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ABSTRACT

This PhD research project was aimed at the exploitation of phenolic compounds
from agri-food by-products for applications in human health or as additives for
functional materials. Agri-food industry is responsible for the generation of high
volumes of organic by-products along the entire supply chain, whose disposal
represents a cost to the food processor and has a negative impact on the
environment. On the other hand, these waste products are becoming increasingly
attractive as easily available, low cost and sustainable sources of functional
compounds, first of all phenolic compounds, which are finding increasing
applications not only as food supplements but also as additives for the

implementation of functional materials.

In this context, specific aims of the PhD project were:

a) Characterization of the antioxidant and functional properties and of the main
phenolic constituents of selected agri-food by-products;

b) Improvement of the antioxidant properties of agri-food by-products by
hydrolytic activation treatments or bioprocessing (e.g. fermentation) and
characterization of the main structural modifications induced on the
phenolic constituents;

c) Exploitation of agri-food by-products derived phenolic compounds as

additives for the implementation of functional materials.

Main outcomes can be summarized as follows:

e Hydrolytic treatments induced specific boosting effects on the
antioxidant properties of agri-food by-products as a consequence of
the removal of non-active components (mainly polysaccharides) and
of structural modifications induced on lignin and hydrolyzable

tannins, whereas fermentation processes led, in the case of



pomegranate wastes, to a material with a very high content of the
bioactive ellagic acid, likely as a result of hydrolytic phenomena.

e Incorporation of extracts from pecan nut shell, an agri-food by-
product endowed with very potent antioxidant properties in
poly(lactic acid) and whey protein films, provided materials with
enhanced antioxidant and antimicrobial properties for use in food-
related applications, such as active packaging, whereas
functionalization of chitosan films with hydrolyzed spent coffee
ground/silver nanoparticles led to materials with antioxidant and

antibacterial activities for use in the biomedical sector.

In the frame of the collaboration with the industrial partner of the PhD project

“Centro di Ricerche per la Chimica Fine”, particular attention was devoted to

tannins and by-products of the tannin industry. In particular, the research activity

was directed to:

d) Improvement of the antioxidant and antipollutant properties of exhausted

woods and chestnut wood fiber, that is the residual materials after industrial
tannin extraction, by hydrolytic activation.

Comparative evaluation of the antioxidant properties of wood tannin-based
coated substrates, which showed the superior ability of condensed tannins to
form a functional and robust antioxidant coating for material
functionalization.

Development of a rational and tunable deep eutectic solvent-based
processing for valorization of chestnut wood fiber as a source of ellagic acid

and lignin.

Finally, as part of the project carried out in collaboration with the foreign partner of

the project, Prof. Andreas Schieber (Institute of Nutritional and Food Science,

Molecular Food Technology, University of Bonn), new facile and low-cost protocols

for the synthesis of anthocyanin metabolites of biological interest were developed.
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Research work on related topics concerning food pigments resulted in the
preparation and characterization of a new cyanine from oxidative coupling of
chlorogenic acid with tryptophan with potential properties for use as a red dye for

food coloring.
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Chapter 1

Introduction

1.1 Natural compounds: primary and secondary metabolites

Natural compounds can be defined as all compounds that are synthesized/produced
by living organisms. They are usually divided into two classes: primary and
secondary metabolites. Primary metabolites can be found in all plants and are
directly involved in the physiological processes occurring in the organism, such as
its growth, development, and reproduction. Examples of primary metabolites include
sugars, amino acids, and nucleosides. On the other hand, secondary metabolites are
compounds that are not directly involved in primary metabolic processes of an
organism and are produced by the plant cell through metabolic pathways derived
from the primary metabolism. Compared to the primary metabolites which are
highly conserved, the synthesis of secondary metabolites depends on the type of

species, organs, tissues, cellular functions and cellular developmental stages.!

According to their chemical structures, secondary plant metabolites are divided into

several classes, including:?

. Phenolics
. Alkaloids
. Terpenes
1.2 Antioxidants

An antioxidant is a substance (small molecule or complex system) that, when added
to oxidizable molecules in small amounts (for small molecules, usually <1% of the
quantity of the material requiring protection), is able to protect such molecules by

delaying, retarding or inhibiting their autoxidation.® From a biological point of view,
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antioxidants are molecules able to prevent or slow damage cells caused by reactive
radical species. Oxidation is a chemical reaction that transfers electrons from a
substance to an oxidizing agent. Oxidation reactions can produce radical species,
commonly known in living organisms as reactive oxygen species (ROS). ROS are
produced as result of normal cellular metabolism.* At high concentrations, under
oxidative stress conditions, these reactive species produce adverse modifications to
cell components, such as lipids, proteins, and DNA,*” contributing to different
pathological conditions, including cancer, neurological and cardio-respiratory
disorders.>® ROS include radicals such as superoxide (*O*) and hydroxyl radicals
(*OH), as well as non-radical reactive intermediate molecules, like hydrogen
peroxide (H,0»). *OH, in particular, can react with organic molecules (RH) that in
presence of oxygen are converted into peroxyl radicals (ROO¢), giving rise to chain
reactions that can induce multiple chemical changes in lipid membranes, DNA and
proteins.*%7 (Figure 1.2.1). Nitrogen reactive species (nitric oxide, peroxynitrite, and
related compounds) also can be produced by living organisms and, at high

concentrations, have adverse effects on cells.’

FeX* Fet
‘OH

—e RH .
Oy +e — 0, — H,0, ROO ——
Superoxide dismutase E
(SOD) 0,

Figure 1.2.1. Main reactive oxygen species (ROS).

Antioxidants play an important role in terminating the radical chain reactions, thus
inhibiting their dangerous effects on biomolecules. Antioxidants are usually

classified into:

- Endogenous antioxidants, that are autonomously synthesized by organisms. This
category includes enzymes, such as superoxide dismutase, glutathione peroxidase

and catalase.



- Exogenous antioxidants, that are assumed with the diet. This category includes,

among others, ascorbic acid, vitamin E and phenolic compounds.

Depending on the different mechanism of action, antioxidants can be also classified

as primary and secondary antioxidants:

- Primary antioxidants, also known as preventive antioxidants, react rapidly with
reactive radicals and convert them into more stable products. Usually, their mode of
action is based on the donation of an electron or a hydrogen atom to the radical
species. The resulting antioxidant radical is much less reactive than initial radical,
and therefore do not promote oxidation. These antioxidant radicals can also react
with others radicals, such as peroxyl, hydroxyl and other antioxidant radicals,

terminating the chain reaction.!”

- Secondary antioxidants react with hydroperoxides to yield non-radical, non-

reactive products. They can also act as metal chelators.

Among antioxidants, phenolic compounds are particularly interesting for several

applications.'”
1.2.1 Phenolic compounds: properties and applications

Phenolic compounds are a group of ubiquitous secondary metabolites found mainly
in plants and with a wide range of structures and functions. Structurally, natural
phenolic compounds contain one or more aromatic rings functionalized with one or
more hydroxyl groups and are characterized by a wide structural variety, ranging
from a simple phenolic molecule to a complex high-molecular weight polymer (for

example tannins and lignins).!!



Phenolic compounds play important roles in plant growth, reproduction and
protection against pathogens and predators, and confer colour and sensory

characteristics to fruits and vegetables.

Antioxidant activity is among the most studied property of phenolic compounds.
Indeed, they are able to slow down or completely inhibit oxidative processes
promoted by ROS and reactive nitrogen species. The antioxidant mechanisms of
phenolics include donation of hydrogen atoms or electrons, scavenging of free
radicals and chelation of transition metal ions.!! Of course their properties are

strictly related to their structures.! '3

Natural phenolic compounds typically exert their beneficial effects through their
circulating metabolites and exhibit a large number of beneficial properties for
human health, such as anti-allergenic, anti-atherogenic, anti-inflammatory, anti-
thrombotic, cardioprotective and vasodilatory activities.!! Beneficial effects against
human cancer cell lines have been also widely investigated, and several studies have
demonstrated the ability to reduce or inhibit the growth of different tumours,
including those of mouth, stomach, duodenum, colon, liver, lung, mammary gland

or skin.!3 13

Phenolic compounds have been also reported to display marked antimicrobial
activities against different microorganisms involved in human diseases and
deterioration of foods.'* Therefore, in this context, many studies have evaluated the

possible use of phenolic compounds as natural antimicrobial food preservatives.'!8

Remaining in an application context, natural phenolic compounds have been also
investigated as natural dyes, providing shades of red, yellow-orange, blue and green.
For example, anthocyanin, are commonly applied as food colorants in different

liquid and solid matrices."
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The facile incorporation of antioxidant phenolic compounds into polymers and
biopolymers, both for stabilization and functionalization purposes, is particularly
relevant for food packaging applications. Indeed, oxidation is one of the main
degradation reactions that may occur in food, and active packaging, that is
packaging functionalized with antioxidant and/or antimicrobial additives such as

natural phenolic compounds is attracting increasing attention,!”-2%2!

Considerable attention has been directed to the exploitation of phenolic compounds
in cosmetics, too, since they have been found to be able to prevent skin aging and
hyperpigmentation, provide photoprotective action, and, thanks to their anti-
inflammatory activity, act as support in the treatment of sensitive or sun-stressed

skin 223

Finally, natural phenolic compounds have been also used as functional additives for
a broad range of other applications, including hydrogels, biocompatible and
biomimetic glues, nanostructures for drug delivery, sensors, semiconductors, photo-
and thermostabilizing agents, and other devices for biomedicine and organic

electronics.?* %’

1.2.2 Main classes of phenolic compounds

Phenolics comprise a wide variety of compounds that can be divided into several
classes, according to the number of phenol rings and to the structural elements that
bind these rings to one another. The main groups of natural phenolic compounds are

described below.

Flavonoids. Flavonoids are one of the most widely distributed class of phenolic
compounds, which account for approximately two-thirds of the dietary phenols,'*?®
and confer colour to many species of flowers and fruits. Flavonoids are present in
nature predominantly as glycosides,” in which one or more sugar groups is bound to
a phenolic group by glycosidic linkage. Flavonoids are divided into seven

11



subgroups: flavones, flavonols, flavanols, flavanones, isoflavones, chalcones, and
anthocyanins, depending on the position of the linkage between the B and the C
rings, as well as on the degree of unsaturation and oxidation of the C ring (Table

1.2.2.1).3

Flavonoids play a variety of biological and health beneficial activities. In plants,
they are responsible for the colour and scent of flowers, protect them from different
biotic and abiotic stresses, and act as signal molecules and phytoalexins.
Furthermore, flavonoids are able to stimulate seed and spore germination, attract
pollinator and act as UV filter.*! Flavonoids are also associated with a wide range of
biological effects on human health, as a result of their antioxidant, anticancer, anti-
aging, cardio- and neuro-protective, antibacterial, anti-inflammatory, anti-allergic,

antidiabetic and anti-thrombotic activities.??

12



Table 1.2.2.1. Basic structure of flavonoids and their classes. Adapted from Ref.

Groups

Structure

Examples

Flavones

Flavonols

Flavanols

Flavanones

Isoflavones

Chalcones

Anthocyanidins

° ]
OH

o% o |
o >.
Q I Q

o

[}

W,
\ /*
&

Apigenin
Luteolin
Tangeretin
Nobiletin

Kaempferol
Myricetin
Quercetin

Isorhamnetin

Catechin
Gallocatechin
Epicatechin,

epigallocatechin-3- gallate

Naringenin
Hesperetin
Eriodictyo

Daidzein
Genistein
Glycitein

Phloridzin
Arbutin
Phloretin

Chalconaringenin

Cyanidin
Delphinidin
Pelargonidin




Flavones. Flavones are widely present as glucosides in leaves, flowers, and fruits.
Luteolin and apigenin are the main flavones in diet.*® High content of these
compounds have been identified in celery, sweet red pepper, parsley and other herbs
(Figure 1.2.2.1).3* They are characterized by a double bond between positions 2 and
3 and a ketone in position 4 of the C ring. Different substitutions, such as
hydroxylation, methylation, O- and C-alkylation and glycosylation can occur,

increasing the number of possible molecules.*

Flavonols. Flavonols are characterized by the presence of a ketone group at C-4 and
a hydroxyl group on position 3 of the C ring, which can be glycosylated. Flavonols
are commonly found in a wide range of fruits, vegetables and beverages, in
particular onions, tomatoes, apples, grapes and berries but also tea and red wine
(Figure 1.2.2.1).%° Due to the different glycosylation, methylation and hydroxylation
patterns, flavonols are the largest subgroup of flavonoids, with myricetin, quercetin

and kaempferol the most widely distributed in nature.

Flavanones and flavanols. Differently from flavonols and flavones, flavanones are
characterized by the absence of the double bond between C2 and C3. These
compounds are particularly present in citrus fruits and juices and exert an important
role in generating the bitter taste of these fruits (Figure 1.2.2.1). Hesperitin,
naringenin and eriodictyol are the main examples of this class of flavonoids.
Flavanols, also known as dihydroflavonols or catechins, are the 3-hydroxy

derivatives of flavanones.*’

Isoflavones. Isoflavones are flavonoids characterized by a different position of the B
ring, that is bonded to the C-3 of the C ring. Isoflavones are mainly represented by
daidzein and genistein, predominantly found in soybeans and other leguminous

plants (Figure 1.2.2.1).*°

Chalcones. Chalcones are characterised by the absence of the C-ring of the basic

flavonoid skeleton structure. Major examples of chalcones include phloridzin,
14



arbutin, phloretin and chalconaringenin, found in significant amounts in tomatoes,

pears, strawberries, bearberries and wheat products.*

Anthocyanidins. Anthocyanins are the main class of flavonoids responsible for
colours ranging from pink, red and purple to dark blue of most fruits, flowers and
leaves,® in particular cranberries, black currants, red grapes, merlot grapes,
raspberries, strawberries, blueberries, bilberries and blackberries (Figure 1.2.2.1).
Cyanidin, delphinidin, malvidin, pelargonidin and peonidin are the most commonly
found anthocyanins. Anthocyanins differ in the number of hydroxyl groups, the
methylation degree of their hydroxyl groups, the nature and number of sugars
bonded to the molecule, as well as the nature and number of aliphatic or aromatic
acids attached to the sugars.>® These flavonoids exist also in the aglycone forms,

known as anthocyanidins.
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Figure 1.2.3.1. Representative natural flavonoids and their dietary sources. (A) flavones, (B)
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Phenolic acids. Phenolic acids are phenolic compounds containing a carboxyl
group. They constitute about one-third of the dietary phenols,?® and generally occur
rarely in free form and most frequently in the form of esters, glycosides or amides.?’
Phenolic acids are divided into two sub-groups, the hydroxybenzoic acids and the

hydroxycinnamic acids.

The most common hydroxybenzoic acids are p-hydroxybenzoic, vanillic,
protocatechuic, syringic and gallic acids, characterized by the common C6-C1
structure. Among hydroxycinnamic acids, characterized by a three-carbon side
chain, the most abundant are caffeic, ferulic, p-coumaric and sinapic acids (Figure

1.2.2.2).38

R Acid R1 R2 R3
p-Hydroxybenzoic H OH H
Ry COOH Protocatechuic OH OH H
Vanillic OCH; OH H
Rs Syringic OCH; OH OCH;
Hydroxybenzoic acid Gallic OH OH OH
R4
/ COOH Acid R1 R2 R3
R, p-Coumaric H OH H
Ferulic OH OH H
Caffeic OCH, OH H
Rs Sinapic OCH; OH OCH,

Hydroxycinnamic acid

Figure 1.2.2.2. Chemical structures of most abundant naturally occurring phenolic acids.

39-41 39,42

Phenolic acids act as potent antioxidants and exhibit antidiabetic,

39,45,46 39,47,48

antimicrobial,***>** anticancer, anti-inflammatory and neuro- and cardio-

protective activities.*

Stilbenes. Stilbenes are compounds characterized by a 1,2-diphenylethylene basic
structure. Among the antioxidant stilbenes present in nature, a prominent role is
occupied by 3,4°,5-trihydroxystilbene, also known as resveratrol. This compound
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exists in cis- or trans-configuration, but the latter is the most widely studied.*’
Resveratrol is found in different fruits, in particular mulberries, peanuts, grapes and
red wine’® Others natural stilbenes are pterostilbene (frans-4'-hydroxy-3,5-
dimethoxystilbene), the hydroxylate analogue of resveratrol piceatannol (trans-
3,3".4,5'-tetrahydroxystilbene) and pinosylvin (trans-3,5-dihydroxystilbene), which
0

widely occur in plant sources such as grapes, peanuts, passion fruit and white tea’

(Figure 1.2.2.3).

Natural stilbenes have received much attention for their remarkable potential in the
prevention and treatment of different diseases, including cancer, due to their ability
to induce cell death and their anti-inflammatory properties, associated with low

toxicity in vivo.>

Resveratrol

Piceatannol

Figure 1.2.2.3. Chemical structure of the main naturally occurring stilbenes.

Tannins. Tannins are a class of phenolic polymers, responsible of the astringent
taste of different foods.”! They are traditionally divided into hydrolyzable and

condensed or non-hydrolyzable tannins.*?

Condensed tannins are polymeric flavonoids, and their most frequent basic units are
derivatives of the flavanols (+)-catechin, (-)-epicatechin, (+)-gallocatechin, (-)-
epigallocatechin and (-)-epigallocatehin gallate. They are characterized by a wide

structural diversity due to possible O-methylation, C-and O-glycosylation, and O-
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galloylation. In addition, condensed tannins can be further distinguished into
procyanidins and profisetinidins.>* Procyanidins, predominantly present in grape,>
can be classified in the B-type (dimeric) and C-type (trimeric), characterized by
single bond between units, usually between the C4 and the C6 or C8 of the flavanol
units, or the A-type, characterized by an additional bond between C-2 and 7 or 5-OH
(Figure 1.2.2.4). Profisetinidins, predominantly found in some type of wood, such as
quebracho (Schinopsis lorentzii) € mimosa (Acacia mollissima),>* differ from the

procyanidins by the absence of a hydroxyl group at C5 position of the A ring.>

Ry
OH  Procyanidins C

OH Procyanidins A

Figure 1.2.2.4. General structures of a) and b) B-type, ¢) C-type and d) A-type procyanidins.

Condensed tannins can contain up to 100 units of monomers, with a molecular

weight ranging from 500 to over 2000 Da.>

Hydrolyzable tannins represent the other main class of tannins. They are usually

found in plants in lower concentrations than condensed tannins. The structural motif
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contains a monosaccharide as a central core, generally D-glucose, whose hydroxy
groups are esterified with phenolic compounds, such as ellagic acid (EA) or gallic
acid to give ellagitannins and gallotannins, respectively® (Figure 1.2.2.5). Their
name is attributed to the facile hydrolysis induced by acids and some enzymes, such
as tannase, resulting in gallic acid and EA release. Gallotannins are generally found

) 56-58
b

in galls (Quercus infectoria and Rhus semialata in sumac fruits (Rhus

coriaria),’®> and tara (Caesalpinia spinosa),’®* whereas ellagitannins are present in

oak wood (Quercus robur, Quercus petraea and Quercus alba),’ chestnut

)56,61,62 )'56,63

(Castanea sativa and myrobalan (Terminalia chebula

Phlorotannins are a third class of tannins and are polymers of phloroglucinol. They

have been isolated from several genera of brown algae,* but are not relevant for the

human diet.
OH
OH
a)
o
HO, OH
P 0 OH
HO
o) o OH
o o o
HO
o]
[o) [e] OH
HO OH OH
OH
HG OH

Gallotannin

Figure 1.2.2.5. General structure of hydrolyzable tannins: a) gallotannin and b) ellagitannin.

Tannins occupy a prominent role among natural phenolic compounds due to their
remarkable antioxidant, antimicrobial, and anticancer activities.**® These
compounds have been also well known for their ability to strongly interact with
proteins, which has prompted their use in the leather tanning industry, as good

substitute for the toxic chromium.®’-*® Tannins are also extensively used as food
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additives, for example to improve wine colour stability, protect foods against
oxidation, or to confer astringent taste and flavor.®” Tannins are currently exploited
as adhesive,*”®7 to replace formaldehyde-based materials and some of them are
also used in animal food and feeds,®” producing useful benefits in ruminants, such as
faster growth rates of liveweight or wool, higher milk yields, increased fertility, and
improved animal welfare and health through prevention of bloat and lowering of
worm burdens. In particular, the ability of tannins to bind proteins can reduce the
amount of protein that is digested in the rumen and enhance the amount of protein
that is available for digestion in the small intestine, thus allowing higher absorption
of dietary amino acids. On the other hand, some tannins can have harmful nutritional
effects, acting as antinutritional agents and impacting negatively on animal

production.”

7276 while

Wood protection properties of tannins have been also investigated,®”
different studies have evaluated the possibility to use tannins for the production of
almost totally biosourced foams and resins.®’” Tannins have been found also to be

able to act as anti-corrosion materials for metals.57-6%77-80

Several papers have reported the use of wood tannins for the production of

81-85 and, in virtue of

functional films and coatings for a wide range of applications,
their capability of interact with a wide variety of different compounds, hybrid and
hybrid-like nanomaterials have been prepared and used in catalysis, in functional

food packaging, as well as in UV-shielding.®

Lignin. Lignin is an irregular, water-insoluble, three-dimensional high molecular
mass biopolymer (600—15000 kDa), composed of three different hydroxycinnamyl
alcohol monomers, that is coniferyl, sinapyl and p-coumaryl alcohols, differing in
the degree of methoxylation (Figure 1.2.2.6).8” These monolignols lead, through a
series of oxidation steps, to the formation of guaiacyl (G), syringyl (S), and p-

hydroxyphenyl (H) lignin units, respectively. Lignin is, after cellulose, the second
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most abundant terrestrial biopolymer, accounting for approximately 30% of the
organic carbon on the planet.®” The composition of lignins depends essentially on
the type of plant species. For example, angiosperm lignins, classified as hardwood,
consist mainly of G (50%) and S (50%) units, whereas gymnosperm lignins,
classified as softwood, are composed mostly of G units with low levels of S units
(ca. 5-10%). On the other hand, grass lignins is constituted of a mixture of G, H and
S units.® Also the stage of cell development, as well as the environmental

conditions can affect the lignin composition.®
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Figure 1.2.2.6. a) Chemical structures of lignin monomers and b) lignin scaffold. Adapted

from Ref.”
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The lignification process proceeds via radical coupling reactions, in which a new
monomer binds to the growing polymer.®! The most frequent inter-unit bond is the
B—O—4-aryl ether linkage but B-5-phenylcoumaran, 5,5-biphenil, 4-O-5-biphenil
ether, B-1-(1,2-diarylpropane), B-B-pinoresinol and a-O-4-aryl ether can be also
found (Figure 1.2.3.6).1:%2

Lignins exert many biological functions in plants, such as water transport,

mechanical support and resistance to pathogens or stresses.”

Lignins also showed beneficial effects on human health, such as antioxidant,
antifungal, antibiotic, anticarcinogenic, and anti-HIV activities.’*>> Furthermore,
they have been found to be able to control coronary heart diseases and Alzheimer’s
disease and reduce cholesterol, obesity and diabetes.”® Lignin-rich fraction of
brewer’s spent grain has been found to be able to significantly reduce body weight

gain, cholesterol and to improve insulin resistance in mice.”’

Lignins have attracted great interests mainly in the production of functional
materials. As an example, lignin-based carbon fibers and lignin-based porous carbon
materials have been prepared and used for development of devices with efficient
mechanical properties, to be used as gas and liquid purifiers, catalyst carriers, and in

energy storage and electrode material applications.”®”

Lignins can be used also as reinforcers in polymer composites, as flame retardants in

polymer or as additives in formaldehyde adhesive.*®!%

The absorption properties of lignins make them suitable for application in
biodegradable UV-shielding films for agricultural or food packaging applications,
also due to the strong antimicrobial and antioxidant activities.”!°! In addition, great
attention has been focused on the capacity of lignins to act as sun blockers in

sunscreens and cosmetic products.”®
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Recently, a wide range of lignin-based nanocomposites has been prepared by the
association of lignins with cellulose, starch, chitosan, or proteins. The functionality
provided by lignin to composite films typically includes UV-barrier, mechanical
reinforcement, water resistance, adsorption and antifouling capacity, antioxidant and

antimicrobial activity.”

Lignin shows high adsorption capacity towards metal ions and organic dyes, for
pollutant remediation. Furthermore, different metal oxide-lignin o metal-lignin
hybrids have been prepared as platform for the design of advanced sensing materials

for e.g. biomedical applications.”-101:102

Lignin nanoparticles have been used as drug delivery systems, UV absorbents, and

in tissue engineering.’%%13

1.3 Agri-food by-products as sources of phenolic compounds

The wide distribution of phenolic compounds in different natural sources, such as
fruits, vegetables, and lignocellulosic biomasses, has stimulated intense research

work aimed at studying their properties and possible applications.

Recently, also agri-food by-products have been considered with increasing interest
as easily accessible and sustainable sources of phenolic compounds.'™ Indeed,
global food waste approximates 1.3 billion tons per year as the result of processes
occurring along the entire supply chain.'® In particular, agri-food industry is
responsible for the generation of high volumes of organic biomass, of which a
considerable part, composed of leaves, roots, stalks, bark, bagasse, straw residues,
seeds, wood and animal residues, is classified as food waste.!* Disposal of these by-
products represents a cost to the food processor and has a negative impact on the
environment. It has been calculated that the decomposition of only one metric ton of
organic solid waste results in the release into the atmosphere of 50110 m?® of CO,

and 90-140 m® of methane.'”” Moreover, organic wastes can be responsible of
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phytotoxicity phenomena, including water contamination and deterioration, death of
sensitive marine organisms, inhibition of seed germination, and intestinal disorders
in animals.!® On the other hand, these materials can be considered as a largely
available, low-cost source of value-added compounds, in particular phenolic
compounds, whose recovery represents therefore a valuable opportunity.'%
However, it has to be pointed out that agri-food by-product derived phenolic
compounds may exhibit low/moderate bioavailability and may undergo extensive
bacterial and human metabolism, that could affect their beneficial properties for

human health.

1.3.1 Fruit by-products

Fruits and vegetable wastes constitute a significant portion (about 42%) of the total

109 Most of fruit by-products contain equal or greater

globally produced waste.
quantities of phenolic compounds than the fruit itself. The main fruit by-products are

listed below.

Grape and wine by-products. Grape represent the largest fruit crop throughout the
world, used most often as table grapes, raisins, juices and, above all, for wine
production.''® Wine and winery industries generate approximately 9 million tons of
wastes per year in the world, which represents about 20% w/w of the total grapes
used in the wine processing.!!! The grape by-product is known as grape pomace and

consists mainly of grape seeds (about 20-26%), skin, stems, and remaining pulp.'!?

Grape pomace is rich in polyphenols and contains different phenolic compounds
such as (+)-catechin, (-)-epicatechin, quercetin, myricetin, rutin, kaempferol, EA,
hydroxytyrosol, trans-resveratrol,''! but also phenolic acids such as caffeic, gallic,
protocatechuic, 4-hydroxybenzoic, and syringic acid, well known for their beneficial
properties on human health, including cardioprotective, neuroprotective, anti-

inflammatory, anticarcinogenic, and antimicrobial activities.'!?
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Condensed tannins (mainly procyanidins) represent another main class of
polyphenols present in grape pomace. Indeed, oenological tannins are among the
most important high-value compounds present in this by-product, widely used as
additives in the food and beverage industry.”’ Grape pomace tannins are able to

control the metabolism of lipid and glucose and are also used as feed supplements.?

Anthocyanins, mainly malvidin, peonidin, and cyanidin, are other polyphenols
abundant in grape pomace, from which are commonly recovered and used as food

colorants.'*

Finally, about 16-24% w/w of lignins have been reported in grape by-products
(Figure 1.3.1.1).!83
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Figure 1.3.1.1. Main phenolic constituents of grape by-products.'!?

Orange and lemon by-products. Citrus family includes several fruits, such as Citrus

sinensis (orange), Citrus reticulata (mandarin), Citrus tangerine (tangerine), Citrus
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aurantifulia (lime), Citrus limon (lemon), Citrus limetta (sweet lime), and Citrus

paradisi (grapefruit).''*

Approximately one-third of citrus fruits is used to produce fresh juice or drinks,!!°

and since the yield of citrus juice represents half the weight of the fruit, a large
amounts of waste, up to 15 million tons (mainly peel, seeds and pulp), are globally

produced each year.!!!

Citrus residues contain large amounts of polyphenols and citrus peels exhibit a total
phenolic content 15% higher than the peeled fruit.!"" Citrus peels, as well as seeds
and pulp, are an important source of hydroxycinnamic acids and flavonoids, mainly
flavanone glycosides (hesperidin, naringin and narirutin), flavanones (hesperetin and
naringenin), and flavone aglycons (sinensetin, nobiletin, luteolin and tangeretin)
(Figure 1.3.1.2).!1%!11L12 Extracts obtained from citrus by-products have been
proposed as antioxidant, antibacterial and antimicrobials or as food additives, to

impart bitter taste to food and beverages.!''
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Figure 1.3.1.2. Main phenolic constituents of citrus by-products.
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Pomegranate by-products. Punica granatum L., better known as pomegranate, is
another fruit widely used in the juice industry. For each ton of pomegranate juice
produced, 9 tons of by-products are formed.!'! Peels, pomace and seeds are the main
constituents of pomegranate by-products and show a 10-fold higher phenolic content
than the pulp, which make this waste material one of the most interesting industrial

by-products.!!!

Pomegranate by-products are rich in different polyphenols, such as anthocyanins,
flavonoids, but also specific ellagitannins, punicalagin and punicalin, which
contribute to a very high antioxidant activity (Figure 1.3.1.3).122011L112 Qeveral
studies have demonstrated the health-promoting activities of pomegranate by-

products, including anticancer and antibacterial activities.!'¢'1°

/ o Pomegranate by-products

v" Antimicrobials
v" Antioxidant
¥ Anticancer agents

Punicalagin

\ Punicalin b /

Figure 1.3.1.3. Main phenolic constituents of pomegranate by-products.''?

Apple by-products. Apple pomace, peels and seeds are the main by-products of the
apple industry and represent a low-cost source of phenolic compounds. Among
these, a prominent role is played by quercetin glycosides, kaempferol, catechin,
procyanidins, and especially the dihydrochalcone phlorizin. Other polyphenols, such

as anthocyanins and phenolic acids, mainly chlorogenic and caffeic acids, are also
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present.!%!1L112 - Apple  by-products exhibit antimicrobial, anticancer, and

cardioprotective activities (Figure 1.3.1.4).120:12!
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Figure 1.3.1.4. Main phenolic constituents of apple by-products.''?

Pineapple by-products. Pineapple (Ananas comosus) is a tropical fruit whose
processing produces large amounts of by-products, consisting mainly of peel and
pomace. Pineapple by-products represent approximately 30-35% of the pineapple
fruit''® and are rich in phenolic compounds, particularly catechin, epicatechin and
gallic and ferulic acids (Figure 1.3.1.5).!!12 Pineapple by-products exhibit efficient

antioxidant properties and good antibacterial, anticancer and antifungal activites.'*
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Figure 1.3.1.5. Main phenolic constituents of pineapple by-products.'!?

Banana by-products. Banana peels constitute around 30—40% of the total weight of

the fruit and represent another important source of phenolic compounds, with high
29



added value, in particular flavonoids and proanthocyanidins (Figure 1.3.1.6).104110.112

Applications as antioxidant and antimicrobial agents are reported in literature.!'?
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Figure 1.3.1.6. Main phenolic constituents of banana by-products.

Berry fruit by-products. Blueberry is a popular fruit suitable for processing into
wine or juice. Blueberry processing produces high amount of wastes, in particular
skin and seeds (19% and 2% in weight of the whole fruit, respectively). The skin
and seeds contain glycosides of malvidin, delphinidin, petunidin, cyanidin, and

peonidin but also phenolic acids, in particular cinnamic acids.'**

Blackcurrant pomace, obtained from blackcurrant juice processing, is another fruit
by-product rich in glycosylated anthocyanins (delphinidin and cyanidin), flavonoids
in glycosylated and aglycone form (quercetin, myceretin and kaempferol), and

phenolic acids (caffeic, p-coumaric and ferulic acids).'?

On the other hand, bilberry by-products are rich in glucosides, galactosides,
arabinosides and acetylgalactosides derivatives of delphinidin, cyanidin, petunidin,

peonidin and malvidin.'?®

Raspberry and cranberry pomace are also rich in anthocyanins, in particular

cyanidin-3-O-sophoroside, and contain significant amounts of EA, too. Cranberry
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pomace is composed of, above all, peonidin 3-O-galactoside and cyanidin 3-O-
galactoside. In addition, considerable levels of flavonols, such as quercetin and

myricetin 3-O-galactoside and quercetin 3-O-rhamnoside have been found.!?’

In blackberry residues, phenolic acids (chlorogenic and gallic acids), flavonoids

(luteolin and quercetin) and anthocyanins have been reported.'?

Finally, strawberry by-products are characterized by a very interesting pattern of
phenolic molecules. The agro-industrial strawberry chain reaches up a production of
around 8 million tons of fruit per year, and the amount of generated waste represents
up to 20% of the total production. Strawberries by-products consist mainly of the
sepals, stems, and other part of the fruit, rich in metabolites of great interest. The
distribution of these molecules depends on part of the fruit but also on the
strawberry cultivar. In general, strawberry by-products are rich in hydrolyzable

tannins, EA in bound and free form, flavonols, mainly quercetin and kaempferol,

and anthocyanins (Figure 1.3.1.7).1%
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Figure 1.3.1.7. Main phenolic constituents of berry by-products.

Nut fruit by-products. Significant amounts of waste are produced also from

pistachio, peanut, pecan, hazelnut and chestnut processing.

Pistachio is an important commercial crop. The fruit consists of an edible seed and a
lignified shell. According to the final use, the edible seeds are separated from the
shell, that is the waste material. Pistachio shell contain cellulose (30-55%),

hemicelluloses (20-32%) and lignin (12-38%),'*° but also phenolic compounds,
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mainly gallic acid, protocatechuic acid, catechin, epicatechin, rutin, naringin,

luteolin, eriodictyol, quercetin, and naringenin.'3!-132

Peanut shell is another abundant and inexpensive by-product, produced in about 5
million tonnes every year in China alone.'*® This waste material also consists of
cellulose (48%), hemicellulose (3%) and lignin (28%),'** although luteolin and

eriodictyol have been also identified.!*

Chestnut industry also generates a large amount of by-products, constituted mainly
of the chestnut inner and outer shells, which holds about 10% to 15% of the whole
chestnut weight.!*> Chestnut by-products are rich in lignin, cellulose and
hemicelluloses.'*® As several nut fruits, chestnut waste materials contain phenolic
acids (mainly gallic acid and protocatechuic acid), flavonoids (quercetin, rutin,
catechin and epicatechin) and hydrolyzable tannins (vescalagin, castalagin and
gallocatechin). High content of EA is also found in inner and outer chestnut

shells.!?’

Pecan nuts are another important agricultural product of some states in South
America. Nut shell, the not-edible part of pecan nut, represents up to 49% of the
entire fruit.'*® This by-product contains several phenolic compounds including gallic
acid, EA, p-hydroxybenzoic acid, protocatechuic acid and epigallocatechin

gallate.'*® Furthermore, high contents of condensed tannins have been found.?

Hazelnut shell represents more than 50% of the total nut weight and the major by-
product in hazelnut industry production. Hazelnut shells are composed of about 30%
hemicelluloses, 27% celluloses, and 43% lignin.'*’ Several bioactive molecules have
been also identified, such as catechin, epicatechin gallate, and gallic acid (Figure

1.3.1.8).140
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Figure 1.3.1.8. Main phenolic constituents of nut by-products.

1.3.2 Vegetable by-products

As in the case of fruit by-products, vegetables industry produces high amounts of

waste materials that may exert health benefits comparable to the starting samples.'%

Tomato by-products. Tomatoes are one of the most important crops in the world,
but approximately one-third of the total weight is discarded in the form of skin and
seeds during industrial processing. Tomato residues are a good source of bioactive
molecules, especially carotenoids, such as P-carotene and lycopene, but also
phenolic compounds. Peels and seeds contain flavanones, such as naringenin
glycosylated derivatives and flavonols, mainly quercetin, rutin and kaempferol
glycoside derivatives.!* 214! Tn addition, hydroxycinnamic acids such as caffeic,
chlorogenic, ferulic and p-coumaric acids have been identified (Figure 1.3.2.1).!%
Tomato by-products have proved to be potent antioxidant and antimicrobial

agents.'®
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Figure 1.3.2.1. Main phenolic constituents of tomato by-products.

Potato. Potato is one of the main vegetables consumed in European and American
diets.'* Potato peels are a potato processing by-product therefore available in very
large amounts. This waste material possesses about 50% of the phenolic compounds
of the whole tuber,'* and contains mainly chlorogenic, gallic, protocatechuic and
caffeic acids in free and bound form. The high content of polyphenols makes this
by-product an interesting antioxidant, antibacterial and anticarcinogenic agent
(Figure 1.3.2.2).!* Recently, potato peels have been also used as a biosorbent for the

removal of toxic metal agents from water.'*®

[ Potato by-products \
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Figure 1.3.2.2. Main phenolic constituents of potato by-products.'!?
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1.3.3 Lignocellulosic by-products

Lignocellulosic by-products have been widely described as sources of phenolic
compounds. This category includes among other, coffee and wood industry by-

products.

Coffee by-products. Coffee is one of most popular beverages, whose annual
worldwide production is over 105 million tons.!*¢ Industrial processing of coffee
generates large amounts of coffee by-products, in particular spent coffee grounds
(SCQG) and coffee silverskin (CS), that represent more than 50% of the coffee fruit

t 147

dry weigh

SCG is the residual material derived from the production of espresso beverages or
soluble coffee, with a worldwide annual generation amount of six million tons,*
while CS is the residue obtained during the bean roasting step.'*® Because of their
easy availability and chemical composition, these by-products have attracted great

attention as possible active components to be exploited in different fields.

SCG contain mainly carbohydrates (38—42%), melanoidins (25%) and proteins
(8%).'%*15% Furthermore, significant amounts of phenolic acids have been also found
in SCG, in particular chlorogenic acid and its isomers and derivatives, as well as
caffeic acid, protocatechuic acids and flavonoids.!*'"1%* SCG contains also 20-26%

of lignins and a low content of condensed tannins. '

CS is composed of polysaccharides, mainly cellulose and hemicelluloses,
monosaccharides, proteins, and phenolic compounds such as chlorogenic acid and

its isomers (Figure 1.3.3.1).157:158

SCG and CS exhibit high health beneficial properties, such as, among other,
protective effects against cardiovascular and gastrointestinal diseases, anti-

inflammatory, anticarcinogenic, and antimicrobial activities.!3”!13-1¢* Recently,
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coffee by-products have found application as thermo- and photo-oxidative

stabilizers in the development of packaging materials.'>
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Figure 1.3.3.1. Main phenolic constituents of coffee by-products.'?

Wood by-products. Forest industry generates large volume of wood residues
(sawdust, off-cuts, and bark). It has been estimated that about 5 billion tons of
biomass residues from agroforestry and food industries are produced worldwide,
with an emission of 3.3 billion tonnes of CO,, each year.!> The biomass wastes
generated from wood industries are commonly used for heating, energy or pellet
production.!®® Wood traditionally represents a rich source of biopolymers, in

particular tannins and lignin, that account for approximately 30% of wood weight.”

1.4 Aims of the PhD project

Within the context briefly described in the previous paragraphs, this PhD work was
aimed mainly at the exploitation of phenolic compounds from different agri-food
wastes for applications as additives for functional materials or in human health (e.g.

as food supplements).

In particular, the following results were achieved:
a) Characterization of the antioxidant properties and of the main phenolic

constituents of selected agri-food and wood by-products.
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b) Improvement of the antioxidant properties of selected agri-food by-products
or bio-inspired phenolic polymers by hydrolytic activation treatments or
bioprocessing (e.g. fermentation).

c) Exploitation of agri-food by-products derived phenolic compounds as
additives for the implementation of functional materials to be used in the
food, biomedical, environmental or dermocosmetic sector.

d) Development of new eco-friendly extraction protocols to recover value-
added compounds (phenolics and lignins) from selected agri-food by-
products.

e) Development of synthetic strategies for the preparation of anthocyanin
metabolites.

f) Preparation and characterization of a red pigment from oxidative coupling

of chlorogenic acid and tryptophan for use as a food colorant.

The characterization of the antioxidant properties was performed by validated
chemical assays. For the structural characterization of the phenolic compounds, solid
state spectroscopic techniques and chemical degradation methods were applied,
whereas the extractable components were identified and quantified by customary
chromatographic and spectro(photo)metric methods. The functional properties of the
agri-food derived phenolic compounds and of the additivated materials were
evaluated by validated specific assays, often in collaboration with other research

groups.

Part of the work described under the research lines a), c), and d) was carried out
during a six-month stage at “Centro Ricerche per la Chimica Fine S.r.l.” of
Silvateam S.p.a. (San Michele Mondovi, Cuneo, Italy), whereas part of the work
described under the research lines ¢) and €) was run in collaboration with Professor
Andreas Schieber of the Institute of Nutritional and Food Sciences, University of

Bonn (Bonn, Germany), as envisaged by the PON Ricerca ¢ Innovazione 2014-
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2020, Azione I.1 “Dottorati Innovativi con caratterizzazione Industriale”) PhD

project.
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Chapter 2

Hydrolytic treatments: a straightforward strategy to
improve the functional properties of phenolic

compounds

2.1 Introduction

As mentioned in the Introduction, agri-food industry is responsible for the
generation of high volumes of organic wastes, consisting mainly of fruit and
vegetable by-products. For example, grape and banana processing generates
approximately 9 million tons of by-products per year,''"'¢7 while citrus and apple
industry produce about 15 and 3 million tons of waste per year, respectively.!''!:167
Other notable examples are pomegranate (about 4.2 million tons of wastes per 1 ton
of juice),!'! pineapple and nuts such as pecan nuts, for which up to 50% of the whole
fruit is discarded.!®®!® Regarding vegetable processing, considerable amounts of

wastes are produced every year, as in the case of potato and tomato processing.!”%!7!

