridzin dihydrate 7.031 104.35+7.66E+00 3.01
13 Transcinnamic acid 1.875 90.54+2.65E+01 7.02
14 Quercitrin 14.063 95.50£1.23E+01 3.25
15 Myricetin 4.950 101.29+5.95E+00 0.91
16 Daidzein 4.250 99.63+1.81E+01 0.26
17 Naringenin 1.875 99.724+6.42E01 0.20
18 Genistein 3.645 99.204+2.72E+01 0.57
19 Hesperetin 7.050 99.75+5.46E+00 0.18
20 Naringenin chalcone 4.125 90.78+1.35E+01 6.84
21 Kaempferol 3.000 101.63+5.30E+00 1.15
22 Apigenin 3.300 102.06+6.96E+00 1.44

2.2.1.6 Characterization of fruitJAE extractdoy HPLGDAD

To determine the polyphenolic content profile of ed&E extracts an optimized and validated HPLTAD

method was employed. A mixture consisting of 22 standard compounds was used to optimized the
chromatgraphic conditions. The chromatographic separation of this reference standard mikustdted

in Figure 32. TheHPLC analysis, conducted according to the conditions outlin8détior2.1.6, successfully
separated and identified all 22 compounds in under 70 minutes. Although hesperetin (Eeakded)istein
(peak 19) were overlaid, quantification remained
and 370 nm, respectively. The chromatographic method was validated for sensitivity, specificity, linearity,
precision, and recoverwith detailed data provideitt Table10 (Section2.1.8.]. The resultsndicated that

t he met hod was sensitive, wi t h [ i mi t s of det ect
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guantification (LoQ) bet weneasses3ed bothanhadd indefilaySaveeagetd mL .

2.5% and 3.5%, respectively. The method demonstrated optimal linearity, confirmed by R2 values exceeding

0.9994 for all standard compounds. Recovery rates ranged from 90.54% to 104.44%, supporting tfe method

suitability for the quantitative analysis of polyphenols in th&E extracts All the characterization of UAE

fruit extracts has been reported in literatéire
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Figure 32 The chromatographic and spectrophotometric analysis of the standard polyphenolic

mi xtur e. The overl aid

chromat ogr ams
g al |-¢atechin44 d ;

= 360 nm; & = 250 nm; 1
chl orogenic aci d; -épicatechin;& £ pceumaric axid; B d feruli6acid; 9 ( 1 )

= hyperoside; 10 = isoquercitrin; 11 = (+)jutin trihydrate; 12 = phloridzin; 13 = transinnamic
acid; 14 = quercitrin; 15 = myricetin; 16 = daidzein;71= naringenin; 18 = hesperetin; 19 =

regi ster e

2 = proto

genistein; 20 = naringenin chalcone; 21 = kaempferol; 22 = apigenin. The retention time for each
compound, the concentrations applied for the chromatographic analysis of the mixture, and the
amax ar e Taelgl®rt ed i

Table10 Standard concentration in the mixture whose chromatogram is reporfédtne 3223

Standard Compound

Concentration Lambda Ma

pg mLt
1 Gallic Acid 28.125 280
2 Protocatechuic acid 11.250 250
3 (+)-Catechin 65.500 280
4 Chlorogenic acid 9.375 320
5 Caffeic acid 3.750 320
6 (-)-Epicatechin 28.125 280
7 P-coumaric acid 1.875 320
8 Ferulic acid 5.625 320
9 Hyperoside 37.500 250
10 Isoquercitrin 37.500 250
11 (+)-Rutin Trihydrate 18.750 250
12 Phloridzin dihydrate 28.125 280
13 Transcinnamic acid 7.500 280
14 Quercitrin 56.250 250
15 Myricetin 19.800 370
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16 Daidzein 17.000 250

17 Naringenin 7.500 280
18 Genistein 14.580 250
19 Hesperetin 28.200 280
20 Naringenin chalcone 16.500 370
21 Kaempferol 12.000 370
22 Apigenin 13.200 320

2.2.1.7 HPLC-DAD Quali/Quantitative Analysis

In the first step olUAE extractscharacterization, a qualitative analysis was conducted by comparing the
retention times of standard compounds with the chromatographic peaks identified ABlxtractanalysis.

The identification was further confirmed by overlaying the-Ui¢ absorptbn spectrum (ranging from 210 to

500 nm) of each peak in the samples, acquired at the maximum absorption wavelength, with those of the
standard compounds:igure 33 presents all the UWis absorption spectra recorded for each reference
standard, which are characteristic of the different phenolic subclasses. It is important to note that many
compounds within the same class exhibit similar\4¥ spectrabrofiles (asllustrated inFigure 33). These

distinct spectral features were utilized to categorize unknown substances into phenolic subclasses and identify
themas derivatives of the phenolic standards that were an&byzed

Comprehensive details regarding the retention times of the peaks in all analEZezktractscan be found

in TablellandTablel7. The clmomatograms for eadiuit UAE extractsare presented iRigure 34 (apple
samples)Figure 36 andFigure 37 (peach sampleskigure 39 andFigure 40 (apricot samplesandFigure

42 andFigure 43 (tomato samples)

The qualitative analysis was followed by a quantitative analysis. The latter involved applying the linear
regression equation obtained for each standard and interpolating the corresponding peak area of each substanc
or derivative found in th&JAE extracts(Table10). By combining the information from both the qualitative

and quantitative analyses, we were able to create a profile of the polyphenolic content fdAEaettract
analyzed. This comparison of the polyphenolic composition between the corresponding froidbgts and

final products is essential for achieving the primary goal of this study: to determine the potential of using by

products as a source of bioactivgriedients®.
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Figure 33 Characteristic UWVis spectra of standards classified accordiagheir phenolic
classes/familied

Apple Products

The quantitative phenolic characterizatiorapple UAE extracts(Figure 34) indicates that phloridzirs the

polyphenol found in the highest concetitra in apple byproducts, with a comparable amount in AhalP

(28.80 £ 2.86ng 100 g1 DW). Interestingly, flavonols, including hyperoside, quercitrin, myricetin, and rutin,
are present in even higher quantities in the-Bip-ByP compared to ApConv-ByP and ApiFinalP. Among
these, hyperoside is the most abundant flavonol, measured at 19.38ng1.%@ g1 DW, which is the highest

amount recorded in all frulAE extractsstudied. Quercitrin follows closely with a concentration of 17.09 +

0.577mg 100 g1 DW. In contrast to peach and apri¢dAE extracts appleUAE extractscontain a lower

amount of chlorogenic acidrigure 35illustrates the qualitative comparison between-Bj-ByP and Api
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FinalP, showing that the compounds protocatechuic acid, chlorogenic emdjaric acid, hyperoside,
isoquercitrin, phloridzinguercitrin, and myricetin are present in btlAE extracts Thenotablepresence of
phloridzin (peak 12) and other potential glycosidic derivatives (peaks 29), which elute more quickly, highlights
their significance in both apple fproducts and final pradtts. The distribution of phenolic classes in apple

UAE extracts is more heterogeneous, with a predominance of flavonols, dihydrochalcones, and
hydroxycinnamic acids.
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Figure 34 Overlaid HPLC chromatograms of Aplio-ByP (al), ApiConwvByP (b1) and Apl
Final P (cl) samples registered at &250rmn8the n m;
original chromatogram reports Y axis inZb0 mAU and €000 mAU range respectively; LWis

spectra of detected peaks of Ai-ByP (a2), ApiConvByP (b2) and ApFinalP (c2); 2=
Protocatechuic acid; 4 = Chlorogenic acid; 5 = Caffeic acid; ¢)-Epicatechin; 9= Hyperoside;
10= Isoquercitrin; 11= (+)}Rutin trihydrate; 12= Phloridzin dihydrate; 14= Quercitrin; 15=
Myricetin; 25 = Hydroxycinnamic acid derivatives; 29 = dihydrochalcone (phloridzin)
derivative®

Table1l1 Retention times of polyphenols identified in-Bm-ByP, AptConvByP, and Apl

FinalP?

Peak Compound Reference Standart Apl-Bio-ByP  Apl-Conv-ByP Apl-Bio-FinalP
(al) (b1) (c1)

RT RT RT RT
2 Protocatechuic acid 6.175 6.178 / 6.182
4 Chlorogenic acid 10.597 10.574 10.585 10.574
5 Caffeic acid 11.522 / / 11.013
6 (-)-Epicatechin 12.204 / 12.204 12.199
25 Hydroxycinnamic acid derivativ / 13.367 / 13.380
29 Phlorizin dihydrate derivative / 17.738 17.792 17.741
29 Phlorizin dihydrate derivative / 20.361 20.424 20.365
29 Phlorizin dihydrate derivative / 23.677 23.765 23.674
9 Hyperoside 24.975 24.853 24.963 24.940
10 Isoquercitrin 25.828 25.726 25.826 25.807
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11 (+)-Rutin trihydrate 26.301 26.203 / /

12 Phloridzin dihydrate 27.814 27.577 27.692 27.679
14 Quercitrin 32.934 31.665 31.801 31.776
15 Myricetin 33.915 32.818 32.956 32.930
Apple
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Figure 35 Bar charts reporting the phenolic profile of the studied samples. The amount of
phenolic acids and flavonoids, characterized in both the biological (colored columns) and
conventionalcolored/dotted columns) kyroducts, are compared with those found in the
biological final products (colored/ribbed columns) and the conventional final ones
(uncolored/dotted columns), respectively. The results are the mean value carried out from 3
analyes * SD of the same sample. **** p < 0.0001; *** p < 0.005; **p <0.01; * p<0.05. ns =
not significan®®

Peach Poducts

The chromatographic analysis of PBlo-ByP and PciBio-FinalP, combined with UWis spectral analysis

of the identified peaks and their relatgehks Figure 36 andFigure 37), allowedus to determine the relative
distribution of various classesf polyphenols in thdJAE extracts Several phenolic compounds were
unambiguously identified, including chlorogenic acid, caffeic acid, hyperoside, naringenin, and isoquercitrin.
However, many unassigned peaks, particularly those with high intensityp@als, 23, 24, and 27), were still
classified as members of the polyphenol families due to theivid\absorption spectra similarities to the
standards. Peak 24 in both chromatograms displayeig\épectra identical to those of chlorogenic acid
(Figure 36, a2 and b2), elutingt nearly the same retention time, 7.302 minutes forBotByP and 7.296
minutes for PckBio-FinalP. According to thditerature, this peak may correspond to neochlorogenic acid
(NCHA), an isomer of chlorogenic acid that is present in high concentrations in g€athesstudy shows

an elution time for NCHA at arowa 7 min and chlorogenic acid at around 10 min (HRAD)?®, which
supports the idea that this compound is NCHAe results from the qualitative and quantitative phenolic

characterization of peaddAE extracts(Figure 38) indicatethat peach byroducts can retain significant
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amounts of chlorogenic acid and its derivatives. Among the testpdobyicts, PciBio-ByP had the highest
concentrations of these hydx y ci nnami ¢

aci

ds,

measur i

ng

angy 10D 9

N 9

g-1 DW, respectively. Interestingly, some flavonoids, such as isoquercitrin and flavanone derivatives, were

only dete¢ablein the byproductUAE extracts This suggests thaifter juice pressing, these flavonoids may
become more concentrated and retained in therbgucts®.
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Figure 36 Overlaid HPLC chromatograms of P@&io-ByP (al) and PciBio-FinalP (bl) samples
registered

at

o=

280

nm;

o

=320

nm;

o=

chromatogram reports Y axis in@D0 mAU and €1200 mAU range respteely; UV-Vis spectra
of detected peaks of P&io-ByP (a2) and PciBio-FinalP (b2); 2 = Protocatechuic acid; 4=

Chlorogenic acid; 5= Caffeic acid; 9= Hyperoside; 10= Isoquercitrin; 17= Naringenin; 24 =

chlorogenic acid derivative; 25 = Hydroxycinnamida@derivative; 27 = Flavanone derivatite
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Table12 Retention times of polyphenols identified in f8b-ByP and PckBio-FinalP?

