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Abstract

The core of this PhD thesis is the exploitation, thenipulation,and the
mimicking of natural phenolic systems as functional biocompatible components
for use in hydrogels, sensors, surface coating, underwater adhesion, drug
delivery and interfaces in thoological and biomedical applications. Use of
green chemistry methodologies, based on mechanochemical treatments, solvent
free reaction, deep eutectic solvents, for preparation/manipulation of these
materials or their extraction from natural sources s a main approach
pursued in tls research activity. The synergistic effect stemming from
combination of these compounds, exhibiting unique intrinsic features, with
inorganic materials, resulting in tuning of th@hemical, optical, and even
electricd properties was also investigated.

In detail, the main outcomes of this PhD research activity can be summarized as
follows:

x A versatile dipcoating technology widely applied in the casé
polydopaming(PDA) for surface functionalization of various materials
was applied to the methyl ester of the melanin precutsér
dihydroxyindole2-carboxylic acid (DHICA) in combination with
hexamethylenediamine (HMDA) capable of imparting adhesive
propertiesFor the invesgation of the redox activity and morphology of
the resuling film, voltammetricand AFM/SEM techniques were used.
Chemical characterization was performed using HPLC, MAMS,
and H-NMR. Using chemical assays and a model of -&théssed
human immortalized keratinocytes (HaCat) cells, the film reducing
activity was assessed and conmgatip PDA based film. The
hypothesized film deposition mechanism is the spontaneous assembly of

selforganized networks held together primarily by electrostatic
1



interactions of MeDHICA in the anion form and HMDA as the dication.
The film exhibited consideble oxidative stress protection on HaCaT
cells and showed strong reducing properties.

The synthesis of new eumelanin precursors such as the amide/diamide
derivatives of 5,&lihydroxyindole2-carboxylic acid was developed,
based on the usef N-[(dimethylanino)1H-1,2,3triazolo[4,5-b]
pyridin-1-ylmethylene}]N-methylmethanaminiumhexafluorophosphate
N-oxide (HATU) as coupling agent and requiring the protection of the
catechol function by easily removable acetyl groups. Satisfactorily high
yields (>85%) were obtained for all amides. The meldika pigments
prepared by the amide derivatives by oxiafpolymerization in air in
aqueous buffer at pH ®xhibited chromophores resembling those of
DHICA-derived pigments. In the case of tlarboxybutanamide
analysis of the pigment by EPR, ATR FT IR and MALDI MS indicated

a substantial structural similgri to DHICA melanin, while
investigation of the early intermediates confirmed unchanged
regiochemistry of the oxidative coupling. The pigment exhibited a
UVA-visible absorption even more intense than that of DHICA melanin,
and a noticeable solubility in @y solvents of dermocosmetic relevance
together with optimum antioxidant and lipid peroxidation inhibition
properties.

Phenolic compounds deriving from a@pod by-products or synthetic
conjugates of caffeic acid such asSf#ipoylcaffeic acid butanamide
were exploited as active compounds for the inhibition of tyrosinase.
Preliminary analysis of these compounds on dopa or tyrosine oxidase
activity of mushroom tyrosinase showed potent inhibitory effects.
Overall, these resultsint to the use of these compounds as a valuable
option in the treatment of pigmentation disorders associated with an

overproduction of melanin by the action of tyrosinase.



X

An alternative strategy for the implementation of-lispired glues by
proper conbination of polyphenols or waste materials including proteins
with in-situ generated catechol polymexss developedThe hydrogels
proved to be biocompatible, hemocompatible, not harmful to skin,
displayed durable adhesiveness and exhibited good wasuva
permeability. Additionally, they demonstrated excellent coraative
antibacterial properties and in some cases a favourable wound healing
activity on dermal fibroblasts.

A green deep eutectic solvent (DES) bapsemtocolcoupled with a ball
milling pre-treatment for the recovery of lignins from edible nuts was
developed. In particular, the extracted materials were recovered in
satisfactory yields (:27% w/w). A completely spectroscopic and
chromatographic characterizatiallowed to conclude that the majority

of the samples consisted of ligningith remarkable antioxidant
properties.

A low-cost, scalable and straightforward sedidte mechanochemical
protocol for the synthesis of silver nanoparticles (AgNP) based on the
use of the highly reducing agfinod by-productPecanNut Shell (PNS)

or lignin was developed. In addition, lignin or mechanochemical
prepared Lignin/AgNPs were incorporated into poly (lactic acid)
electrospun fibers, providing materials with enhancedogitknt and

antimicrobial properties for use in the biomedical sector.

Finally, as part of the PhD project carriedt duringa training periodcarried

out atthe Instituteof Bioscience and Biotechnology, University of Maryland

(College Park, USA) under the supervision of Professor Gregory Payne the

following research activities were developed

X

A top-down reverse engineering mediatbessed approach for the study
of a chitesan hydrogel embedded with &#hydroxyindole (DHI) and

the corresponding carboxyl acid (DHICA) melanins was implemented.