As again mentioned in the Introduction, on the other hand these materials can be
considered as a largely available, low-cost source of value-added natural
compounds, among which a prominent role is occupied by phenolic compounds,
which are well-known for their potent antioxidant properties and beneficial effects

on human health.'”?

The wide distribution of phenolic compounds in agri-food by-products has therefore
attracted great interest, and intense research work has been focused on the
characterization of their properties and their exploitation in several application

fields.'”
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With the aim of further improving specific properties of agri-food by-products and
phenolics thereof, with particular reference to the antioxidant properties, recently, an

expedient acid hydrolysis protocol has been developed (Figure 2.1.1).

A remarkable example is represented by spent coffee grounds (SCG), which, further
to treatment with 6 M HCI, at 100 °C, for 18 h, was converted into a hydrolyzed
material (HSCG), with an antioxidant efficiency up to 30 times higher compared to
untreated SCG.!*° Comparative structural and morphological analysis proved that
the hydrolytic treatment not only led to a removal of the polysaccharidic fraction
and hence to an enrichment of the sample in the phenolic constituents, but also to a
depolymerization/repolymerization of the lignin component, making the phenolic
OH functionalities more available for interaction with oxidized species, thus

resulting in an increase of the antioxidant properties.'>

The same hydrolytic
treatment has been performed also on the solid residues from pomegranate
fermentation, leading again to a material with enhanced antioxidant activity, mainly
due, in this case, to the release of free ellagic acid (EA) from ellagitannins

degradation.'”

Based on these findings, the possibility to exploit the hydrolytic treatment as a tool
to boost the antioxidant properties of selected agri-food wastes was investigated, as
described in the present Chapter. In a related study, the effects of the acid treatment

were evaluated also on synthetic, bioinspired phenolic polymers.

Specifically, the research activities were directed to:
a) Evaluation of the antioxidant properties of the acid-treated samples with
respect to starting materials, using validated chemical assays.
b) Characterization of the main chemical modifications induced by the acid
treatment on the different samples by using spectroscopic, chromatographic,

and chemical degradation methods.
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Figure 2.1.1. Hydrolytic treatment of agri-food by-products.

2.2 Evaluation of the antioxidant properties of the selected

agri-food by-products

In a first series of experiments, the antioxidant properties of selected agri-food by-
products were investigated by two widely used assays, i.e., the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) and ferric reducing/antioxidant power (FRAP) assay,
following the “QUENCHER” method, , which allows to measure the efficiency of
electron transfer processes from a solid antioxidant. '7>177 Although these in vitro
assays do not involve a biological target to be protected and therefore they are not
biologically relevant, they are currently employed in the literature for a preliminary
evaluation of the antioxidant properties of a sample. Pecan nut shell, pomegranate
peel and seeds, grape pomace, apple peel, seeds and core, orange peel and albedo,
banana peel, pineapple peel and stem, tomato peel and seeds and potato peel were

selected as fruit and vegetable by-products.

The results of the antioxidant assays are reported in Table 2.2.1. In the DPPH assay,
pecan nut shell, pomegranate peel and seeds, and grape pomace showed ECsy values
0f 0.14, 0.29 and 0.49 mg/mL, in that order, and were found to be significantly more
active than apple, orange, banana, pineapple, tomato, and potato wastes, that showed

ECs values higher than 1.5 mg/mL.
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A similar trend was observed in the FRAP assay, with pecan nut shell, pomegranate
peel and seeds, and grape pomace characterized by the highest reducing power

among the fruit and vegetable by-products.

To obtain information on the amounts of phenolic compounds present in the
different by-products, the total phenolic content (TPC) was determined for each
sample by the Folin-Ciocalteu assay.!”® As expected on the basis of the antioxidant
assays, pomegranate peel and seeds, grape pomace and pecan nut shell showed the

highest TPC values (Table 2.2.1).

Table 2.2.1. Antioxidant properties and TPC values of the selected agri-food wastes.

Reported are the mean = SD values of at least three experiments.

Sample DPPH assay FRAP assay TPC
ECso (mg of Trolox/mg (mg of gallic
(mg/mL) of sample) acid/g of sample)
(Folin-Ciocalteu
assay)
Pomegranate 0.29 £ 0.04 0.044 + 0.009 125.6 +0.9
peel and seeds
Apple peel, >1.5 0.0006 £ 0.0007 23+1
seeds and core
Fruit by- Orange peel and >1.5 0.0008 £ 0.0002 171
products albedo
Banana peel >1.5 0.0044 + 0.0002 20+2
Pineapple peel >1.5 0.00141 = 0.00004 64+03
and stem
Grape pomace 0.49 £0.05 0.0116 £ 0.0007 124 +5
Pecan nut shell 0.14 +0.01 0.061 + 0.002 82+4
Vegetable Tomato peel >1.5 0.00046 £+ 0.00001 25+3
by- and seeds
products Potato peel >1.5 0.00023 £+ 0.00001 27.7+0.8
Trolox 0.011 +0.001 -

2.3 Acid treatment on the selected agri-food by-products

The acid treatment on the fruit and vegetable by-products was performed as
reported,’%!"+17 by incubating each sample in 6 M HCI at 100 °C for 1 h. The

hydrolyzed materials were then collected by centrifugation, extensively washed with
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water until neutrality, and lyophilized. The yields of recovered samples are reported

in Table 2.3.1.

Table 2.3.1. Recovery yields of agri-food by-products subjected to hydrolytic treatment.

Sample Yields (w/w)
Pomegranate peel and seeds 10%
Apple peel, seeds and core 2%
Fruit and Orange peel and albedo 9%
vegetable by- Banana peel 7%
products Pineapple peel and stem 20%
Grape pomace 30%
Pecan nut shell 45%
Vegetable by- Tomato peel and seeds 12%
products Potato peel 2%

Grape pomace and pecan nut shell showed the highest recovery yields further to the
acid treatment, probably due to the high content of phenolic polymers, such as
lignins and condensed tannins, which are insoluble in water and not easily
hydrolyzable compared to polysaccharides. In agreement with this observation,
potato, and apple wastes, rich in polysaccharidic components, exhibited very low

recovery yields after the acid treatment.

2.3.1 Evaluation of the antioxidant properties of the acid-treated

agri-food by-products

The antioxidant properties of the hydrolyzed agri-food by-products were
characterized by DPPH and FRAP assays and compared to those of the untreated
samples. The acid hydrolysis exerted an activating effect on almost all fruit and
vegetable by-products, that showed a remarkable decrease in the ECsy values
determined in the DPPH assay (Figure 2.3.1.1a). Notably, however, no significant
effects were observed for grape pomace, while a remarkable weakening in the
antioxidant properties was observed for pecan nut shell, with a 8-fold increase of the

ECso value after the treatment.
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FRAP assay (Figure 2.3.1.1b) showed an increase of the antioxidant properties for

apple, potato, and tomato wastes, whereas less significant effects were observed on

orange, banana and pomegranate by-products. In agreement with the DPPH assay

results, the acid treatment led to a material with an 80% decrease of Trolox

equivalents (eqs) in the case of pecan nut shell. A 50% decrease in the Trolox eqs

was observed also for grape pomace (Figure 2.3.1.1b).
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Figure 2.3.1.1. Antioxidant properties of agri-food by-products before and after hydrolytic
treatment, determined by (a) DPPH and (b) FRAP assays. Reported are the mean + SD

values of at least three experiments.
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Acid-treated fruit and vegetable by-products were analyzed also for their phenolic
content. Pomegranate, apple and pineapple wastes showed a significant increase of
TPC values after treatment, while hydrolyzed grape pomace and pecan nut shell
showed a 3-fold decrease of TPC values with respect to the untreated materials,
indicating substantial chemical modifications induced by the hydrolytic treatment on
these agri-food by-products, likely responsible for the lowering of the antioxidant

properties (Figure 2.3.1.2).
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Figure 2.3.1.2. TPC values of agri-food by-products before and after hydrolytic treatment.

Reported are the mean = SD values of at least three experiments.

Since pecan nut shell and grape pomace are well known for their high content of
condensed tannins, in order to investigate the effects of the hydrolytic treatment on
the main constituents of these by-products, the antioxidant properties of pure tannins

were evaluated before and after the acid treatment.

Chestnut (CT) and quebracho (QT) tannins, composed of ellagitannins and

205462 were used as models of hydrolyzable and

profisetinidins, respectively,
condensed tannins. As shown in Figure 2.3.1.3, the acid treatment led to a decrease

in the antioxidant properties and TPC values of quebracho tannins, perfectly in
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agreement with what observed on the condensed tannin-rich materials grape pomace

and pecan nut shell.
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Figure 2.3.1.3. Antioxidant properties of pure tannins before and after the acid treatment
determined by (a) DPPH, (b) FRAP and (c) TPC assays. Reported are the mean = SD values

of at least three experiments.

2.3.2 Characterization of the structural modifications induced by

the hydrolytic treatment on the agri-food by-products

2.3.2.1 UV-Vis and HPLC analysis

To obtain further information on the nature of the chemical modifications induced
by the acid treatment on the agri-food by-products, the DMSO-soluble fractions of
the different materials, before and after the treatment, were analyzed by UV-Vis
spectroscopy and HPLC. As an example, here are reported the spectra of
pomegranate peel and seeds, selected as hydrolyzable tannin-rich material, grape
pomace and pecan nut shells, selected as condensed tannin-rich materials, and potato

peels, containing high amounts of polysaccharides (about 30% w/w), starch (about
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25% w/w) and lignin (about 20%).'*° For pomegranate and potato wastes, a general
increase in absorbance was observed after the hydrolytic treatment (Figure
2.3.2.1.1a,b), suggesting that this latter efficiently cleave phenolic polymers such as
lignins and hydrolyzable tannins into low-molecular weight, extractable compounds.
In particular, in the case of pomegranate, the hydrolyzed sample showed an increase
in the absorbance at 355 nm, suggestive of the release of EA as a result of
punicalagin and punicalin hydrolysis, as already reported for pomegranate wastes,'’
whereas the hydrolyzed potato waste spectrum showed the appearance of two
absorption maxima at around 280 and 310 nm, typical of lignin moieties with
hydroxycinnamic acid type structures.'®"!32 On the other hand, the UV-Vis spectra
of the DMSO-extractable fractions from grape pomace and pecan nut shell (Figure
2.3.2.1.1c,d) showed a significant decrease in the maximum at ca. 280 nm further to
the acid treatment, probably related to the degradation of condensed tannins, as

expected based on the observed decrease in the antioxidant properties.
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Figure 2.3.2.1.1. UV-Vis spectra of the DMSO-soluble fractions of selected fruit and

vegetable by-products, before and after the hydrolytic treatment.

To confirm this hypothesis, pure CT and QT were analyzed by UV-Vis analysis

before and after the acid treatment and results superimposable to those of

hydrolyzable and condensed tannin-rich by-products were obtained, as shown in

Figure 2.3.2.1.2a,c.
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Figure 2.3.2.1.2. UV-Vis spectra of the DMSO-soluble fractions of (a) hydrolyzable and (c)
condensed tannins and HPLC profiles of the DMSO-soluble fractions of (b) hydrolyzable

and (d) condensed tannins, before and after the acid treatment.

HPLC analysis of the DMSO-extractable fractions confirmed all the previous
observations. Here are reported the HPLC profile of DMSO-extractable fraction of
pomegranate waste, which after hydrolysis exhibited the appearance of a compound
eluted at around 41 min, due to the release of EA, as observed for the hydrolyzed CT
sample (Figure 2.3.2.1.3 and Figure 2.3.2.1.2b). Formation of EA could be
presumably associated to the increase of the antioxidant properties observed for this
sample in the DPPH and FRAP assay. On the other hand, the HPLC profile of the
extractable fraction of QT appeared more complex, with a broad peak eluting
between 25 and 40 min, which disappeared after the acid treatment, likely as the
result of QT depolymerization. This process probably led to a release of flavanol
monomers, which could be washed away and/or degraded due to the harsh

conditions of the acid treatment.
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Figure 2.3.2.1.3. HPLC profiles of the DMSO-soluble fraction of pomegranate waste before

and after hydrolytic treatment.
2.3.2.2. ATR-FTIR analysis

With the aim of further characterizing the structural modifications induced by the
acid treatment, in other experiments the agri-food by-products were directly
analyzed by ATR-FTIR analysis, before and after hydrolysis. As an example, the
FTIR spectra of potato waste, pecan nut shell and grape pomace are shown in Figure
2.3.2.2.1. In the first case, a marked increase of the two sharp peaks at 2950-2850
cm! was observed further to the hydrolytic treatment, as evident also from the
subtracted spectrum (hydrolyzed minus untreated, black dashed line), (Figure
2.3.2.2.1a). These signals are typically associated to the C—H stretching vibration of

lignins, 518!

so the observed increase is likely to indicate an enrichment in the lignin
component as a result of polysaccharide hydrolysis and removal. Notably, the peaks
at 29502850 cm ™! were less significantly affected or even reduced by the hydrolytic

treatment in the case of grape pomace and pecan nut shell (Figure 2.3.2.2.1b,c).
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Figure 2.3.2.2.1. ATR-FTIR spectra of selected agri-food by-products, before and after

hydrolytic activation.
2.3.2.3. Chemical degradation analysis

In a last series of experiments, agri-food by-products were subjected to chemical
degradation treatments commonly adopted for the qualitative and quantitative
analysis of phenolic polymers, that is alkaline hydrogen peroxide degradation, alkali
fusion and acid degradation (Figure 2.3.2.3.1). The first two methods are commonly
employed to analyze insoluble and structurally complex phenolic polymers and are
based on the HPLC identification of low-molecular weight markers deriving from
oxidative breakdown of the polymer,'8* whereas acid degradation has been reported

as a strategy for the identification of extractable and non-extractable ellagitannins.'s*
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In general, the hydrolyzed materials showed chromatographic profiles characterized
by more intense and/or a greater number of peaks, suggesting again the occurrence
of breaking/cleavage processes of high molecular weight components, leading to the
release of small units more susceptible to the attack by the chemical degradation
agents and responsible for the improved antioxidant properties. 3,4-
dihydroyxbenzoic acid (3,4-DHBA), 4-hydroxybenzoic acid (4-HBA) and gallic
acid were identified as the main chemical degradation products, by comparison of
chromatographic properties with those of authentic standards. The elutographic
profiles of the chemical degradation mixtures of pomegranate waste are shown as a
remarkable example in Figures 2.3.2.3.2. The HPLC profile of the alkaline hydrogen
peroxide degradation mixture of treated and untreated pomegranate waste showed a
single peak eluted at 18 min and identified as 3,4-DHBA, detected in higher
amounts in the case of the hydrolyzed sample (Figure 2.3.2.3.2a). EA was found to
be the major peak of HPLC profile of alkali fusion of hydrolyzed sample and was
practically absent in the untreated sample (Figure 2.3.2.3.2b). EA represented the
main component also of the solid residue deriving from the acid degradation
mixture, with an intensity about seven-fold higher than that obtained from the
untreated pomegranate (Figure 2.3.2.3.2c). On the other hand, the supernatant from
the acid degradation mixture of untreated pomegranate showed a series of peaks
eluted at around 18-23 min (Figure 2.3.2.3.2d), likely due to partially hydrolyzed
ellagitannins, which were found to be absent in the HPLC profile of pomegranate
waste after the hydrolytic treatment, probably because this treatment had already

removed these components.
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Figure 2.3.2.3.2. HPLC profiles of chemical degradation mixtures of pomegranate wastes
before and after the acid treatment. (a) Alkaline hydrogen peroxide degradation mixture. (b)
Alkali fusion mixture. (c) Solid residue from the acid degradation mixture. (d) Supernatant

from the acid degradation mixture.

The same degradation experiments were carried out on pure CT. In Figure 2.3.2.3.3
the HPLC profiles of alkali fusion and acid degradation mixtures are reported, and
the hydrolyzed material showed, as in the case of pomegranate waste,
chromatographic profiles characterized by EA as the main peak, which was present

only in very low amount in the mixtures of the untreated sample (Figure 2.3.2.3.3).
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Figure 2.3.2.3.3. HPLC profiles of chemical degradation mixtures of CT, before and after

the acid treatment. (a) Alkali fusion mixture. (b) Solid residue from the acid degradation

mixture.

2.4. Evaluation of the effects of the acid treatment on

enzymatically synthesized phenolic polymers

In another series of experiments, the same hydrolytic treatment adopted for the agri-
food by-products was performed on synthetic polymers obtained from enzymatic,

biomimetic oxidation of natural starting phenolic compounds.

Whereas in the past, intense research has been focused on these monomers, less
attention has been directed to the possible exploitation of their polymers. Recently,
these polymers have attracted remarkable interest for their potent antioxidant
properties,”® which have prompted their exploitation for different applications,

185-187 and

including e.g. the wuse as active components in packaging,
biomaterials.?*!%®  Phenolic polymers exhibit several advantages over the
corresponding monomers, including in some cases increased antioxidant activity,
lower bioactivity and toxicity, better stability properties, and hence more practical
processing, and lower solubility that reduces the tendency to leak, for e.g. for

packaging applications.?*!87-18

Among polymerization strategies, peroxidase-catalyzed reactions have been used

e.g. for the preparation of poly(caffeic acid methyl ester) (PolyCAME),
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polypyrogallol and polyguaiacol, proposed as active ingredients for stabilization of

187,190,191

synthetic polymers against thermal and photo-oxidative degradation, and of

polytyrosol, endowed with osteogenic activity.!'s®

In a recent work, horseradish peroxidase (HRP) coupled with H,O» has been adopted
as an easily available, eco-friendly and low-cost oxidant for the polymerization of
mono-, di- and tri-phenolic compounds, and a systematic investigation of the

antioxidant properties of the thus obtained phenolic polymers has been reported.'*

Based on these findings and on the results described in the previous paragraphs, the
effects of the acid treatment on the antioxidant and radical-scavenging properties of

the above-mentioned phenolic polymers were evaluated.

2.4.1 Preparation of the enzymatically synthesized phenolic

polymers

Mono-, di- and tri-phenols (Figure 2.4.1.1) were polymerized using HRP and H»O»
in phosphate buffer at pH 6.8. The mixtures were kept under magnetic stirring
overnight and the polymers collected by acidification with 3 M HCI up to pH 3,

centrifugation and lyophilization.

Monophenols

Diphenols
o

o)
H,CO on “ o Ho
OH HO.
L o O
Vanillic acid (VAN) ~ HO o HO "o
p - Coumaric acid (COUM) Caffeic acid (CAF) Catechol (CAT)

- HO CHs
- . o)
Tyrosol (TYR) ;5 HO

4-Methylcatechol (MCAT)

QCHs
Ferulic acid (FER)

Triphenols

Pyrogallol (PYR)

Gallic acid (GAL)

Figure 2.4.1.1. Mono-, di- and tri-phenols used for polymer preparation.
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The phenolic polymers were then subjected to an acid treatment with 6 M HCI at
100 C for 24 h. The recovery yields of the treated materials are reported in Table
24.1.1.

Table 2.4.1.1. Recovery yields of phenolic polymers subjected to the acid treatment.

Polymer Yields (w/w)
PolyGAL 65%
PolyPYR 100%
PolyCAT 70%
PolyMCAT 67%
PolyCAF 83%
PolyFER 67%
PolyCOUM 29%
PolyVAN 62%
PolyTYR 75%

2.4.2 Characterization of the antioxidant and scavenging properties

of the acid treated-phenolic polymers

2.4.2.1 DPPH and FRAP assays

Treated and untreated phenolic polymers were analyzed for their antioxidant
properties by DPPH and FRAP assays. As shown in Figure 2.4.2.1.1a, untreated
PolyGAL showed the lowest ECso value in the DPPH assay, followed by untreated
PolyPYR, PolyCAT, PolyCAF and PolyMCAT. This trend is in line with what
expected on the basis of the number of phenolic groups in the monomers: indeed,
triphenolic-based polymers, followed by diphenolic-based polymers, showed more
efficient antioxidant properties than the monophenolic-based polymers. After the
acid treatment, an increase in the DPPH-reducing properties was observed for all
polymers, with the exception of PolyCOUM, for which a decrease was actually
obtained, and PolyTYR and PolyVAN, for which the effects of the acid treatment
were found to be less significant. The most significant effects were observed on
PolyFER, which exhibited an ECsq value 3.4-fold lower with respect to the untreated

material, very close to those of tri- and diphenolic-based polymers.
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In the case of the FRAP assay, PolyGAL, PolyPYR, PolyCAT and PolyCAF were
found to be again the most active among untreated polymers. Despite the activating
effect of the acid treatment was found to be less specific on the Fe**-reducing power
(Figure 2.4.2.1.1b), all the materials showed an improvement of reducing power and
again the most significant effect was observed on PolyFER.
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Figure 2.4.2.1.1. Antioxidant properties of the enzymatically synthesized phenolic polymers,
before and after the acid treatment, determined by (a) DPPH and (b) FRAP assay. Reported
are the mean = SD values of at least three experiments. Values marked with asterisks are

significantly different from those of the untreated polymer (p < 0.05).
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2.4.2.2 Superoxide-and NO-scavenging assays

As evidenced in Chapter 1, many studies have shown the key role of ROS in the
initiation and progression of different human diseases and superoxide anion radical,
is one of the most important and biologically relevant ROS in living organisms.
Nitric oxide (NO) is another radical species, actively produced in human body.
Despite low concentrations are considered physiological and exert crucial roles in
vascular and neuronal signal transduction, smooth muscle contractility, platelet
adhesion and aggregation, immunity, and cell death regulation, high concentrations
of this radical are directly involved in different pathologies, such as hypertension,
cardiovascular dysfunctions, neurodegeneration, arthritis, asthma and septic
shock.!” Indeed, NO can lead to the formation of reactive nitrogen species (RNS) by
reaction with oxygen, generating the strong oxidizing species nitrogen dioxide, or

superoxide ions, leading to peroxynitrite, a well-known cytotoxic agent.

In this context, in a further series of experiments the superoxide- and nitric oxide
scavenging properties of the acid treated enzymatically synthesized polymers were
investigated and compared with those previously reported for the untreated

polymers.'9%1%4

The superoxide-scavenging assay is based on the rapid autoxidation of pyrogallol
under alkaline conditions, leading to superoxide anion radical generation. This latter
reacts with nitroblue tetrazolium, which is reduced by superoxide anion radical to a

diformazan which is spectrophotometrically detected at 560 nm (Figure 2.4.2.2.1).
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Figure 2.4.2.2.1. Superoxide-scavenging assay.

In the NO-scavenging assay, NO is generated by decomposition of sodium
nitroprusside in phosphate buffer at pH 7.4. Under aerobic conditions NO reacts
with oxygen to produce nitrite ions. NO scavengers compete with oxygen leading to
a lower production of nitrite ions, which are detected by reaction with Griess's
reagent, composed of sulphanilamide and N-1-naphtylethylendiamine in phosphoric
acid: in acidic medium, sulphanilamide is diazotized by the nitrite ions and the
diazocompound then reacts with N-1-naphtylethylendiamine giving rise to a

conjugated compound with an absorption maximum at 540 nm (Figure 2.4.2.2.2).
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Figure 2.4.2.2.2. NO-scavenging assay.

As evident from Figure 2.4.2.2.3a, the results of the superoxide-scavenging assay
showed a remarkable increase in the superoxide trapping ability of PolyMCAT and
PolyVAN, that exhibited a 4- and 20-fold improvement, respectively of the activity
after the acid treatment, whereas a significant decrease (ca. 70%) in the superoxide-

trapping ability was observed for PolyCOUM.

The results of the NO-scavenging assay confirmed the higher efficiency of the
triphenolic-based polymers PolyGAL and PolyPYR, followed by PolyCAT. After
the acid treatment, a remarkable increase in the NO-trapping capacity was found in
the case of PolyCAF, which showed a 5-fold higher activity after the treatment,
whereas a significant decrease of the NO-scavenging ability was observed in the
case of PolyCOUM and PolyTYR, which, in particular, completely lost its already
poor effectiveness (Figure 2.4.2.2.3b).
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Actually, the chemical mechanisms behind NO and superoxide scavenging are not
known, and indeed different pathways could be operative, leaving a full
interpretation of these results still incomplete.!**
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Figure 2.4.2.2.3. (a) Superoxide and (b) NO-scavenging properties of the enzymatically
synthesized phenolic polymers, before and after the acid treatment. Reported are the mean +

SD values of at least three experiments.

2.4.3 Spectroscopic investigation of the structural modifications
induced by the acid treatment on the enzymatically synthesized

phenolic polymers

2.4.3.1 UV-Vis analysis

In order to better understand the chemical modifications induced by the acid

treatment, DMSO solutions of the different polymers were analyzed by UV-vis
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spectroscopy. Figure 2.4.3.1.1 showed no significant changes in the spectra of

monophenol-derived PolyTYR and PolyVAN and the diphenol-derived PolyMCAT.

On the contrary, the hydroxycinnamic acid-derived PolyCOUM and PolyCAF

showed an almost total abatement of the absorption further to the acid treatment,

indicative of remarkable structural modifications of the polymer backbone. The

triphenol-derived PolyGAL and PolyPYR as well as PolyFER showed a general loss

of the spectroscopic features, whereas an increase in the absorbance with no

significant modifications in the spectrum, was observed for PolyCAT.
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Figure 2.4.3.1.1. UV-Vis spectra of the enzymatically synthesized polymers, before and

after the acid treatment.
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All these results are in line with those of the antioxidant assays, showing in general
an abatement of the reducing and radical scavenging properties for PolyCOUM,
likely as a consequence of detrimental extensive structural modifications induced by
the acid treatment, reflected also in the low recovery yields reported in Table
2.4.1.1. On the other hand, the broadening of the UV-Vis spectrum observed for
PolyGAL, PolyPYR and PolyFER would be indicative of the occurrence of
chemical reactions resulting in the formation of more varied species or structural
units, possibly characterized by a more extended m-electron conjugation, and hence

endowed with higher antioxidant properties.
2.4.3.2 EPR analysis

Phenolic polymers before and after the acid treatment were also analyzed by EPR
spectroscopy (Table 2.4.3.2.1 and Figure 2.4.3.2.1), which has been recently
reported as a promising approach to inquire into the structural basis of the
antioxidant properties of these samples, being characterized by the presence of

192

intrinsic free radical centers.””” Indeed, natural or synthetic pehnolic polymers are

characterized by the presence of stable organic free radicals, due to the redox
equilibria between fully reduced, fully oxidized, and semi-oxidized phenolic units.'*?
All the samples were characterized by g values compatible with carbon-centered
radicals.'”® A general increase of spin density was observed for most of the polymers
further to the acid treatment, ranging from 4.5-6.6-fold for the triphenol- and
diphenol-derived samples, to 2.8-fold for the monophenolic polymers PolyCOUM
and PolyTYR. The spin density of PolyVAN and PolyFER was instead not
significantly affected by the treatment. Concerning the signal amplitude (AB), this
was less affected by the acid treatment, even if a slight increase was observed for
almost all polymers. However, marked differences were observed between untreated
and treated PolyFER, with the first showing a AB value 2-fold higher. On the
contrary, PolyCOUM, PolyVAN and PolyTyr showed a lower AB in comparison

with untreated materials. Based on these data, it can be concluded, again, that the
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acid treatment significantly affected the structure of triphenolic and
hydroxycinnamic-derived polymers. In particular, the broader signals of the treated
polymers could be the result of a greater number of m-stacking interactions in
aromatic (planar) units, as a consequence of dehydration and/or oxidation processes
occurring under strong acidic and high temperature conditions.'?>!” In agreement
with this hypothesis is also the observed increase in the spin density, which would
be indicative of the generation of structural features able to stabilize unpaired
electrons and hence to sustain electron transfer processes, such as highly =n-
conjugated systems.!”? The possibility that the acid treatment breaks weak C-O
linkages, inducing depolymerization processes and hence leading to an increase in
low molecular weight molecules exhibiting a higher number of phenolic OH

moieties and, as a consequence, a higher spin density, cannot be ruled out.
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Figure 2.4.3.2.1. Solid-state EPR spectra of the enzymatically synthesized phenolic polymer

before (black traces) and after (blue traces) acid treatment.
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Table 2.4.3.2.1. EPR parameters of the phenolic polymers before and after the acid
treatment. Experimental uncertainties are + 0.0003 on g-factor, = 10% on spin-density and +

0.2 gon AB.

Precursor g-factor Spin AB (G)

density

1

(sping )
PolyGAL 2.0030 1.6x10' 33
Treated PolyGAL 2.0037 7.2x10'® 3.7
PolyPYR 2.0033 1.3x10" 3.8
Treated PolyPYR 2.0032 7.1x10' 4.3
PolyCAT 2.0033 1.9x10'® 34
Treated PolyCAT 2.0033 9.5x 10" 3.5
PolyMCAT 2.0033 3.8x10'° 4.8
Treated PolyMCAT 2.0033 2.5x 10" 5.2
PolyCAF 2.0033 7.5x 10" 3.7
Treated PolyCAF 2.0032 4.8x10' 4.0
PolyFER 2.0033 5.7x 107 2.3
Treated PolyFER 2.0032 5.9x 10V 4.5
PolyCOUM 2.0031 6.9x 10" 6.2
Treated PolyCOUM 2.0028 1.9x10' 5.1
PolyVAN 2.0028 2.5x10'° 6.4
Treated PolyVAN 2.0033 2.1x10'° 34
PolyTYR 2.0033 2.4x10'° 8.8
Treated PolyTYR 2.0029 6.7x10'° 6.3

2.4.3.3 ATR-FTIR analysis

ATR-FTIR analysis was carried out on representative examples of each class of
polymers, that is PolyPYR (triphenol), PolyCAT (diphenol) and PoyTYR
(monophenol). As reported in Figure 2.4.3.3.1, no significant modifications in the
FTIR spectrum of PolyTYR, before and after the acid treatment, were observed, in
accordance with UV-Vis analysis (Figure 2.4.3.1.1) and antioxidant assays, showing
no remarkable increase in the antioxidant properties for this polymer. On the other
hand, PolyPYR and PolyCAT spectra evidenced the appearance of new bands at
1000900 cm™!, associated to =C-H bending vibrations, due to the probable
formation of additional double bond further to the acid treatment, likely resulting in
more extended m-conjugation systems. Treated PolyPYR also showed signals in the

region 1670-1600 cm™!, due to C=C stretching bands.
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Figure 2.4.3.3.1. ATR-FTIR spectra of selected phenolic polymers before and after the acid

treatment.

2.4.3.4 NMR analysis

In another series of experiments, the same selected polymers, before and after acid

treatment, were analyzed also by 'HNMR (Figure 2.4.3.4.1). The spectra did not

show significant variations in the case of PolyTYR and PolyCAT. On the other

hand, treated PolyPYR showed an almost complete loss of proton signals, in

agreement with the hypothesis of formation of new C-C/C=C bonds, as evidenced
also in the ATR-FTIR spectrum.
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Figure 2.4.3.4.1. '"H NMR spectra of (a) PolyPYR, (b) PolyCAT and (c) PolyTYR, before

(red trace) and after (green trace) acid treatment, recorded in DMSO-d.
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Finally, PolyFER and PolyCAF, before and after the acid treatment, were analyzed
by solid state '*C NMR spectroscopy, run in the cross-polarization magic angle
spinning (CP-MAS) mode. These two polymers were chosen on the basis of the
remarkable improvement of their antioxidant properties and the significant increase
of spin density highlighted by EPR analysis. PolyFER and PolyCAF showed quite
similar spectra (Figure 2.4.3.4.2). The first was characterized by broad signals
around 172 and 56 ppm, due to carboxyl and methoxyl groups, respectively. The
signal at 56 ppm was obviously lacking in the spectrum of PolyCAF. Other signals
were present at around 150 and 135-125, assigned to quaternary aromatic carbons,
and 120-110 ppm, attributed to the C-H carbon of the benzene moiety. The spectra
also showed the presence of signals in the aliphatic region at 75—90 ppm, indicative
of the presence of dihydrobenzofuran units, as previously reported for other phenolic
polymers.'8:1% The acidic treatment led to the almost complete disappearance of the
broad signals at 75-90 ppm (Figure 2.4.3.4.2), probably due to furane ring opening
resulting in more extended m-electron conjugated species as supposed also based on

the evidence reported in the previous paragraphs (Figure 2.4.3.4.3).
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Figure 2.4.3.4.2. Solid state '*C NMR spectra, recorded in the CP-MAS mode, of (a)
PolyFER and (b) PolyCAF, before and after acid treatment.
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Figure 2.4.3.4.3. Proposed structural modifications induced on PolyFER by the acid

treatment.
2.5 Conclusions

Fruit and vegetable wastes and by-products are cheap and largely available sources
of phenolic compounds, endowed with remarkable antioxidant properties. Of
particular interest is the possibility to improve these and other functional properties
via a hydrolytic treatment, involving the use of concentrated HCl and high

temperatures. '5%!17

Most of the analyzed agri-food by-products exhibited a marked enhancement of the
antioxidant properties after the hydrolytic treatment, as a consequence of both the
removal of inert components (mainly carbohydrates) and structural modifications of
the active phenolic fraction enhancing H-atom- and electron-donor properties of the
lignin and/or hydrolyzable tannin-rich materials, as deduced based on the results of
extensive spectroscopic analysis run also on model systems. Conversely, the same
hydrolytic treatment induced a marked decrease in the antioxidant capacity of agri-
food by-products rich in condensed tannins, likely as a result of partial loss of the

low molecular weight, more accessible, antioxidant components (Figure 2.5.1).
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Figure 2.5.1. Overview of the boosting effects of hydrolytic treatments on agri-food by-

products.

Parallel studies on bio-inspired synthetic phenolic polymers confirmed that the acid
treatment may selectively induce significant structural modifications resulting in the
generation of more extended n-conjugated systems, responsible for an improvement

of the antioxidant and radical scavenging properties (Figure 2.5.2).
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Figure 2.5.2. Overview of the antioxidant and radical-scavenging properties of acid-treated

enzymatically synthesized phenolic polymers.
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Overall, these results, coupled also with the cost effectiveness of the acid activation
protocol, open new perspectives for the exploitation of these materials as functional
additives to be used e.g. as functional additives in active packaging or in

dermocosmetic formulations.
2.6 Experimental section

Materials and methods

Pomegranates, apples, oranges, bananas, pineapples, tomatoes, and potatoes were
purchased at a local supermarket. Grape pomace was kindly provided by Prof.
Daniele Naviglio (Department of Chemical Sciences, University of Naples
“Federico II”, Naples, Italy). Pecan nut shell was provided by Productora de Nuez
S.P.R. de R.I. (Hermosillo, Mexico). Chestnut and quebracho tannins were provided
by the industrial partner of the PhD project Silvateam (Via Torre, S. Michele
Mondovi, Cuneo, Italy).

All solvents and reagents were obtained from commercial sources and used without

further purification.

UV-Vis spectra were recorded wusing a HewlettPackard8453  Agilent

spectrophotometer.

HPLC analysis were performed on an instrument equipped with an Agilent G1314A
UV-Vis detector, using a Phenomenex Sphereclone octadecylsilane (ODS) column
(250 x 4.60 mm, 5 pm) at a flow rate of 1.0 mL/min; a gradient elution was
performed with 0.1% formic acid (solvent A)/methanol (solvent B) as follows: 5%
B, 0-10 min; from 5 to 80% B, 10-47.5 min; the detection wavelength was set at 254

nm.

ATR-FTIR spectra of agri-food by-products were recorded on a PerkinElmer
Spectrum 100 spectrometer equipped with a Universal ATR diamond crystal

accessory, and the analysis were performed with an average of 16 scans in the range
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4000-450 cm™! (resolution of 4 c¢cm™). ATR-FTIR spectra of enzymatically

synthetized phenolic polymers were recorded on a Nicolet 5700 Thermo Fisher.

EPR measurements were performed using a Bruker Elexys E-500 spectrometer
equipped with a superhigh sensitivity probe head. The samples were transferred to
flame-sealed glass capillaries, which in turn were coaxially inserted in a standard 4
mm quartz sample tube. Measurements were performed at room temperature. The
instrumental settings were as follows: sweep width, 100 G; resolution, 1024 points;
modulation amplitude, 1.0 G; scansion time 20.97 s. The amplitude of the field
modulation was preventively checked to be low enough to avoid detectable signal
overmodulation. The number of scans and microwave power were optimized to
avoid microwave saturation of resonance absorption curve. For power saturation
experiments, the microwave power was gradually incremented from 0.02 to 164
mW. The g value and the spin density were evaluated by means of an internal
standard, Mn**-doped MgO, prepared by a synthesis protocol reported in the
literature." Since sample hydration was not controlled during the measurements,

spin density values have to be considered as order of magnitude estimates.'*®

'"H NMR spectra were recorded in DMSO-ds at 400 or 500 MHz on Bruker or

Varian instruments.

Solid-state '*C CP-MAS spectra were collected at 125.77 MHz on a 500 MHz
Bruker BioSpin NMR Spectrometer Avance 500, operating at a static field of 11.7 T
and equipped with a 4 mm MAS probe, spinning the sample at the magic angle at
speeds up to 15 kHz that with the addition of high power 'H decoupling capability
allows to decrease or eliminate homo and heteronuclear anisotropies. All the
samples were prepared by packing them in zirconia (ZrO-) rotors, closed with Kel-F
caps (50 pL internal volume) and the spinning speed (MAS) was optimized at 12

kHz after some experiments run in the range 4—12 kHz.!87:188
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2.6.1 Preparation of agri-food by-products. The waste part of each agri-food
sample was separated from the edible part, rapidly cut into small pieces, and freeze-

dried. The lyophilized material was finally shredded using a blender.

2.6.2 Preparation of phenolic polymers. Selected phenols (200-500 mg) were
solubilized in ethanol and added to 0.1 M phosphate buffer at pH 6.8 (0.01 M phenol
final concentration), containing 1% KCI (ethanol/buffer ratio = 1:4 v/v).!"”> HRP
(final concentration 2 U/mL) and 30% H,O: (final concentration 0.02 M) were then
added in two aliquots, within 1 h of each other. The mixture was kept under
magnetic stirring overnight, acidified with 3 M HCI up to pH 3 and kept at 4 -C for
24 h. The precipitate was then recovered by centrifugation (7000 rpm, 4 °C, 30 min),
washed with 0.1 M HCI and lyophilized.

2.6.3 Acid treatment. Fruit and vegetable waste materials or tannin samples (3 g)
were treated with 70 mL of 6 M HCI under stirring at 100 °C for 1 h.!5%17417% After
cooling at room temperature, the mixture was centrifuged (7000 rpm, 15 min) and
the precipitate washed with water until neutrality and freeze dried. Phenolic

polymers were treated under the same conditions for 24 h.

2.6.4 Antioxidant assays. DPPH assay:'">'7® To a 0.2 mM ethanolic solution of
DPPH, the different agri-food by-product or tannin powders, before and after
hydrolytic treatment, were added (final dose 0.05—4.5 mg/mL), and after 10 min
under stirring at room temperature the absorbance at 515 nm was measured. In the
case of phenolic polymers, 30400 pL of a 0.33 mg/mL polymer solution in DMSO
were added to 2 mL of the DPPH solution and the mixtures were analyzed as above.
Trolox was used as a reference antioxidant. Experiments were run in triplicate.
FRAP assay:'”’ To 0.3 M acetate buffer (pH 3.6) containing 1.7 mM FeCl; and 0.83
mM TPTZ, agri-food by-product and tannin powders, before and after hydrolytic
treatment, were added (final dose 0.00625-0.3 mg/mL) and after 10 min under
stirring at room temperature the absorbance of the solution at 593 nm was measured.

In the case of phenolic polymers, 5-500 uL of a 0.33 mg/mL polymer solution in
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DMSO were added to 3.6 mL of the FRAP solution and the mixtures were analyzed

as above. Results were expressed as Trolox eqgs. Experiments were run in triplicate.

2.6.5 TPC assay.'”® Agri-food by-products or tannins, before and after hydrolytic
treatment, were added at a final dose of 0.02—3 mg/mL to a solution consisting of
Folin-Ciocalteu reagent, 75 g/L Na,COs, and water in a 1:3:14 v/v/v ratio. After 30
min incubation at 40 C, the absorbance at 765 nm was measured. Gallic acid was

used as reference compound. Experiments were run in triplicate.

2.6.6 NO-scavenging assay.'”>*” A 0.33 mg/mL polymer solution in DMSO (600
pL) was added to 6 mL of freshly prepared 0.01 M solution of sodium nitroprusside
in 0.2 M phosphate buffer (pH 7.4), and the mixture was taken under vigorous
stirring at room temperature. After 2 h, 1 mL of the mixture was added to 2 mL of
Griess reagent (0.5% sulfanilamide and 0.05% N-(1-naphthyl)ethylenediamine
dihydrochloride in 2.5% phosphoric acid), and the absorbance at 540 nm was
measured. Results were expressed as percentage of reduction in the absorbance at
540 nm of a control mixture run in the absence of a sample. Quercetin was used as

the reference antioxidant. Experiments were run in triplicate.