Peak Compound Reference Standard Pch-Bio-ByP Pch-Bio-FinalP
(1) (b1)
RT RT RT
2 Protocatechuic acid 6.175 6.202 6.201
24 Chlorogenic acid derivative / 7.302 7.296
4 Chlorogenic acid 10.597 10.593 10.577
5 Caffeic acid 11.522 11.037 11.017
25 Hydroxycinnamic acid derivati\ / / 11.504
27 Flavanone derivative / 16.509 /
27 Flavanone derivative / 21.914 /
9 Hyperoside 24.975 24.995 /
10 Isoquercitrin 25.828 25.849 /
17 Naringenin 44.200 / 44.083
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Figure 37 Overlaid HPLC chromatograms of P&bonwByP (al) and PciConvFinalP (b1)
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samples registered
chromatogram reports Y axis in@D0 mAU and @200 mAU range igpectively; UWis spectra
of detected peaks of P€onvByP (a2) and PciConvFinalP (b2); 2 = Protocatechuic acid; 4=

Chlorogenic acid; 5= Caffeic acid; 9= Hyperoside; 10= Isoquercitrin; 17= Naringenin; 24 =
chlorogenic acid derivative; 25 = Hydroxycinméc acid derivative; 27 = Flavanone derivative

at o =

280

nm; > =320

Table13 Retention times of polyphenols idified in PchConvByP and PcHConvFinalP?

Peak Compound Reference Standard ~ pch-Conv-ByP Pch-Conv-FinalP
(al1) (b1)
RT RT RT
2 Protocatechuic acid 6.175 6.186 6.181
24 Chlorogenic acid derivati\ / 7.297 7.295
4 Chlorogenic acid 10.597 10.585 10.575
5 Caffeic acid 11.522 11.027 11.022
27 Flavanone derivative / 16.494 /
27 Flavanonalerivative / 21.880 /
9  Hyperoside 24.975 24.947 /
10 Isoquercitrin 25.828 25.797 /
17 Naringenin 44.200 44.104 44.032
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Figure 38 Bar charts reporting the phenolic profile of the studied samples. The amount of

phenolicacids and flavonoids, characterized in both the biological (colored columns) and

conventional (colored/dotted columns)pducts, are compared with those found in the
biological final products (colored/ribbed columns) and the conventional final ones

(unomlored/dotted columns), respectively. The results are the mean value carried out from 3

analyses + SD of the same sample. **** p < 0.0001; *** p < 0.005; **p < 0.01; * p<0.05. ns =
not significant®

Apricot Products
The qualiquantitative phenolic characterizationagfricotUAE extractgFigure 39 andFigure 40) indicates

that apricot byproducts tend to retain higher amounts dbotgenic acid and its derivative, NCHA, compared

o=

to peachJAE extracts Among the byproducts studied, the ABio-ByP exhibits the highest concentrations
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of these compounds, with levels of 49.95 + Ink%d 100 g1 DW for chlorogenic acid and 38.30 + 5.8%)

100 g1 DW for NCHA, as shown inFigure 45. In terms of flavonoids, the results demonstrate that
isoquercitrin is significantly present in apricotpgoducts, with the highest amounts recorded at 47.37 + 4.63
mg 100 g1 DW for Ac-Bio-ByP and 25.07 + 8.2hg 100 g1 DW for Ac-Conv-ByP. Additionally, quercitrin

was found imotableamounts in apricot bproducts, measuring 4.80 + 4.39 ¥ Hthg 100 g1 DW for Ac-
Bio-ByP and 5.09 + 1.76g 100 g1 DW for Ac-ConwvByP. As illustrated irFigure 41, the phenolic profile

of apricotUAE extractsis primarily characterized by a high concentration of hydroxycinnatiits, with

chlorogenic aid and its derivatives being the main components, followed by flavonols, where isoquercitrin is
the dominant compoufit
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Figure 39 Overlaid HPLC chromatograms of ARio-ByP (al) and Adio-FinalP (b1) registered
at &= 280 nm; & =320 nm; &= 370 nm; & =360 nm;
reports Y axis in 00 mAU and €200 mAU range respectively; WWis spectra of detected
peaks of AdBio-ByP (a2) and Adio-FinalP (b2); 4= Chlorogenic acid; 10= Isoquercitrin; 11=
(+)-Rutin trinydrate; 14= Quercitrin; 24 = Chlorogenic acid derivative; 25 = Hydroxycinnamic
acid derivativé?
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Table14 Retention times of polyphenols identified inBio-ByP and AeBio-ByP?®

Peak Compound Reference Standart Ac-Bio-ByP Ac-Bio-FinalP
(al) (b1)
RT RT RT
24 Chlorogenic acid derivative / 6.798 6.897
4 Chlorogenic acid 10.597 9.703 10.551
25 Hydroxycinnamic acid derivatiy / 12.340 13.980
10 Isoquercitrin 25.828 23.784 /
11 (+)-Rutin trihydrate 26.301 / 26.194
14 Quercitrin 32.934 30.269 /
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Figure 40 Overlaid HPLC chromatograms of A¢onvByP (al) and AconvFinalP (b1)

registered at

o=

280

nm;

o

=320

nm;

o=

chromatogram reports Y axis in@D0 mAU and €1200 mAU range respectively; W¥is spectra
of detectd peaks of ABio-ByP (a2) and ABio-FinalP (b2); 4= Chlorogenic acid; 10=

Isoquercitrin; 11= (+)}Rutin trihydrate; 14= Quercitrin; 24 = Chlorogenic acid derivative; 25 =

Hydroxycinnamic acid derivatigé
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Table15 Retention times of polyphenols identified in@anvByP and AeConvByP?®

Peak Compound Reference Standard ~ Ac-Conv-ByP Ac-Conv-FinalP
(al1) (b1)
RT RT RT
24 Chlorogenic acid derivative / 6.984 7.298
4 Chlorogenic acid 10.597 9.969 10.580
25 Hydroxycinnamic acid derivati\ / 11.934 11.029
10 Isoquercitrin 25.828 23.360 /
11 (+)-Rutin trinydrate 26.301 / 26.285
14 Quercitrin 32.934 30.053 /
Apricot
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Figure 41 Bar charts reporting the phenolic profile of teeidied samples. The amount of
phenolic acids and flavonoids, characterized in both the biological (colored columns) and
conventional (colored/dotted columns)oducts, are compared with those found in the
biological final products (colored/ribbed colurs) and the conventional final ones
(uncolored/dotted columns), respectively. The results are the mean value carried out from 3
analyses * SD of the same sample. **** p < 0.0001; *** p < 0.005; **p <0.01; *p<0.05.ns =
not significan®®

Tomato Products

The quali-quantitative phenolic characterization of tomBltdE extracts(Figure 42 andFigure 43) revealed

that naringnin was the predominant polyphenol, present in higher amounts than in all the otHdAEuit
extractsstudied Figure 45). Notably, tomato byproducts contained significant levels of naringenin, with
measurements of 16.83 + 1.7y 100 g1 DW (DW) for T-Bio-ByP and 15.57 + 0.2dhg 100 g1 DW for T-
LI-ByP. Theseamounts were even higher than those found in the final tomato products. Additionally, rutin
was also present in considerable amounts (11.31 02700 g1 DW for T-Bio-ByP and 15.37 * 4.4¢hg

100 g1 DWfor T-LI-ByP), along with other unidentified flavonol derivatives. However, overall, tolha®
extractswere found to be the poorest source of polyphecmtspared to the other frltAE extractgFigure

45). This finding aligns with the results obtained from Total Polyphenol Content (TPC) and Total Antioxidant
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Status (TAS) analyses. The tomald\E extractsexhibited a distinct qualitative profile, thi flavonoids

(specifically flavanones and flavonols) being widely distributed throughout Atie extractg(Figure 42 and

Figure 43). Furthermoresimilar to the peacblAE extracts naringenin and its derivatives were also detected

in the final tomato produddAE extract$?,
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Figure 42 Overlaid HPLC chromatograms ofBio-ByP (al) and IBio-FinalP (b1l) samples

regi stered at o= 280

chromatogram reports Y axis indD0 mAU and 2000 mAU range respectively; W¥is spectra
of detcted peaks of-Bio-ByP (a2) and IBio-FinalP (b2); 4= Chlorogenic acid; 5= Caffeic

acid; 11= (+)-Rutin trihydrate; 17= Naringenin; 25 = Hydroxycinnamic acid derivative; 27=

nm; o

=320

Flavanone derivative; 28 = Flavonol derivatf?e

nmj;

Table16 Retention times of polyphenols identified iBi6-ByP and TBio-FinalP?

o=

Peak Compound Reference Standar T-Bio-ByP T-Bio-FinalP
RT (a1) (b1)
RT RT
25 Chlorogenic acid derivati\ / 9.558 /
4 Chlorogenic acid 10.597 / 10.564
5 Caffeic acid 11.522 11.331 /
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28 Flavonol derivative / 12.527 /

27 Flavanone derivative / / 16.448
28 Flavonol derivative / 17.457 /
28 Flavonol derivative / 21.602 21.575
11 (+)-Rutin trihydrate 26.301 26.270 26.214
17 Naringenin 44.200 43.709 43.673
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Figure 43 Overlaid HPLC chromatograms ofdl-ByP (al) and TConwFinalP (b1) samples
registered at &= 280 nm; & =320 nm; a=
chromatogram reports Y axis indD0 mAU and €2000 mAU range respectively; WNis spectra
of deected peaks of-II-ByP (a2) and TConwFinalP (b2); 4= Chlorogenic acid; 5= Caffeic
acid; 11= (+)-Rutin trihydrate; 17= Naringenin; 25 = Hydroxycinnamic acid derivative; 27=
Flavanone derivative; 28 = Flavonol derivatife

Tablel7 Retention times of polyphenols identified ibl[TByP and TConvFinalP?3

Peak  Compound Reference Standard T-LI-ByP T-Conv-FinalP
(al) (b1)
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RT RT RT
25 Chlorogenic acid derivative / 9.552 /
4 Chlorogenic acid 10.597 / 10.556
5 Caffeic acid 11.522 11.317 /
28 Flavonol derivative / 12.523 /
27 Flavanone derivative / / 16.444
28 Flavonol derivative / 17.349 /
28 Flavonol derivative / 21.431 21.277
11 (+)-Rutin trihydrate 26.301 26.219 26.073
17 Naringenin 44.200 43.861 43.707
Tomato ns
ns ns ’_‘

The results can be summarized as follows: All peacprbyucts exhibit chlorogenic acid and its derivatives
as the most abundant compounds. However, the concentration of these compounds is loweipirothetsy
(ByP) compared to theral products (FinalP). Notably, the concentration of chlorogenic acid derivatives in
PchBio-ByP is higher than that found in R@onwvByP and is almost comparable to that of But+-FinalP.
Interestingly, the flavonoid derivatives are more abundanteibyproducts than in the final products. Similar
findings were observed in apricot-pyoducts, where a significant amount of isoquercitrin was detected in

both AcByP UAE extracts This trend also applies to ABlyP, where the quantities of hyperosideergitrin,