3



This approach coupled with a spectroelectrochemical analysis
highlighted the change in terms of antioxidant activity of DHICA and
DHI melanin before and after metal binding

A facile reverse engineering method was applied to fully characterize
new functional hybrids catechgraphene composite hydrogels,
showing synergistiqroperties such as metdte conductivity, redox
activity andchargestorage through an electrical double as demonstrated
by spectroelectrochemical measurements. Conducting and-aetios
components enable distinctly different mechanisms for cketayage

and electroriransfer; these components asynergistically and
mediators provide unique opportunities to extend the capabilities of

electronic materials.
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Chapter 1

Introduction

Phenols and polyphenols provide the core reactive ungeireral bioactive
compounds and biopolymers, including catecholamifiagpnoids, estrogens,
melanins and other plant occurring heterogeneous polymers like tannins and
lignins [1]. Phenolic compound$iave beerincreasingly investigatetbr their
well-known antioxidant propertieand exploited as functional biocompatible
components for hydrogels, sensors and other functional sy$gmiatural
phenol polymers such as lignins, tannins have receiveddevable attention
for the design of functional materials for technological and biomedical
applications, thanks to their peculiar chemighysical properties[3,4].
Eumelaiins and related phenolic polymers, particularly polydopamiaere
attractedgrowing interesfor surface coating, antifouling, underwater adhesion,
drug delivery, biosensing and as interfaces in bioelectrofbtg]. The
exploitationor the mimicking of natural phenolic systemmay allow totranslate
their UV-absorbing, photoconductive, redox and free radical scavenging
properties into newfunctional soft, robust, adhesive, multifunctional and
biocompatible materials and molecular systems for various biomedical
applicationg8]. Moreover, n o-diphenolic systemdgheready conversion to the
reactive o-quinone system allows for chemical functionalization,
polymerization, and interactios with a variety of system such as
polysaccharides, proteinsy with metals and other inorganic surfaceseating
hybrid systems[9111]. This affordable approach can be used for the
manipulation of polyphenols creating interestingand complex network
structures or functionalized surfaces for nanotechnology or biomedical
8



applications.Moreover, the use of green chemistry methodologiesluding
solvent free conditions and mechanochemistry for functionalization,
manipulation, activation of polyphenol or their extion from natural sources
such asagrifood wastesrepresentthe central strategy to improve/potentiate

their activities forvariousapplications(Figure 11) [12,13]
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Figure 1.1. State of art.



1.1 Phenolcompounds

Almost 2000 years ago Hippocrates sdibdet food be your medicine, and
medicine be your food'Snce that timethe beneficial effect®f natural products
have beerexploredfor many purposegl]. Among natural products, there are
phenolic compoundsa prominent family ofubiquitous compounds widely
distributed in plantsand/or marine organism with fascinating inherent
biocompatible, bioadhesive, antioxidant, and antibacterial propd&j&4]. In
fact, they represent huge groupof naturally occurring phytochemicals, with
well-known nutritional and therapeutic dietaskills that areable to alleviate
degenerative diseases and skin conditions connected to cumulative oxidative
damage The unique structure of these compounds, consistinghefor more
phenol structural unitsallow the formationof strongnon-covalent interactions
(e.g.,electrostaticgationi ~ interactions multiple hydrogen bondings well as
covalent interactions (e.g., Michael addition/Schifise reaction, radical

coupling reaction, coordination with metal iofig}] (Figurel1.2).
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Figure 1.2. Oxidative crosslinkingand othemechanism ointeraction ofphenols.

In addition, as result of thevariety of phenolscaffoldsand of their several
possible combinationshesecompound exhibit variousphysical, chemicahnd
biological properties.More than 8000 kind®f compounds with phenolic
structureshave been identifiednd extracted from different natural sources,
mostly from plantd16i 18]. Among these, phenolic agdlignins, tanninsand
melaninshave attracted increasing interést surface coatingunctionalization,
sensors, and hydrogels in biomedical and nanotechnology fields, not only as

monomers (phenolic acids) or as biopolymers (melanins, tannins, lignin,

11



polydopamine) but also combined with other type of materials such as

inorganic compoursi[8,16/ 19].

1.1.1 Phenolicacids

Phenolic acids represent® of the simplesstructural classesbelonging to
phenols family. These compounds are generally classified in two main
subgroupsiamelyas te hydroxybenzoic acids and the hydroxycinnamic acids.
The first one is characterized bya C6-C1 structure, and they include p
hydroxybenzoicprotocatehuic, vanillic, syringic, and gallic acid©n the other
hand,the hydroxycinnamic acidsharacterizedby a threecarbon side chain, are
caffeic, ferulic, pcoumaric, and sinapic aci@Bigure1.3) [20].