2.6.7 Superoxide-scavenging assay.'w>*"'

DMSO (100 pL) was added to 0.05 M ammonium hydrogen carbonate buffer (pH
9.3) containing 0.33 mM EDTA, 0.01 mM nitroblue tetrazolium and 3.3 mM

A 0.33 mg/mL polymer solution in

pyrogallol. The mixture was taken under vigorous stirring, and after 5 min, the
absorbance at 596 nm was measured. Results were expressed as percentage of
reduction in the absorbance at 596 nm of a control mixture run in the absence of a
sample. Quercetin was used as the reference antioxidant. Experiments were run in

triplicate.

2.6.8 AlKali fusion.' 100 mg of KOH, 100 mg of NaOH, and 2 mg of Na>S;04
were melted in a pyrex tube at 240 °C. 20 mg of sample were then added, and the

mixture was kept at 240 °C for further 10 min. After cooling to room temperature,
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10 mL of a 1% sodium dithionite solution was added. The resulting mixture was
taken to pH 3 with 6 M HCI and then extracted for three times with 15 mL of ethyl
acetate. The organic layers were anhydrified with sodium sulfate, taken to dryness,

dissolved in methanol, and analyzed by HPLC.

2.6.9 Alkaline hydrogen peroxide degradation.'” 10 mg of each sample were
suspended in 1 mL of 1 M NaOH and then 50 pL of 30% H»O, were added. The
mixture was kept at room temperature under vigorous stirring for 24 h and then
treated with 5% w/v Na,S;0s, taken to pH 3 with 6 M HCI, filtered on a 0.45 um
PVDF filter, and analyzed by HPLC.

2.6.10 Acid degradation.'® 50 mg of sample were placed in a pyrex tube. Then, 5
mL of 4 M HCI were added, and the mixture was vortexed for 1 min and incubated
in an oven at 90 °C for 24 h. After cooling, the pH was adjusted to 2.5 with 6 M
NaOH, and the mixture was centrifuged for 10 min at 5000 rpm. The supernatants
were recovered, taken to 10 mL by addition of water, and analyzed by HPLC after
filtration on a 0.45 um PVDF filter. The solid residues were dissolved in 10 mL of
DMSO/methanol 1:1 v/v and then analyzed by HPLC as well.
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Chapter 3

Microbial fermentation as a strategy to improve the

functional properties of agri-food (by)products

3.1 Introduction

Fermentation traditionally represents a low-cost practice to preserve food and

202 For centuries, foods of animal or

increase the bioactivity of plant extracts.
vegetable origin have been subjected to fermentation processes mediated by
bacteria, yeasts, or fungi. This procedure leads to a series of advantages, such as the
enrichment of food in vitamins, proteins, amino acids, essential fatty acids, and also
phenolic compounds. Furthermore, fermentation may increase food flavour,

decrease cooking time, and slow down spoilage processes.

Through the action of different enzymes, in particular amylase, protease and lipase,
the microorganisms used in fermentation processes are able to hydrolyze
polysaccharides, proteins and lipids into non-toxic products characterized by

flavours, aroma and texture, which may attract the consumers.

The microorganisms used in traditional fermentation include lactic acid bacteria, for
example Lactobacillus plantarum, Lactobacillus buchneri, and Lactobacillus
rhamnosus. Fungal fermentation is another commonly used strategy, with
Aspergillus niger and Aspergillus oryzae as the most employed microorganisms.
Yeasts also play a key role in fermentation. They are eukaryotic microorganisms
that live in water, soil, air and on plant and fruit surfaces.?”> On a nutritional level,
yeasts are not particularly demanding compared to other microorganisms such as
lactic acid bacteria.?”® However, their growth is supported by the presence of
compounds such as fermentable sugars, amino acids, vitamins, minerals and oxygen.

Various types of yeast strains are available, among which Saccharomyces cerevisiae
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is known to be very effective for conversion of complex sugars to ethanol and other
substances. Alcoholic fermentation, in particular, leads to the formation of ethanol
and CO,, including a lowering of pH, and these factors are responsible of the longer

shelf life of fermented food.

Alcoholic fermentation takes place in two phases: in the first, the enzyme invertase,
deriving from yeast, hydrolyzes complex sugars (mainly disaccharides such as
sucrose) into glucose and fructose. During the second phase, ethanol is formed from
simple sugars. The glycolysis reaction takes place in the cytoplasm of the organism,
in which glucose, diphosphorylated by two molecules of ATP, splits into two
molecules of pyruvic acid. The absence of oxygen does not allow the normal Krebs
cycle and aerobic cellular respiration, hence pyruvate undergoes decarboxylation,
leading to formation of CO, and acetaldehyde. The latter is finally reduced to
ethanol by NADH (Figure 3.1.1). Fermentation temperature normally varies
between 20 and 25 °C, and the process can last from a few days to two weeks.?%
Industrial production of fermented food and beverages leads, however, to the
accumulation of a huge amount of biomass, whose disposal represents an

environmental and economic problem. Therefore, the search for possible

applications of these wastes is attracting considerable interest.

CH,OH
* i NADH+H® NaD® A\ M
© Q P o )J\ u ><Ethanol
OH \ Z
_ H CHs HsC OH
o OH Glyeolysis O CH;  Pyruvate Acetaldehyde Alcohol
Pyruvate  decarboxylase dehydrogenase
GlucoseOH

Figure 3.1.1. Alcoholic fermentation process.

Apart from being exploited to improve the nutritional and organoleptic properties as
well as the shelf life of foods and beverages, in recent year fermentation, with
particular reference to solid-state fermentation,?’® is emerging as a clean technology

for agri-food by-products valorization, providing bioactive extracts for application
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as food additives or cosmetic ingredients.?’® Indeed, solid state fermentation has
been applied to a variety of easily available wastes to get mostly phenolic

compounds.?’?

In this context, in the first part of this Chapter the characterization of the main
phenolic compounds and antioxidant properties of waste materials deriving from the
preparation of fermented fruit distillates are reported, whereas in the second part the
results of analogous characterization experiments carried out on pomegranate peel
and seeds, spent coffee grounds (SCG) and pecan nut shell subjected to a solid state
fermentation treatment with S. cerevisiae and A. niger are discussed. As far as the
first part is concerned, wastes deriving from a local agricultural distillery were
analyzed. This company produces distilled beverages from fruits subjected to
spontaneous fermentation processes by indigenous yeasts. The distillation process
generates high volumes of solid residues, which however could represent an easily
available and low cost source of bioactives. In this project, in particular, the solid
residues from quince, Cilento fig, nectarine peach and strawberry fermentation and

distillation were examined.
3.2 Preparation of extracts from fresh fruits and distillation
residues

As previously mentioned, quince, Cilento fig, nectarine peach and strawberry

distillation residues were analyzed.

Quinces, are asymmetrical apples of variable size, rich in pectins, in potassium and

polyphenolic  compounds, in particular flavonoids, procyanidins and
hydroxycinnamic acids.?"’
The white Cilento figs also contain high content of phenols, mainly rutin,

isoquercetin, chlorogenic acid and caffeoylmalic acid.?*®
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Nectarine peaches are a low-calorie source of antioxidants, minerals, and vitamins.
In particular, they are rich in vitamins C, A and E, together with xanthophylls
(lutein, zeaxanthin and beta-cryptoxanthin). The main phenolic compounds
identified in the pulp and peel are chlorogenic acid, catechin, neochlorogenic acid,
epicatechin, gallic acid, rutin, quercetin-3-O-galactoside, cyanidin 3-O-B-glucoside

(C3G) and cyanidin-3-O-rutinoside.?”

Strawberry is a variety of fruits of Fragaria. Strawberries have a high sugar content,

and are an excellent source of vitamin C, flavonoids and anthocyanins.?!°

These samples, together with the corresponding fresh fruits for comparison, were
preliminarily filtered and dried, after that, they were finely ground in a blender and

subjected to a solid-liquid extraction with water, DMSO, methanol or ethanol.
3.2.1 HPLC analysis of the distillation residue extracts

The distillation residue extracts were preliminarily analyzed by HPLC. Based on the
number and amounts of detected compounds, methanol was found to be the best
solvent for all the samples examined (see for example Figure 3.2.1.1), therefore in
further analysis attention was focused primarily on the methanolic extracts. In
particular, each extract was again analyzed by HPLC under previously developed
conditions for analysis of phenolic compounds in extracts from plant material.'?!
Analysis were carried out using a UV-Vis detector, with wavelength set to 254 nm
(generally considered a universal detection wavelength for aromatic compounds),
280 nm (more specific for flavanols and dihydrocalcones), 320 nm (more specific

for hydroxycinnamic acids), and 400 nm (specific for flavonols).
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Figure 3.2.1.1. Elutographic profiles of the aqueous (black trace) and methanolic (red trace)
extracts obtained from the distillation residue of (a) quince, (b) nectarine peach and (c)
Cilento fig. Eluant: 0.1% formic acid (solvent A)/methanol (solvent B): 5% B (0-10 min),
from 5 to 80% B (10-47.5 min); detection wavelength = 254 nm.

In Figure 3.2.1.2 the elutographic profiles at 254 nm of the methanolic extracts of
fermented and fresh quince are shown. The extracts from the distillation residue
showed a series of products eluted at 14, 88 and 90 min which were not found in the
starting fresh sample and therefore were clearly associated with the process. The
elutographic profiles at different detection wavelengths, showed, in particular, the
presence of a single main flavonol in the fermented fruit, eluted at 90 min, which

was absent in fresh quince.
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Figure 3.2.1.2. (a) Elutographic profiles of the methanolic extracts from fermented (black
trace) and fresh (red trace) quince, recorded at 254 nm. Elutographic profiles of extracts from
(b) fermented and (c) fresh quince, recorded at 254 nm (black trace), 280 nm (red trace), 320
nm (blue trace) or 400 nm (green trace). Arrows indicate compounds present only in the

extracts from the fermented sample.

HPLC analysis of peach (Figure 3.2.1.3a) and fig (Figure 3.2.1.3b) extracts was
found to be less informative, although, also in this case, the fermented materials

showed the presence of products eluted at 14 min and 90 min.
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Figure 3.2.1.3. Elutographic profiles of the methanolic extracts from fermented (black trace)

and fresh (red trace) (a) nectarine peach and (b) Cilento fig.
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Notably, the elutographic profiles of the methanolic extract of the distillation residue
of strawberry showed the presence of a single compound eluted at 88 min, which
was completely absent in the chromatographic profile of the extract from the fresh

fruit (Figure 3.2.1.4).
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Figure 3.2.1.4. Elutographic profiles of the methanolic extracts of fermented (black trace)
and fresh (red trace) strawberry. Arrow indicates the compound present only in the extract

from the fermented sample.

3.2.2 Identification of the main phenolic components of the

distillation residue extracts

In order to obtain information on the structure of the main phenolic compounds
present in the distillation residue extracts, these latter were analyzed by LC-MS,
which allowed to identify the peak at 14 min and 90 min present in the fermented
quince extract as 3.,4-dihydroxybenozic acid (3,4-DHBA) and quercetin,
respectively. This hypothesis was confirmed by comparing the elutographic profile
of the quince extract with those of pure standards. These compounds were identified

also in the methanolic extracts from fermented nectarine peach and Cilento fig.

The compound eluted at 88 min present in the methanolic extract of fermented

strawberry was instead identified as EA.

Table 3.2.2.1 shows the extraction yields of the identified phenolic compounds.
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Table 3.2.2.1. Extraction yields (in methanol), expressed as weight percentage with respect

to the starting material, of the identified phenolic compounds in the distillation residues.

Sample 3,4-DHBA Quercetin EA
Fermented nectarine peach 0.13% 0.05% -
Fermented Cilento fig 0.03% 0.04% -
Fermented quince 0.31% 0.03%
Fermented strawberry - - 1.85%

3.2.3 Evaluation of the antioxidant properties of the distillation

residue

In order to obtain information on the antioxidant properties of the distillation
residues, DPPH assay was performed on the solid samples following the
“QUENCHER” method.!”>!7® Fresh samples were analyzed as well for comparison.
Fermented nectarine peach and fig showed ECs values up to 5-fold lower than those
of the fresh materials. On the other hand, a decrease in the antioxidant properties
was observed for fermented quince and strawberry, exhibiting ECs values about 2-
fold and 14-fold higher than those determined for the fresh materials, respectively
(Table 3.2.3.1).

Table 3.2.3.1. Antioxidant properties of solid fermented and fresh fruit samples, determined
by DPPH assay. Results are expressed as ECso (mg/mL). Reported are the mean £+ SD values

of at least three experiments.

Sample Fermented Fresh
Nectarine peach 25+0.1 12.7+0.8
Quince 15.6+1.2 6.4+04

Cilento fig 94+04 41+3
Strawberry 21+2 1.54+0.1
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3.3 Effects of solid state fermentation with S. cerevisiae and A.
niger on the phenolic content and antioxidant properties of

agri-food by-products

In a second set of experiments, the effects of solid state fermentation with S.
cerevisiae and A. niger on the phenolic content and antioxidant properties of
pomegranate peel and seeds, SCG and pecan nut shell were evaluated. The
fermented samples were received from the laboratory of Prof. Cristobal Aguilar of
Universidad Autonoma de Coahuila in Mexico. The materials were first grounded in
a mortar and then extracted with distilled water or DMSO under vigorous magnetic
stirring for 1 h, at room temperature. The supernatants, obtained after centrifugation,
were then analyzed by HPLC. For comparison the same procedure was applied on

unfermented sample from the same source.
3.3.1 HPLC analysis of the extracts

In the case of SCG, the chromatograms of the aqueous fermented extracts were
characterized by the presence of peaks at ca. 5, 14, 26 and 31 min, not evident in the
case of the starting material. These compounds were particularly abundant in the S.
cerevisiae fermented sample. On the other hand, fermentation led to a decrease in
the species eluted between 24 and 25 min present in the starting material (Figure
3.3.1.1a). Similar results were observed for the DMSO extract, that was

characterized by the presence of a main product eluted at 26 min (Figure 3.3.1.1b).
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Figure 3.3.1.1. Elutographic profiles of unfermented (blue trace), S. cerevisiae fermented
(red trace) and A. niger fermented (green trace) SCG (a) aqueous and (b) DMSO extracts.

Boxes indicate compounds present only in the extract from the fermented samples.

The elutographic profiles of pecan nut shell extracts did not show any product
associated with the fermentation process, although, in particular for the aqueous
extracts (Figure 3.3.1.2a), a decrease in the compounds eluted at 25 and 40 min was
observed following fermentation.
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Figure 3.3.1.2. Elutographic profiles of unfermented (blue trace), S. cerevisiae fermented

(red trace) and A. niger fermented (green trace) pecan nut shell (a) aqueous and (b) DMSO

pecan nut shell extracts.

Rather more informative were the elutographic profiles of pomegranate waste
extracts (Figure 3.3.1.3). In particular, the aqueous extract of the starting material
was characterized by the presence of punicalagin as the main product, eluted at 24
1 174

min.'"* After fermentation, this compound almost completely disappeared, probably

due to hydrolytic processes carried by microorganisms. In accordance with this
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hypothesis, the elutographic profiles of the DMSO extracts (Figure 3.3.1.3b)
exhibited a single peak at ca. 40 min identified as EA.

a) Punicalagin b)

/ mAU | EA
400 N
3507 .
300 "
250

2001
150
1 UD-‘\
507 N

50 min 0 10 20 30 40 50 min

Figure 3.3.1.3. Elutographic profiles of unfermented (blue trace), S. cerevisiae fermented

(red trace) and A. niger fermented (green trace) pomegranate waste (a) aqueous and (b)
DMSO extracts.

3.3.2 Evaluation of the antioxidant properties and total phenolic

content of the extracts from unfermented and fermented samples

The antioxidant properties of the different extracts were preliminarily evaluated by
the DPPH assay. In general, DMSO extracts showed more efficient antioxidant
properties than the aqueous ones. As far as the effects of fermentation are concerns,
the aqueous extract from fermented SCG showed a remarkable increase in the DPPH
reducing ability compared to the extract from the untreated sample, whereas the
effects on the DMSO extract were less evident. 4. niger fermentation was found to
be detrimental for pecan nut shell, while S. cerevisiae was apparently able to
improve the antioxidant properties for the DMSO extract. The same applies to
pomegranate waste, as evident by the lower ECs values determined for the extracts

prepared by the S. cerevisiae fermented sample (Table 3.3.2.1).
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Table 3.3.2.1. Antioxidant properties of fermented and unfermented agri-food by-product
extracts determined by DPPH assay. Results are expressed as ECso (UL of extract/mL).

Reported are the mean + SD values of at least three experiments.

Sample Fermented Fermented by Fresh
by A. niger
S. cerevisiae

SCG (water) 14.5+0.5 183+0.4 29.3+0.6

SCG (DMSO) 52+04 8.8+£0.6 5.7+0.2

Pecan nut shell (water) 33+0.2 714431 29.3+0.6

Pecan nut shell (DMSO) 2.6+0.1 19+2 9.4+0.8
Pomegranate peel and seeds (water)  0.130 = 0.002 0.50 +0.02 0.19+0.1
Pomegranate peel and seeds (DMSO)  0.17 £0.001 0.28 +£0.01 0.36 £ 0.02

In another series of experiments, the antioxidant properties of the extracts were
determined also by the FRAP assay (Table 3.3.2.2). In partial agreement with the
DPPH assay results, DMSO extracts exhibited the highest reducing properties for
most of the samples. In this case, the most significant effects of bioprocessing were
observed for SCG and pomegranate wastes, for which fermentation with A. niger led
to samples with antioxidant properties up to 3-fold higher in the case of the aqueous
extract. Notably, fermentation of pecan nut shell with both microorganisms led to a
remarkable worsening of the reducing properties, particularly evident for the DMSO

extracts.

Table 3.3.2.2. Antioxidant properties of fermented and unfermented agri-food by-product
extracts determined by the FRAP assay. Results are expressed as Trolox eqs (mg of

Trolox/mL of extract). Reported are the mean + SD values of at least three experiments.

Sample Fermented by Fermented Fresh
S. cerevisiae by A. niger

SCG (water) 1.49+£0.08 4.0+0.1 1.43+0.01

SCG (DMSO) 14+0.1 2.32+0.01 1.6+0.1

Pecan nut shell (water) 0.072+0.004  0.09+0.01 0.104+0.003

Pecan nut shell (DMSO) 0.67 +0.02 0.82 +£0.07 2.7+03
Pomegranate peel and seeds (water) 24+1 60+1 19.1+03

Pomegranate peel and seeds (DMSO) 48.7+0.7 110+£3 146 £3

In order to obtain information on the phenolic content responsible for the antioxidant

properties observed, in a last series of experiments the total phenolic content of the
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extracts was determined by the Folin-Ciocalteu assay. The results (Table 3.3.2.3)
confirmed the detrimental effect of fermentation on pecan nut shell, whereas an
increase in the TPC values of the DMSO extracts from A4. niger fermented SCG and

pomegranate peel and seeds was observed.

Table 3.3.2.3. Total phenolic content of fermented and unfermented agri-food by-product
extracts determined by TPC assay. Results are expressed as gallic acid eqs (mg of gallic

acid/mL of extract). Reported are the mean + SD values of at least three experiments.

Sample Fermented by Fermented Fresh
S. cerevisiae by A. niger
SCG (water) 1.3+£0.1 0.72 £ 0.04 1.8+0.2
SCG (DMSO) 1.88 +£0.01 2.72 +0.02 1.734 £ 0.004
Pecan nut shell (water) 0.271£0.004 0.18+£0.01 0.809 = 0.004
Pecan nut shell (DMSO) 0.5+0.1 1.34+ 0.08 1.718 £ 0.002
Pomegranate peel and seeds (water) 353+£0.2 36 +4 504+04
Pomegranate peel and seeds (DMSO) 39+£2 67+£5 43 £3

Actually, some discrepancies emerge from the data reported in Tables 3.3.2.1,
3.3.2.2, and 3.3.2.3. For instance, in the case of DPPH assay, fermentation by S.
cerevisiae exerted a positive effect for the DMSO extract of pecan nut shell, but an
opposite trend was observed in the FRAP and TPC assay. The same applies to the

aqueous and DMSO extracts of pomegranate.

The lack of correlation between the results may be interpreted considering the
differences in the three assays. Indeed, whereas FRAP and TPC assays monitor a
pure electron transfer mechanism, DPPH may be classified as a mixed-mode assay,
since the radical which may be quenched either via a hydrogen atom donation or by
direct reduction through an electron transfer mechanism, and the steric accessibility
is a major determinant of the DPPH reduction reaction. Moreover, the DPPH assay
is performed in alcoholic solvents, whereas FRAP and TPC assays are carried out in
acidic and alkaline aqueous media, respectively, hence solubility properties of the
compounds to be tested may significantly affect the antioxidant response detected by

the three assays.?!!:*12
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3.3.3 EA recovery from fermented pomegranate wastes

Based on the results of the HPLC analysis reported in paragraph 3.3.1, highlighting
the formation of significant amounts of EA in the fermented pomegranate wastes,
further experiments were directed to the recovery of this compound. EA is endowed
with a plethora of health beneficial properties, including anti-mutagenic and anti-

213 prevention of the onset of cardiovascular diseases,

carcinogenic activity,
atherosclerosis, and dyslipidemic disorders,?!'* and stimulation of wound healing and
skin elasticity,?!® therefore the obtainment of EA-rich extracts from plant source

represents a very active research area.

At first, pomegranate waste materials, before and after fermentation with S.
cerevisiae and A. niger, were extracted with 7:3 v/v ethanol/water mixture at a 1:16
solid to liquid (s/1) ratio, using an ultrasound microwave system. HPLC analysis of
the extracts evidenced an EA content of 4.8 £ 0.6 mg/g (w/w with respect to the
starting material) for the unfermented sample. On the other hand, values of 9.0 + 0.3
mg/g and 46 = 3 mg/g were found for A. niger and S. cerevisiae fermented materials,

respectively.

To get an insight into the effects of fermentation on the ellagitannins present in the
pomegranate wastes under the two conditions investigated, the extracts were
subjected to qualitative LC-MS analysis. As expected, punicalagin o and B were
found to be the main phenolic components in the fresh sample, together with
punicalin f and granatin in lower amounts. As expected, fermentation induced a
remarkable consumption of punicalagin and granatin, particularly evident in the S.
cerevisiae treated sample, coupled to an increase in EA and especially punicalin o

(Figure 3.3.3.1).
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Figure 3.3.3.1. Quantitative analysis of the main ellagitannins identified in the pomegranate
waste extracts. Statistical analysis is shown on the bars: * p < 0.05; ** p < 0.01; *** p <

0.005.

Indeed, it is known that hydrolytic cleavage of punicalagin leads to punicalin and
hexahydroxydiphenic acid, which is then converted to EA by spontaneous

lactonization. The same has been reported for granatin (Scheme 3.3.3.1).
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Scheme 3.3.3.1. Structures of the main ellagitannins identified in pomegranate waste extracts

and proposed formation pathways of EA.

Based on these data, in further experiments different extraction conditions were
investigated on S. cerevisiae fermented sample in order to optimize the recovery
yields of EA. DMSO was chosen as the extraction solvent due to the relative high
solubility of EA in this medium. Using a s/l ratio of 1:10 g/mL under stirring for 1 h,
a yield of 21.0 £ 1.2 mg/g yield was obtained. Reiteration of the extraction process
up to three times provided an overall yield of 30 + 1 mg/g. Use of a 1:100 g/mL s/l
ratio resulted in an increase of the recovery yield to 40.0 + 0.2 mg/g, that is a 4%
w/w yield, which was comparable to that obtained with the ultrasound microwave
assisted extraction described above. Actually, the employment of this methodology

was found to be crucial if an ethanol/water mixture is used as the extraction solvent,
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since under normal stirring conditions at room temperature the EA extraction yield

was only 2 mg/g (0.2% w/w).

A very “clean” elutographic profile was obtained by HPLC analysis of the DMSO

extract, showing EA as the sole component (Figure 3.3.3.2).
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Figure 3.3.3.2. HPLC elution profile of the DMSO extract (1:20 dilution in methanol) of S.

cerevisiae fermented pomegranate wastes.

3.4 Conclusions

In this Chapter, the changes induced by fermentation processes on the phenolic
composition and antioxidant properties of selected agri-food by-products have been
reported. In particular, waste materials resulting from the production of distillates
from spontaneously fermented quince, Cilento fig, nectarine peaches and
strawberries were investigated, together with pecan nut shell, SCG and pomegranate

peel and seeds subjected to solid state fermentation with S. cerevisiae and A. niger.

HPLC analysis of different extracts of the fermented and corresponding unfermented
materials highlighted the occurrence of significant structural modifications induced
by the microorganisms on the phenolic compounds in most samples, leading in some
cases to the formation of compounds endowed with biological properties, in relative
high yields. These results open, therefore, new perspectives for the possible
valorization of these materials as a source of bioactive compounds, to be used, for

example, in the nutraceutical and cosmeceutical sectors.
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3.5 Experimental section

Materials and methods

Quince, Cilento fig, nectarine peach and strawberry distillation residues were
provided by Berola (Portico di Caserta, Caserta), together with the corresponding
fresh fruits not subjected to fermentation, and stored at -25 ° C. A. niger and S.
cerevisiae fermented materials, together with the corresponding starting agri-food
wastes, were provided by Prof. Cristobal N. Aguilar (Bioprocesses and Bioproducts
Research Group, Food Research Department, School of Chemistry, Universidad

Autéonoma de Coahuila, Mexico) and stored at -25 °C.

All solvents and reagents were obtained from commercial sources and used without

further purification.
UV-Vis spectra were recorded on a HewlettPackard8453 Agilent spectrophotometer.

HPLC analysis were performed on an instrument equipped with an Agilent G1314A
UV-Vis detector, using a Phenomenex Sphereclone ODS column (250 x 4.60 mm, 5

um) at a flow rate of 1.0 mL/min; the gradient elution was as follows:

- 0.1% formic acid (solvent A)/methanol (solvent B): 5% B, 0-10 min; from 5 to
80% B, 10-47.5 min; the detection wavelength was set at 254 nm (eluant I).

- 0.2% formic acid (solvent A) /methanol (solvent B): 5% B (0-10 min), from 5 to
15% B (10-50 min), 15% B (50-70 min), from 15 to 60% B (70-90 min); the
detection wavelengths were set at: 254, 280, 320 e 400 nm (eluant II).

LC-MS analysis were performed in positive ionization mode on an Agilent LC-MS
ESI-TOF 1260/6230DA instrument with the following parameters: nebulizer
pressure 35 psig; drying gas (nitrogen) 5 L/min, 325 °C; capillary voltage 3500 V;
fragmentor voltage 175 V. An Eclipse Plus C18 column (150 x 4.6 mm, 5 um) was

used with the same mobile phases as above, at a flow rate of 0.4 mL/min.
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3.5.1 Preparation of extracts from fresh and fermented by-products. After
thawing and grinding, 0.3 g of each sample was kept under vigorous magnetic
stirring in 3 mL of distilled water, ethanol, methanol or DMSO. After 1 h the
mixtures were centrifuged (7000 rpm, 20 min) and the supernatants stored at -25 ° C
until further HPLC analysis, using eluant I for 4. niger and S. cerevisiae fermented

materials, and both eluant for distillation residues.

In the case of pomegranate peel and seeds, the fresh and fermented materials were
also extracted with ethanol/water (7:3 v/v) using a 1:16 (g/mL) s/l ratio. An
ultrasound and microwave-assisted extraction was performed using a hybrid
technology system Ultrasound/Microwave Cooperative Workstation (Nanjing
ATPIO Instruments Manufacture, Nanjing, China). Ultrasound time was set at 20
min (25 KHz) and microwave frequency was set at 2450 MHz (70 °C). In other
experiments, different extraction procedures were carried out using ethanol, water,
or DMSO as solvent at a 1:10 g/mL or 1:100 g/mL ratio. When required, the
extraction was repeated three times and the concentration of EA in the combined

extracts was determined by HPLC analysis, using eluant 1.

3.5.2 Antioxidant assays. DPPH assay:!”>'7® To a 0.2 mM ethanolic solution of
DPPH, 2-90 pL of extracts from fresh and fermented materials were added, and after
10 min under stirring at room temperature the absorbance of the solution at 515 nm
was measured. Trolox was used as a reference antioxidant. Experiments were run in
triplicate. FRAP assay:'”” To 0.3 M acetate buffer (pH 3.6) containing 1.7 mM
FeCl3 and 0.83 mM TPTZ, extracts from fresh and fermented materials (0.02—90
uL) were added, and after 10 min under stirring at room temperature the absorbance
of the solution at 593 nm was measured. Results were expressed as Trolox egs.

Experiments were run in triplicate.

3.5.3 TPC assay.!”® Extracts from fresh and fermented materials (0.2—-150 uL) were
added to a solution consisting of Folin-Ciocalteu reagent, 75 g/LL Na,COs, and water

in a 1:3:14 v/v/v ratio. After 30 min incubation at 40 °C, the absorbance at 765 nm
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was measured. Gallic acid was used as reference compound. Experiments were run

in triplicate.
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Chapter 4

Exploitation of tannins and by-products from tannin

industry as functional materials

4.1 Introduction

Tannins are widely distributed in the plant kingdom, and among these compounds,
wood tannins, in particular hydrolyzable and condensed tannins obtained from
Castanea sativa (chestnut) and Shinopsis lorentzii (quebracho) wood, respectively,

are among the most available worldwide.

As widely mentioned in the Introduction, tannins are currently used in food industry
as additives in wine, as food supplements, and in animal feeds due to their

biologically relevant properties.?

Wood tannins, in particular, have recently described as interesting alternatives to
synthetic adhesives in wood industry.”¢*7° Wood protection properties of tannins,
alone or in combination with eco-friendly additives, have been also
investigated,*”7>7® while different studies have evaluated the possibility to use a
combination of tannins and furfuryl alcohol for the creation of almost totally
biosourced foams and resins.®” Both hydrolysable and condensed tannins are also

able to act as corrosion inhibitors for metals.7:6%78-80

In addition, several papers have reported the use of wood tannins for the production
of functional films and coatings for a wide range of applications.?' 5 As an example,
condensed tannins extracted from radiata pine bark have been assessed as functional
additives in acrylic-based resins, providing materials with a high photo-oxidative

216217 whereas black wattle tannins incorporated at concentrations of 5%

stability,
and 10% into a novolac resin and then coated on a steel plate provided a significant

thermal protection when exposed to a flame.?'®
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Tannin extraction from wood, generally performed in hot water, generates high
volume of residual biomasses, known as exhausted woods, commonly used in the
production of pellets for heating and energy production. Despite the large
availability of these wood by-products, their possible exploitation as antioxidant

materials has still remained rather unexplored.

In this context, this Chapter is focused on experiments concerning the possible use
of hydrolyzable and condensed tannins, hereinafter indicated as CT and QT
(chestnut and quebracho tannins, respectively), for the implementation of
antioxidant coatings. Furthermore, the antioxidant and functional properties of
exhausted woods from tannin industry will be reported. Finally, formulations for
dermocosmetic applications incorporating exhausted chestnut wood mud (CWM)

were investigated.

This part of the PhD project was carried out in collaboration with “Centro Ricerche
per la Chimica Fine S.r.1.” of Silvateam S.p.a. (San Michele Mondovi, Cuneo, Italy),

who provided tannins, fresh and exhausted woods, and CWM.

4.2 Wood tannin-based antioxidant coatings

Coating represents a promising technology for material functionalization. Although
films and coatings are often used as synonyms, they refer to different concepts,
purpose, and utilization. Film is a thin layer of a matrix, in which different additives,
such as antioxidant compounds, can be incorporated. On the other hand, coatings
involve the formation of a film of a specific additive directly on the surface of the
matrix without direct incorporation.?'**** As in the case of functional films, a wide
number of antimicrobial and antioxidant compounds can be used.??! Among these,
tannins occupy a prominent role due not only to their remarkable bioactivities, but
also to their intrinsic ability to produce functional coatings on a variety of materials.

However, a comparative investigation between hydrolyzable and condensed wood
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tannins for the implementation of a functional antioxidant coating is still lacking in

the literature.

Herein, a simple and versatile dip-coating methodology for the functionalization of
nylon filter is reported, involving immersion of the substrate into a tannin solution at
room temperature, for 2 h (Figure 4.2.1). The choice of nylon membrane filters as
substrates was based on the remarkable affinity of tannins toward polyacrylamide,
and on the homogeneous and uniform surface, which make them particularly

suitable for coating applications.???

In order to find the best conditions for functionalization, different coating
conditions, in term of tannin concentrations, use of oxidizing conditions and of
metal ions, were investigated. At first, aqueous solution of tannins at different
concentrations (0.02, 0.1, and 0.5 mg/mL) were employed. Then, the use of
oxidizing conditions was investigated using two different oxidizing systems, that is
the enzyme laccase (in water or in phosphate buffer at pH 6.0) and air in 0.05 M
carbonate buffer at pH 9.0, which is the medium widely reported in literature for the
preparation of polydopamine coatings.??*??* Finally, the use of iron ions to improve
coating formation?* was evaluated. Indeed, iron(II) ions are commonly employed as
in the widespread used iron gall ink and iron-polyphenol coordination has been
emerging as a highly promising tool for design and synthesis of functional

materials.?%¢

Nylon membrane
filter

Coating solution of U
chestnut (CT)
and quebracho (QT)
tannins

1. Dipping 2. Deposition 3. Evaporation

Figure 4.2.1. Schematic representation of the dip coating procedure.
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The functionalized nylon filters showed varying colors depending on the kind of

tannin and on the coating conditions (Figure 4.2.2).

a)

Figure 4.2.2. Nylon membrane filters coated with (a) quebracho tannins (QT) and chestnut

tannins (CT).

4.2.1 UV-Vis analysis of the coating solutions

To gain information on the chemical modifications occurring on CT and QT under
the different dip coating conditions the UV-Vis spectra of the different solutions
were recorded at the beginning and the end of the dip coating procedure. UV-Vis

spectra of the starting tannin aqueous solutions showed absorption maxima at 280
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nm for QT and at ca. 270 nm for CT. After 2 h, spectra exhibited a very similar
shape but a significant decrease in absorbance, which however was not detected in
the absence of the nylon filter, demonstrating the occurring of an efficient coating
without significant structural modifications of the phenolic compounds (Figure
4.2.1.1a,b). UV-Vis analysis of the solutions prepared using oxidizing agents,
recorded at 2 h, showed the development of a chromophore in the visible region for
both tannins, probably due to the formation of oxidation products. Different
chromophoric species were instead detected in the presence of iron ions, as

particularly evident in the case of CT (Figure 4.2.1.1¢,d).
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Figure 4.2.1.1. UV-Vis spectra of (a) QT and (b) CT aqueous solutions before and after
addition of the nylon filter and UV-Vis spectra of the different dip coating solutions of (c)
QT and (d) CT at 2 h.

The amounts of tannins adhered to the nylon membrane filter under the different
coating conditions were also evaluated and the results are reported in Table 4.2.1.1.
The highest amounts of deposited tannins were achieved with the 0.5 mg/mL

solutions. On the other hand, the use of oxidizing conditions, particularly alkaline
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carbonate buffer, led to deposition of lower amounts of material, while in the
presence of iron ions the turbidity of the solutions did not allow determination of

deposited tannin amount.

Table 4.2.1.1. Amounts of tannin adhered to the nylon membrane filter under the different

coating conditions. Reported are the mean + SD values of at least three experiments.

Sample mg of tannins adsorbed/mg sample

(after 2 h)
QT (0.5 mg/mL) in H,O 0.28 £0.01
QT (0.1 mg/mL) in H,O 0.031 +0.001
QT (0.02 mg/mL) in H,O 0.0061 £ 0.0003
QT (0.1 mg/mL) + laccase in H,O 0.031 £ 0.002
QT (0.1 mg/mL) + laccase
in phosphate buffer pH 6.0 0.0210.001
QT (0.1 mg/mL)
in carbonate buffer pH 9.0 0.021 +0.001
CT (0.5 mg/mL) in H,O 0.26 +0.01
CT (0.1 mg/mL) in H,O 0.042 + 0.002
CT (0.02 mg/mL) in H,O 0.041 + 0.002
CT (0.1 mg/mL) + laccase in H,O 0.041 + 0.002
CT (0.1 mg/mL) + laccase
in phosphate buffer pH 6.0 0.032+0.002
CT (0.1 mg/mL) 0.011 = 0.001

in carbonate buffer pH 9.0

4.2.2 Evaluation of the antioxidant properties of the tannin-coated

substrates

The antioxidant properties of the coated substrates were initially evaluated by the
DPPH assay. The percentage of DPPH reduction was evaluated at 10 min and 2.5 h
and, as evident from Table 4.2.2.1, a progressive increase in DPPH reduction was
observed over time. Generally, higher DPPH reducing properties were determined
for QT-coated membrane filters under the different conditions, with respect to CT-
coated substrates. Notably, these data are in disagreement with the DPPH reducing
ability of CT and QT, since the first exhibit more efficient antioxidant properties, as

demonstrated in the Chapter 2.
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Solutions of tannins at higher concentrations provided materials endowed with
higher DPPH reducing activity, in line with the amounts of adhered tannins (Table
4.2.1.1). As expected, oxidizing conditions provided substrates with lower reducing
capacities, particularly in the case of CT. On the other hand, the presence of iron

ions had a positive effect on the CT-coated membranes.

Table 4.2.2.1. DPPH reduction at different times by the tannin-coated nylon membrane

filters. Reported are the mean + SD values of at least three experiments.

DPPH DPPH reduced (%)
Sample reduced (%) (after 2.5 h)
(after 10 min) :

QT (0.5 mg/mL) in H,O 85+6 81+3

QT (0.1 mg/mL) in H,O 83+4 81+£2

QT (0.02 mg/mL) in H,O 56+3 83+4

QT (0.1 mg/mL) + laccase in H,O 79+ 4 84 £5
QT (0.1 mg/mL) + laccase

in phosphate buffer (pH 6.0) 613 85+6

QT (0.1 mg/mL)

in carbonate buffer (pH 9.0) 41=2 67+4

QT (0.1 mg/mL) + FeSO4 in H,O 76 +4 86+ 6

CT (0.5 mg/mL) in H,O 56+3 86+ 6

CT (0.1 mg/mL) in H,O 23+1 75+£3

CT (0.02 mg/mL) in H,O 28 +1 56=+3

CT (0.1 mg/mL) + laccase in H,O 25+1 61=+3
CT (0.1 mg/mL) + laccase

in phosphate buffer (pH 6.0) 25+l 65+4

CT (0.1 mg/mL)
in carbonate buffer (pH 9.0) 71 33£2
CT (0.1 mg/mL) + FeSO4 in H,O 40+2 82+4

In another series of experiments, in order to understand if the antioxidant activity
was due to the release of tannins in solution, washing experiments were carried out
in ethanol, under the same conditions used in the DPPH assay. The UV-Vis spectra

of the solutions recorded after 2.5 h indicated a release of variable amounts of
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tannins depending on the coating conditions, without qualitative differences among

the solubilized species (Figure 4.2.2.1).
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Figure 4.2.2.1. UV-Vis spectra of released (a) QT and (b) CT, after washing in ethanol for
2.5h.

Therefore, in subsequent experiments the DPPH assay was repeated on the coated
filters after washing with ethanol, showing indeed lower antioxidant capacities by
the washed substrates, particularly in the case of coatings carried out in water.
However, a relatively high antioxidant activity was still retained, particularly in the
case of QT-coated filters. When oxidizing conditions (laccase or alkaline pH) were
employed, the coatings were found to be more robust, especially in the case of QT,

since washing showed less significant effects (Figure 4.2.2.2).
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Figure 4.2.2.2. DPPH reduction at 2.5 h before and after washing of the coated substrates

with ethanol. Values without a common letter are significantly different (p < 0.05).

Finally, the antioxidant properties of the coated nylon membrane filters were
evaluated by the FRAP assay. The experiments were performed directly on filters
preliminarily washed with the assay medium, although in this case no significant
release of the coating tannins was observed. The Trolox eqs determined for each
coated substrate are reported in Table 4.2.2.2 and Figure 4.2.2.3. Compared to the
DPPH assay, the differences between the CT- and QT-functionalized substrates

were less significant.
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Table 4.2.2.2 Trolox eqs determined at different times for the tannin-coated nylon membrane

filters in the FRAP assay. Reported are the mean + SD values of at least three experiments.

nmol Trolox/mg filter = nmol Trolox/mg filter

Sample (after 10 min) (after 2.5 h)
QT (0.5 mg/mL) in H,0 6.9+0.7 32+3
QT (0.1 mg/mL) in H,0 5.8+0.6 29+3
QT (0.02 mg/mL) in H,O 55%£05 2542
QT (0.1 mg/mL) + laccase in 4.8+0.5 26+3
H,O
QT (0.1 mg/mL) + laccase 11+1 26+3
in phosphate buffer (pH 6.0)
QT (0.1 mg/mL) 52+0.5 25+2
in carbonate buffer (pH 9.0)
QT (0.1 mg/mL) + FeSO4 in 5.8+£0.6 28+3
H>,O
CT (0.5 mg/mL) in H,O 10+1 35+4
CT (0.1 mg/mL) in H,O 9+1 333
CT (0.02 mg/mL) in H,O 6.1£0.7 2212
CT (0.1 mg/mL) + laccase in 49+0.5 25+3
H,O
CT (0.1 mg/mL) + laccase 42+04 21 +2
in phosphate buffer (pH 6.0)
CT (0.1 mg/mL) 3.1+0.3 12+1
in carbonate buffer (pH 9.0)
CT (0.1 mg/mL) + FeSO4 in 5.9 £0.6 26+3
H,O
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Figure 4.2.2.3 Trolox eqs determined at 10 min and 2.5 h for the tannin-coated nylon
membrane filters in the FRAP assay. Reported are the mean £ SD values of at least three

experiments. Values in a series without common letters are significantly different (p < 0.05).