T

ns ns —

5011 ] —‘

mg/100g sample

Figure 44 Bar charts reporting the phenolic profile of the studied samples. The amount of

W

I

ns * *%

phenolic acids and flavonoids, characterized in both the biological (colkinns) and

conventional (colored/dotted columns)oducts, are compared with those found in the
biological final products (colored/ribbed columns) and the conventional final ones

(uncolored/dotted columns), respectively. The results are the mearceatiesl out from 3

analyses * SD of the same sample. **** p < 0.0001; *** p < 0.005; **p <0.01; *p<0.05.ns =

not significan®®
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and myricetin are greater than those in-AplalP. In contrast, the concentration of chlorogenic acid in Apl
FinalP is six times higher than that in ARYP. On the other hand, tomato-pgoducts contain a very low
amount of chlorogenic acid.dwever, FByP demonstrates a consistent profile of flavonoid derivatives in

terms of type and concentration. In particular, the level of naringeninBgPTexceeds that found in-T

FinalP3.

mg/100g sample
mg/100g sample
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Figure 45 Bar charts reporting the phenolic profile of the studied samples. The amount of
phenolic acids and flavonoids, characterized in both the biological (colored columns) and
conventional (colored/dotted columns)soducts, are compared with those foundha t
biological final products (colored/ribbed columns) and the conventional final ones
(uncolored/dotted columns), respectively. The results are the mean value carried out from 3
analyses + SD of the same sample. **** p < 0.0001; *** p < 0.005; ** p < 0.0p;< 0.05. ns =
not significant®

2.2.1.8 From Waste to WellnesRevealinghe Potential of Fruit Byproducts

Plant polyphenols have been studied for their numerous benefits on human health. Their activities are

especially related to the treatment and prevention of several chronic di$elslegeover, their beneficial

interactions with the gut microbiota and prebiotic modulation have been assessed recentR. &ovelb

circular economy perspective, the possibility of keeping materials in circulation has pointed out the opportunity

to valorize wastes from the agdod industry. Studies carried out with this aim have evidenced the recovery

of phenolic compounds from byproducts, showing the potential therapeutic applications in the nutraceutical
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field due to their benefits as antigfetative, antioxidant, and artifammatory agent§®. To optimize the

reuse of fruit byproducts as alternative sources of pblgpols, we carried out this study that ultimately
confirmed that the investigated industrial wastes can retain significant amounts of several phenolic subclasses
present in their traditional fruit counterparts (final produas)summarized ifigure 45. In particular, the
qualiquantitative analyses evidenced phloridzin as a distinctive polyphenol found irfappleas shown to

be equally retained in the apple-psoduct extracts studied when compared to their respective final product
(apple juice). This supposes the possibility of using thespréucts in the recovgrof this valuable
compound. Indeed, extracts rich in phloridzin could be promising candidates to develop formulations destined
for managing metabolic disorders, such as diabetes, due to their reported hypoglycemit® dctivitple by

products under study were shown to be rich in different phenolic subclasses. Particularly, the biological apple
by-product was found to concentrate higher quantities of flavonols after juice processing. Among them,
hyperaside (quercetif8-O-galactoside) and quercitrin (quercetimtimnoside) add greater value to this by
product due to the weknown structurally related antioxidant/antiradical profile of quercetin and its
derivative§’i % This could further explain tHagher TAS value obtained for Ajdio-ByP than that expected
regardless of its low TPC value. The results also depicted a significant antioxidant activity through the TAS
assay for peach and apricotpsoducts, seemingly related to the high amounts afroknic acids quantified

in these samples. Indeed, chlorogenic acids were found to be the main phenolic compounds in peach and
apricot byproducts, remaining in considerable amounts also after juice processing. This result could open up
the opportunity tovalorize the extracts from these-psoducts and take advantage of the antioxidant activity
related to these compoundisAt the same timethe high and unigue presence of the flavonol isoquercitrin
(quercetin3-0O-b-d-glucopyranoside), found exclusively in the apricgptoducts, could increase the value of
extracts obtained from these upcycled materials even more. Regarding torpataligt extracts, although

they showed the lowest TPC and TAS values, the -guelntitative analyses of their composition, obtained

by HPLC-DAD, evidenced these materials as valuable sources of flavonoids too. In particular, the
concentration of the flavanone naringenin in these waste materials surpassed that found in their traditional
tomato counterparts (final products). In this senseato byproducts can be considered alternative sources

of naringenin. That is a significant aspect since naringenin is a polyphenol with promising supplement
applications for cardiovascular protectihNonetheless, the main valorization of tomatepbyducs might

be directed to the extraction of proteins since these materials were found to contain the highest values of
proteins among fruit byproducts. Then higlquality proteins could be recovered and/or used to produce
supplements rich in bioactive peptife All these results give the possibility of designing and carrying out
new strategies for the further valorization of biomass from thefagd industry in a circular economy
approach. The characterized residues may alsdénretaer chemical compounds of interest, such as
carbohydrates, carotenoids¢8rotene and lycopene), and lipids (especially in tomatorbgucts®), which

may be exploited for added heafthomoting properties.
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2.2.1.9 Assessment of Pesticide Residues in Frupmyluct Extracts for Safe Valorization

The pesticide levels in the analyzed sample extracts, using the nubodbed inSection2.1.1Q were
assessed to clarify the safety of their usage.

Analyzing pesticide residues in fruit extracts from agriculturgbimducts is essential for valorization studies

and plays a crucial relin incorporating these extracts into pharmaceutical and nutraceutical ptacfites
evaluation is a crucial safety assessment that aligns with strict regulatory standards to assess potential health
risks. Meeting these safety criteria is essential for eng@ompliance with regulations that govern pesticide
levels in food products, especially before considering these extracts for commercial use. Additionally,
disclosing and understanding pesticide levels ipimduct extracts promotes transparency, whialitéd for

market acceptance and consumer trust in pharmaceutical and nutraceutical products derived-fooah agri
by-productd®2.

Tablel8presents the pesticide levels found in the tefstéidJAE extracts The results indicate that all extracts

from biological fruit byproducts (apricot, apple, and peach) containedeatedable pesticides, except for
biological tomato peels, which showed small traces of pesticides. In biological farming, pesticide use is
minimal compared to conventional agriculture, and the findings confirm that the majority of these extracts are
free from psticides. For the biological tomato4pyoducts, only negligible traces of pesticides were detected,

well within the legal limit of less than 0.01 p#in

Table18. Pesticide content in analyséudit UAE extractproviding (n=1).

Sample Pesticide Content mg/kg (ppm)

Ac-Bio-ByP None detected

Boscalid 0.0042
Cyprodinil 0.0009
Deltamethrin 0.0016
Difenoconazole 0.0008

AcConvByP Etofenprox 0.0065
Fenbuconazole 0.0003
Fluopyram 0.0002
Tebuconazole 0.0018
PchBio-ByP None detected
PchConvByP Difenoconazole 0.0004

Fludioxonil 0.0006
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Apl-Bio-ByP None detected

Boscalid 0.0013
Deltamethrin 0.0009
Difenoconazole 0.0004
Apl-ConvByP Etofenprox 0.0087
Fludioxonil 0.0006
Triflumuron 0.0016
Tetrahydrophthalimide 0.0008 = Captan* 0.00

Chlorpyriphos ethylene 0.0002
T-Bio-ByP Pendimethalin 0.00025

T-LI-ByP None detected

* Tetrahyrdopthalimide is a metabolite of capf&n

Consequently, when valorizing these extracts for pharmaceutical, nutraceutical, cosmetic, or food applications,
those derivedrom biological byproducts can be superior to conventional ones due to the lack of pesticides

that could pose potential safety issdts

2.2.1.10 LongTerm Stability of Polyphenols in UAE fyoduct Extract

The stability of polyphenals in liquid UAE extracts fromifioy-products was evaluated using apple biological
by-product (AptBio-ByP) extract as a representative sample. To assess polyphenol stability, the quantification
of polyphenols was performed using the HPDBD method, as described in par 2.1.6. The extreas
analyzed at the beginning of the study (time zero, t=0) and again after 15 months of storage (t=15 mth) under
the same conditionsutlined inSection2.1.11.1 Figure 46 shows a remarkable consistency between the two
polyphenolic profiles, as indicated by nearly identical bar charts. The difference was found to- be non
significant (ns) as can be observed from the results ofttiéstical ftest Figure 46). This consistency
confirms that the polyphenols in the extracts rensableover time when stored according to the specified
conditionsin Sectior2.1.11.1 This assessment is crucial for validating optimal storage consglitiat prevent

the degradation of polyphenols. Understanding polyphenol stability is essential due to its thermolabile and
photosensitive nature, which is important for preserving both the quantity and chemical structure of the
extractd®. In addition to analytical purposes, preserving polyphenol integrity is importantiousdields,

including pharmaceuticals and nutraceuticals.
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Figure 46 Bar graph reported the stability of polyphenols in the-Bj-ByP UAE extract
analyzed by the HPL-OAD method (se8ection2.1.8. The quantification of polyphelsain the
Apl-Bio-ByP UAE extract was measured at two time points: at t=0 (fulljgtibw bar) and at
t=15 mth (full darkyellow bar). The UAE extracts were injected twice (n=2), and both the mean

and standard deviation (SD) are reported. ns=not sigaifi

2.2.1.11 Stabilityof Polyphenols in Stored Byoduct Powder

The results of the polyphenol quantification in two UAE extracts of the same powdered appieligt (Apt
Bio-ByP) chosen as a representative sample, were compared. The first extract was aintdiaedlyzed
immediately after the sample powder was produced, while the second extract was obtained and analyzed after
15 months of powder storage, as detaile8aation2.1.11.2 The quantitative determination was performed
using the HPLEDAD method (described iSection2.1.8.) immediatelyafter UAE extraction.Figure 47
illustratesthe quantity of polyphenols extracted during both time periods, showing that the polyphenaolic
amounts remainedignificantly the same. The difference was found to besigmificant (ns) as can be
observed from the results of the statisticddt (sed-igure 47). Repeating theame extraction methodology
further validated the reliability of the method and assesseamtigstency of the data genecht€he similarity

in the bar charts reinforces the reliability of the UAE process (ref&etdion2.1.4, demonstratingts
capability to consistently produce comparable and trustworthy results.
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Figure 47 Bar chart showing longerm stability of polyphenols extracted from the powdered
sample ApBio-ByP at time zero (t=0) of storage (full lightange bar) and after 15 months
(t=15 mth) of storage (full darbrange bar). The UAE extracts were injected twice (n=2), and
both the mean and standard deviation (SD) are reported. ns=not significant

2.2.2 Characterization of Legunsamples

All the characterizabn of UAE extracts of legumes has been reported in litefture

2.2.2.1 Gravimetric Determinatiod Extract Yield (%) of UAE legumé&AE extracts

Figure 48 shows a comparison of extract yield values (%) obta{negorted inTable 19) from bean by
products (brawn full bars) and the respective final product (brawn striped bar). For soy, the graph compares
the extract yield values (%) between the soyphyduct (pink full bar) obtained after pressing during the
industrial process and the sed®M-raw material in pink striped bars). In the case of green beans, a
comparison is reported between the differeniplgducts analyzed in the project (all green full bars).
Regarding bean samples, the results demonstrate that the amount of extraatd &otainhe byproducts is

only slightly lower than that of the corresponding final product. Moreover, the fresh biologipeddhyct (B
Bio-Fr-ByP) even shows a higher yield value (%). This suggests thaxthectableportion from the by
product and té final product is similar. As for the green beanspbyducts, no significant differences are
observed except for the cooked biologicaigmgduct (GBBio-Co-ByP), which has the lowest yield values
(%) among green beans. This difference could be attdlotéhe composition of this sampi&imilar results
were observed for pea samples, with botkplyducts (FFr-Bio-ByP and PFr-Conv-ByP) exhibiting lower
percentage yield values compared to the final proR€tinalP) Lastly, soy seeds (Bio-RM and SConw

RM) were found to have higher yield values (%) than thpdmguct. In this case, both the industrial procedure

for obtaining soy milk and the composition of the sample itself may have affected the % vyield of dry extract
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obtained’.

Figure 48 The yield (%) of the extracts obtained by following the method reported by Terenzi et.
al®® of legume byproducts (designated as ByP) and final products (designated as FinalP)
achieved via ultrasoundssisted extraain (UAE). The results represent the mean value of three
extractions, with standard deviation (SD) values for the same sattiffi@. < 0.0001, ** p <
0.01,*p<0.05. ns=not significartf

Table19 Extract Yields (%p0of UAE Legume extracéts

Gravimetric Determination
Samples analyzec

Yield (%) +SD
(n=3)

B-Bio-ByP 10.61£9.77E01
B-ConvByP 11.5+4.33E01
B-FinalP 20.2+7.52E01
B-Fr-Bio-ByP 14.5+1.60E01
B-Co-Bio-ByP 15.61£6.26E01
B-Fr-LI-ByP 11.945.14E01
B-Co-LI-ByP 16.0+£3.30E01
GB-Fr-LI-ByP 37.0+6.57E01
GB-Co-LI-ByP 41.6+3.72E+00
GB-Fr-Bio-ByP 42.9+1.82E+00
GB-Co-Bio-ByP 27.3+3.14E01
SBio-RM 18.8+2.59E+00
S ConvRM 25.9+1.67E+00
S-Bio-ByP 35.1+4.64E+00
P-Fr-Bio-ByP 11.8G:2.02E01
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P-Fr-ConvByP 10.03:1.36E+00
P-FinalP 21.5#2.97E+00

2.2.2.2 Total Phenolic Content (TP@f UAE legume samples

This study investigated the TPC of-pyoducts from various legumes (beans, green hesasand soy) and
compared it to the final product farade (sed-igure 49, Table 20). Our findingsrevealed considerable
variation in polyphenolic content among legume UAE extracts. Interestingly, the TPC found for bean by
products, ranging fron26.241.49E+00ng GAE/1lg Ext t043.491.07E+00mg GAE1l/g Ext, generally
equaled or exceeded that of the fipabduct 83.013.08E+00ng GAE/1g Ext). This suggests significant
retention of polyphenols within the froducts after processing. These results are consistent with previous
studies on black bean {products employing conventional seliquid extraction methods, albeit with
different solvent¥®. For example, MorenGarcia et al. (2022) reported a TPC of 38.41 and 38.60 mg GAE/g
Ext for black bean byroducts, supporting the trends observed in our begwdgjuct extracts.

Further analysis realed a slight decrease in TPC of cookegbtmyducts compared to their fresh counterparts.
This reduction is likehattributableto thermal processing during cooking, which can degrade polyph&nols
Similar observations have been reported in the literature, wittCBeag Duan et al. (2022jdemonstrating

a decrease in TPC of faba leaves and seeds after wet heat treatment. Notably, moist heat treatments, such a
boiling, have been shown to significantly reduce TPC across various foaal’typdis observation was
further supported by the decrease in TPC of biological green begmotycts after cooking, from
1768+1.61E+00to 13.6(t5.26E01mg GAE/g Ext and LI green bean-pyoducts, fron28.68:3.52E+00to
11.5%1.43E+00mg GAE/g Ext.

In contrast, Okara (Bio-ByP) exhibited a significantly higher TPC, 309.6 + 0.13 mg GAE/100 g DW,
compared to the value reportedAina Carolina Pelaes Vital et al. (2018) which is 130.50 + 10.20 mg GAE/100
g DW (result was expressed as mg GAE/100 g dry weight (DW) to facilitate comparison with literature data)
obtained by conventional extraction with a 50% acetone mixed for 30adfiuihis discrepancy may be
attributed to the use of an ultrasohith for the extraction in our study. Compared to conventionallsgliidi
mixing, ultrasonic extraction facilitates cell wall rupture and disintegration of the solid matrix, thereby
increasing the contact surface between solvent and target compourmstemtéhlly enhancing polyphenol
yield.

Regarding the TPC values of pea samples, it is noteworthy t#ablbycts, both biological and conventional,
exhibited higher TPC levels than the final products. These obtained results align Wigrahee, as reported

by Gazwi et al® where the total polyphenol content in peapbgducts, including the seed coat, was
determined to be 27.04 + 0.94 mg GAE/g extract.

Concerning diffeent cultivation methods, the data reported-igure 49 show that for the three types of
samples analyzédgreen beans, beanseasand soy biological or LI methods generally result in higher
amounts of polyphenols compared to conventional ones. This could be explained by the fact that reduced

pesticide use might induce polyphenol production as part of the plants' defense meéhanisms
68



60

40

20

mg GAE / 1g Ext

ns

%k 3k %k k kkkk kk

ns

|

ns ns ns

AN\l

%

Figure 49 TPC (mg GAE/1 g Ext) of ByP (full bars) and FinalP (stripped bars) extracts obtained
via UAE. Data represent mean £ SD (n=3, each analysed in dupli¢&tép < 0.0001, ** p <

0.0

Table20 TPC of UAE Legumextract$®

Samples analyze

Total Phenolic Content

(TPC)

Average mg GAK-1 Ext £SD

(n=3)
B-Bio-ByP 43.18+4.66E+00
B-ConvByP 26.27+1.49E+00
B-FinalP 39.1746.19E+00
B-Fr-Bio-ByP 28.55+9.30E01
B-Co-Bio-ByP 43.49+1.07E+00
B-Fr-LI-ByP 38.63+1.46E+00
B-Co-LI-ByP 33.01+3.08E+00
GB-Fr-LI-ByP 28.68+3.52E+00
GB-Co-LI-ByP 11.51+1.43E+00
GB-Fr-Bio-ByP 17.68+1.61E+00
GB-Co-Bio-ByP 13.60+5.26E01
SBio-RM 25.94+4.35E+00
S-ConvRM 15.66+3.68E01
SBio-ByP 8.89+6.03E01
P-Fr-Bio-ByP 26.23:1.78-01
P-Fr-ConvByP 21.06:4.36E+00
P-FinalP 17.04:3.08+00

2.2.2.3 Total Antioxidant Status Assay (TAS) of UAE legume samples

The antioxidant activity of the bean Hpyoducts(reported inTable 21), ranging from162.5@&2.75E+00to
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336.333.06E+00umol TE/g Ext), was comparable to that of the final prod884(337.64E01 pumol TE/g

Ext). Notably, BBio-ByP exhibited slightly higher aioixidant activity than the final product {BinalP),
336.333.06E+00umol TE/g Ext vs334.337.64E01 umol TE/g Ext respectively. These findings align with
previous research. For instance, Morésarcia et al% reported antioxidant activityalues of 345.48 and

360.81 umol TE/g Ext for black bean4pyoducts extracted with conventional method using 80% methanol

and 70% ethanol, respectively. Our results further confirm the potential of bgamodicts as a valuable

source of antioxidants.

A comparative analysis of fresh and cooked beaiprbgucts revealed a surprising trend: the antioxidant
activity was consistently higher in the cooked UAE extracts, regardless of whether they were derived from
biological (B-Co-Bio-ByP:312.0@&6.08E+0Qumol TE/g Ext vs BFr-Bio-ByP:162.5@&2.75E+00umol TE/g

Ext) or LI (B-Co-LI-ByP: 264.251.68E+00umol TE/g Ext vs BFr-LI-ByP: 169.836.34E01 umol TE/g

Ext) cultivation methods, as reportedHigure 50. Several factors may contribute to this unexpected outcome.
Firstly, cooking processes, such as stewing, can inactivate certain substances that inhibit the absorption of
antioxidants in frestbeans, thereby enhancing their bioavailability. Secondly, thermal treatment can disrupt
the cell wall structure, facilitating the release of antioxidants into the mediomever, it is crucial to
acknowledge that the impact of thermal processing onxadiiot activity can vary significantly depending on
factors such as processing time, temperature, and the specific compounds present in the food matrix.

For instance, Ng et &° have demonstrated that boiling, in some cases, can significantly enhance the
antioxidant activity of certaimegetablessuch as broccoli, bitter galjrand water convolvulus. This highlights

the importance of considering the specifegdabletype and cooking method to optimize the preservation or
enhancement of its nutritional value.

These findings are further supported by the observed antioxidasitlydn green bean byproducts (se€igure

50). Consistent with previous observations, cooked green beans exhibited higher antioxidant activityccompa

to their fresh counterparts. This suggests that, in the specific case of green beans, steaming may enhance theil
antioxidant potential.

In the case of soy, in order to validate our findings, a comparative analysis of the antioxidant actiffiig-of S

ByP, a byproduct of soy milk production, was conducted with previously published data. The antioxidant
activity was assessed using the ABTS radical scavenging assay, and the results were expressed as inhibition
percentage (1%) to facilitate comparison wiiierature data. Our study yielded an 1% of 24.54, which is
slightly lower than the value of 37.84 + 3.14 reported/ligl et all%® However this difference is considered

minor and does not significantly deviate from the general trend reported in the literature.

Interestingly, our results indicate that ok&®Bio-ByP) exhibits higher antioxidant activity than the original

soy seeds196.61#5.01E+00umol TE/g Ext vs134.8&2.93E+00and 123.9'46.16E+00umol TE/g Ext
respectively). This unexpected result can be attributed to the concentration of bioactive compounds that occur
during the processing of soy milk. Polyphenols, known for their potent antioxidant properties, tend to

accumulate in the solid frion (okara) during the extraction process. This concentration effect likely
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contributes to the enhanced antioxidant activity observed in okara.

To further support this hypothesis, it is possible to observe that TPC results revealed a lower concdntration o
polyphenols in soy seeds;B50-RM and SConvRM, (15.66:3.68E01 mg GAE/1g Ext an®.8%6.03E01
mg GAE/1lg Ext), compared to okara-B®-ByP) 25.94t4.35E+00mg GAE/1g Ext), in line with the
observed higher antioxidant activity in the |aitter

Interesting results were observed for the TAS values of pgadducts, which were significantly higher
(218.66+4.2E-01 and375.19+4.9€+00 umol TE/g Ex) than those of théinal product(136.15+2.4&+00
umol TE/g Ext) Comparing the obtained data with literature values for InhibitiéH, % facilitate cross
study comparisons, it can Hetailedthat theobtainedTAS values for pea bgroducts, specifically 16.3% for
the biological by-product(P-Fr-Bio-ByP) and 25.3% for the conventional 4pyoduct(P-Fr-Conv-ByP), are
compaanble to those reported in the literaturegeaseed flour extracted with 80% ethatiél
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Figure 50 TAS (umol TE/1 g Ext) of ByP (full bars) and FinalP (stripped bars) extracts obtained
via UAE. Data represent mean + SD (n=3, each analysed in dupli¢&tep < 0.0001, * p <
0.05. ns= not significant®

Table21 TPC of UAE Legume extraéts

Total Antioxidant Status

(TAS)
Samples analyze
Average pmol TE ¢l Ext £SD
(n=3)
B-Bio-ByP 336.33+3.06E+00
B-ConvByP 315.00+5.00E+00
B-FinalP 162.50+2.75E+00
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B-Fr-Bio-ByP 312.00+6.08E+00

B-Co-Bio-ByP 169.83£6.34ED1
B-Fr-LI-ByP 264.25+1.68E+00
B-Co-LI-ByP 334.33+£7.64ED1

GB-Fr-LI-ByP 81.08+5.45E+00

GB-Co-LI-ByP 70.20+3.87ED1

GB-Fr-Bio-ByP 92.13+2.72E+00

GB-Co-Bio-ByP 174.47+4.74E+00

SBio-RM 196.61+5.01E+00

S-ConvRM 134.86+2.93E+00

S Bio-ByP 123.97+6.16E+00
P-Fr-Bio-ByP 218.664.21E-01
P-Fr-ConvByP 375.19%4.9%€+00
P-FinalP 136.1%2.4CE+00

2.2.2.4 Characterization of Legume UAE Extracts by UHPD&D-ESIMS'

Many methods are already employed for the separationdantification of bioactive compounds, such as
polyphenols, including Ultrddigh Performance Liquid Chromatography (UHPLC), Gas Chromatography
Mass Spectrometry (G®IS) and Attenuated Total Reflection Infrared Spectroscopy GRTHR). In our

study, we optimized and applied the UHRDBD-ESIFMS" method. The combination of Ulttdigh-
Performanced.iquid-Chromatography and an MS detector allowed rapid chromatographic runs with minimal
solvent and energy consumption while maintaining high resolution. Furthermore, the MS detector enabled the
identification of many polyphenolic compounds present in all UAE bean, soy and green bean extracts.