4.2.3 Assessment of tannin structural modifications under the dip

coating conditions by UV-Vis analysis

With the aim to better understand the chemical modifications occurring on tannins
during the coating process, a series of additives were added to the solutions at 2 h
reaction time before UV-Vis analysis. When oxidizing conditions were employed,
the addition of reducing agents, such as sodium borohydride, caused the
disappearance of the visible chromophore (Figure 4.2.3.1a-d), demonstrating the
formation of oxidation products under these conditions. On the other hand, the
visible chromophore generated in the presence of iron ions was not affected by the
addition of sodium borohydride (Figure 4.2.3.1e,f) and was probably due to the
formation of a stable tannin/iron complex, as demonstrated by the slightly loss of the

chromophore even after addition of the strong chelating agent EDTA. To what
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extent the chemical transformations observed are relevant to the different
antioxidant properties exhibited by the tannin-coated nylon filters is an issue that

will be defined in future studies.
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Figure 4.2.3.1. UV-Vis spectra before and after addition of different additives to (a) QT and
(b) CT solutions in 0.1 M carbonate buffer (pH 9.0); (c) QT and (d) CT solutions in 0.05 M
phosphate buffer (pH 6.0) containing laccase and (e) QT and (f) CT solutions in water

containing FeSOs.
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4.3 Characterization of the functional properties of exhausted

woods

4.3.1 Antioxidant properties

The exhausted biomasses generated during the tannin industrial extraction were
initially evaluated in term of antioxidant properties, in comparison with fresh woods

and tannins.

As reported in Table 4.3.1.1, the lowest DPPH-reducing properties among the waste
materials were exhibited by chestnut wood fiber (CWF), produced from steamed
exhausted chestnut wood, with an ECso value of 0.054 mg/mL. Quebracho and
chestnut exhausted wood also exhibited ECsy values lower than those reported for
other agri-food by-products (see Chapter 2). Of course, as expected, more efficient
antioxidant properties were exhibited by tannins and fresh wood samples, still

containing the active molecules.

FRAP assay (Table 4.3.1.1) showed less encouraging results than the DPPH assay,
probably due to the lower solubility of the samples in the aqueous medium used for

the FRAP assay, with only chestnut tannins showing a satisfactory reducing power.

The Folin-Ciocalteu assay allowed to determine, as expected, a TPC value
particularly high only for pure quebracho and chestnut tannins, although CWF
showed a TPC value comparable to those obtained for fresh chestnut wood and

remarkable higher than those measured for exhausted woods.

As previously mentioned, the antioxidant assays were performed on solid samples,
therefore, differences in the antioxidant properties may be likely interpreted

considering the different solubility of the sample in the assay media.
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Table 4.3.1.1. Antioxidant properties and TPC values of exhausted and fresh woods.

Reported are the mean + SD values of at least three experiments.

Sample ECso (mg/mL) Trolox Eqs mg of gallic acid/g
(DPPH assay) (FRAP assay) of sample
(Folin-Ciocalteu
assay)
CWF 0.054 + 0.003 0.17+0.01 151+ 17
Exhausted chestnut wood 0.436 £ 0.003 0.06 + 0.01 51+3
Fresh chestnut wood 0.128 £ 0.003 0.19+0.01 153+£9
CT 0.019 + 0.002 1.2+0.1 457 £59
Exhausted quebracho 1.14 £ 0.04 0.051 +0.005 40+ 1
wood
Fresh quebracho wood 0.099 £ 0.001 0.08 +0.01 194 £8
QT 0.026 + 0.002 0.47+0.03 550 +99

The different wood samples were characterized also for their ability to act as
superoxide scavengers. Tannins and fresh woods showed the highest trapping
ability. Despite CWF and exhausted chestnut woods were found to be characterized
by different phenolic content (Table 4.3.1.1), they exhibited a scavenging activity
very similar and almost comparable to that of the fresh samples (Figure 4.3.1.1),
confirming the complex mechanisms of scavenging assays which did not allow the

correlation between antioxidant and trapping properties.

90 4

Superoxide scavenging (%)

Chestnut Fresh  Exhausted Chestnut Quebracho Fresh  Exhausted
tannins chestnut chestnut wood fiber tannins quebracho quebracho
wood wood wood wood

Figure 4.3.1.1. Superoxide scavenging activity of tannins and fresh and exhausted woods.
Reported are the mean + SD values of at least three experiments.

110



4.3.2 Effects of the acid hydrolytic treatment on exhausted woods

In a second series of experiments, exhausted woods were subjected to the hydrolytic
treatment described in Chapter 2, and then evaluated for their antioxidant properties
by the DPPH and FRAP assays. Only CWF showed a 2-fold increase in Trolox eqs
after hydrolysis, whereas no significant changes in the Fe**-reducing properties was
observed for exhausted chestnut and quebracho woods (Figure 4.3.2.1). On the other
hand, the hydrolytic processing led to an activation of all the samples in the DPPH
assay (Figure 4.3.2.1a).

No significant improvement in the scavenging ability was detected in exhausted

woods subjected to the hydrolytic treatment (data not shown).
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Figure 4.3.2.1. Antioxidant properties of exhausted wood samples, before and after acid
hydrolytic treatment. (a) DPPH assay; (b) FRAP assay. Reported are the mean + SD values

of at least three experiments.

To obtain information on the structural modification induced by the acid treatment,
the wood by-products before and after hydrolysis were extracted in DMSO and the
obtained solutions analyzed by UV-Vis spectroscopy and HPLC after proper
dilution in methanol. After hydrolysis, an increase in the absorption was observed in
CWF and exhausted chestnut wood, in agreement with what reported for the
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hydrolyzable tannins CT in Chapter 2 (Figure 2.3.2.1.2a). On the other hand, in the
case of exhausted quebracho wood, the acid treatment did not influence the UV-Vis

properties of the DMSO-extractable fraction (Figure 4.3.2.2).
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Figure 4.3.2.2. UV-Vis spectra of the DMSO-soluble fractions of wood by-products, before
and after hydrolytic treatment.

In Figure 4.3.2.3 the HPLC profile of the DMSO soluble fraction of CWF is
reported. After hydrolysis, an increase in the amount of EA was observed, in
agreement again with data reported for CT and pomegranate waste (Figure
2.3.2.1.2b and Figure 2.3.2.1.3). Less significant results were obtained from

exhausted woods (not shown).
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Figure 4.3.2.3. HPLC profiles of the DMSO-soluble fractions of CWF before and after
hydrolytic activation.
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4.3.3 Pollutant adsorption properties of exhausted woods

Forest industry waste materials have been recently studied as dye and heavy metals
adsorbents. These materials are available in large quantities and due to their low-
cost and physico-chemical features, can be used as sorbents. Wood derived by-
products contain various organic compounds, among which lignin, in particular, has
been reported to be able to bind dyes and metals through different mechanisms.?*”-
22 Therefore, in a further series of experiments the adsorption capacity of the
exhausted woods was evaluated against methylene blue (MB), as a model organic
dye, nitric oxide (NO) and nitrogen dioxide (NO.), that is pollutants commonly
found in smoke and exhaust gases, and cadmium ions (Cd?*), as a model of toxic

heavy metals.

As shown in Table 4.3.3.1, when a 5 mg/L solution of dye was used, CWF was able
to totally adsorb MB. Good results were obtained also for both exhausted chestnut
and quebracho woods, that showed adsorption properties very similar to those
observed with the fresh wood samples. Increasing the concentration of MB up to 25
mg/L, a 20%-30% dye removal was still observed. Experiments carried out on
hydrolyzed samples did not show significant increase in the adsorption properties

(Figure 4.3.3.1a).

Table 4.3.3.1. Pollutant adsorption properties of exhausted woods. Reported are the mean +

SD values of at least three experiments.

Sample MB adsorption (%) NOx scavenging (%)
CWF 100 32+5
Exhausted chestnut wood 73£3 23 +1
Fresh chestnut wood 79+1 38+ 1
Exhausted quebracho wood 77+1 79+1
Fresh quebracho wood 77+2 86+5

Notably, UV-Vis analysis of the samples at the concentration used in the assay (0.2

mg/mL) and in the assay medium (water), showed a very low solubility of CWF and
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exhausted woods, a promising feature for the exploitation of these materials for

wastewater purification (Figure 4.3.3.1b).

The samples were also characterized for their capability to act as NOy scavenger:
notably, exhausted quebracho wood was found to be able to exert a ca. 80%
scavenging, a value significantly higher than that observed for chestnut woods. This
is likely the result of the higher trapping efficiency toward nitric oxides of
condensed tannins with respect to hydrolyzable tannins, ascribable to presence of the
nucleophile resorcinol moiety.?** In any case, exhausted woods were only slightly
less potent than fresh woods as NOx scavengers, pointing to components other than

low molecular weight tannins as major determinants of this property.

Finally, the ability of the different wood samples to remove heavy metals from
aqueous solutions was investigated using Cd>" as model ions. As shown in Figure
4.3.3.1c, CWF was the most active among the waste materials, and an increase in
heavy metal removal capacity was observed after the acid hydrolytic treatment for

all the samples examined.
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Figure 4.3.3.1. (a) MB adsorption properties of exhausted woods, before and after hydrolytic
treatment (25 mg/L MB starting concentration). (b) UV-Vis spectra of wood samples in
water (0.2 mg/mL). (c) Cd*" removal capability of exhausted woods before and after

hydrolytic treatment.
4.4 CWM as source of EA for dermocosmetic applications

Chestmut wood mud (CWM) represents another important tannin industry by-
product, deriving from exhausted chestnut wood further to a natural fermentation
process. This material contains high amounts of EA as the results of hydrolytic
processes occurring on residual ellagitannins which are not recovered during the
tannin extraction process in hot water, and could therefore represent a valuable
source of this polyphenol endowed with remarkable biological properties, including
antioxidant, anti-inflammatory, antimicrobial, antidiabetic, antiviral, and anticancer

activities.?!
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The use of EA in cosmetic field, in particular, has been widely described. Several
studies have indeed reported the potential use of EA for the prevention or treatment
of skin disorders. For example, EA was found to be effective against contact
dermatitis,?*? in wound bandaging,>** or as photoprotective and antiaging agent.?3423
Furthermore, EA is considered to be a useful molecule in the treatment of skin
pigmentation disorder, such as hyperpigmentation, melasma and other

dyschromia,?¥¢-23

Despite the remarkable properties of this molecule, its use is actually limited by the
low permeability and low solubility in aqueous solvents. To overcome these
drawbacks, different strategies have been proposed, including chemical
derivatization or encapsulation in controlled release formulations.?**! In this
context, liposomes, spherical bilayer vesicles formed by dispersion of polar lipids in
aqueous solvents, recently have been largely utilized as a drug delivery vehicle for
administration of nutrients and pharmaceutical drugs in biomedical, food and

agricultural industries.**°

In this scenario, the development of novel formulations for dermocosmetic
applications based on the incorporation of CWM into liposomes was carried out.
The antioxidant properties as well as the protective effects against UV A-induced
oxidative photodamage in cellular assays were evaluated. In addition, the controlled-
release profile of EA under simulated physiological conditions was investigated by

UV-Vis spectroscopy and HPLC analysis.
4.4.1 CWM processing and extraction

CWM was first dried in an oven at 35 °C for one week and then grounded in a
common blender, after that the powder was passed through sieves to obtain two
different fractions indicated as CWM-A and CWM-B, with particle sizes of 100 and
32 um, respectively.
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In order to quantify the amount of EA contained in the two samples, these latter
were dissolved in DMSO and analyzed by HPLC and UV-Vis spectroscopy. As an
example, data for CWM-A are shown in Figure 4.4.1.1. The UV-Vis spectrum was
characterized by broad maximum at ca. 360 nm, as expected for EA.?*? In agreement
with this observation, HPLC analysis showed a main peak eluted at ca. 38 min,

identified as EA by comparison with an authentic standard.
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Figure 4.4.1.1. (a) UV-Vis spectrum (recorded at 0.02 mg/mL) and (b) HPLC
profile (recorded at 1 mg/mL) of CWM-A.

The content of EA in the two samples are reported in Table 4.4.1.1.

Table 4.4.1.1. EA content (% w/w) in CWM samples as determined by HPLC analysis.

Sample EA content (%)
CWM-A 6
CWM-B 5

Based on these encouraging results, the CWM samples were incorporated into
liposomes (in collaboration with Dr. Caddeo of University of Cagliari) and

characterized for their antioxidant, photoprotective and controlled release properties.

4.4.2 Antioxidant properties of liposome-incorporated CWM

samples

The antioxidant properties of CWM samples before and after incorporation into

liposomes were investigated by DPPH and FRAP assay. Notably, as reported in
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Table 4.4.2.1., incorporation into liposomes induced a decrease in the ECsy values
determined in the DPPH assay with respect to the solid sample, and a similar
improvement of the reducing properties was observed in the FRAP assay.
Liposomes alone were not found to exhibit significant antioxidant properties. These
results clearly suggested a larger availability of the antioxidant compounds present

in CMW, such as EA, further to incorporation into the liposome formulation.

Table 4.4.2.1. Antioxidant properties of CWM samples. Reported are the mean + SD values

of at least three experiments.

DPPH assay FRAP assay
ECso (mg/mL) (mg of Trolox/mg of
sample)
Liposomes - 0.00015 £+ 0.00002
CWM-A/liposomes 0.0389 + 0.0005 0.364 +0.061
CWM-B/liposomes 0.0375 £ 0.0004 0.393 +0.042
Solid CWM-A 0.103 +0.001 0.047 + 0.002

4.4.3 Release of EA from liposome-incorporated CWM samples

The release of CWM and EA from the liposome-incorporated samples was followed
by UV-Vis spectroscopy and HPLC over 5 weeks in PBS at 37 °C. No significant
release of EA or other phenolic compounds was observed in the case of CWM-A,
whereas promising results were obtained with liposome-incorporated CWM-B.
Indeed, as showed in Figure 4.4.3.1a, the release of CWM, determined by UV-Vis
analysis at 280 nm, linearly increased over time and reached values around 25%
after 37 days of incubation. On the other hand, a complete release of EA, as

determined by HPLC analysis, was observed (Figure 4.4.3.1b).
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Figure 4.4.3.1. Kinetics of release of (a) CWM, determined by UV-Vis analysis, and (b) EA,
determined by HPLC analysis, from liposome-incorporated CWM-B sample.

4.4.4 Evaluation of the antioxidant properties of the released

fractions

In further experiments, the antioxidant properties of the released fractions from
liposome-incorporated CWM were evaluated. In particular, aliquots of the
incubation medium were periodically withdrawn and the Fe*'-reducing properties
were evaluated spectrophotometrically by the FRAP assay (Figure 4.4.4.1). As
expected, the reducing power increases over time on account of the progressive
release of the antioxidant compounds from the liposomes. It was not possible to
perform the DPPH assay, due to the interference of released materials with the assay

medium.
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Figure 4.4.4.1. Results of the FRAP assay on liposome-incorporated CWM-B sample over
time.
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4.4.5 Preliminary evaluation of the photoprotective properties of

liposome-incorporated samples in cellular models

In order to assess the possible use of liposome-incorporated CWM for cosmetic
applications, its biocompatibility was tested on immortalized human keratinocytes
(HaCaT) by the research group of Prof. Daria Monti (Department of Chemical
Sciences, University of Naples “Federico 1I”’). The samples were found to be not
toxic (data not shown), therefore the protective effect against photoinduced
oxidative stress was subsequently assessed. In particular, irradiation with UVA was
chosen as a source of stress as this has been shown to induce many side effects on
human skin,?** and reactive oxygen species (ROS) production was evaluated by the
dichlorofluorescein (DCF) assay. As shown in Figure 4.4.5.1a, DCF fluorescence
was significantly increased after UVA irradiation. Interestingly, when the cells were
preincubated with liposome-incorporated CWM-B, but not CWM-A, prior to UVA
exposure, ROS production significantly decreased, reaching almost the levels
observed in non- irradiated cells. Similar results were obtained with EA at
concentration comparable to that present in the CWM-B sample (Figure 4.4.5.1b),
suggesting that this compound could be the main responsible for the observed
activity. As expected, no photoprotective properties were exhibited by liposomes

alone (Figure 4.4.5.1b).

These data confirmed the potential of CWM-B as an active ingredient in cosmetic

formulations.
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4.5 Conclusion

In this Chapter, the attention was focused on tannin and by-products of the tannin
industry. At first, a comparative evaluation of the antioxidant properties of nylon
membrane filters coated with hydrolyzable and condensed tannins from chestnut and
quebracho wood, respectively, was carried out. The results of this study
demonstrated that coating with 0.5 mg/mL tannins provided the best adsorption,
resistance to washing-out and electron-donating capacity. Furthermore, the slight
superior ability of condensed tannins to form functional, robust, and more resistant
to washing-out coatings was also demonstrated. Secondly, the residual biomasses
derived from wood tannins extraction, known as exhausted woods, were

characterized in term of antioxidant and other functional properties, which were
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found to be particularly promising for the chestnut wood fiber (CWF) sample.
Finally, liposome-based formulations were demonstrated to be very effective for the
controlled release of antioxidant and photoprotective compounds, mainly EA, from a

fermented exhausted chestnut wood sample.

4.6 Experimental section

Materials and methods

Exhausted and fresh chestnut (from Castanea sativa) and quebracho (from
Schinopsis lorentzii) woods, CWM, CWF, as well as chestnut and quebracho
tannins, were provided by the industrial partner of this PhD project (Silvateam, S.
Michele Mondovi, Cuneo, Italy). Tannins were obtained by extraction of wood chips
in autoclaves with water, at 120 °C, under pressure; the tannin powder was
eventually obtained by spray-drying. CWF was obtained from exhausted chestnut
wood after drying in oven overnight at 60 °C and milling to obtain <250 pum

particles.

Whatman® Nylon membrane filters (0.45 um pore size, 47 mm diameter) were

purchased from Sigma-Aldrich (Milan, Italy).

The enzyme laccase was provided by Prof. Giardina of the Department of Chemical

Sciences of University of Naples “Federico 11”2

Liposome-incorporated sample were provided by Dr. Carla Caddeo of University of

Cagliari.

The evaluation of the photoprotective properties of liposome-incorporated samples
in cellular models was carried out by Prof. Daria Monti of the Department of

Chemical Sciences, University of Naples “Federico II”.

All solvents and reagents were obtained from commercial sources and used without

further purification.
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UV-Vis spectra were recorded using a HewlettPackard 8453 Agilent

spectrophotometer.

HPLC analysis were performed with an Agilent instrument equipped with a UV-Vis
detector; a Phenomenex Sphereclone ODS column (250 x 4.60 mm, 5 pm) was
used, at a flow rate of 1.0 mL/min. A gradient elution using 0.1% formic acid in
water (solvent A) and methanol (solvent B) was performed as follows: 5% B, 0-10

min; from 5 to 80% B, 10-57.5 min. The detection wavelength was set at 254 nm.

Metal analysis was carried out on an inductively coupled plasma mass spectrometry

(ICP-MYS) instrument Aurora M90 model by Bruker.

4.6.1 Coating procedure. Functionalization of nylon membrane filters was
performed using the following solutions for each tannin:

* Water solutions of tannins at 0.02, 0.1 and 0.5 mg/mL concentrations, prepared
dissolving 7.5 mg in 15, 75 and 375 mL of distilled water;

* 0.1 mg/mL of tannins (prepared dissolving 3.0 mg in 30 mL) in distilled water
containing 300 uL of a 1.7 U/mL laccase solution;

* 0.1 mg/mL of tannins (prepared dissolving 3.0 mg in 30 mL) in 0.05 M phosphate
buffer (pH 6.0) containing 300 puL of a 1.7 U/mL laccase solution;

* 0.1 mg/mL of tannins (prepared dissolving 3.0 mg in 30 mL) in distilled water
containing 3.5 mg of FeSOy;

* 0.1 mg/mL of tannins (prepared dissolving 7.5 mg in 75 mL) in 0.05 M carbonate
buffer (pH 9.0).

The nylon filters were dipped in the solutions and kept under magnetic stirring for 2
h, after that they were abundantly washed with distilled water and allowed to air dry.

When required the mixtures were periodically analyzed by UV-Vis spectroscopy.
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In another series of experiments, after the 2 h incubation the following additives
were added to each solution and the mixtures were analyzed by UV-Vis
spectroscopy:

* 6 M HCI until pH 2;

» NaBHj followed or not by acidification with 6 M HCI;

* EDTA sodium salt.

4.6.2 Quantification of tannin deposition. 8 mg of nylon membrane filters were
dipped in 8 mL of the solutions described above. The mixtures were kept under
magnetic stirring at room temperature and after 2 h the UV-Vis spectra of the
solutions were recorded. The amount of tannin deposited on the nylon filter was
evaluated by determining the decrease in absorbance at 280 nm for QT and 270 nm

for CT in comparison to control solutions not containing the filters.

4.6.3 Antioxidant properties of coated nylon membrane filters: DPPH assay. 5
mg of coated nylon filters were added to 5 mL of a 200 uM ethanolic solution of
DPPH.!7>!7¢ The samples were kept at room temperature and absorbance at 515 nm
was measured after 10 min and 2.5 h. The assay was carried out on the filters as
such or previously washed with ethanol. Experiments were run in triplicate. FRAP
assay.'”’ 5 mg of coated nylon filters, previously washed with 0.3 M acetate buffer,
were added to 2 mL of FRAP solution (1.7 mM FeCl; and 0.83 mM TPTZ in 0.3 M
acetate buffer (pH 3.6) at 10:1:1 v/v/v ratio)."”” The mixtures were kept at room
temperature and absorbance at 593 nm was measured after 10 min and 2.5 h.
Experiments were run in triplicate.

4.6.4 Hydrolytic treatment. Exhausted woods (3 g) were treated with 70 mL of 6
M HCI under stirring qt 100 C for 24 h.!5%17417 After cooling at room temperature,
the mixture was centrifuged (7000 rpm, 15 min) and the precipitate washed with

water until neutrality and freeze dried.
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4.6.5 Antioxidant properties of exhausted woods. DPPH assay: To a 0.2 mM
ethanolic solution of DPPH, the different wood samples (before and after hydrolytic
treatment) or tannin powders were added (final dose 0.03—1.5 mg/mL), and after 10
min under stirring at room temperature, the absorbance at 515 nm was
measured.'”>!7¢ FRAP assay: To 0.3 M acetate buffer (pH 3.6) containing 1.7 mM
FeCl; and 0.83 mM TPTZ, the different wood samples (before and after hydrolytic
treatment) or tannin powders were added (final dose 0.00625—0.3 mg/mL) and after
10 min under stirring at room temperature the absorbance of the solution at 593 nm
was measured.!”’ Results were expressed as Trolox eqs. Experiments were run in

triplicate.

4.6.6 TPC assay. Tannins powders, exhausted and fresh woods were added to a
solution consisting of Folin-Ciocalteu reagent, 75 g/L Na>COs, and water in a 1:3:14
v/v/v ratio. After 30 min incubation at 40 °C, the absorbance at 765 nm was
measured. Gallic acid was used as reference compound. Experiments were run in

triplicate.'”

4.6.7 NOx scavenging assay. A solution of sodium nitrite (1 M) in water was added
to 10% sulfuric acid over 10 min.?*> The developed red orange gas (0.2-0.6 mL) was
withdrawn with a syringe and conveyed through a tip containing 5 mg of wood
sample into 3 mL of Griess reagent (0.5% sulfanilamide and 0.05% N-(1-
naphthyl)ethylenediamine dihydrochloride in 1.25% phosphoric acid) and the

absorbance at 540 nm was measured. Experiments were run in triplicate.

4.6.8 Superoxide-scavenging assay.'>* Wood or tannin powders (final dose 0.0625
mg/mL) were added to 0.05 M ammonium hydrogen carbonate buffer (pH 9.3)
containing 0.4 mM EDTA and 12 puM nitroblue tetrazolium, followed by a 20 mM
pyrogallol solution in 0.05 mM HCI (3.3 mM final pyrogallol concentration). The
mixture was vigorously stirred for 5 min, after that absorbance at 596 nm was

measured. Results were expressed as percentage of reduction of the absorbance at
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596 nm of a control mixture run in the absence of sample. Experiments were run in

triplicate.

4.6.9 MB adsorption assay.’*® Adsorption experiments were performed at room
temperature by adding wood samples (0.2 mg/mL) to a 5 or 25 mg/L aqueous
solution of MB. The mixtures were taken under stirring and after 30 min the
absorbance at 654 nm was measured. Activated carbon was used as reference

material. Experiments were run in triplicate.

4.6.10 Cd** adsorption.”” A 1.5 mM stock solution of the heavy metal was
prepared by dissolving 10 mg of cadmium carbonate in 39 mL of 0.1 M HCI. Prior
to the adsorption experiments a 1.5 mg/mL suspension of each wood sample in 0.01
M phosphate buffer (pH 7.0) was obtained by homogenization in a Tenbroeck glass-
to-glass homogenizer for 4 min. 0.7 mL of the wood suspensions and 0.1 mL of the
metal solution were added to 10 mL of 0.01 M phosphate buffer at pH 7.0. After 2 h,
the mixtures were filtered through a 0.45 um nylon membrane, acidified by addition
of 69% nitric acid (1:100 v/v), properly diluted with 1% nitric acid, and analyzed by
ICP-MS. A calibration curve was built with cadmium solutions at five different
concentrations. For each binding experiment a blank experiment was planned in
which the metal ion was added in the phosphate buffer and incubated for 2 h without

addition of the wood sample. Experiments were run in triplicate.

4.6.11 Antioxidant properties of CWM samples and liposome-incorporated
CWM samples: DPPH assay.'”>!7® Samples (final dose 0.0067-0.15 mg/mL) were
added to 3 mL of a 0.2 mM ethanolic solution of DPPH, and after 10 min under
stirring at room temperature the absorbance at 515 nm was measured. Experiments
were run in triplicate. FRAP assay.'”” Samples were added (final dose 0.00167-0.1
mg/mL) to 3 mL of 0.3 M acetate buffer (pH 3.6) containing 1.7 mM FeCls and 0.83

mM TPTZ, and after 10 min under stirring at room temperature the absorbance of
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the solutions at 593 nm was measured. Results were expressed as Trolox egs.

Experiments were run in triplicate.

4.6.12 Release experiments from liposome-incorporated CWM. Each liposome-
incorporated CWM sample (3 g) was placed in a dialysis membrane (MWCO 100-
500D) and dialyzed against 30 mL of 1x PBS at pH 7.4. The samples were kept at
37 °C in a water bath. 0.5 mL of release medium was periodically withdrawn and
replaced with an equal volume of corresponding fresh media and UV-vis spectra

were recorded. Each experiment was run in triplicate.

4.6.13 Antioxidant properties of released fractions from liposome-incorporated
CWM samples: FRAP assay.!”’ The FRAP reagent was prepared by mixing 0.3
M acetate buffer (pH 3.6), 10 mM TPTZ in 40 mM HCI, and 20 mM ferric chloride
in water, in a 10:1:1 v/v/v ratio. To 2 mL of this solution, aliquots (150 uL) of the
released fractions form liposome-incorporated CWM were added. After 10 minutes
under stirring, the mixtures were centrifugated (3 min at 5000 rpm) and the

absorbance at 593 nm was measured.
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Chapter 5

Exploitation of deep eutectic solvents for the recovery of

antioxidant compounds from agri-food by-products
5.1 Introduction

Extraction of phenolic compounds from agri-food by-products is generally
performed by solid-liquid extraction techniques,?*® which however typically involve
long extraction times, high costs, and the use of organic solvents characterized by
intrinsic drawbacks, such as low boiling points, flammability, toxicity, and non-
biodegradability.>* Therefore, the search for green solvents exhibiting good
extraction properties, but also low-costs and minimal environmental impact, is

attracting increasing attention.?*°

Recently, deep eutectic solvents (DES) have been widely reported as eco-friendly
and biocompatible solvents for the extraction of phenolic compounds from agri-food

251,252

by-products. DES are easily prepared by mixing, at a suitable temperature, a
hydrogen bond acceptor (HBA) and a hydrogen bond donor (HBD), and compared
to common organic solvent are generally low cost, biodegradable and

biocompatible.?3?2%

DES can be described by the general formula Cat"X zY, where Cat" is typically
ammonium, sulfonium, or phosphonium, X~ is a Lewis base, usually a halide, Y is a
Lewis or Brensted acid, that forms a “complex” with X~, and z is the number of Y
molecules that interact with the anion.?>® The resulting mixture is characterized by a

melting point lower than that of individual constituents.
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Choline chloride (ChCl), a cheap and non-toxic salt, is the most popular HBA used
for DES preparation, while urea, ethylene glycol, glycerol, but also alcohols, amino

acids, carboxylic acids and sugars can be used as HBD.?%¢2%8

The physicochemical properties of DES, such as freezing point, conductivity,
density, viscosity, and polarity, normally depend on their composition, therefore it is

possible to modulate them by modifying the HBD and HBA components.

In this Chapter, the use of DES for phenolic compounds extraction from chestnut
wood fiber (CWF) is described. Indeed, as reported in Chapter 4, CWF was found to
be a material endowed with good antioxidant properties, but the possibility to
practically exploit it as a source of high value compounds has remained unexplored,
despite the many advantages offered by this material, such as the large availability
throughout the year and the cleanness of the manufacturing process. In particular,
three different environmentally friendly extraction protocols of CWF phenolic
compounds were designed and optimized. The approach employed included a first
screening of different DES to select the best one to extract low molecular weight
phenolic compounds (mainly EA). Then, an optimization of the extraction
conditions was performed. Harsher DES-based extraction conditions were also
tested for recovery of lignin, and finally, a sequential two-step DES-based extraction
protocol was developed, selectively affording an EA-enriched and an EA-free,
lignin-enriched sample. Part of this work was carried out during a six-month stage at
“Centro Ricerche per la Chimica Fine S.r.l.” of Silvateam S.p.a. (San Michele

Mondovi, Cuneo, Italy).

In the second part of this Chapter, the possibility to exploit the developed protocol
for the recovery of lignin from other agri-food by-products such as shells of edible

buts, is reported.
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5.2 DESs screening for extraction of antioxidant compounds

from CWF

Twenty-five DESs were prepared as reported in Table 5.2.1. All the solvents were
transparent and stable over the whole period of use. At first, extraction was carried
out at 40 °C for 60 min with a 66.7 g/Kg s/l ratio. Due to the high viscosity, DES
were used as 70% w/w aqueous solution, in order to allow a higher mass transfer

259-261

rates and, consequently, higher extraction yields. Hydration of the solvent may

have an important impact on the eutectic mixture system.?®?

Actually, several
research papers aimed at investigating the molecular behaviour of various DES-
water systems have demonstrated that the eutectic mixture system is preserved by
addition of water up to 50% w/w, whereas higher percentages of water led to a
disruption of the DES structure, with a consequent transition from a water-in-DES to
a DES-in-water mixture and further to an aqueous solution of hydrated DES

components.’® On this basis, a 30% w/w water content in the eutectic mixture was

used.?’

The different extracts were analyzed by the Folin-Ciocalteu, DPPH, and FRAP
assays, in comparison with extracts prepared under the same conditions using water,
methanol, and ethanol as conventional solvents. As evident from Figure 5.2.1a, all
the DES extracts showed TPC values higher than that obtained with water (red line).
Moreover, several solvents led to TPC values higher than that obtained with
methanol (black line), and in particular ChCl:UREA, ChCl:TA2, LA:GLU and
ChCIL:GLY3 proved to be more efficient even than ethanol (green line).
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Table 5.2.1. DESs prepared and used in the present study.

DES components mol/r.nol Prepa-rz.ltlon Abbreviation
ratio conditions
Lactic acid/Sodium acetate 3:1 30 min, 60 °C LA:SA3
Lactic acid/Sodium acetate 5:1 30 min, 60 °C LA:SA5
Glycerol/Sodium acetate 3:1 2h,70°C GLY:SA3
Glycerol/Sodium acetate 5:1 2h,70°C GLY:SAS
Glycerol/Na-K tartrate/H,O 5:1:3 40 min, 70 °C GLY:TAR3
Glycerol/Na-K tartrate/H,O 5:1:4 40 min, 70 °C GLY:TAR4
ChCl/Glycerol 1:1 30 min, 60 °C ChCL:GLY1
ChCl/Glycerol 1:2 30 min, 60 °C ChCl:GLY2
ChCl/Glycerol 1:3 30 min, 60 °C ChCl:GLY3
ChCl/Glycerol 1:4 30 min, 60 °C ChCl:GLY4
ChCl/Ethylene glycol 1:2 30 min, 60 °C ChCLLEG2
ChCl/Ethylene glycol 1:3 30 min, 60 °C ChCL:EG3
ChCl/Ethylene glycol 1:4 30 min, 60 °C ChCL:EG4
ChCl/Lactic acid 1:2 30 min, 60 °C ChCI:LA2
ChCl/Lactic acid 1:9 30 min, 60 °C ChCI:LA9
ChCl/Tartaric acid 1:1 6 h, 90°C ChCIL:TA1
ChCl/Tartaric acid 2:1 6 h, 90°C ChCIL:TA2
ChCl/Glycolic acid 1:3 20 min, 70 °C ChCL:GLA
ChCl/Oxalic acid dihydrate 1:1 20 min, 70 °C ChCl:OXA
ChCl/Urea 1:2 30 min, 70 °C ChCl:UREA
ChCl/Malic acid 1.5:1 > 8 h, 80 °C ChCLl:MA
ChCl/Maleic acid 1:1 2 h, 80 °C ChCI:MAL
ChCl/Malonic acid 1:1 1 h, 80 °C ChCI:MALO
Lactic acid/Glucose 5:1 2 h, 80 °C LA:GLU
Lactic acid/Fructose 5:1 30 min, 80 °C LA:FRU
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Figure 5.2.1. (a) TPC, (b) DPPH, and (c) FRAP assay results for CWF extracts obtained

with selected DESs (66.7 g/Kg solid-to-solvent ratio, 40°C, 60 min, 30% w/w H,O).

Reported are the mean =+ SD values of at least three experiments.

In the DPPH assay (Figure 5.2.1b), again DESs extracts showed ECso values lower

than that obtained with water (red line), although the results appeared to be less

encouraging than those obtained from the Folin-Ciocalteu assay, since all extracts
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exhibited ECso values higher or similar than those obtained for methanol (green line)
and ethanol (black line) extracts. More interesting results were obtained in the FRAP
assay (Figure 5.2.1c), as ChCl-tartaric acid based DESs ChCl:TA1 and ChCl:TA2
extracts showed reducing properties 2.6- and 3.3-fold higher than that exhibited by
the ethanol or methanol extracts, respectively. Differences in the results of the three
assays may be interpreted considering that these latter are based on different reaction

mechanisms and are performed in different media.!**64

By making a compromise between the results of the Folin-Ciocalteu, DPPH, and
FRAP assays, ChCl:TA2 was selected as the most promising DES for the recovery
of antioxidant phenolic compounds from CWF. Further experiments were therefore

directed to the optimization of the extraction conditions using this solvent.

5.2.1 Optimization of the extraction conditions for the recovery of

antioxidant compounds from CWF using ChCI:TA2

The effects of different parameters, such as s/l ratio, extraction time, temperature
and water content on the TPC of the ChCl:TA2 extract were sequentially evaluated.
At first, s/l ratio of 100, 66.7, 50 and 33.3 g/Kg values were used, keeping the other
operating conditions fixed (60 min, 40 °C, and 30% w/w water content). Higher s/l
ratios were not analyzed, because the high viscosity of the mixture made it
impossible to separate the supernatant from the residual solid. By increasing s/l
ratio, a linear increase (R?=0.97) in the TPC value was observed, indicating that no
solvent saturation occurred (Figure 5.2.1.1a). Based on these results, a 100 g/Kg was

chosen as the optimal s/l ratio.

Extraction times between 60 and 180 min were then investigated (Figure 5.2.1.1b),
keeping fixed the other operating conditions (100 g/Kg s/1, 40°C, 30% w/w water
content). Although no statistically significant differences were observed, the highest
TPC value was obtained after 90 min extraction, which was therefore selected as the

optimal time. Actually, a slight decrease in the TPC value was observed by
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prolonging to extraction time up to 180 min, likely as a consequence of the onset of

chemical modifications processes.

Temperature is known to affect DES viscosity and compound solubility. In this case,
an increase of the extraction temperature from 40 °C to 50 °C, led to an
improvement of the phenolic compound extraction yield, whereas at higher
temperatures a decrease of TPC was observed, probably due again to phenolic
compound oxidation/degradation. On this basis, 50 °C was selected as optimal

extraction temperature (Figure 5.2.1.1¢).

In a last series of experiments, water content in the DES was varied from 20% to
50% w/w. It was not possible to use a lower water content due to the high viscosity
of the DES as stated also above. TPC values linearly decreased with increasing
water content (R?> = 0.99) (Figure 5.2.1.1d), therefore 20% w/w was chosen as

optimal parameter.
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Figure 5.2.1.1. TPC assay results for CWF extracts obtained with ChCl:TA2 at (a) different
s/l ratio, (b) different extraction times, (c) different extraction temperatures, and (d) different
water content. Reported are the mean + SD values of at least three experiments. Values

without a common letter are significantly different (p < 0.05).

To further optimize the extraction protocol for the recovery of antioxidant
compounds from CWF, a response surface methodology was also employed, in
collaboration with the research group of Prof. Lavecchia from the Department of
Chemical Engineering, Materials and Environment of Sapienza University of Rome.

This analysis led to the following considerations:
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(a) under the conditions tested, the recovery of antioxidants was influenced by
temperature (T), s/l ratio (R) and percentage of added water (W);

(b) the extraction yield was affected linearly by T and W, whereas the effect of
R involved both a linear and a quadratic term;

(c) T and W had a positive effect on antioxidant recovery and the contribution
of the latter was greater;

(d) all the interaction coefficients were not significant, indicating that each

factor exerted its effect independently of the others.

The reduced model was used to optimize the extraction conditions. Maximization of
the response variable was performed numerically using the gradient descent method.
The extraction time (E), which was found to be not significant under the conditions
of the study, was set to its center-point value (90 min). The following results were
obtained: T = 70 °C; R = 40 g/kg; W = 50% w/w. The corresponding extraction
yield (y = g of gallic acid eqs per 100 g of the starting material) was 23.17 g/100 g.

Finally, a validation of the model was carried out by performing new experiments
under the optimum conditions and in two points inside and outside the factorial
region of the central composite design (CCD). Table 5.2.1.1. evidenced that the
experimentally determined values (y.xp) were very close to the model predictions
(Ypred) and all included in their 95%-prediction intervals (PI 95%), demonstrating the
good predictive ability of the model and the effectiveness of the optimization

procedure.

Table 5.2.1.1. Results of validation experiments.

Point E T (°C) R W Yexp Ypred PI 95%
(min) (g/Kg) (% w/w) (g/100g) (g/100g) (g/100g)
Optimum 90 70 40 50 25.76 23.17 19.12-27.22
Internal 90 60 50 35 17.09 16.13 12.25-20.01
External 90 45 90 25 8.98 7.64 3.21-12.07

The experimental conditions optimized by the CCD model (90 min, 70°C, 40 g/Kg

s/l ratio, and 50% w/w of water) provided a total phenolic compound extraction
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yield of 25.8 g/100 g of starting CWF, which was about 1.6-fold higher than that
determined for the extract deriving from the protocol optimized using independent
variables (15.7 g/100 g of starting CWF). The extracts obtained with the two
optimizing protocols were analyzed by UV-Vis spectroscopy and HPLC after proper
dilution. The UV-Vis spectrum (Figure 5.2.1.2) showed for both samples a broad
maximum at 340-370 nm, suggestive of the presence of EA.?** This hypothesis was
confirmed by HPLC analysis, showing a main peak eluted at ca. 35 min, identified
as EA by comparison of the chromatographic properties with those of an authentic
standard. Notably, EA yields of 3.3% w/w and 0.16% w/w with respect to starting
CWF were determined for the independent variables- and CCD-optimized
extraction, respectively. This could be a consequence of the higher water content
adopted in the CCD-optimized protocol (50% w/w vs 20% w/w in the case of the
independent variables-optimized protocol), limiting the extractability of water
insoluble compounds like EA. On this basis, further experiments were carried out on

the extract obtained using the independent variables-optimized protocol.
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Figure 5.2.1.2. (a) UV-Vis spectrum and (b) HPLC profile of the ChCl:TA2 CWF extract
(0.33 mg/mL in methanol, starting from 5 mg/mL solution in DMSO).

5.2.2. Characterization of the antioxidant properties of the

ChCI1: TA2 CWF extract

Folin-Ciocalteu, DPPH and FRAP assays were then performed on the CWF extract

obtained under the optimized conditions (100 g/kg s/l ratio, 50°C, 90 min, 20%
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water content) in comparison to those obtained using water, ethanol, and methanol.
The TPC content of ChCl:TA2 extract was found to be ca. 7-fold higher than that
obtained with water and ca. 2-fold higher than those obtained with ethanol and
methanol (Figure 5.2.2.1a). In the DPPH assay, the DES extract exhibited ECso
value almost 5-fold lower than that of the water extract and comparable to that of
methanol extract (Figure 5.2.2.1b). FRAP assay showed a similar trend, with the
ChCL:TA2 extract exhibiting a number of Trolox eqs 4.8, 2.3 and 1.8-fold higher
than those determined for the water, ethanol, and methanol extract, respectively
(Figure 5.2.2.1c), demonstrating the high efficiency of the ChCL:TA2 DES in

extracting CWF phenolic compounds.
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Figure 5.2.2.1. (a) TPC, (b) DPPH and (c) FRAP assay results for CWF extracts under
optimized experimental conditions. Reported are the mean + SD values of at least three

experiments. Values without a common letter are significantly different (p < 0.05).