A reverseebhase gradient elution was optimized tparate and identify 21 standgrdlyphenols Figure 51,
Table22). The standard mixture used was composed of gallic acid (1), protocatechuic acid (2), catechin (3),
caffeic acid (4), chlorogenic acid (5), epicatechin (63ppmaric acid (7), ferulic acitB), isoquercitrin (9),

rutin trinydrate (10), hyperoside (11), phloridzin dihydrate (12), myricetin (13), quercitrin (14), daidzein (15),
naringenin (16), genistein (17), hesperetin (18), naringenin chalcone (19), kaempferol (20) and apigenin (21).
This LC-MS chromatographic method was applied to determine the qualitative profile and the relative amount
of polyphenoils in the legume UAE extracts under investigation (green beans, beans and soy).

Qualitative analysis of polyphenols in legume UAE extractspesormed using a combination of retention

time, UV-Vis spectra, and MS fragmentation patterns. The MS analysis, in both positive and negative ion
modes, facilitated the identification of compounds by comparing their MS spectra to those of standards and
the literature data.

A semiquantitativeanalysis (seeSection2.1.9 wasthen performed to estimate the relative amount of
individual polyphenols. $ice a comprehensive quantitative analysis was not conducted, standard deviations
(SDs) cannot be provided for the data presented itdheyraphsKigure 53, Figure 55, Figure 57). This

analysis enabled a comparative assessment of different sample types, including fresh and cooked products, as

well as samples from various cultivation methods (biological, LI, and conventfnal
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Table22 shows the retention times, mass, precursor ion, and concentration used in the analysis of

each standard polypherf8l

Molecular
RT Molecular lon . .
Substance ) MS" [m/z], rel. int. (%) Weight Compound pug mL-1
[min] [m/z]
[g/mol]
MS?[169]: 125 (100) .
1.98 169 [M-H] Galllic acid 28.13
1 MS®[125]: 81 (100), 125 (65), 97 (60)
MS?[153]: 109 (100) o
4.25 153 [M-H] 154 Protocatechuic acid 11.25
2 MS®[109]: 109 (100), 112 (55)
MS?[289]: 245 (100), 205 (35), 179 (15) )
11.16 289 [M-HI (+)-Catechin 62.50
3 MS®[245]: 203 (100), 227 (30), 187 (20)
MS?[179]: 135 (100) o
1151 179 [M-H] 180 Caffeic acid 9.38
4 MSS[135]: 90 (100)
MS?[353]: 191 (100), 179 (48), 173 (30)
11.57 353[M-HJ MS®[191]: 127 (100), 173 (90), 85 (60), 9354 Chlorogenic acid 3.75
5 (45), 110 (35)
MS?[289]: 245 (100), 205 (35), 179 (15) ) )
12.09 289 [M-H] (-)-Epicatechin 28.13
6 MS®[245]: 203 (100), 227 (30), 187 (20)
7 12.84 163 [M-HI MS?[163]: 119 (100) 164 p-coumaric acid 3.50
MS?[193]: 149 (100), 178 (55), 134 (20) o
13.42 193 [M-HI 194 Ferulic acid 5.63
8 MS®[149]: 134 (100)
MS?[463]: 301 (100) o
16.08 463 [M-H] 464 Isoquercitrin 18.75
9 MS3[301]: 179(100), 273 (15)
MS?[609]: 301 (100) o
16.29 609 [M-H] 610 (+)-Rutin trihnydrate  37.50
10 MS®[301]: 179 (100), 273 (15)
MS?[463]: 301 (100) .
16.57 463 [M-H] 464 Hyperoside 37.50
11 MS®[301]: 179 (100), 273 (15)
481[M+HCOO] o
16.79 MS?[435]: 273 (100) 472 Phloridzin dihydrate 28.13
12 435 [M-H]
MS?[317]: 179 (100), 191 (15) o
17.47 317 [M-H] 318 Myricetin 19.80
13 MS®[179]: 151 (100)
14 17.78 447 [M-H] MS?[447]: 301 (100) 448 Quercitrin 56.25
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MS3[301]: 179 (100), 151 (65)

15

MS?[253]: 253 (100), 209 (25), 197 (10)
18.49 253 [M-H]" MS3[253]: 253 (100), 209 (30), 181 (25), 254 Daidzein 17.00
169 (10)

16

MS?[271]: 151 (100) , .
19.65 271 [M-H] 272 Naringenin 7.50
MS?[151]: 107 (100)

17

MS?[269]: 225 (100), 269 (50), 201 (35),
149 (25) -

20.39 269[M-H] 270 Genistein 14.58
MS3[225]: 181 (100), 197 (40), 169 (15),

225 (10)

18

MS?[301]: 286 (100), 242 (45), 257 (35),
125 (20), 199 (10) _

20.56 301 [M-H] 302 Hesperetin 28.20
MS3[286]: 242 (100), 258 (85), 199 (40),

174(15), 268 (15)

19

MS?[271]: 151 (100), 176 (20) , .
21.08 271 [M-H] 272 Naringenin chalcone 16.50
MS3[151]: 107 (100)

20

22.05 285 [M-H] MS?[285]: 285 (100), 243 (55), 151 (40) 286 Kaempferol 12.00

21

MS?[269]: 225 (100), 269 (55), 201 (35),
2243 269 [M-H]' 149 (25) 270 Apigenin 13.20
MS3[225]: 181 (100), 197 (40), 169 (15)

Green bean samples (Phaseolus vulgaris)

The green bean samples include fresh and cookgatdujucts taken before and after cooking during the
industrial production of frozen legumes. As the varieties grown are the same in both LI and biological systems,
with the difference that the seeds are tneated at all in the latter case, we can affirm that both cooked and
fresh byproducts have been subjected to biological and LI cultivation.

The pattern of mass spectra was analyzed in negative mo#t [Mhe results of the UHPLOAD-MS"
gualitativeanalysis (sed able23) demonstratéhat green beans are rich in flavonols, a finding that is consistent
with previous studies found in the literatuhedeed, as reporteny Abu-Reidah et &t flavonoidsand their
derivatives were identified as the most prominent compounds in all green bean UAE extracts analyzed,
underscoring the significance of this class of phenolic compounds in the phytochemical profile of this legume.
From a qualitative perspectivap notable differences were observed between the fresh and cooked by
products deriveérom biological cultivation Figure 52, A-B) and fresh and coolleby-products derived from

LI cultivation (Figure 52, C-D).

However, anotable distinction was observed between green bbwproducts derived from biological
cultivation (GBCo-Bio-ByP and GBFr-Bio-ByP) and green bean {product from LI cultivation (GBCo-

LI-ByP and GBFr-LI-ByP). Indeed, both fresh and cooked LHtmpducts (AB samples ofigure 52) are

devoid of the presence of a compound whose precursor ion is m/z 593, which would appear to be Kaempferol

3-O-rutinoside (peak 7), as previously reported in the liter&ttire
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In contrast, both biological bgroducts (GD samples ofigure 52) are devoid of the presence of peak 4,

which is identified as Quercetin@-glucuronide, as it has a parent ion of m/z*4%@nd peak 8which is

identified as Kaempferol-®-glucuronide, as it has a patdon of m/z 461.

However, regarding all other compounds, the MS spectra have revealed the presence of the parent ion at m/z
741 (peak 1), which is identified as Querceti@®-Xylosylrutinoside. Peak 2 at m/z 595 has been demonstrated

to be Quercetin-®-vicianoside, which is present even in the biological fresiprogluct but absent in the

cooked one. The compound with m/z 725 (peak 3) has been identified as Kaenyderglo3ylrutinoside,

as previously describ&d. The identification of Quercetin@-rutinoside (rutin), corresponding to peak 5, was
confirmed by comparison with the reference molecule available in our laboratories. According to the
literaturé!? this compond was identified in all green bean UAE extracts, with the exception of tbedkied

by-product. The parent ion of m/z 579 observed for compound 6 has been proposed to be Kaei@®pferol 3
sambubiosid®.
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Figure 52 Qualitative UHPLGCDAD anal ysi s (chromatograms recorded
bean byproducts (method described $ection2.1.9. Zoanedin view of the chromatogram
between 13.98 and 19.42 min; A) GB-LI-ByP; B) GBCo-LI-ByP; C) GBFr-Bio-ByP; D) GB
Co-Bio-ByP; 1= Quercetin 30-xylosylrutinoside; 2= Quercetin-8-vicianoside; 3= Kaempferol
3-O-xylosylrutinoside; 4= Quercetin-®-glucuronide; 5= Quercetin 30-rutinoside (Rutin); 6=
Kaempferol 30-sambubioside; 7= Kaempferol@-rutinoside; 8= Kaempferol -
glucuronidé®

Table23 Qualitative LGMS analysis of polyphenols in green beangmducts®

RT  Molecular lon ) Molecular Weight ) o
Substanc MS" [m/z], rel. int. (%) Tentative Identification
[min] [m/z] [g/mol]
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Quercetin 30-
MS?[741]: 253 (100) o
1 14.53 741 [M-H] 742 xylosylrutinoside'!?
MS3[253]: 235 (100)

MS2[595]: 300 (100), 445 (40), 463 (25),

2 14.91 595 [M-H]- 475 (15), 596 Quercetin 30-vicianoside!*?
MS3[300]: 271 (100), 255 (50)
MS?[725]: 575 (100), 285 (40), 593 (35)

Kaempferol 30-

3 16.16 725[M-H]"  MSY575]: 339 (100), 393 (90), 429 (70), 726 o
xylosylrutinoside!'?
547 (25)
MS?[477]: 301 (100) , .
4 16.27 477 [M-H]- 478 Quercetin 30-glucuronide!!?

MS®[301]: 179 (100), 150 (60)
MS?[609]: 301 (100) _ L

5 16.38 609 [M-H] 610 Quercetin 30-rutinoside
MS3[301]: 179 (100), 273 (15)
MS?[579]: 285 (100), 429 (60), 447 (20),

6 16.63 579 [M-HJ- 257 (15) 580
MS3[285]: 257 (100), 151 (50), 267 (45)
MS?[593]: 285 (100)

7 17.43 593 [M-H]- MS3[285] 257 (100), 267 (55), 241 (45), 2594 Kaempferol 30-rutinoside!?
(25)
MS?[461]: 285 (100)

8 18.04 461 [M-HJ" MS3[285]: 257 (100), 267 (55), 229 (40), 462
213 (25), 197 (20)

Kaempferol 30-sambubiosid
112

Kaempferol 30-glucuronide
112

A semiquantitative analysis of the green bearpbyducts was also carried out and the results are shown in
Figure53. The bar graph illustrates a comparative analysis of the polyphenol content in fresh and cooked green
bean byproducts from biological and LI cultivation.