As reported above, EA was identified as the main low molecular weight phenolic
component in the ChCl:TA2 CWF extract, with a yield of 3.3% w/w with respect to
starting CWF and ca. 12% w/w with respect to the solubilized material. Notably, this
yield was comparable to that obtained with DMSO, chosen as a reference extraction
solvent for this polyphenol,?®® and remarkable higher than those obtained with water

(ca. 0.03%) and methanol (ca. 0.6%) under the same extraction conditions.
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5.3 CWF lignin extraction with DESs under harsher

experimental conditions

In addition to EA, CWF contains also lignin, which could account in part for the
remaining 88% w/w of the ChCl:TA2 extract. However, several attempts to recover
solid lignin from this extract, for example by precipitation in acidic water,*¢ failed.
Therefore, in further experiments harsher extraction conditions were investigated, as

reported for other biomasses. 07268

In particular, higher extraction temperatures (120
°C) and longer extraction times (8 h) were adopted, maintaining the same s/l ratio
and water content. For comparison, the efficacy of ChCl:LA2 was also tested,
having this latter being reported to exhibit a strong selective dissolving ability
toward lignin.?**"° Under these conditions, a dark brown liquid was obtained and
subjected to two different precipitation protocols, involving addition of 0.01 M HCI

269

or of an acetone/water solution.”” After precipitation, a brown solid was obtained in

10% w/w yield for both DES and for both precipitation protocols.

The obtained samples were then analyzed for their antioxidant properties and TPC,

in comparison to starting CWF and pure EA.

As shown in Table 5.3.1, all the samples exhibited at least 4.5-fold stronger
antioxidant properties and 2.5-fold higher TPC than the starting CWF. The
ChCl:TA2 samples were found to be on average 1.3-fold more active than those
recovered with ChCl:LA2, whereas no significant effect of the precipitation protocol

was observed.
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Table 5.3.1. Antioxidant properties of samples recovered from CWF by harsh treatment.
Reported are the mean + SD values of at least three experiments. Values in the same column

without a common italic letter (a-d) are significantly different (p < 0.05).

Trolox eqs Gallic acid eqs
Sample ECso (mg/mL) (mg of Trolox/mg of  (mg of gallic acid/mg
P (DPPH assay) sample) of sample)
(FRAP assay) (TPC Assay)
ChCL:TA2 B B B
(+0.01 M HCI) 0.018 £ 0.001 0.52+£0.02 1.0£0.1
ChCILTA2 0.0193 £0.0001¢ 0.50 £ 0.05¢ 1.01 £0.06“
(+ acetone/water)
ChCl:LA2 b b b
(+0.01 M HCI) 0.0237 £ 0.0009 0.35+£0.01 0.72 £0.04
ChCLLA2 0.0244 + 0.0001° 0.38+£0.017 0.73+£0.01°
(+ acetone/water)
EA 0.0051 £ 0.0004¢ 1.04 £ 0.02¢ 2.5+£0.1¢
CWF 0.11+0.01¢ 0.037 £ 0.007¢ 0.281 + 0.004¢

5.3.1 Structural characterization of lignin recovered by treatment

of CWF with DES under harsh conditions

To gain information on the phenolic composition of the recovered solid samples,
these were dissolved in DMSO and analyzed by UV-Vis spectroscopy and HPLC.
As an example, here are reported the data for the ChCl:TA2 and ChCl:LA2 samples
obtained after precipitation induced by acetone/water. The UV-Vis spectra showed
an absorption maximum at around 367 nm (Figure 5.3.1.1a), and HPLC analysis
(Figure 5.3.1.1b) showed a single peak at around 35 min, suggesting, again, the
presence of EA. Quantitative analysis demonstrated a content of EA of about 27 +
3% w/w and 16 + 2% w/w for the ChCLl:TA2 and ChCl:LA2 sample, respectively, in
agreement with the more efficient antioxidant properties determined for the
ChCl:TA2. However, based on a comparison between the data for pure EA and
CWF-derived samples, it could be concluded that the antioxidant properties of the
recovered samples cannot be attributed exclusively to EA, but also to non-

chromatographable phenolic species, such as lignin.
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Figure 5.3.1.1. (a) UV-Vis spectra (recorded at 0.1 mg/mL in methanol) and (b) HPLC
profiles (recorded at 0.25 mg/mL) of the recovered solids from CWF treatment with
ChCL:-TA2 and ChCL:LA2 under harsh conditions, followed by addition of 7:3 v/v

acetone/water mixture.

Additional information on the phenolic components of the CWF extracts was
provided by 'H NMR spectra recorded in DMSO-ds (Figure 5.3.1.2). For both
samples, a singlet at 7.48 ppm due to EA was observed.?’! Furthermore, the spectra
showed a very broad signal in the region 6.0-7.4 ppm, indicative of the presence of a

heterogeneous phenolic polymer such as lignin.?’

As expected, this signal was
particularly evident in the spectrum of the ChCl:LA2 sample. Notably, a progressive
sedimentation of a brown solid was observed in the NMR tubes over time, probably
due to a slow lignin precipitation. Therefore, the precipitates were then recovered by
centrifugation, lyophilized, and then redissolved in DMSO. The "H NMR spectra of
the precipitates, recorded after immediate dissolution in DMSO-d6, showed the

disappearance of the typical signal of EA.
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Figure 5.3.1.2. 'H NMR spectra (DMSO-de) of solid samples recovered from CWF by
treatment with (a) ChCl:LA2 and (b) ChCL:TA2 under harsh conditions, followed by addition

of 7:3 v/v acetone/water mixture.

The DMSO washing procedure was therefore exploited to confirm the presence of
lignin in the CWF extracts obtained under the harsh experimental conditions. First,
ATR-FTIR spectra of the ChCl: TA2 sample before (black trace) and after (red trace)
washing with DMSO, as well as that of pure EA (blue trace), were recorded and are
showed in Figure 5.3.1.3. In particular, the spectrum of the starting ChCl:TA2
sample was almost superimposable to that of EA, particularly in the 1700-500 cm’!
region, whereas in the 2950-2850 cm ™! region two sharp peaks, typically associated
to the C—H stretching vibration of lignins, were present.!®® After washing with
DMSO, no traces of EA were found in the DMSO-washed sample, which was

instead still characterized by the two sharp peaks due to lignin. Similar results were
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obtained for the ChCl:LA2 sample, although in this case the signals in the 2950—

2850 cm ! region were found to be more intense as expected (Figure 5.3.1.3¢).
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Figure 5.3.1.3. ATR-FTIR spectra of (a) samples recovered by CWF treatment with
ChCL: TA2 before (black trace) and after (red trace) washing with DMSO and of pure EA
(blue trace). (b) Expanded plots (1700-500 cm™' region). (¢) ATR-FTIR spectra of the
samples recovered by CWF treatment with ChCL:TA2 (black trace) and ChCl:LA2 (red
trace). (d) Expanded plots (2000-500 cm™! region).

The ChCL:LA2 samples were also characterized by EPR spectroscopy (Figure
5.3.1.4). The EPR spectrum of the untreated CWF sample showed a singlet at a g
value of 2.0036, as previously reported for other wood-derived lignin-rich
samples.?”® This signal was quite broad (AB = 5.7 G) and was characterized by a ca.
50% Gaussian contribution to the lineshape, as expected for a chemically

heterogeneous material. On the other hand, the spectrum of the sample recovered
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from ChCLI:LA2 extraction was slightly narrower (AB = 4.0 G) and, at the same
time, the Gaussian contribution to the lineshape decreased, suggesting that the
extraction procedure enriched the sample in selected components, hence reducing its
heterogeneity. The observed g value also changed, decreasing to 2.0031, in line with

previous data, indicating a lower g value for lignins treated with acidic solutions.?”

Interestingly, the spin density of the ChCl:LA2 sample decreased by one order of
magnitude with respect to the pristine CWF sample. This quite unexpected result is
in line with the fact that components other than lignin, such as EA, were extracted in
the DES. On the other hand, after washing with DMSO the sample exhibited a
higher weight normalized intensity, in agreement with an enrichment in the lignin
component. Normalized power saturation curves (Figure 5.3.1.4b) confirmed a
lower degree of variety of the free-radical population in the DES-recovered samples.
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Figure 5.3.1.4. (a) Solid state EPR spectra and (b) power saturation profiles of CWF at

different purification stages.

DMSO-washed ChCI:LA2 sample was finally analyzed by the DPPH assay, that
evidenced an ECso value about 30-fold higher than that obtained for the starting
sample, indicating that DMSO washing removed not only EA but also other low
molecular weight lignin components endowed with potent antioxidant properties.
This was confirmed by the EPR spectrum of the DMSO soluble fraction (Figure

5.3.1.4a), which showed a weak but clearly detectable signal attributable to lignin
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related species (EA is EPR silent). On this basis, an ad hoc treatment aimed to
selectively obtain an EA- and a lignin-enriched sample from CWF was finally

designed.

5.4 Sequential two-step DES-based treatment of CWF

Firstly, a mild treatment of CWF with ChCl:TA2 was performed using the
optimized “mild” conditions initially developed (100 g/Kg s/1, 50 °C, 90 min, 20%
w/w of water). The extract was then treated with a 1% KCl aqueous solution in order
to exploit a salting-out effect for the recovery of a light brown solid sample
(indicated as mild treatment sample, MTS) in ca. 7.5% w/w yield with respect to
starting CWF. Subsequently, the residual, undissolved CWF was treated with
ChCI:LA2 under the harsh conditions described above (120 °C, 8 h), and the dark
brown liquid thus obtained was treated as well 1% KCI or 0.01 M HCI to give a fine
brown precipitate (harsh treatment sample, HTS). in comparable yields (ca. 5% w/w

yield with respect to starting CWF).

The antioxidant properties as well as the TPC of MTS and HTS are reported in
Table 5.4.1.

MTS exhibited the highest antioxidant properties, whereas HTS was found to be
50% less active in the DPPH assay. In any case, all the samples exhibited strong

antioxidant properties and a higher TPC than the starting CWF (Table 5.3.1).
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Table 5.4.1. Antioxidant properties of HTS and MTS recovered by a sequential two-step
DES-based treatment of CWF. Reported are the mean + SD values of at least three
experiments. Values in the same column without a common italic letter (a-c) are significantly

different (p < 0.05).

Trolox eqs Gallic acid eqs
Sample ECso (mg/mL) (mg of Trolox/mg of  (mg of gallic acid/mg
(DPPH assay) sample) of sample)

(FRAP assay) (TPC Assay)
MTS 0.024+ 0.001¢ 0.42 £0.02¢ 1.23 +£0.06°
HTS 0.0468 + 0.0001° 0.19£0.01° 1.05+0.01°

(1% KCI)
HTS 0.0545 £ 0.0002¢ 0.16 £0.01° 1.01 +£0.02°
(0.01 M HCD)

As expected, the UV-Vis spectrum and the chromatographic profile of MTS (Figure
5.4.1) showed an absorption maximum at 367 nm and a single peak eluted at ca. 35
min, respectively, indicative of the presence of EA. Quantitative analysis indicated
an EA content of 31 = 4% w/w. On the other hand, HTS contained only 0.4% w/w
EA, highlighting the selectivity of the two-step treatment to provide both an EA-
rich sample and an EA-free, lignin-rich sample. Based on the EA content and on the
antioxidant properties of standard EA reported in Table 5.3.1, it can be concluded
again that the antioxidant properties of MTS are due not only to the high content of

EA but also to the presence different non-chromatographable phenolic compounds.
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Figure 5.4.1. (a) UV-Vis spectrum (recorded at 0.015 mg/mL in methanol, stating from a 5
mg/mL DMSO solution) and (b) HPLC profile of MTS (recorded at 0.3 mg/mL in methanol,
stating from a 5 mg/mL DMSO solution).
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5.4.1 Characterization of the main phenolic components of MTS
and HTS

The characterization of the main phenolic components (other than EA) present in
MTS and HTS was performed by ATR-FTIR and EPR analysis. The ATR-FTIR
spectrum of MTS (Figure 5.4.1.1) was, as expected, almost superimposable to that
of pure EA, although the two sharp peaks in the 29502850 cm ™! region associated
to the C—H stretching vibration of lignins'>® were also present. On the other hand,
HTS did not showed the peculiar signals of EA in the 1700-500 ¢m™ region, in

agreement with the remarkable low content determined by HPLC analysis.
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Figure 5.4.1.1. (a) ATR-FTIR spectra of MTS (black trace), HTS (red trace) and standard
EA (green trace). (b) Expanded plot in the region 1700-500 cm™'.

EPR analysis (Figure 5.4.1.2) confirmed the efficacy of the two-step treatment in
providing a lignin fraction with good purity (HTS), as evident from the relatively
high spin density and the low AB values, indicating, together with the power
saturation profile, a homogenous free radical population. Interestingly, despite the
high content of EA, MTS showed a well-detectable EPR signal too, likely due to
low-molecular weight lignins extracted during the initial mild treatment, in

agreement with the presence of the signals at 2950-2850 ¢m™! in the ATR-FTIR

spectrum.
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Figure 5.4.1.2. (a) Solid state EPR spectra and (b) power saturation profiles of starting CWF
(black trace), MTS (red trace) and HTS (green trace).

To further characterize HTS, alkaline hydrogen peroxide and acid degradation were
performed. The HPLC profile of the alkaline hydrogen peroxide degradation
mixture of HTS showed, among others, two main peaks eluted at 25.0 and 26.7 min
which were identified as vanillic and syringic acid, respectively (Figure 5.4.1.3a),
based on a comparison of the chromatographic properties with those of authentic
standards. These data are indicative of the presence of syringyl and guaiacyl units in
HTS, in agreement with the results of structural analysis of lignin in chestnut wood
performed by pyrolysis.?”> On the other hand, no detectable amounts of EA were
observed in the HPLC profile of the supernatant from the acid degradation mixture
(Figure 5.4.1.3b), ruling out the presence of significant amounts of residual

hydrolyzable chestnut tannins in HTS.
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Figure 5.4.1.3. HPLC profiles of the chemical degradation mixtures of HTS. (a) Alkaline

hydrogen peroxide degradation mixture. (b) Supernatant from the acid degradation mixture.
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5.5 DES-based lignin extraction from edible nut shells

Based on the results reported in the previous paragraphs, the possibility to exploit
the ChCl:LA2 developed protocol for the recovery of lignin from other agri-food by-
products, such as edible nut shells, was assessed. In particular, pistachio, chestnut,

pecan, hazelnut and peanut shells were selected.

At first, the different nut shells were roughly grinded with a blender and then
homogeneously pulverized with a ball mill (15 min, 50 oscillations/s). A ball mill is
a type of grinder which works on the principle of impact and attrition: size reduction
is done by impact of the balls drop from near the top of the shells. Shells
pulverization was found to be crucial in order to decrease the particles size,
increasing the surface extension and thus making the extraction process more

efficient.

The samples were then extracted by using ChCl:LA2 under the harsh experimental
conditions (100 g/kg s/l ratio, 120 °C, 20% w/w of water) previously described, for
24 h. As indicated in the Paragraph 5.3, lignin was recovered by precipitation with
0.01 M HCI and subsequent centrifugation and lyophilization. In Table 5.5.1 the
extraction yields obtained from the different shells are reported, pointing to pecan
nut shells as the best sample in term of solid lignin recovery yield. On the other

hand, peanuts exhibited the lowest yields.

Table 5.5.1. Lignin extraction yields obtained from different shells.

Shells Yields (%)
Pistachio 27
Chestnut 19

Pecan 33
Hazelnut 25

Peanut 19
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5.5.1 Antioxidant properties of nut shells lignins

The recovered lignins, as well as the starting materials, were characterized in term of
antioxidant properties. The results are reported in Figure 5.5.1.1a. In the DPPH
assay, among the starting materials the lowest ECsy values were determined for
pecan nut shells and chestnut shells, which showed ECso values of about 0.1 mg/mL,

whereas pistachio shells exhibited an ECsy value ca. 66 times higher.

Regarding the antioxidant properties of lignins, chestnut pecan nut shells samples
showed again the most promising results, with a 4-fold and 1.3-fold ECso values
reduction with respect to the starting materials. Peanut and hazelnut lignins also
showed a significant decrease in the DPPH-reducing capability, with ECso values
about 6- and 9-fold lower than that determined for the starting by-products,
respectively. Pistachio lignin showed an ECsy value up to 55-fold lower than that
observed for the pistachio waste and represented the material with the most

significant improvement in the antioxidant properties.

A similar trend was observed in the FRAP assay. Chestnut shells and pecan nut
shells were found to be the most active among the waste materials, while hazelnut,
pistachio and peanuts were characterized by a lower number of Trolox eqs. In
contrast with the DPPH assay, chestnut shells lignin showed a comparable activity
to that of the starting by-product, while pecan shells lignin exhibited a worsening of
the reducing properties of about 3 times. In the case of the other three samples,
peanut, hazelnut and pistachio lignins showed a number of Trolox eqs 2-, 3- and 3-

fold higher than the starting wastes, in that order (Figure 5.5.1.1b).

In order to obtain information on the main constituents responsible for the
antioxidant properties observed, in a last series of experiments the TPC was
determined for each by-product and the corresponding lignin. Chestnut and pecan

nut shells exhibited the highest phenolic content compared to the other wastes, as
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expected based on the results of the DPPH and FRAP assays. All the lignin samples
exhibited an increase in TPC (Figure 5.5.1.1c¢).

Notably, in the case of pecan nut shell lignin, despite the sample showed only a
slight increase in the DPPH-reducing ability and a worsening in the ferric-reducing
properties, a remarkable increase in the number of gallic acid eqs (up to 10-fold)
with respect to the starting material, was observed. These differences are likely a
consequence of the different solubility of the sample in the strongly alkaline medium
used for the TPC assay compared to the reaction media used in the DPPH and the
FRAP assays.
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Figure 5.5.1.1. Antioxidant properties and TPC of selected nut shells and lignin thereof. (a)

DPPH assay; (b) FRAP assay; (c) TPC assay. Reported are the mean + SD values of at least

three experiments.
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5.5.2 Structural characterization of nut shell-derived lignins

To gain further information on the nature of the DES-recovered lignins, the DMSO-
soluble fractions of the different extracted materials were analyzed by HPLC after
proper dilution in methanol. Most of the elutographic profiles did not show the
presence of detectable species, suggesting the absence of low molecular weight,
chromatographable phenolic compounds in the lignin samples. Only in the case of
the chestnut shell-derived sample a main peak at around 36 min was detected, due to
the presence of EA (in ca. 2% w/w yield, with respect to the starting material)

(Figure 5.5.2.1).
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Figure 5.5.2.1. HPLC profile of the DMSO soluble fraction of chestnut shell lignin.

To gain an insight into the structural features of the recovered, in subsequent
experiments an ATR-FTIR analysis was carried out. As an example, the ATR-FTIR
spectra of pistachio shells and extracted lignin are reported in Figure 5.5.2.2,
showing the presence of the signals at around 2950-2850 cm™!, typically associated
to the C—H stretching vibration of lignins."*® In particular, a marked decrease in the
signal at around 1000 cm, associated to C-O-C skeletal vibration of in

276

polysaccharides was observed in the lignin sample,”’® probably due to the removal

of this component from the starting material further to DES-based treatment.
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Figure 5.5.2.2. ATR-FTIR spectra of pistachio waste (black line) and lignin (red line).

To rule out the presence of condensed tannins in the extracted samples, since it is
well known that these compounds are other important phenolic constituents of nut
shells,?””?™® vanillin-HCI assay was performed. The highest catechin eqs values were
observed for chestnut and pecan nut shells (Figure 5.5.2.3), with the other samples
exhibiting a significant lower or even a zero content of condensed tannins. In any

case, no condensed tannins were found in the extracted lignins.
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Figure 5.5.2.3. Condensed tannins content in the selected nut by-products determined by

vanillin-HCI assay. Reported are the mean + SD values of at least three experiments.

Finally, alkaline hydrogen peroxide was performed on all the shell samples. As an
example, the HPLC profile of the alkaline hydrogen peroxide degradation mixture of
pistachio shell-derived lignin showed, among others, two main peaks eluted at 25.0
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and 26.7 min which were identified, as in the case of CWF, as vanillic and syringic

acid, respectively (Figure 5.5.2.4).
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Figure 5.5.2.4. HPLC elution profiles alkaline hydrogen peroxide degradation mixture of
pistachio by-product and lignin thereof.

5.6 Conclusions

In this Chapter, a straightforward, low-cost, and smart green protocol has been
described based for the selective recovery of value-added phenolic compounds from
CWE. In particular, an ad hoc two step treatment was carried out, involving a first
mild step, in which the extraction was carried out with ChCl:TA2, affording EA in
high yields, and a harsh step on residual CWF, in which ChCLl:LA2 allowed to
obtain an extract containing mainly a structurally homogeneous guaiacyl-syringyl
lignin, as demonstrated by EPR and chemical degradation analysis. Both extracts
were characterized by a high TPC and potent antioxidant properties.

The harsh treatment was then preliminarily applied to the extraction of lignin-rich
materials from nut by-products. The developed protocol could therefore be exploited
for the valorization also of other agri-food by-products for the selective recovery of
both low- and high-molecular weight phenolic compounds for application as

antioxidant additives in the biomedical, food and/or cosmetic sector.
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5.7 Experimental section

Materials and methods

CWF was obtained from exhausted chestnut wood after drying in an oven overnight
at 60 °C followed by milling to obtain <250 pum particles and was provided by
Silvateam (S. Michele Mondovi, Cuneo, Italy).

Pistachios, chestnuts, pecan nuts, hazelnuts and peanuts were purchased in a local
supermarket. The nut shells were grinded with a blender and then homogeneously

pulverized with a ball mill (15 min, 50 oscillations/s) before extraction.

All solvents and reagents were obtained from commercial sources and used without

further purification.

UV-Vis spectra were recorded using a HewlettPackard 8453 Agilent

spectrophotometer.

ATR-FTIR spectra were recorded on a Nicolet 5700 Thermo Fisher Scientific
instrument. Spectra were recorded as an average of 128 scans in the range 4000—450

cm! (resolution of 4 cm ™).
"H NMR spectra were recorded in DMSO-de at 400 MHz on a Bruker instrument.

EPR measurements were performed using a Bruker Elexys E-500 spectrometer
equipped with a superhigh sensitivity probe head. The samples were transferred to
flame-sealed glass capillaries, which in turn were coaxially inserted in a standard 4
mm quartz sample tube. Measurements were performed at room temperature. The
instrumental settings were as follows: sweep width, 140 G; resolution, 1024 points;
modulation amplitude, 1.0 G; conversion time 20.5 ms; time constant 10.24 ms. The
amplitude of the field modulation was preventively checked to be low enough to

avoid detectable signal overmodulation. The number of scans and microwave power
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were optimized to avoid microwave saturation of resonance absorption curve. For
power saturation experiments, the microwave power was gradually incremented
from 0.001 to 127 mW. The g value and the spin density were evaluated by means
of an internal standard, Mn?*-doped MgO, prepared by a synthesis protocol reported
in the literature.””” The EPR spectra of the DMSO soluble samples (20 pL in a
flame-sealed glass capillary) were acquired at a microwave power equal to 7.93
mW, which was preventively checked to be a non-saturating condition. For these
measurements, a TEMPO solution in DMSO (10”° mol/kg) was used as an external

standard in order to estimate the sample spin density.

HPLC analysis were performed with an Agilent instrument equipped with a UV-Vis
detector; a Phenomenex Sphereclone ODS column (250 x 4.60 mm, 5 pm) was
used, at a flow rate of 1.0 mL/min. A gradient elution using 0.1% formic acid in
water (solvent A) and methanol (solvent B) was performed as follows: 5% B, 0-10

min; from 5 to 80% B, 10-57.5 min. The detection wavelength was set at 254 nm.

5.7.1 DES preparation. Twenty-five different DES were prepared as reported.?’
Briefly, different HBA and HBD were mixed at appropriate ratios and heated under
stirring at proper temperatures until a homogeneous liquid was formed. All the
solvents were stored at ambient temperature. No crystal precipitation was observed

over the period of use.

5.7.2 DES screening for extraction of antioxidant compounds from CWF 0.2 g
of CWF was added at 66.7 g/Kg s/l ratio to the different solvents containing 30%
w/w of water. After stirring for 60 min at 40 °C, the mixtures were centrifuged at
5000 rpm for 10 min. Extracts were diluted 1:5 v/v in methanol before further
analysis. Control experiments were performed using water, ethanol, or methanol as

conventional solvents, under the same conditions.
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5.7.3 Optimization of the extraction conditions using independent variables.
Treatment of CWF with 2:1 mol/mol ChCI:TA2 was repeated by sequentially
varying the s/l ratio (33.3-200 g/Kg), the extraction time (60-180 min), the
extraction temperature (40-90 °C), and the percentage of water (20-50% w/w).

5.7.4 Experimental design for optimization of extraction conditions. A central
composite design (CCD) was used to investigate the effects of extraction time,
temperature, s/l ratio, and the percentage of added water on the recovery of
antioxidants from CWF. The CCD consisted of a full two-level factorial design (24
points), eight axial points at a distance o from the central point and six replicates of
the central point. The value of o was taken as (2*)/* =2, to ensure the
orthogonality and rotatability of the design. Factor levels were chosen based on the

results of preliminary experiments and literature studies.

The yield of antioxidant extraction, expressed as g of gallic acid eqs per 100 g of the
starting material, was taken as the response variable. Overall, the experimental
design consisted of 30 runs (Table 5.7.4.1), which were performed in random order

to minimize the effects of uncontrolled factors.

The statistical design and analysis of experiments were performed using the Design-

Expert® software (version 7.0.0, Stat-Ease, Inc., Minneapolis, MN, USA).
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Table 5.7.4.1. Experimental design layout and observed response (y = g of gallic
acid eqs per 100 g of the starting material). SO is the standard order of experiments

and RO is the run order.

SO RO Factor level Response y
E (min) T (°O) R (g/Kg) W (% wiw) (g/100g)
1 10 60 50 40 30 13.12
2 2 120 50 40 30 13.98
3 26 60 70 40 30 18.13
4 6 120 70 40 30 21.90
5 20 60 50 80 30 9.40
6 12 120 50 80 30 10.16
7 30 60 70 80 30 11.99
8 13 120 70 80 30 14.97
9 7 60 50 40 50 19.37
10 21 120 50 40 50 18.72
11 9 60 70 40 50 25.07
12 29 120 70 40 50 20.74
13 23 60 50 80 50 16.64
14 16 120 50 80 50 16.62
15 19 60 70 80 50 16.89
16 8 120 70 80 50 18.36
17 1 30 60 60 40 15.53
18 3 150 60 60 40 16.64
19 24 90 40 60 40 15.31
20 17 90 80 60 40 20.08
21 18 90 60 20 40 23.89
22 5 90 60 100 40 13.22
23 27 90 60 60 20 10.41
24 4 90 60 60 60 20.89
25 14 90 60 60 40 13.72
26 15 90 60 60 40 15.78
27 11 90 60 60 40 11.66
28 22 90 60 60 40 18.35
29 28 90 60 60 40 16.11
30 25 90 60 60 40 18.00

5.7.5 Lignin recovery with DES under harsh conditions.”’2® 2 ¢ of CWF was
added to 20 g of ChCL:TA2, or ChCl:LA2 containing 20% w/w water, and the
mixture was taken under stirring for 8 h at 120 °C. After cooling, 15 mL of ethanol
were added, and the suspension was vacuum filtered. Subsequently, the solid residue

was washed twice with 50 mL of ethanol. The liquid phases collected from initial
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filtration and washing of the solid were combined and taken to a rotary evaporator to
remove the organic solvent. Then, two different protocols were applied to precipitate
lignin: a) The dark brown liquid was poured into 200 mL of 7:3 v/v acetone/water
and stirred for 2 h; acetone was then removed in a rotary evaporator at 60 °C, after
that water was added until precipitation of a brown solid was observed; the
precipitate was collected by filtration, washed three times with 1:9 v/v
ethanol/water, and lyophilized to give 200 mg of a brown powder (10% w/w yield
with respect to starting CWF). b) The dark brown liquid was poured into 130 mL of
0.01 M HCI and the precipitated solid was collected as above (203 mg, 10% w/w
yield with respect to starting CWF).

When required, the brown powder obtained was suspended in DMSO (10 mg/mL)
and after 72 h the mixture was centrifuged (7000 rpm, 15 min): the supernatant was
collected and stored until further analysis, whereas the precipitate was washed three

times with 0.01 M HCI and recovered by lyophilization (44-52% w/w).

In the case of nut by-products, the lignin extraction was carried out adding 10 g of
each by-product to 100 g of ChCl:LA2 containing 20% w/w water, and the mixture
was taken under stirring for 24 h at 120 °C. After cooling, the sample was
centrifuged at 7000 rpm for 15 min. The residual solid was washed three times with
100 mL of ethanol, which was then removed in a rotary evaporator at 60 °C. The
supernatant obtained from the first centrifugation was added to 1 L of 0.01 M HCl
(pH 2). The formed precipitate was then centrifuged (7000 rpm, 10 min, 4 °C),
washed twice with 0.01 M HCI, once with water and eventually recovered by

lyophilization.

5.7.6 Sequential two-step DES-based treatment of CWF. 1 g of CWF was added
to 10 g of ChCL:TA2 containing 20% w/w water, and the mixture was taken under
stirring in a pyrex glass bottle at 50 °C for 90 min (mild treatment). Then, the

residual solid was separated from the supernatant by centrifugation (7000 rpm, 20
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min), and the latter was poured into 100 mL of 1% KCI aqueous solution and kept at
room temperature for 4 h. The precipitate that separated was recovered by
centrifugation (7000 rpm, 20 min, 4 °C), washed three times with 1% KCI and
lyophilized to give 75 mg of sample (mild treatment sample (MTS), 7.5% or 28%
w/w yield with respect to starting CWF or dissolved CWF, respectively). The
residual solid was instead added to 10 g of ChCl:LA2 containing 20% w/w water,
and the mixture was taken under stirring in a pyrex glass bottle at 120 °C for 8 h.
The dark brown liquids collected by subsequent centrifugation (7000 rpm, 20 min,
4°C) were poured into 100 mL of 1% KCl aqueous solution or 0.01 M HCI and kept
at 4°C for 24 h. The formed precipitates were then recovered by centrifugation
(7000 rpm, 20 min, 4°C), washed three times with 1% KCI or 0.01 M HCI and
lyophilized (harsh treatment sample (HTS), 50 mg, ca. 5% or 10% w/w yield with
respect to starting CWF or dissolved CWF for both precipitation protocols).

5.7.7 Folin-Ciocalteu assay.!”® Diluted CWF extracts (10-200 uL) were added to
2.1 mL of water followed by 0.15 mL of Folin-Ciocalteu’s reagent and 0.45 mL of a
75 g/L Na,COs solution. After 30 min incubation at 40 °C, absorbance at 765 nm
was measured. For solid samples, these were added at final doses of 0.0025-0.8
mg/mL to the same solutions as above. Gallic acid was used as reference compound.

Experiments were run in triplicate.

5.7.8 Antioxidant assays: DPPH assay.'”>!"® Diluted CWF extracts (15-375 pL)
were added to 3 mL of a 0.2 mM ethanolic solution of DPPH, and after 10 min
under stirring at room temperature the absorbance at 515 nm was measured. In the
case of solid samples, these were added at 0.0025-0.9 mg/mL to the DPPH solution
and the mixtures were analyzed as above. Trolox was used as a reference
antioxidant. Experiments were run in triplicate. FRAP assay.!”” To 3 mL of 0.3 M
acetate buffer (pH 3.6) containing 1.7 mM FeCls and 0.83 mM TPTZ, 0.75-30 uL of
diluted extracts were added, and after 10 min under stirring at room temperature the

absorbance of the solutions at 593 nm was measured. In the case of the solid
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samples, these were added at final doses of 0.000625-0.4 mg/mL to the FRAP
solution and the mixtures were analyzed as above. Results were expressed as Trolox

egs. Experiments were run in triplicate.

5.7.9 Alkaline hydrogen peroxide degradation.'”

suspended in 1 M NaOH (1 mL), and 50 pL of 30% H,O, was added. The mixture

10 mg of sample were

was kept at room temperature under vigorous stirring and after 24 h treated with 5%
Na»S,0s in water, taken to pH 3 with 6 M HCI, filtered on a 0.45 um PVDF filter,
and analyzed by HPLC.

5.7.10 Acid degradation.'®* 50 mg of sample were treated in a pyrex tube with 5
mL of 4 M HCI at 90 °C for 24 h. The mixtures were then allowed to cool to room
temperature, taken to pH 2.5 by addition of 6 M NaOH, and centrifuged (7000 rpm,
10 min). The supernatants were recovered, taken to 10 mL by addition of water, and
analyzed by HPLC after filtration on a 0.45 um PVDF filter. The solid residues were
dissolved in 10 mL of DMSO/methanol 1:1 v/v and analyzed by HPLC as well.

5.7.11 Vanillin-HCI Assay.?” Nuts by-products and lignin solutions in DMSO were
added (final dose 0.0625-2 mg/mL) to 1 mL of a 1% w/vanillin solution in
methanol. 1 mL of 9 M HCI was added, and the mixture was incubated at 30 °C for
10 min. Finally, the absorbance at 500 nm was measured. Catechin was used as

reference compound. Experiments were run in triplicate.
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Chapter 6

Agri-food wastes as sustainable functional additives in

food packaging and antibacterial devices

6.1 Introduction

As previously mentioned, in recent years, agri-food by-product valorization has
received great attention in a green and circular economy perspective. In this context,
the production of value-added compounds endowed with health promoting and other
functional properties from agri-food by-products to be used in different fields,
provides several economic, social, and environmental benefits, therefore in the last
decade many studies have been aimed at the production of sustainable food
additives, nutraceuticals, pharmaceuticals, and cosmeceuticals from these
sources.!'>%% In particular, the incorporation of agri-food waste materials in
polymeric films, to be used, for example, in the food related applications or for
preparation of antimicrobial functional devices has received considerable

attention.280-281

Regarding food applications, oxidation and microbial spoilage are the main causes
of deterioration of foods along the different stages of the supply chain, that is

2 and of course cause

production, transport, processing, storage, and marketing,?®
negative effects on food quality, including a decrease of the nutritional properties as
well as changes in color, taste and odor. Furthermore, the presence of pathogenic
microorganisms increases the risk of foodborne diseases.”® These processes are of
course directly related to food losses and therefore significantly affect waste

production and economy.

A strategy to protect food against external contamination, physical damage, light,

microorganisms, humidity, and chemical degradation, is the use of active food
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packaging, that allows to preserve food quality and shelf-life, thus minimizing food
losses and wastage. Active packaging is not only a real physical barrier to protect
food and act as a selective barrier to gases, but is also able to delay or prevent

microbiological spoilage and oxidative degradation processes.***2%3

Despite their widespread use and usefulness, packaging materials are actually one of
the major sources of waste. EUROSTAT reported that in EU, packaging produced
approximately 77.7 million tons of wastes in 2018, with paper and cardboard
generating about 41% of total packaging waste (31.8 million tons), followed by
plastics (19%, 14.8 million tons) and glass (14.5 million tons).?** Among synthetic
plastics, polyvinylchloride (PVC), polyethylene terephthalate (PET), polypropylene
(PP), polyethylene (PE), polyamide (PA) and polystyrene (PS) are the most
commonly used.?®® These polymers are characterized by excellent mechanical and
barrier properties. They are soft, light, transparent and cost-effective, which make
them particularly preferred among packaging materials.?®?> However, the use of
synthetic polymers is becoming more and more limited, because of their non-
recyclable and/or non-biodegradable nature. Therefore, the development and
utilization of alternative bio-based and biodegradable materials deriving from

biopolymers, is increasingly attracting attention.

Biopolymers can be classified into four categories: %%

- Biomass-derived polymers, directly extracted from biomass, including
polysaccharides (starches, lignocellulosic products, pectins, gums), lipids and
proteins (casein, whey proteins, collagen/gelatin, zein, soy, and gluten);

- Polymers produced by microbial metabolism, e.g polyhydroxylalkanoates (PHAs),
including poly(hydroxybutyrate) (PHB) and poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) (PHBV);

- Polymers chemically synthesized using monomers obtained from agricultural

resources, e.g. poly(lactic acid) (PLA);
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- Polymers obtained by chemical synthesis from fossil resources (aliphatic co-
polyesters,  aromatic  co-polyesters) e.g.  poly(e-caprolactone)  (PCL),
poly(esteramides) (PEA), aliphatic co-polyesters (e.g., PBSA) and aromatic co-
polyesters (e.g., PBAT).

Biopolymers are generally inexpensive, non-toxic, and resistant to mechanical
damage; moreover, they may show excellent water vapor permeability properties
(that makes them particularly interesting in the fresh product packaging) and good
film-forming abilities, acting as barrier against odors and aromas but also against

fats and oils migration,.?%-2%

and, above all, they are biodegradable. Most of them
can in fact be degraded by naturally-occurring organisms, producing environmental-
friendly by-products.?®” Therefore, the use of biopolymers in food packaging
systems may allow the reduction of environmental impacts and waste generation. On
the other hand, when compared to synthetic polymers, biopolymers show some
drawbacks, such as fragility, low flexibility and low heat distortion temperature.?®’

Recently, biopolymers have been also used in a variety of biomedical applications,
due to their biocompatibility and specific biological properties. As an example,
chitosan show excellent antimicrobial properties, and chitosan-based films have

therefore been recently used not only in food packaging, but also in biomedical

fields, as antimicrobial devices for healthcare applications.?®

As stated above, in active packaging systems the polymeric film does not play the
sole role of container or barrier, but it interacts with food to extend shelf-life and
improve its quality. In this context, with the aim of improving also biopolymer-
based film performance, in recent years the use of agri-food by-product-derived
phenolic compounds as functional additives have become increasingly attractive,?®~
2% since they may provide antioxidant properties, antimicrobial activity, improved
mechanical properties, and improved food quality. In addition. The incorporation of

natural bioactive compounds represents an alternative to minimize the use of

preservative chemical additives. Actually, proliferation of pathogenic bacteria
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represents an important issue not only in food, but also for human health, hence
phenol-rich agricultural and food industry by-products are an attractive source of
natural and sustainable additives to be used also in biomedical applications. As an
example, antibacterial devices composed of biopolymers added with agri-food
wastes and nanomaterials with broad antibacterial activity (for example silver

nanoparticles, here indicated as AgNPs) have been recently widely described.?>*

6.2 Pecan nut shell as a functional polyphenol source for active

packaging

As previously reported, pecan (Carya illinoinensis) nuts are a major agricultural
product in states such as Mexico and United States, where the highest production
(more than 90%) is concentrated, followed by South Africa and Australia. However,
their use is recently spreading also in other country, in particular in China. Since
about 50% w/w of the fruit is not edible,”’ pecan nut production and processing
generates high volumes of wastes, constituted mainly of nut shells. Pecan nut shells
contain mainly fiber (cellulose, hemicellulose) and high amounts of antioxidant
phenolic polymers, like lignin and condensed tannins.?*® Recently, the incorporation
of a phenol-rich pecan nut shell hydroalcoholic extract (PNSE) into PE and PLA
films has been reported. In particular, PNSE was found to act as a polymer thermal
and photochemical stabilizer, both in an oxygen-depleted environment and in the
presence of oxygen during polymer service life.?”” In another work, fractionation of
pecan nut shells provided two components, a fibrous polysaccharide and an acid
insoluble lignin fraction, which when incorporated as fillers in PLA-based
biocomposites were found to be able to reinforce the polymer and control its
aging.?”” Inclusion of PNSE in octenyl succinate starch films has been described too,

providing films with improved water resistance and UV-light barrier properties.*”

On this basis, in this Chapter the attention will be focused on the use of pecan nut

shell as a low-cost, safe, and sustainable additive for the preparation of polymeric
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films to be used in food packaging. In particular, the functional properties of the
PNSE-containing PE and PLA films were assessed. Furthermore, the water-soluble
constituents of PNSE were incorporated into whey protein (WP) films. Indeed,
functionalization of milk whey proteins (WP)-based films with natural antioxidant
and/or antimicrobial additives has been recently received considerable attention,
prompted by the increasing need for full green approaches to novel functional

materials.>!

In particular, the investigations carried out in the frame of these studies were

directed to:

a. Characterization of the functional properties of PNSE;

b. Preparation, morphological and mechanical characterization of PNSE-
functionalized PE, PLA and WP films;

c. Evaluation of the possible exploitation of the PNS-functionalized films in

the food packaging sector.

This part of the PhD project was carried out in collaboration with Professor Andreas
Schieber of the Institute of Nutritional and Food Sciences, University of Bonn
(Bonn, Germany), as envisaged by the PON Ricerca e Innovazione 2014-2020,

Azione 1.1 “Dottorati Innovativi con caratterizzazione Industriale’”) PhD project.

6.2.1 Characterization of the functional properties of PNSE

6.2.1.1 Characterization of the main phenolic components of PNSE

In a first series of experiments, the phenolic composition of PNSE was investigated
by spectroscopic (UV-Vis and EPR analysis) and chromatographic (HPLC)
techniques. Furthermore, chemical degradation treatments commonly used for the
qualitative and quantitative analysis of phenolic polymers, such as thiolysis,

phloroglucinolysis, and alkali fusion, were carried out.
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The UV-Vis spectrum of PNSE showed the presence of an absorption maximum at
278 nm, with a shoulder at around 300 nm (Figure 6.2.1.1.1a). As reported in
Chapter 2, these spectrum features may be related to the presence of phenolic
compounds such as condensed tannins. This hypothesis was in part confirmed by
EPR analysis. The EPR spectrum of PNSE showed indeed a typical signal of a
phenolic polymer at a g value of 2.0035 £ 0.0002 (Figure 6.2.1.1.1b). A spin density
of 5.4 £ 0.5 x 10" spin/g and a relatively large AB value of 5.1 + 0.2 G was found,
probably related to a low extent of m-electron conjugation across the phenolic
polymer moieties. The Lorentian lineshape percentage was found to be about 75%.
Moreover, the normalized power saturation profile (Figure 6.2.1.1.1¢c) showed only
a slope change in a monotonously increasing trend, suggesting a high molecular
heterogeneity in the paramagnetic centers, in line with the hypothesis of the

presence of condensed tannins in the samples.

The DMSO-soluble fraction of PNSE was analyzed by HPLC, after proper dilution
in methanol. However, the chromatographic profile showed very low amounts of

chromatographically defined compounds.
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Figure 6.2.1.1.1. (a) UV-Vis spectrum of a 0.2 mg/mL PNSE solution in methanol; (b) EPR

spectrum and (c) EPR power saturation profile of PNSE.
168



To gain further information about the nature of its phenolic components, PNSE was
subjected to chemical degradation treatments. As previously described, alkali fusion
is commonly employed to analyze insoluble and complex phenolic polymers and is
based on the identification of low-molecular weight markers derived from oxidative
degradation of the polymer.!®® On the other hand, thiolysis and phloroglucinolysis
are acid-catalyzed depolymerization protocols carried out in the presence of a
strong nucleophile, and are used as a validated approach for the characterization of
condensed tannins.**>*%® In the case of PNSE, the chromatographic profiles of
degradation mixtures showed (epi)gallocatechin, (epi)catechin and hydroxybenzoic
acids as the main cleavage products (Figure 6.2.1.1.2), ). In particular,
phloroglucinolysis experiments revealed a rather high mean degree of
polymerization (mDP) value (Table 6.2.1.1.1) and (epi)gallocatechin as the most

abundant terminal and extension unit, suggestive of prodelphinidin-type tannins.
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Figure 6.2.1.1.2. HPLC profiles and identified compounds of (a) thiolysis mixture and (b)

alkali fusion mixture of PNSE.
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Table 6.2.1.1.1. Composition of proanthocyanidins in PNSE determined by
phloroglucinolysis degradation experiments. Calculated mean degree of polymerization

(mDP) is 20.1.

Compound Composition of Composition of
terminal units (%) extension units (%)
Catechin 334 6.0
Epicatechin 0 15.8
(Epi)gallocatechin 533 77.4
Epicatechin gallate 1.5 0.2
(Epi)gallocatechin gallate 3.1 0.3
(Epi)afzelechin 8.2 0.2
A-type dimers 0 0.1

6.2.1.2 Evaluation of the antioxidant properties of PNSE

The antioxidant properties of PNSE were investigated by DPPH and FRAP assays.
The DPPH assay indicated an ECso value of 4.00 + 0.01 pg/mL, 1.5-fold lower than
that observed with the standard antioxidant Trolox (6.00 = 0.02 pg/mL),
demonstrating very efficient antioxidant properties of this material in organic
solvents. On the other hand, a value of only 0.18 + 0.01 Trolox eqs was measured in
the FRAP assay, probably due to a lower PNSE solubility in the aqueous assay

medium.
6.2.1.3 Evaluation of PNSE cellular biocompatibility

Before evaluating the food relevant functional properties of PNSE, its
biocompatibility was demonstrated by the 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) reduction assay on HepG2 cells, which are
widely used to study the toxicity and the chemopreventive potential of antioxidant

compounds.’*

PNSE did not show significant toxic effects over a time of 72 h at
concentrations up to 50 pg/mL (Figure 6.2.1.3.1), which can be considered a

possible concentration for the use of extracts as food additive.'*
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Figure 6.2.1.3.1. Effect of PNSE on HepG2 cell viability determined by MTT assay at

different times. Reported are the mean = SD values of at least three experiments.
6.2.1.4 Enzymatic browning inhibition properties of PNSE

In another series of experiments, the inhibitory properties of PNSE toward
mushroom tyrosinase were investigated, using -DOPA or _-tyrosine as the
substrate. Indeed, tyrosinase belongs to the enzyme class of polyphenol oxidases,
which play a critical role in the oxidative deterioration of food products, particularly
fruit and vegetables. PNSE showed ICsy values of 55 + 6 and 70 = 16 pg/mL for the
catecholase and cresolase activity of the enzyme (Figure 6.2.1.4.1), respectively,
which were only slightly lower than that obtained for kojic acid, generally used as a
reference compound in this assay.” Based on the promising results obtained against
mushroom tyrosinase, the enzymatic browning inhibition properties of PNSE in
apple smoothies were evaluated. Apples were blended in the presence of a 0.085%
PNSE solution, and the additive was found to be able to significant inhibit the onset

of browning of about 40% after 3 h (Figure 6.2.1.4.2).

al 1q0 -
1009 catecholase activity 100 1 cresolase activity .
80 1 80 e
= 60 = 60 /
2 g A
% 40 1 IC5= 55+ 6 mg/mL S ai ¥ IC5o= 70 + 16 mg/mL
£ £
20 4 20
0 r T T g ] T 4 T T g
0 50 100 150 200 250 0 50 100 150 200 250 300
PNSE (pg/mL) PNSE (ug/mL)
Figure 6.2.1.4.1. Inhibition activity of PNSE against mushroom tyrosinase using -DOPA

(catecholase activity) or r-tyrosine (cresolase activity) as substrate.
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Figure 6.2.1.4.2. Effects of PNSE on the enzymatic browning of apple smoothies. Reported

are the mean + SD values of at least three experiments.
6.2.1.5 Anthocyanin stabilization capacity of PNSE

In a final set of experiments, the effect of PNSE on anthocyanin stability was
determined. Anthocyanins are commonly used as food additives for their capability
to impart specific colour and for their health-beneficial properties. However, the use
of anthocyanins is limited by the high susceptibility to degradation, with consequent
colour loss, depending, among other, on light, pH, and temperature.>*37 Different
studies have demonstrated the capability of phenolic compounds to inhibit
anthocyanin degradation due to their ability to form non-covalent complexes with
these compounds through m-stacking interactions.>*®3% Therefore, the ability of
PNSE to stabilize anthocyanins at high temperature, that is under accelerated storage
conditions,*'’ was evaluated. Notably, a significant increase in the heat stability of
anthocyanins was observed in presence of PNSE even at a concentration as low as
0.02 mg/mL (Figure 6.2.1.5.1a), at which no stabilizing effect was observed with
well-known anthocyanin stabilizers, such as ferulic and chlorogenic acids (Figure
6.2.1.5.1b).3!1312 Further experiments were carried out using a commercial bilberry
juice, and the results showed again a stabilizing activity of PNSE with a dose-
dependent effects, leading to an almost 50% lower decrease in anthocyanin content

at 2 mg/mL (Figure 6.2.1.5.1¢).
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Figure 6.2.1.5.1. Effect on a red wine-anthocyanin solution stability at 90 °C of (a) PNSE at

different doses, (b) in comparison with references phenolic compounds (all at 0.05 mg/mL).
(c) Effect of PNSE on anthocyanin stability at 90 °C in a bilberry juice. *p < 0.05 compared

to control. Reported are the mean + SD values of at least three experiments.

6.2.1.6 Preparation and antimicrobial activity evaluation of a PNSE-water

soluble fraction

In a second series of experiments aimed at the preparation of functionalized WP
films, an aqueous solution of PNSE was prepared, given the need to work in water
dictated by the protein nature of the polymeric matrix. In particular, a 30 mg/mL
water solution of PNSE was prepared, which was found to be stable at room
temperature at least over 1 week as determined by UV-vis analyses, indicating no
variation in its absorption spectra. This solution was then preliminarily investigated
for its antimicrobial activity and was found to induce a complete growth inhibition
against food relevant pathogens such as Salmonella enterica subsp. enterica ser.
Typhimurium (ATCC® 14028) (MICip0= 7.5 mg/mL) and Enterococcus faecalis
(ATCC® 29212) (MICipo= 1.85 mg/mL).
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6.2.2 Assessment of the possible exploitation of PNS-functionalized

films in the food packaging sector
Prompted by its interesting properties, the possibility to use PNSE as a functional
additive for active packaging was evaluated, after incorporation in PE, PLA and WP

films.

While PE is one of the most industrially used synthetic polymers, PLA is one of the
most studied biopolymers. It is a biodegradable aliphatic polyester, which can be
produced by fermentation of renewable sources such as corn, cassava, potato and
sugarcane.’’®> As far as applications in the food sector are concerned, PLA
possesses:*!1*

- Transparency;

- Selective permeability against carbon dioxide compared to oxygen;

- Good mechanical, fat and oil and water resistance;

- Low melting temperatures, that make it easily processable.

In addition it may act as an ultraviolet light barrier, is biocompatible, biodegradable
over period of months, and recyclable, since it can be hydrolyzed back to lactic acid

under mild and environmentally friendly conditions.?!*

On the other hand, WP are another largely available biomass for film production.
The world production of whey is estimated to be around 180 million tons/year, and
WP represent about 15-20% of the total milk proteins. The main fractions of WP are
B-lactoglobulin and a-lactalbumin, that possess exceptional film forming abilities,
leading to transparent, flexible, colourless, and odourless materials. Furthermore,
they show good oil/gas barrier properties at relatively low humidity. However, WP-
based films are characterized by poor water barrier properties due to their

315

hydrophilicity.

At first, PE and PLA films containing PNSE at different doses, were prepared in

collaboration with the Institute for Polymers, Composites and Biomaterials (IPCB-
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CNR) of Pozzuoli (Naples) in Italy, by extrusion and solvent-casting techniques.?”’
In the case of WP films, a film forming solution, containing glycerol, WP and the
water solution of PNSE was prepared as previously reported.>!®*!7 WP-based films

were then produced using the solvent casting technique.?'®

6.2.2.1 Evaluation of the antioxidant properties of PE and PLA films containing
PNSE

PLA and PE films containing PNSE at different doses were then tested for their
antioxidant properties. In the case of extruded films, PNSE was incorporated at 1, 2
and 3% w/w. In the DPPH assay, the functionalized films showed significant
antioxidant properties in a dose-dependent manner, particularly evident in the case
of PLA containing PNSE at 3% w/w, that induced a DPPH reduction higher than
80% after 1 week, while, under the same conditions, PE was able to decrease DPPH
solution absorbance only up to 30% (Figure 6.2.2.1.1a,b) (the obtained data were
corrected for the spontaneous decay over time of DPPH). On the other hand,
solvent-cast PLA films containing PNSE at 3% and 10% w/w showed remarkably
higher antioxidant properties compared to those obtained by extrusion. The 10%
w/w PNSE containing PLA film, in particular, was found to be able to induce a 60%
reduction of DPPH after only 30 min (Figure 6.2.2.1.2a), and both films, at 3 and
10% w/w loading, completely reduced DPPH after 1 day. It was not possible to
prepare PE films by solvent casting, due to its extremely low solubility in most

solvents.
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Figure 6.2.2.1.1. Antioxidant properties determined by DPPH assay of extruded (a) PE and

(b) PLA films, containing PNSE at different doses. Reported are the mean = SD values of at

least three experiments.

Due to their promising reducing properties against DPPH compared to extruded
films, the antioxidant activity of the solvent-cast PLA films was also evaluated by
the FRAP assay (Figure 6.2.2.1.2b). Trolox equivalent values of 0.78 x 10 and 1.26
x 107 were exhibited by the films incorporated with 3% and 10% w/w of PNSE,
respectively, after 96 h.
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Figure 6.2.2.1.2. Antioxidant properties of solvent-cast PLA films containing PNSE

determined by (a) DPPH and (b) FRAP assays. Reported are the mean + SD values of at least

three experiments.

In order to interpret the different results obtained from the two functionalized
polymers in the two assays, release experiments were carried out in the antioxidant

assay media (ethanol, in the case of DPPH assay, and sodium acetate at pH = 3.6, in
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the case of FRAP assay). Extruded films did not release PNSE in ethanol, reflecting
the low antioxidant properties observed in the DPPH assay, while solvent-cast films
released almost all the incorporated PNSE, thus showing a higher antioxidant power
(Figure 6.2.2.1.3). On the other hand, in acidic aqueous media, solvent-cast PLA
films did not release PNSE, probably due to its low solubility in water.

—~—PLA + 3% PNSE -e-PLA +10% PNSE

Released PNSE (%)

0 5 10 15 20 25
Time (h)

Figure 6.2.2.1.3. Release of PNSE from solvent casting-prepared PLA films in the DPPH

assay medium. Reported are the mean = SD values of at least three experiments.

6.2.2.2 Enzymatic browning inhibition properties of solvent-cast PLA films

containing PNSE.

PNSE-functionalized PLA films were also investigated for their capability to act as
inhibitors of enzymatic browning in apple smoothies. As shown in Figure
6.2.2.2.1a,b, PLA alone or incorporated with 3% w/w PNSE did not exert any effect
on enzymatic browning, while in the presence of 10% w/w PNSE a 30% inhibition
was observed, highlighting the ability of PNSE to delay enzymatic browning

processes even when incorporated in PLA films.
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Figure 6.2.2.2.1. (a) Effects on apple smoothies enzymatic browning of solvent-cast neat
PLA film (left) and PLA film containing 10% w/w PNSE (right), (b) browning index

calculated after 3 h. *p < 0.05 compared to control.
6.2.2.3 Evaluation of the antioxidant properties of WP films containing PNSE

As for PE and PLA films, the antioxidant properties of the WP films containing
PNSE were also evaluated. DPPH assay did not indicate any reducing properties for
the PNSE-functionalized films. On the contrary, interesting results were obtained in
the FRAP assay (Figure 6.2.2.3.1a), which allowed to determine for the
functionalized film a Trolox equivalent value 2.4 times higher than that of the
control film after 4 h (0.6 + 0.1 pg/mg vs 0.27 + 0.02 pg/mg). This result again
highlighted the ability of PNSE to impart significant antioxidant properties to the
film, although the film alone also showed slight reducing properties, likely due to
the capability of some WP amino acids to act as electron donors.>'® The marked
differences between the results obtained in the DPPH and FRAP assays can be
interpreted on the basis of the higher affinity of the protein-based films for the
aqueous medium used in the second assay compared to the organic solvent in which
the DPPH assay was performed. To verify if the antioxidant properties of the
WP/PNSE film were associated to a release of PNSE, as in the case of solvent-cast
PLA films, release experiments were performed in the FRAP medium. The solution

was periodically analyzed by UV—vis spectroscopy in comparison with a solution of
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the control film. The results shown in Figure 6.2.2.3.1b indicated a significant
release of WP (Amax 286 nm) from the control film. Notably, a remarkable lower
absorption was observed in the case of the PNSE-functionalized film (Figure
6.2.2.3.1b), suggesting a kind of waterproofing action of PNSE preventing protein
leaching. Indeed, assuming that the absorption at 280 nm is due to WP, the lower
absorption observed in the case of WP/PNSE compared to WP (0.24 vs 0.92,
respectively) (Figure 6.2.2.3.1b) could indicate a lower release of WP in the
solution, thus confirming that the tannin components in PNSE, that are known to

strongly interact with proteins,*!? contribute to reinforce the WP film structure.
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Figure 6.2.2.3.1. (a) Antioxidant properties of the WP and WP/PNSE films determined by
FRAP assay. (b) Comparison of the spectra of the WP and WP/PNSE film solutions in 0.3 M
acetate buffer (pH 3.6) after4 h. Reported are the mean + SD values of at least three

experiments.
6.2.2.4 Evaluation of the antimicrobial activity of WP films containing PNSE

The antimicrobial effects of WP-based films were tested on Salmonella enterica
subsp. enterica ser. Typhimurium (ATCC® 14028) and on Enterococcus faecalis
(ATCC® 29212). The results showed that bacterial cell growth was inhibited only in
the presence of PNSE and only in the area in direct contact with the film (Figure
6.2.2.4.1). Since the additive was not released by the film (see above), it can act as

microbial growth inhibitor only on bacterial cells at direct contact with the film.
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These data would therefore suggest the PNSE could be suitable to be applied in the

control and prevention of bacterial contaminations in food.

Salmonella Typhimurium (ATCC® 14028) Enterococcus faecalis (ATCC® 29212)

A

F §

)

WP/PNSE wp WP/PNSE

Figure 6.2.2.4.1. Antimicrobial activity of WP films containing PNSE evaluated against
Salmonella enterica subsp. enterica ser. Typhimurium ATCC® 14028 and Enterococcus

faecalis ATCC® 29212.

6.2.3 Morphological and mechanical characterization of PNSE-

functionalized PE, PLA and WP films

6.2.3.1 Morphological characterization of PE and PLA films containing PNSE

Extruded PE and PLA films containing PNSE at 3% w/w were initially
characterized by SEM, which revealed the presence of submicrometer-sized PNSE
particles (indicated by arrows) well distributed in PE, while in the case of PLA films
particle agglomerates could be observed (Figure 6.2.3.1.1a). In light of this findings,
the poor antioxidant properties of extruded films observed in the DPPH assay could
be due to the efficient PNSE particle embedding in the polymeric matrix 303!
Indeed, in the extrusion technique, the high temperatures melt the polymer, and the
mechanical shear due to screw rotation allows for comminution of the additive and
efficient blending with the polymer matrix. The subsequent roll calendaring process
results in the formation of a thin film in which the additive is finely dispersed. On
the other hand, the solvent-cast PLA films were prepared without mechanical shear

and the film formation is based on the slow solvent evaporation. This process could

cause the polymer to settle on the bottom of the container, while the extract remains
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on the top, leading to a coating layer rather than a real incorporation. This layer
measured about 30 pm on the film surface (Figure 6.2.3.1.1b). Therefore, in this
case PNSE is expected to diffuse in the assay media, thus resulting in higher

antioxidant properties.

a) Extruded PE + 3% PNSE  Extruded PLA + 3% PNSE

¢
{

b) Solvent-cast PLA + 10% PNSE

Figure 6.2.3.1.1. (a) SEM images of cross-sections of extruded PE + 3% PNSE (left) and
PLA + 3% PNSE (right) films. (b) SEM images of cross-section (I and II), top surface
(PNSE-rich) (III), and bottom surface (PLA-rich) (IV) of solvent-cast PLA + 10% PNSE

films.
6.2.3.2 Mechanical characterization of PLA films containing PNSE

In view of the promising antioxidant properties of the solvent-cast PLA, only the
films prepared under this process were further investigated and characterized. In
particular, ATR-FTIR analysis, mechanical characterization (in term of strain at
break, modulus and stress at break) and oxygen permeability experiments were
carried out. The incorporation of PNSE in PLA films provided a fairly homogeneous

dark red coloration (Figure 6.2.3.2.1).
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Figure 6.2.3.2.1. Digital photo of solvent-cast neat PLA film (left) and PLA film containing
10% w/w PNSE (right).

The ATR-FTIR spectrum of the PNSE-containing PLA film (Figure 6.2.3.2.2)
showed the appearance of signals at 3300 cm ™' due to the phenol O—H stretching, at
1613 cm™! due to the presence of aromatic C=C, and 1538 and 1515 ¢cm™!, associated
to in-plane bending of phenyl C—H bonds.?’’*2* On the other hand, the presence of
PNSE did not affect the absorption frequency of the PLA carbonyl groups, as
evident by the unmodified signal at 1750 cm™, indicating the absence of significant

interactions between the polymer and the additive (Figure 6.2.3.2.2).
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Figure 6.2.3.2.2. (a) FTIR-ATR spectra and enlargement of the (b) 4000-2500 cm™' and (c)

1700-1500 cm'! region of solvent-cast PLA and PLA + 10% PNSE films.

The mechanical properties of the solvent-cast films were measured by tensile tests.
Strain and stress at break, and elastic modulus values of PLA and PLA+10% PNSE
are shown in Table 6.2.3.2.1. PNSE slightly affected the strain at break value of
PLA, which decreased from 41% to 32%, probably due to the presence of PNSE
aggregates, formed during solvent casting process (evident also in the SEM images)

182



(Figure 6.2.3.2.3), which are able to accelerate cracks.?’”’ PNSE slightly affected also
the modulus and stress at break, as reported for other natural additives or
fillers.?””3223% In another set of experiments, oxygen transmission rate (OTR)
experiments showed that the incorporation of PNSE did not significantly affect the
oxygen permeability property of the film.

Figure 6.2.3.2.3. (a) SEM images of cross-section solvent-cast PLA films containing 10% of
PNSE.

Table 6.2.3.2.1. Mechanical properties of solvent cast PLA films. Reported are the mean +
SD values of at least three experiments. Starred values in the same column are significantly

different (p < 0.05).

Strain at break Modulus Stress at break
(%) (MPa) (MPa)
PLA 41 £20 1414 +£411 25+£2°
PLA + 10% PNSE 32+ 18 1454 + 220 20+2"

6.2.3.3 Mechanical characterization of WP films containing PNSE

The incorporation of PNSE in WP films provided homogeneous red films (Figure
6.2.3.3.1a). The mechanical properties determined for the films are reported in
Figure 6.2.3.3.1b. Film thickness increased significantly (p < 0.05) in the presence
of the extract. The PNSE-films were also found to be less flexible, as evident from
the elongation at break and Young’s modulus values. However, a significant
increase in tensile strength was observed, probably due to the interaction between

the amino groups of the polymer and phenolic compounds present in the extract.***
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Interesting results were obtained for the water vapor, CO and O, permeability of the
film functionalized with PNSE. In contrast to what observed with PLA films, the
barrier properties of WP films were found to be significantly higher (p < 0.05)
compared to the unfunctionalized films (Figure 6.2.3.3.1c). These results are very

important for a potential use of these materials in the food sector.
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Figure 6.2.3.3.1. (a) Digital photos of neat WP film (left) and WP/PNSE film (right). (b)

Effect of PNSE on the mechanical properties of WP-based films. (c) Barrier properties of
WP-based films. Reported are the mean + SD values of at least three experiments. Different

letters indicate significant differences between the values reported in the same plot (p <
0.05).
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6.3 SCG as a polyphenol-rich additive for the development of

antibacterial devices

As previously reported, coffee is one of the most consumed beverages in the world
and is responsible for the production of huge amounts of wastes, among which SCG.
Given the high content of organic compounds, SCG represent a considerable
pollution hazard when discarded in the environment. On the other hand, the high
content of phenolic content makes SCG one of the most important agricultural by-
product endowed with potent antioxidant properties which have prompted their use
as a source of natural and sustainable additives for functionalization of materials for
biomedical, technological, and food-related applications.*® In particular, SCG has
been also employed as reducing agents for the preparation of silver nanoparticles
(AgNP),*** which are particularly interesting for their bactericidal, antifungal and
antitumor properties,*’ which have stimulated their exploitation for the
functionalization of natural polymers and other materials®****° for the development
of antimicrobial devices. As reported in Chapter 2, the antioxidant properties of
SCG may be significantly improved by acid hydrolysis, and the hydrolyzed spent
coffee grounds thus obtained, indicated as HSCG, were found to efficiently improve
the thermal and photo-oxidative stability of polyethylene films and delayed lipid
peroxidation when incorporated in fish and soybean oils.!"® Furthermore, the
possible use of HSCG as a food supplement was also described, based on the
antioxidant and prebiotic activity exhibited in a simulated gastrointestinal
digestion/fermentation model.'8! In this context, in this paragraph the attention will
be focused on the possible use of HSCG to induce the formation AgNPs for their
incorporation in chitosan films, with the aim to develop new antimicrobial and

antioxidant devices.

Specifically, the study was directed to:
d. Optimization of the reaction conditions of the synthesis of AgNP-HSCG;

e. Morphological and functional characterization of AgNP-HSCG;
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f. Preparation of chitosan films containing AgNP-HSCG;
g. Morphological and functional characterization of chitosan films containing

AgNP-HSCG.

6.3.1 Preparation, morphological and functional characterization
of AgNP-HSCG

6.3.1.1 Optimization of AgNP-HSCG preparation conditions

In order to optimize the NPs preparation protocol, the effects of a series of
parameters, such as solvent, reaction time, HSCG concentration, and silver ion
concentration, were evaluated. At first, typical experiments were carried out using 8
or 40 mg of HSCG (final dose 0.2 or 1% w/w), added to 4 mL of a 2, 10 or 50 mM
AgNOs solution in water. The suspension was kept under stirring at different
temperatures (room temperature, 60 °C, 80 °C or 120 °C) for different times (30
min, 1 h, 3 h, 24 h, 72 h or 10 d).

Other experiments were also carried out under the following conditions:

- in ethanol, for 24 h, with 10 mM AgNOj; and 1% HSCG;
- in the presence of 0.1 M KOH for 24 h with 2 mM AgNOs3 and 1% HSCG.

Control samples were prepared in the absence of AgNOs.

At the end of incubation, the solid materials were recovered by centrifugation, then
were extensively washed with water and lyophilized. X-ray diffraction (XRD)
analysis revealed the presence, along with Ag(0), of also an AgCl crystalline phase
in all the samples, likely due to the presence of residual chloride ions in the HSCG
sample deriving from the hydrolytic activation treatment, which involves the use of
concentrated HCL.'* After several experiments, it was found that the parameter
which significantly affected AgCl precipitation, and hence incorporation in the final
material, was the reaction temperature. The best results were obtained at 120 °C,

under which conditions a 6 + 2 % w/w Ag(0) incorporation, with no traces of AgCl,
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was obtained after only 3 h (Figure 6.3.1.1.1). Based on these results, incubation of
1% HSCG with 10 mM AgNO; at 120 °C for 3 h was chosen as the optimal
condition for AgNP-HSCG preparation.
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Figure 6.3.1.1.1. XRD profiles of 1% HSCG incubated with 10 mM AgNO; at 120 °C for
different times (1-24 h). Arrows indicate diffraction peaks due to AgCl.

6.3.1.2 Morphological characterization of AgNP-HSCG

The AgNP-HSCG obtained under the optimal settings were then characterized by
TEM, that showed a prevalence of particles with a spherical shape and a diameter
size ranging from 15 to 25 nm with the tendency to form clusters of about 200 nm
(Figure 6.3.1.2.1a).%3%3! These data were confirmed by DLS analysis that evidenced
a bimodal particles distribution, with two distinct peaks at 21 and 255 nm (Figure
6.3.1.2.1b). The volume size distribution showed that, on a mass basis, the majority
of the sample consisted of small particles around 21 nm with a 9:1 ratio of small
particles to aggregates. UV-Vis analysis of the resuspended material did not reveal
the broad plasma resonance peak around 450 nm typically attributed to AgNPs,**°

likely suggesting efficient embedding and stabilization of reduced silver in the

organic material.
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Figure 6.3.1.2.1. (a) TEM images and (b) DLS analysis of 1% HSCG incubated with 10 mM
AgNOs at 120 °C for 3 h (AgNP-HSCG).

6.3.1.3 Functional characterization of AgNP-HSCG

At first, the antioxidant properties of AgNP-HSCG were evaluated with respect to
untreated HSCG. In both DPPH and FRAP assays, AgNP-HSCG exhibited
antioxidant properties only 20% lower than HSCG, suggesting that only a limited
portion of the phenolic moieties (mainly lignin) of HSCG is involved in the silver
ion reduction process. AgNP-HSCG also showed significantly higher antimicrobial
activity with respect to AgNP-SCG analysed in other studies.*** AgNP-HSCG was
particularly active against Gram-negative bacteria E. coli ATCC25922 and P.
aeruginosa ATCC27853, with minimal inhibitory concentration (MIC) values about
4-fold lower compared to that obtained against the Gram-positive bacterium S.
aureus ATCC29213 (Table 6.3.1.3.1), and a minimal bactericidal concentration

(MBC) value comparable to MIC against P. aeruginosa.

188



Table 6.3.1.3.1. MIC and MBC values of AgNP-HSCG expressed as pg/mL of the whole
material (AgNP/HSCG) or silver (Ag(0)).

Strain MIC (ng/mL) MBC (pg/mL)
(AgNP-HSCG/Ag (0)) (AgNP-HSCG/Ag(0))
S. aureus ATCC29213 250/15 >1000/>60
E. coli ATCC25922 62/3.7 1000/60
P. aeruginosa ATCC27853 62/3.7 62/3.7

6.3.1.4 Preparation, morphological and mechanical characterization of chitosan

films functionalized with AgNP-HSCG

Due to the promising antioxidant and antimicrobial properties, AgNP-HSCG were
incorporated at 0.3, 0.6 and 2.0% w/w of AgNP in chitosan films (indicated as
CHO0.3, CHO.6 and CH2.0) and characterized in comparison with control chitosan
films (CHO).

Chitosan is a linear polysaccharide composed of D-glucosamine (deacetylated unit)
and N-acetyl-D-glucosamine (acetylated unit). It is produced by deacetylation of
chitin, the structural element of the crustacean exoskeleton.*** This polymer is
characterized by natural antimicrobial activity, which promoted its application in
different fields.?®®#4 Chitosan shows high solubility in acetic acid and hydrochloric
acid, and good film forming ability.. Chitosan-based films are flexible and durable
to extension. Moreover, they are biodegradable and biocompatible, that make them
suitable for e.g. biomedical applications.?®® Despite the high number of advantages,
chitosan films are susceptible to humidity and are not appropriate for some

applications due to their solubility in slightly acidic aqueous media.?*®

Addition of AgNP-HSCG provided differently coloured films, depending on
additive concentration (Figure 6.3.1.4.1a). The films were characterized by SEM
and ATR-FTIR spectroscopy. SEM images of pure chitosan film CHO showed a
smooth surface and a homogeneous and compact structure with very small cavities,
due to the incorporation of air bubbles during the casting process (Figure

6.3.1.4.1b).
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Figure 6.3.1.4.1. (a) Digital photos (from left to right and from top to bottom CHO, CHO0.3,
CHO0.6 and CH2.0) and SEM images of cross-sections of: (b) CHO and (c) CH2.0.

On the other hand, CH2.0 (Figure 6.3.1.4.1c) showed a rough surface, with HSCG
aggregates embedded into the polymer matrix. AgNP were dispersed within the
polymer matrix, with no evidence of particle lumps. ATR-FTIR analysis (Figure
6.3.1.4.2) showed, in the case of functionalized films, the presence of a shoulder at
1740-1710 cm™! characteristic of hemicellulose acetyl groups and carboxylic acids,
as well as a band at 1300-1200 cm’!, related to C-O and C-H vibrations.'>%!8!
Furthermore, a shift of the anti-symmetrical stretching of the C-O-C bridge** from
1152 to 1154 cm™! was also present, probably due to a reduction of the interactions

between chitosan chains caused by AgNP-HSCG.
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Figure 6.3.1.4.2. (a) FTIR-ATR spectra of the neat and incorporated chitosan films and (b)

enlargement of the 1152 cm™ absorption peak.
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A significant increase of thickness was observed after incorporation of AgNP-
HSCG, as expected based on literature evidence.??®33¢ The stability of the films to
moisture was also determined by swelling experiments. The swelling index,
measured at 31 days, showed a decrease by increasing the AgNP-HSCG content. For
pure chitosan, the swelling capacity cannot be determined because after 31 d the
film appeared to be partly disrupted and massively blemished by microorganisms
(Table 6.3.1.4.1) These results are in accordance with the hypothesis that the
presence of AgNP-HSCG reduced the hydrophilicity of the film and protected it
against biotic degradation, improving the long-term water stability. AgNP-HSCG
also increased water vapour permeability (WVP) of chitosan, but not significantly
affected the mechanical properties (Table 6.3.1.4.1). Actually, in the case of CH2.0,
AgNP-HSCG had a negative effect on ductility due to the formation of aggregates
acting as defects in the chitosan matrix, as evident from SEM images (Figure

6.3.1.4.1).

Table 6.3.1.4.1. Mechanical characterization of chitosan-based films. Reported are the mean

+ SD values of at least three experiments.

Thickness Slz14 WVP Strain at Modulus Stress at
(nm) (%) (g/m h Pa) break (MPa) break
x 10712 (%) (MPa)
CHO 34+7 Not 1.34+0.03 22412 1202 +£279 23+ 13
detected

CHO.3 51+18 301 +£25  5.89+0.07 27+5 1093 + 470 27+13
CHO.6 47+7 210+ 18  3.35+0.07 28+4 1578 +£212 30+12
CH2.0 55+4 178419  4.124+0.08 19.1£05  1333+30  29.0+0.8

6.3.1.5 Functional characterization of chitosan films containing AgNP-HSCG

The antioxidant properties of the chitosan films were evaluated by DPPH and FRAP
assay. In the first case, functionalized chitosan films led to only 20% DPPH
reduction after 6 h in the case of CH0.6 and CH2.0 (Figure 6.3.1.5.1a). On the other
hand, efficient AgNP-HSCG dose-dependent reducing properties were determined
in the FRAP assay, with CH2.0 exhibiting a Trolox equivalent values of 1.47 x 107

at 60 min (Figure 6.3.1.5.1b). The higher response of the films observed in the
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FRAP assay was probably due to the higher affinity of chitosan for acidic aqueous
media, compared to that for organic solvents, such as ethanol, used in the DPPH

assay.
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Figure 6.3.1.5.1. Antioxidant properties of chitosan/AgNP-HSCG films determined by (a)
DPPH and (b) FRAP assays. Reported are the mean = SD values of at least three

experiments.

Functionalized films were also characterized for their antimicrobial activity and
showed MIC values, expressed as AgNP concentration in the chitosan films, of
0.3% w/w for both Gram-negative and Gram-positive bacteria (Table 6.3.1.5.1). As
far as MBC is concerned, the most promising values were found against Gram-
negative bacterial strains, as expected on the basis of antimicrobial activity of
AgNP-HSCG.

Table 6.3.1.5.1. Antimicrobial activity of composite films with different AgNP percentages
(0.3%, 0.6%, 2%).

Strain MIC (% AgNP) MBC (% AgNP)
S. aureus ATCC29213 0.3 0.6
E. coli ATCC25922 0.3 0.3
P. aeruginosa ATCC27853 0.3 0.3

The antimicrobial activity of chitosan films was also evaluated by a modified agar
diffusion assay. Inhibition zones were obtained even with the lowest amount of

AgNP (Figure 6.3.1.5.2) while no effects were observed with control films (CHO).
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Figure 6.3.1.5.2. Antimicrobial activity of the composite films measured by the disk

Zone of inhibition (mm) O

1 5. aureus ATCC29213
=E. coli ATCC25922
1 " P. aeruginosa ATCC27853

CHO.3 CHo.6 CH2.0

diffusion method. (a) Inhibition zones images. (b) Diameters of inhibition zones. Reported

are the mean + SD values of at least three experiments.

6.4 Conclusions

In this Chapter, the possible exploitation of two different agri-food by-products,
pecan nut shells and SCG, as low-cost sources of polyphenols to be exploited in
active packaging and in antimicrobial devices was investigated. Regarding pecan nut
shells, a hydroalcoholic extract, indicated as PNSE was prepared and tested for their
functional properties. PNSE, containing condensed tannins as the amin phenolic
components, showed high antioxidant, enzymatic browning inhibition, and
antimicrobial activities. Based on these promising properties, the extract was
incorporated into PLA and WP films for food packaging applications. PLA films
exhibited good antioxidant and enzymatic browning inhibition properties both in
organic and in aqueous solvents. In particular, the low amounts of PNSE released
from the films when taken in aqueous media would suggest their applications to
water-rich foods. On the other hand, the more substantial migration observed in
organic solvents would warrant even higher oxidative stability in the case of low
water content foodstuffs, such as oils, butters, and sauces, also in the light of
literature data indicating very low toxicity of PNSE in animal models. The
incorporation of a water solution of PNSE in WP films produced a sustainable
material endowed with good antioxidant and remarkable antimicrobial properties
against the food pathogen Enterococcus faecalis and Salmonella enterica subsp.
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enterica ser. Typhimurium. Other important results presented in this Chapter
concern the preparation of AgNPs based on the use of hydrolyzed SCG as reducing
agent. Generation of AgNPs was induced by redox interactions between Ag" ions
and reducing units in the activated SGC, most likely surface-exposed phenolic
moieties from the lignin component. The prepared AgNP-HSCG, were incorporated
in chitosan films, providing materials endowed with high antioxidant and

antimicrobial activity, particularly against Gram negative bacteria.
6.5 Experimental section

Materials and methods

1 g of pecan nut shells was treated twice with 10 mL of ethanol/water (6:4 v/v) for
30 min in an ultrasonic bath at room temperature. The mixture was then centrifuged
for 20 min at 7763 g, the supernatant was filtered on Whatman paper No. 2 (GE
Healthcare) and ethanol was removed in a rotary evaporator. The residual solution

was then lyophilized to give PNSE as a red powder in 15 % w/w yield.?”’

For the preparation of the water solution of PNSE, 0.5 g of PNSE were added to 10
mL of water. The suspension was taken in an ultrasonic bath for 30 min and then
centrifuged at 7000 rpm for 30 min. The supernatant was removed, and the
precipitate was dried by lyophilization and weighted to determine by difference the
amount of material which had gone into solution. PNSE concentration in the

supernatant was found to be 30 mg/mL.

Anthocyanins were kindly provided by Prof. A. Schieber (Institute of Nutritional
and Food Sciences, Molecular Food Technology, University of Bonn, Bonn,
Germany). Red Delicious apples and bilberry juice (> 40% fruit content) were

purchased from local shops. WP were purchased from Bioline (London UK).

HSCG were prepared from espresso SCG collected from a local coffee shop.!® In

particular, 3 g of SCG were treated with 70 mL of 6 M HCl under stirring at 100 °C,
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overnight. After cooling at room temperature, the mixture was centrifuged (7000
rpm, 4 °C, 30 min) and the precipitate washed with water until neutrality and

lyophilized to give a black powder with a yield of ca. 31%.

All solvents and reagents were obtained from commercial sources and used without

further purification.

UV-Vis spectra were recorded wusing a HewlettPackard8453 Agilent

spectrophotometer.

HPLC analysis was performed on an instrument equipped with an Agilent G1314A
UV-Vis detector, using a Phenomenex Sphereclone ODS column (250 x 4.60 mm, 5
um) at a flow rate of 1.0 mL/min; a gradient elution was performed with 0.1%
formic acid (solvent A)/methanol (solvent B) as follows: 5% B, 0-10 min; from 5 to

80% B, 10-47.5 min; the detection wavelength was set at 254 nm.

LC-MS analyses were performed in positive ionization mode on an Agilent LC-MS
ESI-TOF 1260/6230DA instrument with the following parameters: nebulizer
pressure 35 psig; drying gas (nitrogen) 5 L/min, 325 °C; capillary voltage 3500 V;
fragmentor voltage 175 V. An Eclipse Plus C18 column (150 x 4.6 mm, 5 ['m) was

used with the same mobile phase as above, at a flow rate of 0.4 mL/min.

UHPLC-ESI-MS analysis were performed with a Waters Acquity i-Class instrument
equipped with a binary pump, an autosampler (cooled to 10 °C, injecting 5 uL), a
column oven (40 °C), and a diode-array detector. The column was a Nucleoshell
Phenyl-Hexyl (2.0 x 150 mm, 2.7 um, Macherey-Nagel). Eluant A was 0.1% formic
acid in water and eluant B was 0.1% formic acid in acetonitrile. A gradient elution
program at a flow rate of 0.4 mL/min was used as follows: 1% B, 0-3 min; from 1 to
20% B, 3-22 min; from 20 to 100% B, 22-23 min; 100 %B, 23-25 min. The mass
spectrometer was a LTQ-XL ion trap system (Thermo Fisher Scientific) operating
under the following detection conditions: sheath gas (N3), 52 arbitrary units; aux gas
(N2), 1 unit; sweep gas (N2), 1 unit; ion spray voltage, 5 kV; capillary temperature,
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300 °C; capillary voltage, 35 V; collision energy, 35 V. The mean degree of

polymerization (mDP) was calculated according to equation below:

mDP

Y area all adducts + (3 area dimeric adducts - 2) + (3, area trimeric adducts - 3 + Y, area terminal units

Y area terminal units

FTIR-ATR spectra were recorded n a PerkinElmer Spectrum 100 spectrometer
equipped with a Universal ATR diamond crystal accessory, and the analysis were
performed with an average of 16 scans in the range 4000450 cm™! (resolution of 4

cm ).

EPR measurements were performed using an X-band (9 GHz) Bruker Elexys E-500
spectrometer equipped with a super-high sensitivity probe head. PNSE was
introduced in a flame-sealed glass capillary coaxially inserted in a standard 4 mm
quartz sample tube. Measurements were carried out at room temperature, with the
following settings: sweep width, 140 G; resolution, 1024 points; modulation
frequency, 100 kHz; modulation amplitude, 1.0 G, receiver gain, 60 dB. The
amplitude of the field modulation was preventively checked to be low enough to
avoid detectable signal overmodulation. A microwave power of ~0.6 mW was used
to avoid microwave saturation of resonance absorption curve. To improve the
signal-to-noise ratio 16 scans were accumulated. For power saturation experiments,
the microwave intensity was gradually increased from 0.004 to 127 mW. The g
value and the spin density were determined using Mn**-doped MgO as an internal
standard.'” Spin density values must considered as order of magnitude estimates,

since sample hydration was not controlled.

SEM was performed using a FEI Quanta 200 FEG SEM in high vacuum mode.
Samples were first mounted onto SEM stubs by means of carbon adhesive disks and
sputter coated with a Au—Pd alloy layer of 18.0 £+ 0.2 nm, using a MED 020 Bal-Tec
AG coater in the case of incorporated PLA films and 15 nm thick Au-Pd layer in the
case of AgNP-HSCG chitosan films.
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Bright field TEM analysis was performed on a FEI Tecnai G12 Spirit Twin (LaB6
source) at 120 kV acceleration voltage. TEM images were collected on a FEI Eagle
4k CCD camera. Analyses were performed on the supernatant obtained after settling
of a water suspension of the material treated for 30 min in an ultrasound bath at

room temperature.