A marked increase in specific polygnols was observed in cookedfnpducts when compared to fresh by
products. The most striking increase was observed for Kaempf€ralBosylrutinoside (compound Bjgure

53) in the cooked LI byproduct (GBCo-LI-ByP) compared to the fresh counterpart (&B.1-ByP). A

similar pattern is observed for compound 1 (Queregiixylosylrutinoside) and compounsl (rutin) in

higher amounts in both cookdxy-products (GBCo-LI-ByP and GBCo-Bio-ByP) compared to their fresh
counterparts (GB-r-LI-ByP and GBFr-Bio-ByP). The elevated concentration of polyphenols in cooked green
bean byproducts relative to their fresh counterpart can be ascribed to theusthadterations induced by
cooking, which are likely to disrupt cell wall integrity and facilitate the diffusion of these compounds. These
observations are consistent with findings of previous research, which have demonstrated that the cooking
methods cannfluence the nutritional composition @egetablesincluding green bean. This can result in
alterations to the level of specific compounds sugbofgohenols's

On the contrary, some compounds are no longer present in the coegemtibyts, including QuercetigO-

glucuronide (peak 4igure 53) and Kaempferol ®-sambubioside (peak Ejgure 53) in the GBCo-Bio-
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ByP UAE extract. This outcome is to be expected, given that the cooking process is even likely to result in the
degradation or hydrolysis of the sugar chains of these tmpaonds, in direct opposition to what vleserved

before. Indeed, previous research has demonstrated that various processing conditions can significantly impact
the degradation of phenolic compounds in common beans, with increased soaking time ancthpatatue
accelerating polyphenol degradafitin

Thus, there are several mechanisms involved in thermal proceaseantinfluence the increase or decrease

of certain compounds, such as polyphenolsgigetables

A significant finding from our serjuantitative analysis of green beanpppducts was the presence of some
polyphenols in all UAE extracts studied, paumtarly Quercetir3-O-rutinoside, which has been demonstrated

to possess cardioprotective effé€tsAdditionally, the presence of Quercetin glucuronide, known for its anti
vascular propertié¥, further highlights the potential health benefits of these@rogucts. Moreover, the
crucial role of lipid peroxidation in various human diseases, the inhibitory effects of Qué&x€tin
glucuronide and QuercetB+O-rutinoside, had been already demonstrated by Geoffrey, highlight their
potential therapeutic significarf®e

mg/100g DW
i

30 §

20 o §

§ \ Fr . ‘.

10 ‘ §Fr C° " Fr o %F" Fr Cog Fr : F"§\:
] 3 .

WGB-Fr-LI-ByP = GB-Co-LI-ByP  m GB-Fr-Bio-ByP s GB-Co-Bio-ByP

Figure 53 Polyphenol content (semuantitative UHPLEDAD analysis) in green bean by
products from biological (blue) and LI (green) cultivation. Co = Cooked, Fr = Fi®sh

Beans samples (Phaseolus vulgaris)

In order to evaluate the potential of beanppgducts, qualitative and semiiantitative analyses were
conducted to compare beanjoducts derived from different production stages with the final product.

In the case of bean hyroducts, the most rudimeary waste material obtained from the initial stages of the
industrial process, defined asHio-ByP and BConwByP, underwent UHPLDAD-MS" analysis. This

material is characterized by the presence of a multitude of foreign bodies, including branclesend
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Furthermore, also bgroducts from collection points close to the final product were analyzed, which therefore
appear to be less contaminated by foreign bodies than those previously mentioned. Among them, there are the
biological byproducts (BFr-Bio-ByP and BCo-Bio-ByP), and the LI byproducts (BFr-LI-ByP and BCo-
LI-ByP), while the final product (#inalP) corresponds to frozen beans.

A comparison of the chromatograms of all the bean UAE extracts is shdviguire 54. From a qualitative
standpoint, the phenolic composition of all bean UAE extracts is comparable, including {potubgts and

the final product. Specifically, the presencefigé distinct main compounds, with retention times of 9.47,
9.96, 10.95, 11.14, and 14.68nutes (sedable 24), was identified in all bean UAE extracts. The peaks
exhibit the same absorption spectra (Table24), Bith&d nm)
parent ion of m/z 385 in negative mode-Hif. It has been postulated that these compounds are derivatives of
ferulic acid coupled with glucaric or galactaric acid, as previowsgribed by Nguyen et*al.

The qualitative analysis revealed a promising polyphprofile in bean byproducts, notably the presence of
feruloylglucaric acid derivatives. As demonstrated by Zbigni¢alaszek et ai'® these compounds have
shown significant potential in loweny serum cholesterol levels in rats. Thus, beaprbgucts could serve as

a valuable source of natural antiolesterolemic agents, transforming waste into a resource with significant
health benefifs.
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Figure 54 Qualitative UHPLGDAD anal ysi s (chromatograms recorded
bean byproducts (method described $ection2.1.9. Zoanedin view of the chromatogram
between 9.16 and 12.91 min; A)AhalP; B) B-Bio-ByP; C) BConwByP; D) BFr-Bio-ByP; E)
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B-Co-Bio-ByP; F) BFr-LI-ByP; G) BCo-LI-ByP; 1, 2, 3, 4, 5= Feruloyl glucaric/galactaric acid
derivative?

Table24 Qualitative LGMS analysis of polyphenols in bean prodéftts

RT Molecular lon ) Molecular Weight ) o
Substanc MS" [m/z], rel. int. (%) Tentative Identification
[min] [m/z] [g/mol]
MS?[385]: 191 (100) . o
feruloyl glucaric/galactaric acid
1 9.47 385 [M-H] MS®[191]: 84 (100), 146 (30), 386 o
derivativel'®

173 (10)

MS?[385]: 191 (100) 386 feruloyl glucaric/galactaric acid
2 9.96 385 [M-H] MS®[191]: 84 (100), 146 (30), derivativel'®

173 (10)

MS?[385]: 191 (100) 386 feruloyl glucaric/galactaric acid
3 10.58 385 [M-HJ MS®[191]: 84(100), 146 (30), derivative!'®

173 (10)

MS?[385]: 191 (100) 386 feruloyl glucaric/galactaric acid
4 11.14 385 [M-HI MS3[191]: 84 (100), 146 (30), derivativelt®

173 (10)

MS?[385]: 191 (100) 386 feruloyl glucaric/galactaric acid
5 11.69 385 [M-HI MS3[191]: 84 (100), 14430), derivativel'®

173 (10)

As previously mentioned, five compounds, all derivatives of ferulic acid coupled with galactaric or glucaric
acid, were identified across all bean UAE extraEtgure 55 presents a bar graph illustrating the relative
amount of these compounds in the analyzed UAE extracts. Despite the qualitative similarity in polyphenol
composition, the sentjuantitative analysis highlighted significant variations he tamount of these
compounds across the different bearpbyducts.

A comparative analysis was conducted between fresh and cooked baamlbgts and unlike green bear by
products, no significant differences were observed between the two forms. Inréatt, biyproducts
consistently exhibited higher concentrations of polyphenols than their cooked counterparts (is the case of peaks
1, 2, 3 and 5Figure 55). This finding suggests that the cooking process may lead to the extraction of certain
polar compounds into the cooking water. This result is in line with previous studies on common beans, which
demonstrated that various processing conditions, pkatiguextended soaking times and highter
temperatures, can significantly accelerate polyphenol degrattation

Conwrsely, peak 4 exhibits a different trend, with cooked beaprbgucts displaying slightly higher
concentrations than their fresh counterparts. This finding aligns with previous research demonstrating that
specific cooking conditions can lead to an inseei certain polyphenol compounds within plant mattiées

In conclusion, similar to green bean-psoducts, the thermal processing of bearptyducts significantly
impacts their polyphenol profile, leading to both increases and decreases in specific compoundledA deta
guantitative analysis will be assumed in future studies to further elucidate these findings.
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Furthermore, the study undertook a comparative analysis of the three distinct cultivation methods: biological,
conventional, and LIFigure 55 reveals that peak number 4 (which is one of the feruloylglucaric acid
derivatives) is consistently the most abundant across all analyzprbdhycts. This finding gigests that
cultivation practices may influence the accumulation of specific polyphenols. Previous research, such as that
conducted by Kalinowska et &P, supports thisiypothesis, demonstrating that different cultivation methods
can significantly impact polyphenol content. It is plausible that reduced pesticide uses in biological, LI or
sustainable cultivation could contribute to variations in polyphenol profiles.s&icéxamination of tHeigure

55 reveals anotabletrend: LI and biological byroducts exhibit higher polyphenol amount compared to
conventional byproducts, highlighting the potential of sustainable agriculture to produce crops with enhanced
nutritional value.

A significant finding from this study is éhelevated polyphenol content in-pyoducts compared to the final
product, confirmed from thE&igure 55. This observation underlines the potentiaptzintbased waste as a
valuable source of bioactive compounds, aligning with the primary objective of this ré%earch
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Figure 55 Polyphenol content (semuantitative UHPLEDAD analysis) in bean samples from
biological, conventional and LI cultivation. Co = Cooked, Fr = Fresh-@gduct = full bars;
Final product = stripped ba®

A comparative analysis of green beans and mature begnoldycts revealed distinct polyphenol profiles.
Green beans, representing the O6youngestdé stage
glycosylated flavonols, as detailedTiable23. In contrast, mature beans predominantly contained ferulic acid
derivatives, as shown ifable24. According tdliteraturé?.'?? thisdifference can be attributed to the plant's
developmental stage and its response to environmental stress. [@ariggdevelopment, plants often
accumulate flavonoids to protect themselves from UV radiation and oxidative stress. As the plant matures and
becomes more resilient, it may shift its metabolic focus towards other defense mechanisms.

Indeed, the existingtkrature confirms that heat affects the degradation of flavBAdFor instane, it has
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been demonstrated that the application of heat can result in the degradation of rutin, leading to the formation
of a mixture comprising Protocatechuic acid and other degradation derivatives with a reduced antioxidant
activity'23124 In light of these results, it can be hypothesized that in green beans, which represent the earliest
and therefore most vulnerable stage of ripening, polyphenols witrerhightioxidant activity, such as
flavonols, are present. Conversely, beans exhibit a greater presence of polyphenols with lower antioxidant
activity, such as phenolic acids. Once they have reached maturity, beans have a reduced need to actively defenc
therrselves and therefore produce fewer substances. Additionally, it is essential to consider that the mature
plant will have endured adverse weather conditions, such as drought or extreme temperatures, which may have

caused a degradation of the polyphenolctme, leading to the formation of phenolic aéids

Soy samples

In the case of soy samples, the qualitativeME analysis (se€igure 56, Table25) was performean raw
materials which are seeds, including both biologicaBi&RM) and conventional (Eon+RM) seeds, as

well as biological okara which is the soy-psoduct (SBio-ByP). The pattern of mass spectra was analyzed

in positive mode [MH]".

According toliteraturé?®, soy samples are wadkstablished sources of isoflavones and their derivatives. A key
distinctionof our research is the comparative analysis of seprbyuct (okara) and its corresponding raw
materials (seeds). Among the-pyoducts investigated in this research, okara stands out as a particularly
promising candidate due to its relative purity. Tdhesedloop nature of the sesnilk production process,
which involves minimal exposure to external contaminants like stones, branches, or insects, contributes to the
cleanliness of the resulting okara.

The qualitative analysis of soy, comprising both saed waste samples, revealed a comparable isoflavone
composition. Among the isoflavones identified, all soy UAE extracts showed the presence of daidzin m/z 417
(peak 1), glycitin m/z 447 (peak 2), genistin m/z 433 (peak 3), malonyl daidzin m/z 503 (peaat)yl

glycitin m/z 533 (peak 5), and malonyl genistin m/z 519 (peak 6). The identification of these compounds in
our soy UAE extracts was confirmed through a comparison with previously publishbtELdata by Lee et

al.*?% While, the identification of daidzein and genistein, with respectivenpdons of m/z 255 and m/z 271
(peaks 7 and 8) was confirmed by comparison with the standard molecules available in our laboratories.
The qualitative analysis revealed good similarity in the isoflavone profiles of ok&ia-{fyP) and soy seeds
(S-ConvRM and SBio-RM). This result underlines the potential of okara as a valuable source of bioactive
compounds, mainly isoflavones. Given the wadcumented health benefits of isoflavones, including their
role in bone health, okaiderived isoflavones mayffer promising therapeutic applications for conditions such

as osteoporosig’ &,
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Figure 56 Qualitative UHPLGCDAD anal ysi s (chromatograms recorded
samples (method describedSection2.1.9. Zoomeein view of the chromatogram between 12.24
and 20.77 min; A) Bio-ByP; B) SBio-RM; C) SConv+RM; 1= Daidzin; 2 = Glycitin;
3=Genistin; 4= Malonyl daidzin; 5= Malonyl glycitin; 6= Malonyl genistin; 7= Daidzein; 8=

Table25 Qualitative LGMS analysis of polyphenols in soy prodéftts

Genisteir°

RT Molecular lon ) Molecular Weight Tentative
Substanc MS" [m/z], rel. int. (%) o
[min] [m/z] [g/mol] Identification

MS?[417]: 255 (100)

1 129 417 [M+H]+ MS3[255]: 199 (100), 136 (70), 227 (55), 237 (416 Daidzin12¢
255 (15)
MS?[447]: 285(100) »

2 13.3 447 [M+H]+ 446 Glycitin 126
MS3[285]: 270 (100), 229 (20), 144 (10), 285 (¢
MS?[433]: 271 (100)

3 14.3 433 [M+H]+ MS®[271]: 152 (100), 215 (80), 243 (70), 253 (4432 Genistin'?6
271 (10)
MS?[503]: 255 (100) o

4 16.1 503 [M+H]+ 502 Malony! daidzin'?®
MS®[255]: 199 (100), 136 (70), 237 (30), 255 (1
MS?[533]: 271 (100) 285 (60)

5 16.8 533 [M+H]+ MS3[271]: 215 (100), 152 (70), 243 (45), 253 (532 Malonyl! glycitin 126
271 (10)
MS?[519]: 271 (100) o

6 17.9 519 [M+H]+ Malonyl genistint?6

518
MS3[271]: 215 (100), 152 (50), 243 (35), 253 (¢
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271 (10)

MS?2[255]: 199 (100) 136 (70), 227 (55237 (30)
7 18.4 255 [M+H]+ 255 (15) 254 Daidzein'26
MS3[199]: 191 (100), 171 (30), 153 (15)
MS2[271]: 152 (100), 215 (75), 243 (65), 253 (¢
8 20.5 271 [M+H]+ 271 (10) 270 Genisteint?6
MS3[152]: 153 (100), 110 (45), 66 (40)

Figure 57 shows a comparative analysis of the sgomantitative data for soy UAE extracts. The qualitative
analysis demonstrated a comparable polyphenol profile across the s&eais\{SM and SBio-RM) and

okara (SBio-ByP), whereas the semguantitative analysiservealednotablediscrepancies in the quantity of
specific isoflavones.

A comparative analysis of the amount of individual isoflavone revealed a distinct pattern: glucoside forms
(peaks 16, Figure57) were more abundant in seedsG8nv+RM and SBio-RM), while aglycone forms, such

as daidzein (peak Figure 8) and genistein (peak 8jgure 57), were more concentrated in okaraBi®-

ByP). This observation is consistent with the existing literature, which has established that soy primarily
contains isoflavone glycosides, such as malonyl glucosides-gludoside®. The increased aglycone content

in the byproduct can be attributed to thermal processing, which can facilitate the hydrolysis of glycosides into
aglycones. Additionally, the extraction of glycosides into soy milk during procgssity further contribute

to the enrichment of aglycones in thefmpduct.

Thus, the qualitative and semiiantitative analyses demonstrated the significant polyphenol content of okara
(S-Bio-ByP), including a comparable isoflavone profile to soy seedssd& hesults highlight the potential of
okara as a valuable source of bioactive compounds, transforming a previousbeddbyproduct into a
resource with significant health benefits

70
60
50

40

mg/100g DW

30

20

Daidzin Glycitin Genistin Malonyl Malonyl Malonyl Daidzein Genistein
(Peak 1) (Peak 2) (Peak 3) daidzin glycitin genistin (Peak 7) (Peak 8)
(Peak 4) (Peak 5) (Peak 6)

S-Bio-ByP 5-Bio-RM S-Conv-RM

Figure 57 Polyphenol content (serguantitative UHPLEDAD analysis) in soy samples.-By
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product (okara) = full bars; Bw material (seeds) = stripped béfs

Peasamples

Regarding pea samples, including frésblogical and conventional bproducts(P-Fr-Bio-ByP and PFr-
ConvByP) and the final produc{P-FinalP) preliminary studies suggest further investigatitmleed,
gualitative LGMS analysis (se8ectior2.1.9 revealed a similar polyphenolic profidall peaUAE extracts

Two prominent recurring peaks were observed at retention times of 11.7 and 12.0 minutes vetlosndt

278 and 308 [IVH]-, respectively(seeFigure 58). These compounds were also detected in positive ion mode
with m/z ratios of 280 and 310 ]+, respectively.

A subsequent literature review aimed to identify these compotiwdably, the compound withm/z of 280

[M-H]+ could correspond t6+)-N-[ 4HMjiroxy-(E)-cinnamoyl}L-aspartic acitf® while the compound with

an m/z of 310 in positive ion mode potentially corresponds to eithtd-[[ 3 N)jhydidxy-(E)-cinnamoyl}
L-glutamic acid or (+=N-[ 4HMiroxy-3 -Miethoxy(E)-cinnamoyl}L-aspartic acid, both exhibiting tteame

parent ion of m/z 31(M-H]+1%,

Therefore, iterature analysié® suggests that these two peaks belong to the classpbehylpropenoyl -

amino acids. Thisesultis significant as this class of polyphenols has demonstrated inhibitorigyaagainst
Helicobacter pylori adhesion to the human gastric mdébsa

Given that coriander fru{Coriandrum sativum Land elderberry flower (Sambuclg are knowrto contain

such moleculég’, an extract from these plants was prepared (in a 50:50 water:ethanol solution, 15 minutes
using ultrasound) tbe exploitedhs a referere Analysis of the coriander extract reveatkd presence awo
compounds with m/z ratios of 278 {M]- at 14.79 minutes and 308 [M]- at 16.42 minutes. However, these
compounds exhibited different retention times compared to the peaks observed iniA& medract414.96

and 16.60 minutes, respectively). Thdifeerencessuggest that the p&fAE extractamay contain isomers of

these molecules or that the amino acid moiety is bound to a different region of the molecule.

Thus, it wasconsiderednecessary to isolate the two compounds of interest. A-gmparative HPLC
fractionation followed by NMR analysis was chosen for this purpostirdng overnightextraction method

was established using a 1:10 sarriplsolvent ratio with a 580 methanclvater mixture. Subsequently, a
liquid-liquid extraction using ethyl acetate in a separating funnel was performed to remove unwanted
compounds. The methanol portion was then evaporated to dryness, yielding a pure aqueous extract. This
extract which contairs the two compounds of intere& currently being subjected to sepreparativeHPLC

analysis and NMR characterization at Department of Pharmacognosy, University of Graz, Austria
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Figure 58 Qualitative UHPLGDAD anal ysi s (chromatograpems recorded
samples (method describedSection2.1.8. Zoomesdin view of the chromatogram betweth 65
and 12.36min; A) P-Fr-Bio-ByP; B) P-Fr-ConwvByp; C) P-FinalP; 1= 278 m/z [MH]%; 2= 308
m/z [M-H] !

2.2.2.5 Polyphenol profile and Antioxidant activity of legumegsgducts

Green beans represent the 6youngest d st agobserven bea
any similarities or differences in the type of polyphenols they contain. Comparing the two species shows that
the polyphenol content is totally different. Indeed, green beawrdgucts contain glycosidic flavonols (see
Table23), whereas beans do not contain flavonols, but ferulic acid derivativebabk24). This difference

could beattribuableto the fact that plants produce various substances, including polyphenols, during ripening

to protect themselves from environmental stresses and pathBgerdeed, the existing literature confirms

that heat affects the degradation of flavoffél$-orinstance, it has been demonstrated that the application of

heat can result in the degradation of rutin, leading to the formation of a mixture comprising protocatechuic
acid and other degradation derivatives with a reduced antioxidant détivitylight of these results, it can be
hypothesized that in green beans, which represent the earliest and therefore most vulnerable stage of ripening,
polyphenols with higher antioxidaactivity, such as flavonols, are present. Conversely, beans exhibit a greater
presence of polyphenols with lower antioxidant activity, such as phenolic acids. Once they have reached
maturity, beans have a reduced need to actively defend themselve®@fdréhproduce fewer and fewer
substances. Additionally, it is essential to consider that the mature plant will have endured adverse weather
conditions, such as drought or extreme temperatures, which may have caused a degradation of the polyphenol

structue, leading to the formation of phenolic acids.
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Still following the results obtained for green beangogducts, the comparison between cooked and fresh by
products was carried out in order to observe whether the cooking process affected the polyptegiol ben

most striking example, both qualitatively and semantitatively, concerns green beans. Since green beans
generally contain predominantly glycosidic flavonols, including the cookgutdguct, it was expected to find

the corresponding aglycosidflavonols in the fresh bgroduct. In fact, chemical reactions generally occur
during cooking that can transform some polyphenols into other forms, making themabt@eranore easily
absorbed. For example, cooking may favor the formation of compsuntss glycosylated flavonoids, which

are more easily absorbed than free flavonoids. In reality, the results obtained disproved this hypothesis.
Glycosylated flavonols are not present in either fresh or cookgddulucts. However, one difference emerged

from the semiguantitative analysis: some glycosidic flavonols, Bigeire 53, were found to be higher in the
cooked byproduct. It wagherefore hypothesized that probably in fresh green beans, polyphenols are bound
to other molecules or trapped within the plant cells. Probably, cooking altered the cell structure, releasing these
compounds and making them more avail&lén contrast, in the case oé&n byproducts, which do not

contain glycosidic flavonols but derivatives of ferulic acid, a different pattern was observed between cooked
and fresh byproducts. Indeed, nootabledissimilarities were identified in the sewmpantitative analysis
betweercooked and fresh bean-pyoducts, as was observed for green beans.