XRD analysis was performed with a X’Pert Pro diffractometer, equipped with a
PIXCel 1D detector, under CuKa radiation. Powder spectra were collected under
ambient conditions in the range 5-80 °26, with a step size of 0.013 °20 and counting
time of 20 seconds per step. The 8 PANalytical High-Score package, equipped with
the ICDD PDF 2 database, was used to identify the crystalline phases in the samples.
The amount of AgNP in the samples was evaluated by the RIR/Rietveld method:**" a
weighted amount (10% w/w) of corundum (NIST Standard Reference Material
676a) was added to each sample, the mixture was carefully homogenized, and the
diffraction spectrum was acquired. Then, a quantitative analysis was performed
using the MAUD software,**® obtaining the relative mass percentage of corundum,
Ag, and AgCl if present. The results were rescaled accounting for the actual amount
of corundum, obtaining the absolute weight percentage of each phase as the mean
value from three different samples. The structural information of each phase was
acquired from the Crystallography Open Database (Crystallography Open Database,
2020).

6.5.1 Phloroglucinolysis.’”

5 mg of PNSE were dissolved in 1 mL of methanol.
One aliquot was used as the control to assess the content of free flavanols. Another
aliquot of 100 pL was evaporated to dryness under nitrogen and subsequently, 100
puL of a reaction solution constituted of ascorbic acid (10 mg/mL) and
phloroglucinol (50 mg/mL) in 0.1 M methanolic HCI were added. The mixture was
kept under stirring in a water bath at 50 °C. After 20 min, the reaction was
quenched by adding 500 uL aqueous sodium acetate (40 mM), filtered and analyzed

by UHPLC- ESI-MS.
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6.5.2 Thiolysis.*”> 8 mg of PNSE were treated with 2 mL of methanol, 20 uL of
37% HCI and 50 pL of benzyl mercaptan (BM) at 40 °C under stirring. After 1 h the
mixture was diluted in 5 mL of methanol/water 1:1 v/v, and directly analyzed by

HPLC and LC-MS.

6.5.3 Alkali fusion.'® 100 mg of KOH, 100 mg of NaOH, and 2 mg of Na,S20,
were melted in a pyrex tube at 240 °C. 20 mg of PNSE were then added, and the
mixture was kept at 240 °C for further 10 min. After cooling to room temperature,
10 mL of a 1% sodium dithionite solution was added. The resulting mixture was
taken to pH 3 with acetic acid and then extracted for three times with 15 mL of ethyl
acetate. The organic layers were anhydrified on sodium sulfate, taken to dryness,

dissolved in methanol, and analyzed by HPLC and LC-MS.

6.5.4 Antioxidant properties of PNSE: DPPH assay.!”” 20 pL of a 0.1-1 mg/mL
PNSE solution in DMSO were added to 2 mL of a 200 uM ethanolic solution of
DPPH. After 10 min under stirring at room temperature, the absorbance at 515 nm
was measured. Trolox was used as reference antioxidant. Each experiment was run
in triplicate. FRAP assay.!”’ 20 uL of a 0.05-0.5 mg/mL PNSE solution in DMSO
were added to 2 mL of a FRAP solution containing 1.7 mM FeCl; and 0.83 mM
TPTZ in 0.3 M acetate buffer (pH 3.6). The mixture was stirred for 10 min at room
temperature, after that the absorbance at 593 nm was measured. Each experiment

was run in triplicate. Results were expressed as Trolox eqs.

6.5.5 Cell viability assays. The cytotoxic effects of PNSE on human
hepatocarcinoma (HepG2) cells were evaluated using the MTT assay. Cells were
plated on 96-well plates at a density of 5 x 10° per well in 100 pL of medium and
incubated at 37 °C with 5% CO,. The medium was then replaced with 100 pL of
fresh media containing PNSE at 5-50 pg/mL and cells were incubated at 37 °C with
5% CO,. After 24-72 h incubation at 37 °C, the medium containing PNSE was
withdrawn, and fresh medium (100 uL) containing 10% MTT was added to each

well, after that, cells were incubated in darkness at 37 °C for 4 h. Cell survival was
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reported as the relative absorbance, with respect to control, of blue formazan

measured at 570 nm with a Synergy Multi Plate Reader.

6.5.6 Enzymatic browning inhibition properties of PNSE. Mushroom tyrosinase
inhibition assay.’**** 10 pL of a PNSE solution in DMSO were incubated at room
temperature in 2 mL (0.02-0.25 mg/mL PNSE final concentration) of 50 mM
phosphate buffer (pH 6.8) containing 20 U/mL of mushroom tyrosinase. After 10
min, 20 uL. of a 100 mM -DOPA or ; -tyrosine solution in 0.6 M HCI were added (1
mM final concentration), and the absorbance at 475 nm was measured after other 10
min. Apple smoothie browning inhibition assay. Red Delicious apples were
rapidly cut in small pieces after removing the peel, and ca. 50 g were finely blended
with a domestic mixer in the presence of a 0.085% PNSE solution (prepared by
dissolving 100 mg PNSE in 15 mL of DMSO followed by addition of 100 mL of
double-distilled water) and transferred on a watch glass. Blank smoothie samples
were prepared in the absence of PNSE. Changes in color were periodically analyzed
with a Chroma Meter CR-400/410 (Konica Minolta) colorimeter (three different
measurements were taken during the same experiments and three different
experiments were performed). The browning index (BI) was calculated as follows:

100(x — 0.31)

Browning index (BI) = 017

_ oa* +1.75L *
T 5.645L* +a * —3.012b *

X

Kojic acid and ascorbic acid were used as reference compounds. In other
experiments smoothies prepared by blending 50 g of apple pulp in 100 mL of
double-distilled water were rapidly transferred on a watch glass and immediately
covered with solvent-cast PLA films, neat or containing PNSE. The changes in color
were periodically analyzed with a colorimeter as above. Uncovered smoothies were

used as blank samples.
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6.5.7 Anthocyanin stabilization properties of PNSE.3!° 0.1 mg/mL of red wine
anthocyanins were dissolved in 5 mL of 0.3 M acetate buffer (pH 3.6). 40-250 uL of
1 mg/mL PNSE solution in DMSO were added (corresponding to 0.008-0.05 mg/mL
final concentration of PNSE in the anthocyanin solution). The mixtures were taken
at 90 °C and periodically analyzed by measuring the absorbance at 521 nm at 1 h
intervals. Control mixtures containing the same amount of DMSO (without extracts)
and unheated samples were analyzed in the same way. In another series of
experiments, PNSE (2-10 mg) was added to 5 mL of bilberry juice, and the mixtures
were taken at 90 °C and periodically analyzed as described above, after a 1:40 v/v

dilution in 0.3 M acetate buffer (pH 3.6).

6.5.8 Antimicrobial activity of PNSE: the antimicrobial activity was investigated

by the microbroth dilutions assay,**!

performed in Difco Nutrient Broth (Becton-
Dickenson, Franklin Lakes, NJ, USA) using a bacterial inoculum of 2 x 10°

CFU/mL and testing increasing concentrations of PNSE (0— 15 mg/mL).

6.5.9 Preparation of PE and PLA films containing PNSE. In the case of extruded
PE and PLA films, PNSE was mixed with PE or PLA powder at 1, 2, or 3% w/w (g
of PNSE/g of polymer). Then, the powder mixture was extruded with a flat die
single-screw extruder, and films with an average thickness of 70 + 10 um were
obtained by calendering.?’’ In the case of solvent-cast PLA films, a suitable amount
of PNSE was dissolved in 50 mL of a chloroform:methanol (8:2 v/v) solution by
sonication over 30 min. Then, 2 g of PLA pellets were added, and the mixture was
stirred for 120 min at 80 °C using a magnetic heater-stirrer. The resulting solution
was transferred to a 12 cm-diameter Petri dish, and the solvent allowed to slowly
evaporate for 2 d to obtain films of 180 + 10 um thickness. The solvent casting
technique was not applicable to PE due to its extremely low solubility in most

solvents.

6.5.10 Preparation of WP films containing a water solution of PNSE. A film

forming solution (FFS) was firstly prepared by dissolution of 500 mg of WP in 25
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mL of distilled water. Subsequently 60% w/w (with respect to proteins) of glycerol
was added. Then, 8 mL of PNSE solution in water, containing 240 mg of PNSE, was
added and the pH was brought to 12 by using 0.1 M NaOH. The films were prepared
by casting method: the FFSs were poured in 9 cm diameter Petri dishes and then
allowed to dry at 25 °C (45 % relative humidity (RH)) for 24 h. The obtained films
were cut into 1 x 8 cm strips and kept at 25 °C, with RH of 50 %, for 24 h in a glass
chamber containing saturated Mg(NOs), before being tested.

6.5.11 Film mechanical properties characterization. In the case of PLA films,
tensile tests were performed at 23 + 2 °C and 45 + 5% RH using a dynamometer
(Instron 5564) equipped with a 1 kN load cell, at 5 mm min™! clamp displacement
rate. Before testing, the dumbbell-shaped specimens were conditioned at 25 °C and
50% RH for 48 h. At least 10 specimens were tested for each formulation. OTR was
measured by using a ExtraSolution PermeO, instrument working in a
gas/membrane/gas configuration, using a measuring surface of 50 mm, at 50% RH,
23 £ 1 °C, and 1 atm of pressure difference (AP) across the membrane. The test was

ended when the collected data reached an OTR accuracy within 0.5%.

In the case of WP incorporated films, the thickness was measured in 6 different
points with a micrometer (Electronic digital micrometer - Metrocontrol srl, Casoria
Italy - sensitivity 0.001 mm), while the tensile strength (TS), elongation at break
(EB) and Young’s modulus (YM) were obtained on 5 strips of each sample by
means of Instron Universal Testing Instrument model No. 5543A (Instron
Engineering Corp., Norwood, MA, USA) using 5 cm gage length, 1 kN load and 5
mm/min speed. The measurement of film gas permeability towards CO,, H,O vapor
and O, was carried out in triplicate at 25 °C and 50 % RH, using the MultiPerm
permeabilimeter (Extra Solution s.r.l., Pisa, Italy). Aluminium masks were used with

the aim of reducing the area of the film tested to 5 cm?.

6.5.12 Antioxidant Properties of PE, PLA and WP films. DPPH assay: 2-10

sections of PE or PLA (both extruded or solvent-cast) films of 1 cm? total surface
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area (corresponding to ca. 20-100 mg of material) were added in a vial containing 20
mL of a 55 uM ethanolic solution of DPPH. In the case of WP films, 1 ¢cm? film
section (corresponding to 28 mg of material) was added to 10 mL of a 50 or 200 uM
ethanolic solution of DPPH, and the absorbance at 515 nm was periodically
analyzed over 4 h. Blank samples without the films were also prepared. Each
experiment was performed in triplicate. FRAP assay: In the case of PE and PLA
films, 5 film sections of 1 ¢m? total surface area (corresponding to ca. 50 mg of
material) were introduced in a vial containing 20 mL of a FRAP solution prepared as
described above and allowed to sit for 4 d at room temperature. In the case of WP
films, 1 cm? film section (corresponding to 28 mg of material) was added to 10 mL
of FRAP solution. The absorbance of each solution at 593 nm was periodically
analyzed. Blank samples without the films were also prepared. Each experiment was

performed in triplicate. Results were expressed as Trolox eqs.

In separate experiments the release of PNSE from the films in the assay media was
evaluated. PE or PLA (both extruded or solvent-cast) film sections of 1 cm? total
surface area (corresponding to ca. 50 mg of material) were introduced in a vial
containing 20 mL of ethanol or FRAP solution. In the case of WP films, 1 cm? film
section (corresponding to 28 mg of material) was added to 10 mL of FRAP solution.
UV-Vis spectra of each solution were periodically recorded. Experiments were run
in triplicate. The amount of PNSE released was determined by means of a
calibration curve obtained with 0.05-0.2 mg/mL PNSE solutions in the same

solvents.

6.5.13 AgNP-HSCG preparation. 8 or 40 mg of HSCG (final dose 0.2 or 1% w/w)
were added to 4 mL of a 2, 10 or 50 mM AgNOs solution in water, and the
suspension was kept under stirring at room temperature, 60 °C, 80 °C or 120 °C.
After 30 min, 1 h, 3 h, 24 h, 72 h or 10 d the mixture was centrifuged (7000 rpm, 15

min) and the solid washed three times with water, lyophilized and analyzed

In other experiments the reaction was run:
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1. in ethanol, for 24 h, with 10 mM AgNO; and 1% HSCG;
ii.  in the presence of 0.1 M KOH for 24 h with 2 mM AgNO; and 1% HSCG.

After optimization of the experimental conditions, 1 g of HSCG was suspended in
100 mL of a 10 mM AgNOs solution in water. The suspension was kept under
stirring at 120 °C, and after 3 h the mixture was centrifuged (7000 rpm, 30 min) and
the solid repeatedly washed with water, lyophilized and obtained as a black powder
(560 mg).

6.5.14 Antioxidant properties of HSCG and AgNP-HSCG. DPPH assay. 5, 10 or
15 mg of HSCG or AgNP-HSCG were added to 50 mL of a 200 uM DPPH
ethanolic solution. After vigorous stirring at room temperature for 10 min, the
absorbance at 515 nm was measured. Experiments were run in triplicate. FRAP
assay. 5, 8 or 12 mg of HSCG or AgNP-HSCG were added to 166 mL of FRAP
solution, prepared as described above. After vigorous stirring at room temperature
for 10 min, the absorbance at 593 nm was measured. Experiments were run in

triplicate.

6.5.15 Preparation of chitosan films containing AgNP-HSCG. Chitosan solution
was prepared by dissolving 3 g of chitosan powder in 300 mL of 3% v/v aqueous
acetic acid solution, under stirring at 70 °C. After cooling, 0.6 g of glycerol were
added. Composite films were prepared by adding 0.010, 0.020 or 0.067 g of AgNP-
HSCG to 20 mL of chitosan, corresponding to 0.3, 0.6 and 2.0% w/w AgNP with
respect to chitosan. The resulting suspensions were sonicated in an ultrasound bath

for 10 min, then the solution was left to evaporate at room temperature.

6.5.16 Mechanical characterization of chitosan films containing AgNP-HSCG.
Swelling measurements were carried out by weighting each sample before and after
exposure to 100% RH. First, the dry sample was weighed, and the value recorded as

Wd. Then, it was transferred into a chamber saturated with water moisture. The
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sample was periodically recovered, weighed, and the value recorded as Ws. The
swelling index (SI) was calculated as below:
Ws — Wd
sl = (W_d)

WVP of chitosan films was determined according to ASTM E96 standard method.
The samples, with exposed area of 6.54 cm?, were sealed over a circular opening of
three 25 cm? aluminium permeability cups (BYK-Gardner) filled with distilled
water. The cups were weighed, then kept in oven at 25 °C under 50% RH. The
weight change of each cup was periodically measured to determine the water vapor
transmission rate (WVTR), from which WVP was obtained multiplying WVTR by
the film thickness and dividing by the partial pressure of water across the film
(1584. 6 Pa). The latter was obtained multiplying the difference in fractional RH
across the film (0.5) by the saturation vapor pressure at 25 °C (3169.2 Pa).
Mechanical properties were determined using a Instron model 5564 dynamometer
equipped with a 1 kN load cell in tensile mode at 25 + 2 °C, 50 + 5% RH, and 5 mm
min! clamp separation rate. Prior to the test, the dumbbell-shaped specimens were
conditioned at 25 °C and 50% RH for 48 h. Young’s Modulus, stress and strain at

break were calculated from the experimental stress-strain curves.

6.5.17 Antioxidant properties of chitosan films containing AgNP-HSCG. DPPH
assay. Film sections of ca. 1 cm? total surface area (corresponding to 15 mg of
material) were deposited on the bottom of a vial containing 3 mL of a 55 pM
ethanolic solution of DPPH. A blank sample without the films was also prepared.
The absorbance of each solution at 515 nm was periodically analyzed. Experiments
were run in triplicate. FRAP Assay. Film sections of ca. 1 ¢m? total surface area
(corresponding to 15 mg of material) were deposited on the bottom of a vial
containing 3 mL of a FRAP solution prepared as described above. A blank sample

without the films was also prepared. The absorbance of each solution at 593 nm was
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periodically analyzed. Results were expressed as Trolox eqs. Experiments were run

in triplicate.

6.5.18 Antimicrobial activity of chitosan films containing AgNP-HSCG. The
antimicrobial activity of HSCG and AgNP-HSCG was tested against three different
pathogenic bacteria, Gram-negative (E. coli ATCC25922 and P. aeruginosa
ATCC27853) and Gram-positive (S. aureus ATCC29213) bacteria. MIC was
evaluated by the broth microdilution method.*** Briefly, a fresh culture on Tryptic
Soy Agar (TSA) was suspended in Tryptic Soy Broth (TSB) at a turbidity equivalent
to that of 0.5 McFarland standard, and diluted 1:100 with TSB. 500 pL of each
isolate were added into a 24-well polystyrene flat-bottomed microtiter plate (BD
Falcon, Mississauga, Ontario Canada). The sample was added to bacterial
suspensions in each well at a final concentration ranging from 0 to 1 mg/mL.
Growth control wells contained only bacteria in TSB. The plates were incubated for
24 h at 37 °C. The cells suspension turbidity was quantified by microtiter plate
reader (Tecan, Milan, Italy) at 595 nm. Absorbance was proportional to bacterial
growth. MBC was defined as the concentration that caused > 3 x logio reduction in
colony count from the starting inoculum plated on Muller Hinton II agar compared
to the positive control, incubated for 24 h at 37 °C.3¥3% Each experiment was
performed in triplicate in three independent experiments. The antimicrobial activity
of chitosan films was evaluated by a modified agar diffusion assay and microplate
growth inhibition assay. The film samples were punched to make disks of 6 mm in
diameter. In the modified agar diffusion assay (disk test), 100 mL of each bacterial
suspension in Mueller Hinton II broth with a turbidity of 0.5 McFarland were spread
out on Muller Hinton II agar plates, and the film disks were added by swabbing in
three directions. The plates were examined for possible clear zones and after
incubation at 37 °C for 24 h the inhibition zone diameters were measured. In the
growth inhibition assay, bacterial suspensions adjusted to McFarland 0.5 and diluted
1:100 with TSB were added into a 24-well microtiter plates. Film disks were placed

on the plates inoculated with the bacterial cultures and incubated at 37 °C for 24 h.
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MIC and MBC were determined. Each experiment was performed in triplicate in

three independent experiments.
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Chapter 7

Agri-food by-product extracts as lipid peroxidation and

enzymatic browning inhibitors

7.1 Introduction

Lipid peroxidation is the oxidation reaction of fats, responsible for the rancidity of
foods at high lipid content. This process can occur as a result of exposure to oxygen,
light, or heat, and can also be induced by metals (such as iron). Lipid peroxidation
leads not only to the formation of hydroperoxides and peroxides, but also of
carbonyl compounds, particularly aldehydes, which are responsible for the
characteristic fried or rancid smell and of the alteration of the nutritional and
organoleptic properties of the food. In addition, due to their marked reactivity
toward a variety of biomolecules, these compounds may also induce carcinogenic

effects.

The compounds most susceptible to lipid peroxidation are polyunsaturated fatty
acids (PUFA), due to the presence of the carbon-carbon double bonds. Indeed, the
susceptibility to oxidation increases with the degree of unsaturation. Vegetable oils
are therefore more subjected to the rancidity process than saturated fats of animal

origin.

Enzymatic browning is another issue of great concern in the food preservation
sector. This process induces a gradual change of colour of food products to brown or
dark brown over time and involves the action of polyphenol oxidases (PPO).
Enzymatic browning occurs mainly in fruit and vegetable products during
harvesting, transport, storage and processing.>*> Mechanical actions such as peeling,
cutting, slicing and shredding or any strong temperature variations during storage

can cause physical damage to tissues, and as a result, PPO and phenolic compounds
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are released and exposed to the oxygen, giving rise to oxidation reactions which
transform the phenolic compounds into the corresponding quinones. The latter are
highly reactive species that can undergo polymerization reactions, leading to the

formation of dark pigments.3*

Among the PPO capable of catalyzing enzymatic browning reactions, a principal
role is played by tyrosinase. The latter, widely distributed in microorganisms,
animals, and plants, is an enzyme containing two copper ions in the active site,

which can catalyze two distinct reactions:
* Oxidation of monophenols to o-diphenols (cresolase or monophenolase activity);

* Oxidation of o-diphenols to the corresponding o-quinones (catecholase or

diphenolase activity).

On this basis, identification of active compounds capable of inhibiting tyrosinase
and lipid peroxidation has becoming increasingly important for the food industry,
and there is a constant search for inhibitors from natural sources with no harmful
side effects. In this context, in this Chapter the inhibition ability of extracts prepared
from selected agri-food waste materials, rich in phenolic compounds, against lipid

peroxidation and enzymatic browning will be reported.
Specific aims of the research work described in this Chapter included:

1. Preparation of selected agri-food by-product extracts;
2. Evaluation of lipid peroxidation inhibition activity;

3. Evaluation of enzymatic browning inhibition activity
7.2 Extraction of agri-food by-products

The first part of the work was aimed at optimizing the extraction process from
selected agri-food wastes. In the initial extraction procedure, 0.5 g of each waste

material (apple, grape pomace, orange and SCG) were extracted using water or
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ethanol/water 6:4 v/v at a 100 mg/mL s/l ratio. The mixtures were kept under
magnetic stirring for 30 min at room temperature and then centrifuged for 15
minutes. In the case of water extracts, the supernatants were recovered by
lyophilisation, whereas, in the case of the hydroalcoholic extracts, ethanol was first
removed in a rotavapor, before proceeding with lyophilization. As shown in Table
7.2.1, the aqueous and hydroalcoholic extracts were obtained in quite similar yields.
Moreover, all waste materials, with the exception of grape pomace, exhibited very
low extraction yields. To improve these latter, in another series of experiments the
extraction was carried out using an ultrasonic bath or undergoing the solid residues
from the first extraction to a further extraction treatment with fresh solvent, under
the same conditions. Using this last procedure, the extraction yields were found to
be significantly higher, especially in the case of aqueous apple waste and SCG

extracts (Table 7.2.1).

Table 7.2.1. Yields of aqueous and hydroalcoholic extracts obtained from the selected agri-
food by-products, referred to the dry weight of the starting material. Reported are the mean

of two experiments.

Sample Yield (%) Yield (%)

without ultrasound with ultrasound
SCG (water) 5 12
SCG (ethanol/water) 6 9
Grape pomace (water) 48 61
Grape pomace (ethanol/water) 44 63
Apple peel (water) 10 35
Apple peel (ethanol/water) 18 21
Orange peel (water) 12 23
Orange peel (ethanol/water) 12 15

7.2.1 Evaluation of the lipid oxidation inhibition properties

7.2.1.1 Accelerated thermal aging of oil samples

In order to evaluate the ability of the aqueous and hydroalcoholic extracts to inhibit
lipid peroxidation process, soybean oil and cod liver oil, rich in polyunsaturated

fatty acids, and therefore more susceptible to peroxidation, were selected. Indeed,
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soybean oil is characterized by high concentration of linoleic acid (ca. 58%) and a-
linolenic acid (4-10%), while cod liver oil is rich in omega-3 fatty acids, in
particular eicosapentaenoic and docosahexaenoic acids, particularly sensitive to

oxidation following exposure to air, light, heat and metal ions.

The inhibitory activity was first evaluated by the ferrous oxidation-xylenol orange
(FOX) assay, based on the oxidation reaction of Fe** to Fe*" induced by the
hydroperoxides and on the ability of Fe*" to form a complex with xylenol orange
characterized by an intense blue-purple colour, with a maximum absorption at 560

nm. 150,346

In a first series of experiments, 300 mg of soybean and cod liver oil samples were
subjected to accelerated aging at 60 °C,**" in the presence and absence of 45 mg of
agri-food extracts. The inhibition properties of the extracts were determined after a
7-day period in the case of soybean oil and 48 hours in the case of cod liver oil,
given its higher susceptibility to oxidation. These times were selected at optimal

based on control experiments run in the absence of extracts.

The data reported in Figure 7.2.1.1.1a showed low inhibitory effects (<30%) for
both aqueous and hydroalcoholic apple peel, orange peel and grape pomace extracts.
On the contrary, SCG extracts were found to be able to completely inhibit the
peroxidation process at the tested concentration. Similar results were obtained using

soybean oil (Figure 7.2.1.1.1b).
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Figure 7.2.1.1.1. Inhibition properties of agri-food extracts on thermally induced lipid

peroxidation in (a) cod liver and (b) soybean oil samples. Reported are the mean £ SD values

of at least three experiments.

In a further series of experiments, the dose-dependence of the lipid peroxidation
inhibition for the SCG extracts was investigated. As evidenced in Figure 7.2.1.1.2a,
the extracts tested on cod liver oil showed a dose-dependent behaviour and similar
results were obtained on soybean oil, confirming the efficacy, in particular, of the

hydroalcoholic extract (Figure 7.2.1.1.2b).
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Figure 7.2.1.1.2. Dose-dependence experiments of SCG extracts on thermally induced lipid

peroxidation in (a) cod liver and (b) soybean oil samples. Reported are the mean + SD values

of at least three experiments.
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In a last series of experiments, the antioxidant properties of SCG extracts were
compared to those of reference antioxidants such as BHA, BHT, ferulic acid, gallic
acid and Trolox. All samples were tested at 7.5% w/w dose. As shown in Figures
7.2.1.1.3, the SCG extracts exhibited an activity comparable or superior to that
observed for BHA and ferulic acid.
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Figure 7.2.1.1.3. Inhibition properties of SCG extracts and reference antioxidants on

thermally induced lipid peroxidation in (a) cod liver and (b) soybean oil samples. Reported

are the mean = SD values of at least three experiments.
7.2.1.2 Accelerated iron-induced aging of oil samples

The thiobarbituric acid reactive substances (TBARS) assay was used to monitor the
ability of the extracts to inhibit the iron-induced peroxidation on cod liver oil.
Reaction of carbonyl compounds, in particular of malondialdehyde, generated by the
decomposition of lipid peroxidation products with thiobarbituric acid leads to the
formation of a highly conjugated adduct, characterized by an absorption maximum
at 532 nm. In particular, 10 mg of oil and 5 mg of each extract were homogenized in
a TRIS buffer at pH 5.0 and then subjected to oxidation by adding Fe*" ions. After 3
h, the mixtures were analyzed spectrophotometrically by measuring the absorbance
at 532 nm."® Again, SCG extracts showed the best inhibitory activity on the lipid

peroxidation process (Figure 7.2.1.2.1a).
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Also for this assay, dose-dependence experiments on SCG extracts showed an
increasing inhibitory effect with increasing dose (Figure 7.2.1.2.1b). Finally, a
comparison with reference antioxidants showed the superior activity of the

hydroalcoholic extract of SCG with respect to all the selected standards (Figure
7.2.1.2.1¢).
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Figure 7.2.1.2.1. (a) Inhibition properties of SCG extracts and (c) reference antioxidants

(5mg) on iron-induced lipid peroxidation and (b) dose-dependence experiments on cod liver

samples. Reported are the mean &+ SD values of at least three experiments.

7.2.2 Evaluation of browning inhibition properties

7.2.2.1 Tyrosinase inhibition properties of selected agri-food by-products

The tyrosinase inhibition properties of the aqueous and hydroalcoholic extracts of

the different agri-food by-products were initially investigated using mushroom
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tyrosinase and -DOPA as substrate. Tyrosinase is a polyphenol oxidase playing a
critical role in the oxidative deterioration of food products, particularly fruit and
vegetables. Tyrosinase inhibition is important also for cosmetic purposes because
this enzyme catalyzes the key steps of human melanogenesis, and overproduction of
melanin is associated with several pigmentary disorders. The assay was based on the
detection of dopachrome formation (Amax = 475 nm), following oxidative cyclization
of dopaquinone, resulting from the tyrosinase-induced oxidation of the substrate, in

the presence and absence of the inhibitor.

Each extract was incubated at different concentrations in 50 mM phosphate buffer
(pH 6.8) in the presence of mushroom tyrosinase (20 U/mL) at room temperature.
After 10 min .-DOPA was added and after further 10 minutes, the absorbance at 475
nm was measured. The inhibitory capacity was expressed as I1Cso, which is the

concentration of inhibitor at which a 50% inhibition of the enzyme activity occurs.

Control experiments carried out in the absence of 1-DOPA allowed to rule out the
possible contributions to browning of tyrosinase substrates present in the extracts

(e.g. caffeic acid and derivatives in the case of SCG).

As reported in Figure 7.2.2.1.1, promising results were obtained with the
hydroalcoholic grape pomace and SCG extracts, which exhibited ICso < 1 mg/mL. In
particular, hydroalcoholic grape pomace extract showed an ICso values only ca. 3-
fold higher than that observed for ascorbic acid, used as a reference compound. On
the other hand, no inhibition was observed in the case of orange and apple waste

extracts.
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Figure 7.2.2.1.1. ICso values determined for selected agri-food extracts in the mushroom

tyrosinase inhibition assay. Reported are the mean + SD values of at least three experiments.

In another set of experiments, the importance of the pre-incubation of the extracts
with the enzyme on the observed inhibition effects were evaluated. In particular,
mushroom tyrosinase was incubated without the extract for 10 minutes in phosphate
buffer at pH 6.8. Subsequently, each sample was added at a concentration
corresponding to the ICsp value, immediately followed by r-DOPA. After 10
minutes the absorbance at 475 nm was measured. As shown in Figure 7.2.2.1.2,
SCG extracts still induced an approx. 50% inhibition, thus ruling out a significant
role of the pre-incubation with the enzyme in the observed effects. On the other

hand, a lower efficacy of grape pomace extracts was evident without pre-incubation.
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Figure 7.2.2.1.2. Inhibition percentage obtained for the selected extracts without pre-

incubation with the enzyme. Reported are the mean + SD values of at least three

experiments. Each extract was tested at the ICso previously determined.
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7.3 Conclusions

Lipid peroxidation process, both induced by metal ions or high temperatures, can
significantly affect the nutritional and organoleptic properties of foods stored in
metal containers or during production, transport, processing, storage, and marketing

of lipid-rich foods.

Enzymatic browning processes is another undesirable event which may occur in

fruits and vegetables during storage and/or processing.

It has been widely demonstrated that phenolic compounds are able to delay lipid
peroxidation in oils or fats and can also act as inhibitors of tyrosinase, the enzyme
responsible for enzymatic browning processes. On this basis, in recent years, great
attention has been focused on the use of agri-food by-products as sustainable and
low-cost sources of phenolic compounds endowed with antioxidant and enzymatic

browning inhibition properties.

In this context, as described in this Chapter, extracts prepared from different agri-
food waste materials were analyzed for their inhibition activities in lipid
peroxidation and enzymatic browning inhibition model assays. The most promising
properties were exhibited by the SCG extracts, which were found to be very
effective as lipid peroxidation inhibitor in cod liver and soybean oil samples, and the
hydroalcoholic grape pomace extract, that showed very promising enzymatic
browning inhibition properties, with an ICso values against tyrosinase only 3-fold

higher than that observed for the reference compound ascorbic acid.

Although still preliminary, since further experiments are needed to fully characterize
the mechanisms and the major determinants of the lipid peroxidation and tyrosinase
inhibition properties of the different extracts, the results showed in this Chapter open
new perspectives for the functional use of agri-food wastes in food-related

application.
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7.4 Experimental section

Materials and methods

Apples and oranges were purchased at a local supermarket. SCG was collected from
a local coffee shop. Grape pomace was kindly provided by Dr. Daniele Naviglio

(Department of Chemical Sciences, University of Naples “Federico 117, Italy).

All solvents and reagents were obtained from commercial sources and used without

further purification.

UV-Vis spectra were recorded wusing a HewlettPackard8453  Agilent

spectrophotometer.

7.4.1 Extracts preparation. 1.5 g of SCG, orange peel, apple peel or grape pomace
were finely grounded in a home blender and then extracted with 15 mL of water or
ethanol/water 6:4 v/v, in an ultrasonic bath for 30 min, at room temperature. The
mixture was then centrifuged (7000 rpm) for 15 min, the supernatant was recovered,
and the solid residue was subjected to a new extraction under the same conditions
described above. The combined supernatants, after removing ethanol in a rotavapor
when necessary, were subjected to freeze-drying and then kept in a vacuum

desiccator for 24 h, to remove traces of residual solvent.

7.4.2 FOX assay.!’%3® 45 mg of each extract were deposited on the bottom of a
flask containing 300 mg of soybean or cod liver oils and incubated at 60 °C. Control
samples without extracts were also incubated. The hydroperoxide contents of the oil
samples were determined after 7 days of incubation with soybean oil and 48 hours
with cod liver oil. A total of 10 mg of the oil samples were withdrawn and dissolved
in 3 mL of chloroform, and 90 pL of each solution was mixed with 2 mL of reagent
mixture containing 0.11 mM xylenol orange, 0.25 mM ammonium iron(Il) sulfate
hexahydrate, and 25 mM H>SO4 in methanol containing 3.88 mM BHA. After 30

min incubation in the dark at room temperature, absorbance at 560 nm was
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measured. Experiments were run in triplicate. In other experiments the reaction was
carried out by varying the extract amounts (3-25 mg) or by using reference

antioxidants (15 mg).

7.4.3 TBARS assay.'”® Cod liver oil (10 mg) was suspended in 1 mL of a buffer
solution (0.05 M TRIS, 0.15 M KCl, 1% Triton X-100, pH 5.0) and taken under
stirring for 5 min in the presence or absence of extracts (5 mg). A total of 100 uL. of
1 mM iron(Il) chloride tetrahydrate was added, and the mixtures were taken under
vigorous stirring at room temperature. After 3 h, TBARS were quantified as follows:
100 pL of 2% BHT in ethanol was added to all the mixtures to stop the oxidation
process, followed by addition of 1 mL of TBA reagent (15% w/v trichloroacetic acid
and 0.375% w/v TBA in 0.25 M HCI). The reaction mixtures were taken under
stirring at 80 °C for 15 min, and the samples were centrifuged at 2000 rpm for 10
min. The absorbance of the supernatant was then measured at 532 nm. Experiments
were run in triplicate. In other experiments the reaction was carried out by varying

the quantity of extract (2.5-10 mg) or by using reference antioxidants (5 mg).

7.4.4 Mushroom tyrosinase inhibition assay.’*® Stock solutions of the different
samples (25 mg/mL) were prepared in DMSO and 1-200 pL of each solution was
incubated at room temperature with mushroom tyrosinase (20 U/mL) in 2 mL of 50
mM phosphate buffer (pH 6.8). After 10 minutes, 20 pL of a 100 mM solution of -
DOPA, dissolved in 0.6 M HCI (final concentration 1 mM), were added and the
course of the reaction was followed by measuring the absorbance at 475 nm after
additional 10 minutes. In control experiments the reaction was carried out in the
absence of the sample or in the presence of ascorbic acid as positive control. When
required, the extracts were added 10 min after the addition of tyrosinase, followed

immediately by the addition of the .-DOPA solution.
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Chapter 8

Development of synthetic strategies for the preparation

of anthocyanin metabolites

8.1 Introduction

As reported in the Introduction, anthocyanins, belonging to the class of flavonoids,
form the largest class of natural water-soluble pigments which, dependently on
different factors, among all pH, can appear red, purple, or blue. Anthocyanins are
abundantly present in fruit and vegetables, mainly in glycoside form, and play

important roles also from a nutritional point of view.

Although more than 500 different anthocyanins have been identified, deriving from
different hydroxylation, methoxylation and glycosylation patterns, as well as
different substituents on the sugar moiety, only six are the most commonly
anthocyanidins found in plants: cyanidin, delphinidin, pelargonidin, peonidin,
malvidin and petunidin, with a distribution of 50%, 12%, 12%, 12%, 7% and 7%, in
that order (Figure 8.1.1).3%8

OH

o Peonidin oy Malvidinin L Petunidin

Figure 8.1.1. Main naturally occurring anthocyanidins.
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Anthocyanidins are known for their poor stability, closely related to a series of
factors, such as light, temperature, pH, metal ions and oxygen.** In particular, in
aqueous solution, pH variations induce severe structural modifications and
rearrangements. In acidic solutions (pH 1-3), anthocyanins are stable and present
mainly as the flavylium cation; an increasing of pH leads to the conversion of the
flavylium cation into the quinoidal base (pH 6-7) or into the colorless hemichetal,
which can undergo ring opening, giving rise to a pale yellow chalcone (pH 6).
Chalcone can also undergo chemical degradation, producing phenolic acids.’® As
previously mentioned, the pH is also responsible for the colour variations of
anthocyanidins, which in acidic conditions appear red, at neutral pH tend to a purple

colour, while at alkaline pH, they appear blue (Figure 8.1.2).

Anthocyanins are characterized by a wide number of beneficial biological properties
on human health. First of all, they show remarkable antioxidant activity, and are able
to act as radical species scavengers. Moreover, cyanidin, delphinidin and petunidin
glycosides are also able to act as metal chelators. Anthocyanins are also able to
positively affect blood and lymphatic microcirculation, contribute to maintaining
good liver health, protect the skin from UV rays, strengthen the immune system, as
well as prevent cardiovascular, inflammatory and neoplastic diseases.** Recently,
protective effects of anthocyanins against neurodegenerative diseases, including
Alzheimer's, Parkinson's diseases and amyotrophic lateral sclerosis have been
reported.>! Anthocyanins were also found to be able to inhibit cancer cell

2

proliferation,®? and act as antidiabetic agents, especially against type II diabetes

mellitus.>*?
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Anionic quinonoid bases

OH (cis)-Chalcone (frans)-Chalcone

Figure 8.1.2. Acid-base equilibrium of anthocyanins and corresponding colour variations.

Adapted from Ref 3%

Anthocyanins are regularly assumed through the diet, being abundantly present in

vegetables, cereals, fruit, and fruit-derived products, such as wines, juices, and jams.
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The richest sources of anthocyanins are berries belonging to the Vitaceae and
Rosaceae families, and to the Ribes and Vaccinium genera. In these food sources,
anthocyanin concentrations can reach several hundred milligrams per 100 g of fresh
weight. However, anthocyanins are known for their poor bioavailability, which is
estimated in ranges from 2% to less than 1%, with only traces detected in the target
organs or in the bloodstream. Actually, the bioavailability of anthocyanins is
significantly underestimated, due to the presystemic metabolism of these
pigments.>* For example, a study carried out on humans has shown that the
consumption of 500 mg of isotopically labelled cyanidin 3-O-B-glucoside (C3G)
may lead to a relative bioavailability of around 12%.33°3% For these reasons, it is

crucial to acquire knowledge about anthocyanin bioprocessing after their intake.

Anthocyanins are metabolized throughout the gastrointestinal tract, starting from the
oral cavity, where the food matrix is ground and mixed with saliva and other food
components. Saliva, which is at pH = 7, determines the partial formation of the
hemiketal and the opening of the C ring.*’ Subsequently, in the stomach,
characterized by an acidic pH (~ 1), anthocyanins are stable in the form of flavylium
cation, and are easily released from the denatured food matrix.>*® Some studies in
rats and humans have shown that anthocyanins reach the plasma very quickly,
within 10 min to 30 min of their oral intake, which led to the conclusion that they
are efficiently absorbed by the gastric epithelium.*®* However, the main absorption
site of anthocyanins is the small intestine, at which level the anthocyanins are close
to neutral or mildly alkaline (pH 7.5-8.0), and their stability is reduced and
converted to hemiketal and chalcone. Anthocyanins can be transported within the
enterocytes through both active and passive transport. In the first case, the
anthocyanins are transported intact, in the glycoside form, by the glucose transport
systems, after which deglycosylation by cytosolic B-glucosidase can occur. In the
second case, since anthocyanin are highly water soluble and are very large
molecules, they are initially deglycosylated to the aglycone in the intestinal lumen

by B-glucosidase or in epithelial cell membranes by lactase-phlorizin hydrolase,
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producing aglycones, which are more hydrophobic and smaller than the glycosides

and can easily infiltrate the epithelial layer passively.>*

Before entering the bloodstream, anthocyanins can undergo metabolic
transformations that increase their hydrophilicity and facilitate their elimination
from the body through bile and urine. Not absorbed anthocyanins are eliminated

through the faeces.

Anthocyanins are substrates for several enzymes located in the small intestine and
colon, and in the liver (hydrolyzing and conjugating enzymes, phase I and phase II,
respectively).’®® Before conjugation, anthocyanins can undergo degradation to
phenolic acids and aldehydes, in processes that can also involve the intestinal
microbiota at the level of the colon. In this process, the cleavage of the sugar moiety
is the first step, followed by the hydrolysis of the O-glycoside bond, for ring
opening. Depending on the substituents attached to the B ring, different products can
be formed.**! Cyanidin is degraded to protocatechuic acid, malvidin to syringic acid,
peonidin to vanillic acid, delphinidin to gallic acid and pelargonidin to 4-
hydroxybenzoic acid.?**3¢! After the fission of ring C, ring A gives rise to

phenylacetaldehyde and benzaldehydes. ¢!

Phase I metabolism plays an important role in the availability of anthocyanins.
Despite between 30% and 40% of C3G was found as protocatechuic acid in human

362
plasma,

also the methylated derivative peonidin 3-glucoside was detected 15
seconds after administration. Pelargonidin 3-glucoside is metabolized in humans
into pelargonidin 3-glucuronide, pelargonidine-3-glucoside-glucuronide and is
degradated in 4-hydroxybenzoic acid.*** Delphinidin-3-glucoside, petunidin-3-
glucoside and malvidin-3-glucoside were found in the blood in their native forms
after ingestion, while the glucuronidated forms were identified as the main

metabolites in urine.>®?

223



The study of phase II metabolism of anthocyanins has attracted considerable
interest, too, due to the remarkable bioactivity of methylated, sulfated and/or
glucuronidated derivatives.>** However, the commercial availability of phase II
metabolites is very limited, therefore the development of protocols for the synthesis
of standard reference substances is of paramount importance. Several approaches
have been reported to synthesize phase II metabolites of flavonoids in general.
Among these, the use of enzymes appears to be of particular interest, because not
only ensures good regioselectivity, but also generally requires mild reaction
conditions, fundamental in case of unstable molecules such as anthocyanins. For
example, methylated, sulfated and glucuronidated derivatives of cyanidin and C3G
have been obtained using porcine liver enzymes.’® Specifically, methylation has
been mediated by catechol-O-methyltransferase (COMT) enzyme, leading to the
formation of the methylated derivative in the 3' position, that is peonidin-3-O-
glucoside. Glucuronidation has been carried out via glucuronosyltransferase (UGT),
leading to the formation of three different monoglucuronidated forms of C3G and a
glucuronidated cyanidin, for which, however, it was not possible to predict the
glucuronidation position.’®* In the same study, the presence of sulfated metabolites
of C3G, obtained by action of sulfotransferases (SULT), has been also highlighted,

although even in this case it was not possible to identify the sulfation site.’®

Despite the promising results, enzymatic processes are not feasible on a large scale,
and for this purpose, a chemical synthesis could be more promising. In this context,
flavonoids methylation has been described with the use of dimethyl sulfate (DMS)?¢
or methyl iodide.*®” Several O-alkyl derivatives of naringenin, including mono-, di-
and trimethylated derivatives, have been synthesized using anhydrous potassium

carbonate and various alkyl iodides.*®®

Regarding anthocyanins, sulfation of cyanidin and C3G has been carried out using a

9

SOs-triethylamine complex,*® while a variety of methylated derivatives (in

particular three monomethylated derivatives, three dimethylated derivatives, three
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trimethylated derivatives and one tetramethylated derivative) of C3G have been
observed by reaction with dimethyl carbonate.?™ In both cases, however, a series of
limitations were encountered, including the instability of the sulfate groups under
acidic conditions and at high temperatures and complex purification procedures,

which have allowed the isolation of the derivatives in very small quantities.

In this context, in the present Chapter the results of preliminary experiments aimed
at the development of synthetic methodologies for the preparation of anthocyanin
metabolites are reported. In particular, three different protocols have been developed

for the preparation of sulfated, methylated and glucuronidated derivatives of C3G.

This part of the thesis work was carried out in collaboration with Prof. Andreas
Schieber and Dr. Maike Passon of the Institute of Nutritional and Food Science of
the University of Bonn, who provided the starting anthocyanin and carried out the
LC-MS analysis of the reaction mixtures. Part of the work was also directed to the

investigation of different food products as sources of C3G.

8.2 Synthesis of anthocyanin metabolites

8.2.1 Sulfation reactions

For the preparation of C3G sulfated derivatives SOs-pyridine complex (SO;-Py) was
used as sulfating agent (Figure 8.2.1.1). This reagent is able to effectively react with
phenolic groups of natural compounds, including flavonoids, although in the case of
C3@G, non-phenolic hydroxyl groups of the glucose unit are also present, which

could be sulfated as well.

N
S—0 ¥
o7 0 | A
| NN DMFdry N
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Figure 8.2.1.1. General scheme of OH group sulfation reaction using SO3-Py complex as

sulfating agent.
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In a first series of experiments, the reaction was carried out at C3G concentration of
20 mM in dry N,N-dimethylformamide (DMF), at room temperature, in the presence
of 8 molar eqs of SO;-Py. After 10 min, the mixture was diluted 1:20 v/v with a 0.6
M HCI solution and analyzed by HPLC, which showed no consumption of C3G.

After several attempts, interesting results were obtained by carrying out the reaction
at 45 °C, in the presence of 5 molar eqs of SOs-Py. The HPLC profile of the reaction
mixture after 10 min highlighted the formation of a single main product (indicated
as A in Figure 8.2.1.2a) characterized by a lower retention time than the starting

C3G, as expected for a more polar, sulfated derivative.

In order to obtain a higher consumption of the starting compound, higher

temperature (e.g. 70 °C) were investigated, leading however to similar results.

A significant C3G consumption, as well as the formation of apparently stable
products, was observed running the reaction at 45 °C with 5 molar eqs of SOs-Py,
followed by addition of further 5 molar eqs after 10 min. The chromatogram showed
in this case an almost complete consumption of C3G, accompanied by the formation
of a series of products, probably characterized by a higher sulfation degree (B-G)
(Figure 8.2.1.2b). This hypothesis was confirmed by LC-MS analysis, which
effectively highlighted the presence of monosulfated derivatives in the "Sulfate 1"
mixture, while different mono- and disulfated derivatives were found to be present
in the “Sulfate 2” mixture (Figure 8.2.1.3). These products are currently being

purified for a full spectroscopic characterization.
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Figure 8.2.1.2. HPLC profile of the reaction mixture of C3G with (a) SO3-Py (5 molar eqgs),
carried out at 45 ° C for 10 min (indicated as "Sulfate 1" in Figure 8.2.1.3), and (b) SO;-Py
(5 + 5 molar eqs), carried out at 45 ° C for 10 min + 10 min (indicated as "Sulfate 2" in

Figure 8.2.1.3). Eluant I: 0% B, 10 min; 0% to 3% B, 10-15 min; from 3% to 25% B, 15-60

min, detection wavelength = 523 nm.
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Figure 8.2.1.3. Results of the LC-MS analysis of C3G sulfation mixtures.
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8.2.2 Methylation reactions

Methylation of C3G was initially carried out using iodomethane as methylating
agent, which, however, did not lead to a significant consumption of the starting
product, even at long reaction times (up to 24 h) and high temperatures (up to 45 °C)
(Figure 8.2.2.1).

570 - o
L Cyanidin 3-O-glucoside
2 380 (C3G)
E
190
0
1 1 1 1 1
0 5 10 15 20 25 30
Time (min)
s 24 h
C3G
o 380
9
E
190
i s

Figure 8.2.2.1. HPLC profile of the reaction mixture of C3G with iodomethane and K,CO3,
carried out at 45 ° C for 24 h. Eluant II: from 3% to 25% B, 0-45 min; 25% to 30% B, 45-50
min; 30% to 80% B, 50-55 min.

Subsequently, a procedure reported in literature, based on the use of DMS for the
preparation of O-methylated derivatives of quercetin, was adopted.>®® DMS is often
used as methylating agent of nucleophilic functional groups such as phenols, amines
and thiols, and is able to transfer methyl groups via a bimolecular nucleophilic
substitution reaction (SN,). The reaction was carried out in the presence of K,COs as
a base, in order to deprotonate the phenolic groups and thus make them more

nucleophilic (Figure 8.2.2.2).
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Figure 8.2.2.2. General scheme of OH group methylation reaction using DMS as

methylating agent.

In a first series of experiments the reaction was carried out with 120 mM C3G in dry
DMF, in the presence of 400 mM K,CO; and 45 molar eqs of DMS. The mixture
was kept under magnetic stirring at 45 °C and periodically analyzed by HPLC after
1:30 v/v dilution in 0.6 M HCI. As evident from the HPLC profiles shown in Figure
8.2.2.3, a progressive consumption of C3G was observed, accompanied by the
formation of different products, some of which eluted at higher retention times than
C3G, as expected for methylated products. However, other products at lower
retention times, and hence more polar, were also detectable. Indeed, the use of DMS
as methylating agent could lead to the formation of secondary sulfated products, as

reported in literature.’!
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Figure 8.2.2.3. HPLC profiles of the methylation mixture of C3G with DMS and K,COs at
45 °C, at different times. Eluant II: from 3% to 25% B, 0-45 min; 25% to 30% B, 45-50 min;
30% to 80% B, 50-55 min, detection wavelength = 523 nm.

This hypothesis was confirmed by HPLC analysis of the reaction mixture run under
the same gradient conditions used for the analysis of the sulfation mixtures (Figure
8.2.2.4a) and by LC-MS analysis (Figure 8.2.2.4b), which confirmed the presence of

mono- and disulfated derivatives of C3G.

In any case, the LC-MS analysis confirmed the occurrence of the methylation
reaction of C3G, since two dimethylated derivatives were detected. A similar pattern

of products was obtained by carrying out the reaction at room temperature or at
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60°C, but in this last condition the products were formed faster. Although the
formation of sulfation products could seem a drawback, it could actually allow the
isolation of the methylated and sulfated derivatives from a single reaction mixture.

This possibility is currently under investigation.

It must be considered that only methylation at the B-ring of anthocyanins is
biologically relevant, especially at C3’-OH, to mimic COMT activity,*’? so further

structural characterization of the methylated derivatives is required, particularly in

this case.
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Figure 8.2.2.4. (a) Comparison between the HPLC profiles of C3G methylation (in red) and
sulfation (black) mixtures, obtained under the elution conditions used for the analysis of the

sulfation mixtures. (b) Results of the LC-MS analysis of the C3G methylation mixture.
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8.2.3 Glucuronidation reactions

For the synthesis of C3G glucuronidated derivatives, a procedure reported in
literature was used as reference,’” based on the use of 1-bromo-2,3,4-tri-O-acetyl-o-
acid methyl ester of D-glucuronic acid in the presence of Ag,O and CaSOQs. This
reagent is able to mediate the transfer of glucuronic acid units on nucleophilic OH
groups. However, under the conditions described above, the anthocyanin underwent
rapid degradation with the formation of a dark precipitate, presumably due to the
presence of silver oxide. The conditions previously developed for the methylation
reaction were therefore adopted, and C3G was reacted with the 1-bromo-2,3,4-tri-O-
acetyl-a-D-glucuronic acid methyl ester in the presence of K,COs. Under these
conditions, the deacetylation and hydrolysis of the ester functionality in the product

should also be promoted (Figure 8.2.3.1).37

R—O + Ol

Figure 8.2.3.1. General scheme of glucuronidation of hydroxyl groups by reaction with the

methyl ester of 1-bromo-2,3,4-tri-O-acetyl-a-D-glucuronic acid.

In particular, the reaction was carried with 40 mM C3G in dry DMF, in the presence
of 4 molar eqgs of the glucuronic acid derivative and 140 mM K,COjs. The mixture
was kept under magnetic stirring at room temperature and periodically analyzed by
HPLC. However, under these conditions, the formation of significant amounts of
any product was not observed even at long times. Similar results were obtained
using 8 molar eqgs of glucuronidating agent, at 45 °C. By further forcing the reaction
conditions (16 molar eqs of glucuronidating agent, 70 ° C) it was finally possible to

observe, after 4 h, a complete consumption of the starting C3G and the formation of
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two main products (A and B, Figure 8.2.3.2). LC-MS analysis of this reaction

mixture is currently underway.

C3G A
120
100
80
- B
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Figure 8.2.3.2. HPLC profile of the reaction mixture of C3G with the methyl ester of 1-
bromo-2,3,4-tri-O-acetyl-a-D-glucuronic acid (16 molar eqs) at 70 °C after 4 h. Eluant II:
from 3% to 25% B, 0-45 min; 25% to 30% B, 45-50 min; 30% to 80% B, 50-55 min,

detection wavelength = 523 nm.

8.3 Conclusions

In this Chapter, the development of different methodologies for the synthesis of

cyanidin 3-O-glucoside metabolites was described.

Although the results are still very preliminary, and only a complete spectroscopic
characterization of the products will allow to identify which hydroxyl functionalities
of C3G have undergone derivatization, this is the first systematic study aimed at the
development of simple reaction conditions based on the use of inexpensive reagents
for the hemisynthesis of metabolites of a highly reactive and unstable compound
such as C3G. In the future, these synthetic strategies could probably be applied on a
larger scale, starting also from other anthocyanins and the corresponding
anthocyanidins, thus providing a quick and easy way to obtain reference compounds
that can be used not only to identify and quantify the metabolites of these pigments

in biological fluids, but also to test their biological properties.
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8.4 Experimental section

Materials and methods

Cyanidin 3-O-B-glucoside (C3G) was provided by Dr. Maike Passon (Institute of
Nutritional and Food Science, University of Bonn). Grape pomace was provided by
Dr. Daniele Naviglio (Department of Chemical Sciences of the University of Naples
"Federico II"). Red cabbage, blackberries, blueberries, and black currants were

bought at a local supermarket.

All solvents and reagents were obtained from commercial sources and used without

further purification.

HPLC analysis were performed on an ODS column, 250 mm x 4.6 mm, with
particles of 5 um diameter (Sphereclone, Phenomenex). The detection was carried
out at 523 nm using a mixture of water/acetonitrile/formic acid 87:3:10 v/v/v
(solvent A) and acetonitrile (solvent B) as eluant, at a flow rate of 1.0 mL/min under

different gradient conditions:

1) 0% B, 10 min; 0% to 3% B, 10-15 min; from 3% to 25% B, 15-60 min (sulfation

reactions, eluant I);

it) from 3% to 25% B, 0-45 min; 25% to 30% B, 45-50 min; 30% to 80% B, 50-55
min (methylation and glucuronidation reactions and analysis of extracts from natural

sources, eluant II).

8.4.1 Sulfation reaction. To 1.5 mg of C3G (0.003 mmol), dissolved in 150 pL of
dry DMF, 4 mg of SOs3-Py (0.025 mmol, 8 molar eqs) were added. The mixture was
kept under magnetic stirring at room temperature and periodically analyzed by

HPLC after dilution 1:20 v/v with a 0.6 M HCI solution.

In other experiments the reaction was carried out: i) in the presence of 5 molar eqs

of SOs-Py, at 45 °C; ii) in the presence of 5 molar eqs of SO3-Py for 10 min at 45
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°C, with the addition of further 5 molar eqs of SOs-Pys; iii) in the presence of 3 or 4
molar eqs of SO3-Py, at 70 °C. All mixtures were periodically analyzed by HPLC.

8.4.2 Methylation reaction. To 3.0 mg of C3G (0.006 mmol), dissolved in 50 pL of
dry DMF, 25 uL of DMS (0.26 mmol, 44 molar eqs) were added followed by 2.8
mg of K»COs (0.020 mmol). The mixture was kept under magnetic stirring at a
temperature of 45 °C and periodically analyzed by HPLC after 1:30 v/v dilution
with a 0.6 M HCI solution.

In other experiments the reaction was carried out: i) at room temperature; ii) at 60

°C. All mixtures were periodically analyzed by HPLC

8.4.3 Glucuronidation reaction. To 2.0 mg of C3G (0.004 mmol), dissolved in 100
ul of dry DMF, 6.5 mg of 1-bromo-2,3,4-tri-O-acetyl-a-D-glucuronic acid methyl
ester (0.016 mmol, 4 molar egs) and 2 mg of K,CO; (0.014 mmol) were added. The
mixture was kept under magnetic stirring at room temperature and periodically

analyzed by HPLC after 1:20 v/v dilution in 0.6 M HCL.

In other experiments, the reaction was carried out: i) in the presence of 8 molar eqs
of the methyl ester of 1-bromo-2,3,4-tri-O-acetyl-a-D-glucuronic acid, at 45 °C or
70 °C; ii) in the presence of 16 molar eqs of the methyl ester of 1-bromo-2,3,4-tri-O-
acetyl-a-D-glucuronic acid, at 70 °C. All mixtures were periodically analyzed by

HPLC.
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Chapter 9

Preparation of a new red pigment from oxidative
coupling of chlorogenic acid and tryptophan to be used

as a food colorant

9.1 Introduction

Color is a fundamental feature of foods and drink and can play an important role in
the market success of a product. The coloring of foods dates back to ancient times.?”
Egyptian writings describe the coloring of drugs, while Romans one describe the
coloring of wine.?”® Historically, saffron, paprika, turmeric, and various flowers
represented the most popular food coloring substances.*” In the 19th century, during
industrial development, the requirement for food colorants significantly grew, in
order to improve the appearance of food and drink products and makes them more
attractive for the consumers. The high consumer demand brought to the
development of a series of synthetic food colorants easier to produce compared to

natural ones.

Nowadays, despite the safety of synthetic colorants is extensively evaluated and
strictly regulated, food industry increasingly requires alternatives for the
replacement of artificial colorants with those derived from natural sources.
However, natural pigments are generally characterized by a high number of
limitations for food coloring compared to synthetic colorants. Most of them are
sensitive to heat, light, oxygen, pH or presence of proteins and metal ions in the food

matrix, resulting in color loss or alteration.

A remarkable example is the poor stability of anthocyanins to light, heat, oxygen,

and pH, which has limited in part their use as natural food pigments, although
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several stabilization strategies such as copigmentation, encapsulation, use of
additives have been developed to improve their use. Therefore, the search for novel
natural compound-based food dyes with high stability is becoming increasingly

attractive.

In this context, a procedure for the preparation of green benzacridine pigments by
reaction of chlorogenic acid (CGA) with lysine, glycine or protein-rich food
matrices such as chicken egg albumen, have been recently reported.’”” These
pigments were found to be able to impart intense green color to food samples and
exhibited a satisfactory thermal stability, without exerting significant toxicity on

Caco-2 and HepG2 cell lines.*”’

Interestingly, a systematic investigation of the reactivity of CGA with the 20
proteinogenic amino acids under alkaline conditions, revealed the formation of a
peculiar intense red color when tryptophan (TRP) was used,*’® therefore this reaction

could be highly attractive for the preparation of a red food dye.

On this basis, in this Chapter the preparation and structural characterization of a new
red pigment deriving from oxidative coupling of CGA and TRP and the assessment

of its potential as food colorant is described.

9.2 Preparation and characterization of the CGA-TRP

pigment
9.2.1 Pigment preparation

In a first series of experiments, an optimization of the reaction conditions for the red
pigment preparation was carried out. The reaction was initially carried out at pH 9
with both CGA and TRP at 14 mM and, as expected, an intense red color developed

after few hours. In accordance with this observation, UV-Vis spectrum of the
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reaction mixture, recorded at 24 h, exhibited an absorption maximum at ca. 540 nm,
whose intensity was significantly higher when the reaction was run in the presence
of 5 molar eqs of TRP and by prolonging the reaction time up to 64 h (Figure
9.2.1.1a).

On this basis, a preparative-scale reaction was carried out on 0.65 g of CGA with 5
molar eqs of TRP, and after 64 h the pH was adjusted to 1 to stop the reaction. At
acidic pH, the immediate precipitation of the red pigment was observed, which was
collected by centrifugation and lyophilization. UV-Vis spectrum confirmed the
complete precipitation of the pigment since no significant absorption at 540 nm was
detected in the supernatant. HPLC and LC-MS analysis of the pigment re-dissolved
in alkaline medium evidenced the absence of residual CGA, but the presence of
significant amounts (88% w/w) of TRP, partially co-precipitated during acidification
of the reaction mixture. On this basis, the pigment was purified by gel filtration on
Sephadex G-10 column as previously reported for the green benzacridines from
CGA and lysine/glycine.’”” The combined pigment-containing fractions were then
acidified, leading to the precipitation of the pigment as a red powder (Figure

9.2.1.1b). HPLC analysis showed the presence of only 5% w/w residual TRP in the

purified pigment.
a)
¥ —24h b)
12 4 —48h
—64h
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Figure 9.2.1.1. (a) UV-Vis absorption spectrum of the reaction mixture (1:100 v/v dilution in
water) of CGA (14 mM) and TRP (70 mM) at pH 9 at different times (b) Digital photo of the

red powder.
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9.2.2 Structure characterization of the CGA-TRP pigment

The gel filtration purified CGA-TRP pigment was firstly characterized by UV-Vis
analysis, which showed absorption maxima in visible region, at 542 and 546 nm,

and in the UV region, at ca. 340 ¢ 400 nm (Figure 9.2.2.1a).

HPLC analysis with UV-Vis detection at 254 nm showed the presence of a main
group of products eluted between 8 and 12 min, present also in the profile obtained
setting the detection wavelength at 578 nm (Figure 9.2.2.1b). LC-MS analysis
(Figure 9.2.2.1c,d) showed a similar pattern of products, all exhibiting the same
molecular ion peak at m/z 840, probably due to the presence of different isomers,
which could suggest acyl migration on the quinic acid moiety at the slightly alkaline

pHs of the reaction medium as previously reported.’’”"
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Figure 9.2.2.1. CGA-TRP pigment characterization: (a) UV-Vis spectrum, (b) HPLC elution
profiles at A = 254 nm (left) and 578 nm (right) (eluant: 0.1% formic acid with acetonitrile
from 20% to 80% in 40 min, flow rate of 1 mL/min), (c) Extracted ion current (EIC) profile
(m/z 840) and (¢) MS spectrum of the products eluted at 21-23 min (eluant: 0.1% formic acid

with acetonitrile from 20% to 80% in 40 min, flow rate of 0.4 mL/min).

In subsequent experiments, further purification was carried out by semipreparative
HPLC, that allowed to collect fractions eluting at around 29 min exhibiting
absorption maxima at 540 nm and 280 nm characterized by a 1:1 ratio in the UV-Vis
intensity (Figure 9.2.2.2a). HPLC profile of the purified fractions under analytical
conditions showed a single peak eluted at ca. 12 min with detection at 578 nm

(Figure 9.2.2.2b), for which a pseudomolecular ion peak at m/z 476 [M+Na]" in the
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positive ion mode and m/z 452 [M-H]" in the negative ion mode was determined by

MS analysis (Figure 9.2.2.2c¢).

On this basis, it can be concluded that the species eluted between 8-12 min of the

CGA-TRP pigment are constituted by a major component with a molecular weight

of 453 Dalton (CGA-TRP/A) and a minor one responsible for the cluster of peaks

characterized by pseudomolecular ion peaks at m/z 840 in the MS spectrum (CGA-

TRP/B), which was preferentially revealed by LC-MS but obtained in insufficient

amounts for NMR analysis.
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Figure 9.2.2.2. (a) UV—vis spectrum, (b) HPLC profile at A = 578 nm and (c) ESI/MS

spectrum in positive (top) and negative (bottom) modes of the product eluted at 11.8 min.
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NMR analysis of CGA-TRP/A (Figure 9.2.2.3-9.2.2.5) allowed definition of the
structure shown in Figure 9.2.2.6. Diagnostic for structural characterization proved
1) the lack of the signals of the quinic acid moiety; ii) the presence of signals for a
single TRP alanyl side chain; iii) complete sets of protons for two indole systems,
one of which markedly low-field shifted; iv) a highly shielded proton at 6.81 ppm
showing one bond correlation with a carbon at 99.8 ppm; v) a highly deshielded
proton at 9.73 ppm correlating with a carbon at 136.5 ppm; vi) four D,O

exchangeable protons.

7.27/111.9

9.03 HN

7.73/
127.6

7.95/
132.1

8.22/124.8

Figure 9.2.2.3. Proposed structure and complete proton and carbon resonance assignment for

CGA-TRP/A.

The peculiar structure of compound CGA-TRP/A would derive from a relatively
complex sequence of events triggered by oxidation of CGA in the presence of

excess TRP leading eventually to loss of the side chain of one TRP moiety as well as
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partial loss of the propenoate moiety of chlorogenic acid. Nucleophilic addition of
the side chain amino group of TRP to CGA o-quinone leading to adduct I may likely
represent the initial step of the reaction route to CGA-TRP/A (path A). Subsequent
oxidative fission of CGA at the benzylic position could be due to the addition of
hydrogen peroxide generated by catechol oxidation, followed by a carbonyl forming
reaction, as previously described.’” Subsequent steps would include: i) nucleophilic
addition of the 3-position of TRP indole moiety onto the resulting benzaldehyde II
and ii) concomitant or subsequent ring closure further to the attack to the imine
function by an hydroxylated position generated by addition of H>O to a quinonoid
intermediate under the slightly alkaline conditions of the reaction. Finally, a
sequence of elimination steps would lead to the highly conjugated system CGA-
TRP/A. This system exhibits a cyanine-type push-pull chromophore similar to that
of betacyanin pigments and responsible for the observed red color. The formation of
the isomeric products with m/z 840 could be associated to a different reaction
pathway, starting from the adduct I via a mechanism previously reported for the
reaction of CGA with amino acids in alkaline medium, leading to a benzacridine

ring system.378:380.381

In accord with the proposed formation mechanism, by replacing
TRP with its N-acetyl ethyl ester derivative, indole-3-acetic acid or tryptamine, no

red chromophore formation was observed.
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Figure 9.2.2.4. '"H NMR spectrum of CGA-TRP/A in (a) DMSO-ds and (b) DMSO-d6 +
20% of D»0. (c) 13C NMR spectrum of CGA-TRP/A in DMSO-d6.
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Figure 9.2.2.5. (a) 'H,'"H COSY, (b) 'H,"*C HSQC and (c) 'H,'*C HMBC spectra of CGA-

TRP/A in DMSO-d6.
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Figure 9.2.2.6. Proposed formation pathways of CGA-TRP/A and CGA-TPR/B.
9.2.3 Functional characterization of CGA-TRP pigment

In further experiments, pH and thermal stability of CGA-TRP pigment were
evaluated in comparison with red wine anthocyanins and commercial betanin. As
evidenced in Figure 9.2.3.1a, moving from pH 1-4 to pH 5-12, only a ca. 30 nm shift
(from 578 to 546 nm) in the absorption maximum was observed, probably due to
protonation of the imine type functionality of CGA-TRP/A at low pH, allowing for a
more extensive electron delocalization. On the contrary, and as expected, pH impact
was more marked on anthocyanins under the same conditions, whereas betanin was
characterized by a relatively stability in the pH range 1-10 but underwent significant
degradation at pH 12 (Figure 9.2.3.1b,¢). In the future, the estimation of pK, and a
computational analysis could be carried out to go deeper into the spectral properties

and their pH dependence.
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Figure 9.2.3.1. UV-Vis absorption spectra of (a) CGA-TRP pigment (0.018 mg/mL
solution), (b) red wine anthocyanins (0.018 mg/mL solution) and (c) betanin (2.5 mg/mL
solution), in 0.1 M phosphate buffer at pH 1.0-12.0.

In another series of experiments, the thermal stability of CGA-TRP pigment, red
wine anthocyanins and betanin solutions was evaluated at pH 3.6 or 7.0. The
pigment solutions were taken in an oven at 90°C and periodically analyzed by UV-
Vis spectroscopy.*®? The results shown in Figure 9.2.3.2 indicated a ca. 30%
abatement after 1 h of the absorption of the anthocyanin solution, while a complete
abatement was observed for betanin after 1 h. On the other hand, CGA-TRP pigment
was found to be stable over at least 3 h, with only a 5% absorbance decrease after 1
h. A greater degradation of red wine anthocyanins and betanin was observed at pH

7.0, while CGA-TRP pigment was found again to be stable.
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Figure 9.2.3.2. (a) UV-vis absorption spectra of CGA-TRP pigment (left), red wine
anthocyanins (middle) and betanin (right) at different times in 0.3 M acetate buffer at pH 3.6
and (b) in 0.1 M phosphate buffer pH 7.0 (pigment concentration = 0.018 mg/mL for CGA -
TRP and anthocyanin pigments, and 2.5 mg/mL for betanin).

The possible application of CGA-TRP pigment as a food dye was assessed in
several food matrices. Due to the insolubility of the pigment in food matrices whose
preparations did not involve a heating step, pre-dissolution in DMSO was needed.

The coloring ability of CGA-TRP pigment is shown in Figure 9.2.3.3.

Figure 9.2.3.3. Coloring ability of CGA-TRP pigment in white yogurt (0.007% w/w pigment
added as a DMSO solution), gelatin (0.01% w/w pigment), ice cream (0.01% w/w pigment
added as a DMSO solution) and popsicle (0.01% w/w pigment), in this order.

To overcome the insolubility limitation, in further experiments the sodium salt of the
pigment was prepared and used. A 1% aqueous solution of sodium salt showed
extinction coefficient of 244 + 2, that is a quite high value when compared with

other natural red pigments like betanin. The sodium salt of CGA-TRP pigment was
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directly added to the food matrix as a powder, leading to satisfactory colorations

even when 0.01 % w/w of the pigment was used (Figure 9.2.3.4).

Figure 9.2.3.4. Coloring ability of sodium salt of CGA-TRP pigment (0.01 %w/w) in white

yogurt, ice cream, gelatin, and popsicle.

9.2.4 Cytotoxicity of the CGA-TRP pigment

Cytotoxicity of the sodium salt of CGA-TRP pigment was evaluated on human
hepatic cells (HepG2) and colonic cells (Caco-2 and CCD-18Co) after exposure to
0-200 pg/mL of the pigment for 24 h.3*? The treatment did not affect cell viability of
both cell line, as reported in Table 9.2.5.1, indicating that the concentrations used to

obtain an intense red color (100 pug/g), did not exert cytotoxicity.

Table 9.2.5.1. Cytotoxicity of the sodium salt of CGA-TRP pigment. Reported are the mean
+ SD values of at least three experiments. Values are means = SD of 8-14 data. Means in a

column without a common letter differ, P< 0.05.

Viable cells (%)

CCD-18Co Caco-2 HepG2
Control 100.1 + 5.47° 104.4 +£9.7* 100.4 +10.1°
10 pg/mL 98.5 + 6.4 103.5+7.1# 102.0 +£10.9°
25 pg/mL 99.1 +£9.3° 103.5+£9.0* 107.6 £9.12
50 pg/mL 110.8 £ 8.2¢ 97.9+7.2° 100.9 £9.52
100 pg/mL 107.4 +6.7% 96.7+7.9° 89.2+10.2°
200 pg/mL 105.2 + 8.8* 93.7+£5.0° 91.7+11.3%

9.3 Conclusions

In this last Chapter, an easy preparation protocol of a red pigment by oxidative
coupling of CGA with TRP has been reported. The reaction led to the formation of a

cyanine-type chromophore integrated in a benzochromeno[2,3-bJindole scaffold,
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responsible for its red color. The CGA-TRP pigment showed remarkable stability
under different pHs conditions, and at temperatures up to 90°C both in acidic and
neutral environment. Its sodium salt showed satisfactory water solubility and an
extinction coefficient 5-20 times higher than that of commonly used natural red
dyes. These features allowed to lower the use doses up to 0.01% w/w. Moreover, the
pigment showed very low toxicity even at high concentrations needed to reach
intense red colorations. CGA-TRP pigment and its sodium salt were found to be able
to impart a natural red color to food products ranging from milk based, lipophilic
ones to high hydrophilic matrices. This pigment could therefore represent a

prototype of compounds derived from natural products for use in food applications.

9.4 Experimental section

Materials and methods

All solvents and reagents were obtained from commercial sources and used without

further purification.

Red wine anthocyanins were kindly provided by Dr. Fabian Weber (Institute of
Nutritional and Food Sciences, Molecular Food Technology, University of Bonn,

Germany). Food products were purchased from a local market.

UV-Vis absorption spectra were recorded on a Hewlett Packard 8453 Agilent

instrument.

HPLC analyses were performed on an Agilent instrument equipped with a UV-Vis
detector (A = 254 and 578 nm) using a Phenomenex Sphereclone C18 column (250 x
4.6 mm, 5 um). 0.1% formic acid with acetonitrile from 20% to 80% in 40 min was
used as the eluant, at a flow rate of 1 mL/min. Semipreparative HPLC fractionation
was run on a Phenomenex Sphereclone C18 column (250 x 10 mm, 5 pm) (Castel

Maggiore, Bologna, Italy) using the same gradient at a flow rate of 2 mL/min.
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LC-MS analyses were run on an Agilent LC-MS ESI-TOF 1260/6230DA
(instrument operating in positive ionization mode in the following conditions:
nebulizer pressure 35 psig; drying gas (nitrogen) 5 L/min, 325 °C; capillary voltage
3500 V; fragmentor voltage 175 V). An Eclipse Plus C18 column, 150 x 4.6 mm, 5
um at a flow rate of 0.4 mL/min was used, using the same eluant as above. Direct
infusion in mass spectrometry (LCQ Fleet Thermofisher) was performed in positive
and negative electrospray modes. The heater temperature was set at 100 °C, the gas
flow rate was 20 (arb) and the capillary temperature was 275 °C. For positive mode
the capillary voltage was 10 V, the tube lens voltage was 120 V, and the spray
voltage was 5.5 kV. For negative mode the capillary voltage was -42 V, the tube
lens voltage was -65.6 V, and the spray voltage was 4.5 kV. The monitored mass

range was m/z 200—800.

'H NMR (400 MHz or 500 MHz) and "*C NMR (100 MHz or 126 MHz) spectra
were recorded on Bruker Avance I11-400 (Milan, Italy) or INOVA 500 (Palo Alto,
CA, USA) spectrometers at room temperature. The proton couplings were evidenced
by 'H,'H COSY experiments. Proton-detected heteronuclear correlations were
measured using a gradient heteronuclear single-quantum coherence (HSQC),
optimized for 'Jyc = 155 Hz, a gradient heteronuclear multiple bond coherence

(HMBC), optimized for "Jic = 8 Hz.

9.4.1 Reaction of CGA and TRP. The reaction was carried out according to
previously reported procedures.’’”” Aqueous solutions of TRP (28-140 mM) and
CGA (28 mM) were mixed at a 1:1 v/v ratio. The pH of the solution was adjusted to
9 with 0.1 M NaOH at the beginning of the reaction and after 10 and 30 min. The
mixture was left under vigorous stirring and periodically analyzed by UV-Vis
spectroscopy and LC-MS at 24 h intervals after 1:100 v/v dilution in water. In other
experiments the reaction was run by replacing TRP with N-acetyl ethyl ester TRP,

indole-3-acetic acid and tryptamine.
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9.4.2 Preparation and characterization of the CGA-TRP pigment. 0.65 g of
CGA were reacted with TRP (1.88 g, 5 molar eqs) under the reaction conditions
described above. After 64 h, the reaction mixture was acidified to pH 1 with 3 M
HCI. The red precipitate was then collected by centrifugation (7000 rpm, 15 min)
and lyophilization (ca. 0.99 g). The pigment was re-dissolved in the minimum
amount of 0.1 M NaOH and purified on a Sephadex G-10 column (60 x2.5 cm)
using water as eluant. 20 mL fractions were collected and analyzed
spectrophotometrically after 1:100 v/v dilution in water. Those showing an
absorption maximum at ca. 540 nm were combined, acidified to pH 1 and the
precipitate collected by centrifugation and lyophilization, to give ca. 0.24 g (37%
w/w yield with respect to CGA) of a red solid. The amount of residual TRP was
evaluated by HPLC analysis with detection at 254 nm against a calibration curve
obtained with solutions of TRP in a suitable concentration range. For NMR analysis
the pigment purified by gel filtration was further fractionated by semipreparative
HPLC under the conditions described above. Fractions eluted at around 29 min
exhibiting a 1:1 ratio of absorptions at 280 nm and at 550 nm in the UV-Vis
spectrum were collected and acidified, and the precipitate collected by centrifugation

and lyophilization. The residue was characterized by NMR and MS analysis.
ESI(+): m/z 475.52 ([M+Na]"), ESI(-): m/z 451.76 ([M-H])

'H NMR (DMSO-d6) § (ppm): 3.57 (m), 4.70 (m), 6.81 (bs), 6.96 (t, J = 7.2 Hz),
7.00 (t, J = 7.0 Hz), 7.18 (s), 7.27 (d, J = 7.0 Hz), 7.28 (s), 7.40 (s), 7.70 (d, J = 7.2
Hz), 7.73 (t, d, J = 7.1 Hz), 7.95 (t, J = 7.9 Hz), 8.22 (d, ] = 7.9 Hz), 8.58 (d, J = 7.1
Hz), 9.03 (bs), 9.73 (s), 10.93 (s).

13C NMR (DMSO-d6) & (ppm): 27.4, 58.0, 99.8, 110.0, 110.5, 111.9, 118.7, 119.0,
121.5, 1243, 124.8, 125.2, 126.2, 127.6, 132.1,136.5, 170.4, 173.5.

9.4.3 Evaluation of the pH stability of the CGA-TRP pigment. 5 mg of the
pigment were dissolved in 1.7 mL of 0.06 M NaOH, diluted 1:100 v/v in 0.1 M
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phosphate buffer at pH 1-12, and analyzed by UV-Vis spectroscopy. The same
procedure was applied to red wine anthocyanins (3 mg/mL in water) or commercial

betanin (red beet extract diluted with dextrin) (250 mg/mL in water).

9.4.4 Evaluation of the thermal stability of the CGA-TRP pigment. 5 mg of
pigment were dissolved in 1.7 mL 0.06 M NaOH and added to 50 mL of 0.3 M
acetate buffer (pH 3.6) or 0.1 M phosphate buffer (pH 7.0). 5 mL of each mixture
were taken at 90 °C and hourly analyzed by UV-Vis spectroscopy. Same
experiments were carried out on red wine anthocyanins (0.1 mg/mL) and

commercial betanin (8.5 mg/mL).

9.4.5 Preparation of the CGA-TRP pigment sodium salt. 30 mg of pigment were
suspended in 3 mL of water and 0.1 M NaOH was slowly added until complete
solubilization. The sodium salt was recovered by lyophilization and analyzed by

UV-Vis spectroscopy for the determination of the extinction coefficient.

9.4.6 Food coloring with CGA-TRP pigment and its sodium salt. Yogurt: 2-4 mg
of CGA-TRP pigment or its sodium salt were added as such or after dissolution in
the minimum amount of DMSO or water, respectively, to 30 g of white yogurt. Ice
cream: 2-4 mg of CGA-TRP pigment or its sodium salt were added as such or after
dissolution in the minimum amount of DMSO or water, respectively, to 15-30 g of
frozen milk; the mixture was then blended until the desired consistency was
achieved. Popsicle: 4-8 mg of CGA-TRP pigment or its sodium salt were added to
40 mL of water containing 12 g of sucrose; the mixture was heated in a water bath
until complete dissolution and then left to freeze in a popsicle mold. Gelatin: 2-4 mg
of CGA-TRP pigment or its sodium salt were added to 20 mL of water containing 6
g of sucrose; the suspension was first heated in a water bath until complete
dissolution, subsequently 2.5 g of isinglass were added and finally the mixture was

left to cool at 4 °C.
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9.4.7 Cytotoxicity evaluation. Cell viability was determined by the crystal violet
assay in two human cancer cell lines (colonic Caco-2 cells and hepatic HepG2 cells)
and in a normal colon cell line (CCD-18Co, kindly provided by Dr. M* Dolores del
Castillo, Instituto de Investigacion en Ciencias de la Alimentacion, Madrid). Cells
were cultured in DMEM-F12 supplemented with 10% fetal bovine serum (FBS) and
50 mg/L of each of the following antibiotics: gentamicin, penicillin, and
streptomycin. Cell lines were maintained at 37 °C in a humidified atmosphere of 5%
CO,. Cells were plated (10* cells per well) in 96-well plates for the crystal violet
assay and the next day treated for 24 h with different concentrations of the sodium
salt of CGA-TRP pigment (10-200 pg/mL) diluted in serum-free culture medium.
Then, cells were washed with PBS and incubated with crystal violet (0.2% in
ethanol) for 20 min. Plates were rinsed with water, allowed to dry, and 1% SDS was
added. The absorbance of each well was measured using a microplate reader at 570

nm (Bio-Tek, Winooski, VT, USA).
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List of abbreviations

4-HBA 4-hydroxybenzoic acid
3,4-DHBA 3,4-dihydroyxbenzoic acid
BHA Butylated hydroxyanisole

BHT Butylated hydroxytoluene

C3G Cyanidin 3-O-B-glucoside

CCD Central composite design

CGA Chlorogenic acid

ChCl Choline chloride

CP-MAS Cross-polarization magic angle spinning
CS Coffee silverskin

CT Chestnut tannins

CWF Chestnut wood fiber

CWM Chestnut wood mud

DCF Dichlorofluorescein

DMF Dimethylformamide

DMS Dimethyl sulfate

DPPH 2,2-diphenyl-1-picrylhydrazyl

EA Ellagic acid

EDTA Ethylenediaminetetraacetic acid
EPR Electron paramagnetic resonance
Eqs Equivalents

FBS Fetal bovine serum

FFS Film forming solution

FOX Ferrous oxidation-xylenol orange
FRAP Ferric Reducing/Antioxidant Power
HBA Hydrogen bond acceptor

HBD Hydrogen bond donor

HRP Horseradish peroxidase

HSCG Hydrolyzed spent coffee ground
HTS Harsh treatment sample

ICP-MS Inductively coupled plasma mass spectrometry
L-DOPA 3,4-dihydroxy-L-phenylalanine
MB Methylene blue

MBC Minimal bactericidal concentration
MIC Minimal inhibitory concentration
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MTS Mild treatment sample

MTT 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
NMR Solid state nuclear magnetic resonance
ODS Octadecylsilane

OTR Oxygen transmission rate

PE Polyethylene

PLA Poly(lactic acid)

PNSE Pecan nut shell hydroalcoholic extract
PolyCAME Poly(caffeic acid methyl ester)
PVDF Polyvinylidene Fluoride

QT Quebracho tannins

RH Relative humidity

RO Run order

ROS Reactive oxygen species

SCG Spent coffee ground

SEM Scanning electron microscopy

SI Swelling index

s/l Solid to liquid ratio

SO Standard order

TBA Thiobarbituric acid

TBARS Thiobarbituric acid reactive substances
TEM Transmission electron microscopy
TEMPO 2,2,6,6-Tetramethylpiperidinyloxy
TPC Total phenol content

TPTZ 2.,4,6-tris(2-pyridyl)-s-triazine

Tris Tris (hydroxymethyl) aminomethane
Trolox 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid
TRP Tryptophan

TSA Tryptic Soy Agar

TSB Tryptic Soy Broth

WP Whey protein

WVP Water vapour permeability

WYVTR Water vapor transmission rate

XRD X-ray diffraction
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