Moreover, in general all the leguniAE extractsshowed no significant differences in terms of antioxidant
activity. In the case of the bean and soy samples, it was interesting to ahsémwe byproducts present a

TAS valuecomparable to that of the final products, for beans, and seeds, for soy. This is in accordance with
the extract yield (%) and the TPC values. In contrast, in the case of the bpewdbygts, a slight trend
difference was observed between the TAS and TPC values. For exampla;F38ByP is the sample with

the highest TPC compared to the others of the same species, but this was not confirmed by the TAS values.
This could be due to the different antioxidant capacitfethe individual polyphenols. Indeed, the chemical
structure of polyphenols is linked to a higher free radical scavenging capdsaitghermore, according to the

results obtained and discussed, even a higher extraction yield (%) does not necessarily correlate with a
proportional increase in the content of phenolic compounds. This observation applidsytpraducts of

green beans, which have a high yield but no correlated TPC, and to conventional S8y seeds

2.2.3 Comparative Analysis of UAE Extracts from Fruits and Legumes

All samples, both fruits and legumes, underwent the same UA&céErnh procedures (as detaileddaction

2.1.4 and were subjected to the same analytical procedures, including total phenolic content (TPC) and total
antioxidant activity (TAS) assayBven gavimetric analysis was applied to both fruit and legume samples. A
significant disparity emerged upon comparithe yield % obtained fruit UAE extracts exhibited
approximately 50% higher yield values compared to legUiE extracts Notably, theapplefinal product
(Apl-FinalP)achieved a remarkable yield of nearly 90%. Analyzing the fruit samples specificatigisistent
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trend was observed: fyroducts generally yielded lower amountseafractablenaterial compared to their
respective final products. However, this trend was not consistently observed in the legume samples. While soy
by-product(S-Bio-ByP) demmstrated a lower yield compared to the s¢8eBio-RM and SConvRM), bean
by-products exhibited no significant differences in yield values when compared to their corresponding final
products. Furthermoréjological peachby-productsPchBio-ByP) demongrated yield values comparable to
those ofits final product. These observed variations in yBldcross different sample types may be attributed

to several factors, including inherent differences in the composition and cellular structure of the raadsmater

the impact of processing techniques on the physical and chemical properties of the samples, and the varying
levels of bioactive compounds present in each sample type.

A significant disparity in Total Phenolic Content (TPC), expressed as mmol GAEB/IWNV, was also
observed when comparing fruit and legutd@E extracts While less pronounced than the differences
observed in yield values, all frlAE extractsconsistently exhibited higher TPC compared to legUAE

extracts Notably, PckBio-FinalP emeged as the sample with the highest TPC among all samples analyzed.
Fruit by-products with high pulp content, such as apricot and peach, demonstrated high TPC values comparable
to their respective final products. A similar trend was observed in beg@notiyct UAE extracts which
generally exhibited comparable or even higher TPC than their corresponding final products, suggesting
substantial retention of polyphenols within thesepbyducts. Conversely, tomato-JpyoductUAE extracts
showedsignificantly lover TPC compared to their final produdfE extracts This disparity can likely be
attributed to their characteristically low pulp content and the observed low extraction yields

A significant disparity in Total Antioxidant Activity (TAS), expressed as rirolox/100 g DW, was also
observed when comparing fruit and legutddE extracts Fruit UAE extracts consistently exhibited
substantially higher TAS values, exceeding those of leguiie extractsby more than double. Within the

fruit UAE extractsfinal products generallgxhibitedcomparable TAS values to their respectivepbgducts,

with the exception of PeBio-ByP. This observation is particularly noteworthy considering that TPC values
exhibited significant differences betweenmpducts and final products for most frUIRE extracts with the
exception of apricots. In line wifluit UAE extractgesults evenbean byproductUAE extractddemonstrated
comparable or slightly higher antioxidant activity than their corresponding final products. Furthermore, okara
(soyby-product S-Bio-ByP) exhibited significantly higher antioxidant activity compareddedgS-Bio-RM

and SConw+RM).

Regarding the application of chromatographic methods,ifhjrtantto note that fruit and legumeAE
extractswere analyzed bglistinct analytial approaches. The HPLTQAD chromatographic method (detailed

in Section2.1.8) provedto be fast and effective for the qualitative and quantiadivalysis of all fruitJAE

extracts as it was validated. In contrast, the analysis of leguiE extractsrequired more sophisticated
techniquess it was not possible to identify the polyphenols withouMBealetector The employed UHPLC
DAD-ESFMS" chromatographi@nalysis(Section2.1.9, while allowing the identification of polyphenols in

all legumeUAE extracts currently provides qualitative and sequiantitative data. More comprehensive
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investigations, including full quitative analysesyill be carry out infuture studies.

The chromatographi@nalyses weraecessaryor clarifying the uniquephenoliccomposition of eaclUAE

extract particularly emphasizing the valualpelyphenolswithin the byproducts, which are iahded for
incorporationas active ingredientinto new nutraceutical formulations. Each 4pyoduct UAE extract
demonstrated a distinct and abundant polyphenol profile, offering promising potentrafgapplications.
Specifically, thebiological apple ly-product (Apl-Bio-ByP) exhibited high concentrations of phlorizin,
hyperoside, and quercetin, comparable to or gveaterthose found in the correspondifigal product. This
by-product UAE extract presents significant interest due to the wdeltumentd antidiabetic and ani
inflammatory properties gfhloridzir®. Conversely, thbiologicalpeach and apricot byroductUAE extracts
(PchBio-ByP and AeBio-ByP) were characterized by high levels of chlorogenic acid and its derivatives,
again comparable to or exceeding their respective final products. These compounds are recognized for their
potential in preventing varioughronic diseases, including diabetes, cardiovascular diseases, obesity, cancer,
and hepatic steatost§ Finally, tomato byproductUAE extracts(T-Bio-ByP and FLI-ByP) were found to

be rich in naringenin, with concentrations even exceeding those observedimaltpeoducts. Narigenin is

a particularly noteworthy compound due to its established cardioprotective 'tfects

In contrast to fruit byproducts, legumBJAE extractsexhibited a distinct polyphenol profile. This observation
underlineghe significant compositional differencasd distinct endise applications between these two food
categories. Notably, bean dpyoduct UAE extractswere found to be rich in ferigl acid derivatives,
compoundsvell-knownfor their cholesterelowering propertie$8 On the other handvhole bearby-product

UAE extractswere characterized by a higher abundance of flavonols, which possess a diverse range of
beneficial health effects. Finally, the soy-psoductUAE extract (SBio-ByP), rich in aglycone isoflavones,

presents significant potential for applications in the prevention of menepelased pathologié¥'.

2.3 CONCLUSIONS

This researclidely investigated the polyphenol contentdifferentagri-food by-productderived from fruits
(peach, apricot, apple and tomaamd legumegpeas, beans, green beans and sog)ing fromFruttagel®

(an agrifood industry of Italy) The main objective was to assess their potential as sustainable sources of
polyphenols fortheir application as active ingredientsfood supplements and nutrateal formulations
following a circular economy perspective

Primarily, the developedUIltrasaund-Assisted Extraction (UAE) proved to be an effective method for
achieving high yields of polyphenols from all lyophilizeelgetalmatrices analyzedlhe preliminary Total
Phenolic Content (TPCYV-vis spectrophotometric assay for total polyphenol content provided a rapid
screening, effectively differentiating betweenfipducts and their respectifieal products. In someases

the byproducts exhibited equal even higher polyphenol content than fimal products.

More sophisticated analytical techniques were employed for detaiégdicalcharacterizationf polyphenols
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in UAE extracts analyzedThe HPLC-DAD chromatographicanalysis was used to qualitatively and
guantitativelydeterminethe polyphenol profiles dJAE fruit by-productextracs, revealing the presence of
manycompounds, including hydroxycinnamic acids and various flavonoids. Notably, fraényy-products
demanstrated comparable greaterpolyphenol content to their corresponding final products, highlighting
their potential as valuable sourcegofyphenols

The HPLC-DAD chromatographic methogroved to be a robust and versatile technique for characterizing
polyphenols in a wide range of fruit matrices. Furthermore, this method was successfully applied to evaluate
the stability of polyphenols in both UAE extracts and the original plant powders. Rekaliedthat
polyphenols remained stable for at least 1%ti® when stored a20°C.

Additionally, safety assessments weperformedat Fruttagel® to determine pesticide residues in both
conventional andiologicalfruit by-productUAE extracts These analysesstablishethe safety ofisingthese
UAE extracts asactive ingredients in nutraceutical formulations, minimizing the risk of pesticide
contamination.

In the case olegume byproductUAE extracts advanced UHPLDAD-ESIMS" analysis developed at the
University of Graz, Austriarevealeddifferent and interestingphenolic profiles. Keyesultsincluded for
examplesthe presence of ferulic acid derivatives in bearmpipducts and isoflavones in okara (soy by
product). Even in this casesome by-products exhibited higher polyphenol content comparedheir
corresponding final product€oncerning altivation practicesit has been demonstrated that tisggnificantly
influenced the polyphenol content of legumeprgducts.Indeed, sstainable cultivation methods, such as
biologicalandA L ot t a t KW farenipg, were associated with increased polyphenol levels in bean by
products compared to conventional methoddditionally, thermal processingppliedvariable effects on
polyphenol content in legume samples.

Another interesting aspect that engeed from the research wése marked differences in phenolic profiles
between green beans (young stafjgpening and mature bearfPhaseolus vulgaris L.Jndeed, geen beans
exhibited higher levels of glycosylated flavonoids, reflecting their roldefense against environmental
stresses.

Finally, interestingresults were obtained for pea-pyoducts, with the identification of two compounds
potentially belonging to theddhenylpropenoyL-amino acid familyHowever, tirther analysis, such as NMR
spectroscopy, is required to confirm their identity.

In conclusion, theseesultsdemonstrate the significant potential of aigdd by-products as valuable sources
of bioactive compounds, particularly polyphenols, for the development of innovative ntitalseand food
supplements. Theise of by-products aligns with a circular economy approach, minimizing waste and

maximizing resourcesewithin the agrifood sector.
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3 PROTEIN CHARACTERIZATION IN AGRI -FOOD SAMPLES

3.1 MATERIAL AND METHODS

3.1.1 Agri-food samples

The analyzed samples aaported inSection2.1.3 Tablel andTable2.

3.1.2 Quantification of Protein Content in AgFiood Samples via Kjeldahl Method

The Kjeldahl method waserformedn accordance with the guidelines set forth by the Association of Official
Agricultural Chemists International (AOA&YS. Approximately 1 g of agfiood sample powder was
lyophilized and subsequently hydrolyzed with 15 mL of concentrated sulfuric acid containing two copper
catalysts at 420 UC for two hours. Following this:s
and titration. The total nitrogen content of the samples was multiplied by 6.25 as the conversion factor, as
reported by the protocol.

3.1.3 Statistical Ealuation

All results were expressed as the mean £ SD of 3 independent experiments. Statistical analyses were performed
using ordinary onetvay ANOVA and Sidakds multiple compari son
10.0 version (GraphPad Prism, Saredw, CA, USA) was used, andvplues < 0.05 were considered

statistically significant.

3.2 RESULTS AND DISCUSSION

The protein contenesults and discussiaf fruit and legume samples has been reported in litefafire
3.2.1 Protein Content of Fruit Byproducts

The protein content of each sample was determined by the Kjehddihbd (se&ectior3.1.2. Theresults are
presented ifrigure 59. Theprotein content values are expressed in grams per 100 grams of dry weight (DW).
It is notablethat the majority of fruit byproducts diplay a protein content that is comparable to that of their
final products. It is noteworthy that both the apple and tomatprbgucts exhibited a markedly elevated

protein content, which was comparable to or exceeded that of their final products. thdg®dtein content
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