Rs o
(0] Rj3 N
R, OH
OH Ry
R
1 Ry
Hydroxybenzoic acid Hydroxycinnamic acid
Acid R, R, Ry Acid R, R, R,
p- Hydroxybenzoic H OH H p-Coumaric H OH H
Protocallttlechmc OH OH H Ferulic OH OH
Vanillic OCH, OH H )
Syringic OCH, OH  OCH, Caffeic OCH,  OH
Gallic OH OH OH Sinapic OH OH  OCH,

Figure 1.3. Chemical structures of most abundant naturally occurring phenolic acids

These compounds amsidespreadin nature, particularly in berries, cereals,
legumes, fruit and oilseeds, where the high@siount of phenolic acids is
frequently found as esters, glycosides, or amid@d], rarely as freewater
insolubleor saccharideonjugated soluble fornf22]. These compoundsxhibit

a wide range of unique intrinsic propert{@8]. They showmarkedantioxidant
properties against reactive nitrogen species (RNS) and reactive oxygen species

(ROS) due to the presence of hydroxyl group on the aromatic [@dgP5]

12



Reactive oxygen species are-fimpducts of nhumerous metabolic processes in
living systemg26]. DNA, RNA, proteins and lipids are damaged by RNS and
ROS, and ROS and RNS imbalancedieto oxidative stress in cellSeveral
phenolic acids widely distributed in nuts, fruits and vegetabéascounteract

ROS and RNS induced damages by providing free radical scavenging activity
and upregulation of the enzymes that detoxify ROS and.RN&y also have

the capacity to increase the levels of endogenous antioxidant enzgsésng

in a beneficial effect against cancer development, cardiovascular diseases,
inflammatory diseases and other disordeExposure to UV radiation can lead

to skin cacer and accelerated aging of the skin by causing sunburn, DNA
damage, and connective tissue degeneration. Given the damaging effects of
species generated by irradiations sucheastive oxygen species (ROS) in the
skin, including superoxidi®n (O27), hydroxyl radical(OH), and peroxytadical
(ROO), numerous studies have been devoted to the study of antioxidant
compounds to enhance the endogenous cutaneous defense systenthagainst
oxidative stressnediated diseasg27]. In addition to the antioxidant property,
common toalmost all phenolic compoundsphenolic acids possess other
potentially clinically relevant propertiesuch aschemaopreventive activity
againstgastric ulcers, longerm diabetes complicationsljabetic neuropathy,
kidney dysfunction and retinopatf#8]. For example, lettuce, potatoes, apples,
berries and coffee beanwith high levels ofphenolic compoundsare anti
mutagenic, so able to prevent canf2®,30] They can ease cardiovascular
complications such as cardiomyopathydaimhibit enzymes involved in

Al z hei me rdPhenolici acidsa lsave also shown vitro marked
antibacteriahctivity against several pathogenic strgifgure1.4) [31,32]

On these baseanore attention has been focused on the incorporation of
phenolic acidss active componegin various matrix tanake the most aheir

extraordinary propertigs3].
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1.1.1.1 Incorporation of phenolic acid into biopolymers

In this context, many studies have been devoted texpitationof naturally
occurringphenolicacids for various applications different fields[34].

For example, d reduce the excessivuse of disposable plastics and their
negative impact on the environment, in the last dealidmative materialeere
developed for food packaging applicatiolgith this aim, the development of
biobased polymers as a method of replacing petreleasedsynthetic plastics
has been extensively investigatg®b]. In particular,the addition of active
chemicals into the biodegradable polymer matrix is emerging as &dstv

method for enhancing food preservatiorOn the other handthe facile
14



incorporation ofphenolic acid into the polymers make thian affordable
strategy that addsvalue to biodegradable materidds both stabilization or/and
functionalization purposgg7].

Recently,great interest has been devoted to starch, one of the most naturally
occurring polymers, recovered from several plaatrces, including potato,
corn, and cassavén fact, t has been demonstrated that this affordable material
can be improvedvhen combinedwith other biodegradable polyme37]. For
instance, when starch is combined with other polysaccharides, such xanthan or
gellan gum its mechanicallimitations are easily overcomeDerivatives of
cellulose such as rmthylcellulose (MC), hydroxypropyl methylcellulose
(HPMC), and carboxymethylcellulose, have demonstrated outstanding film
forming capacity,giving films with superior hydrophobic compound barrier
capabilities and high mechanical penfmncewhen incorporateihto starch

Other materials from natural sourcesuch as proteindiave beenwidely
investigatedfor use infood packagind38]. Of relevanceare caseinate, whey
protein, soy protein, gluten, and gelatiDue to their distinctive structure,
protein films offer greater mechanical characteristics than polysaccharide films
[39]. However, the higiwater vapor permeability remains one tb&ir major
limitations, that can be easily overcome in presence of high amofiphenolic
acids. The interaction of phenolic compounds, particularly phenolic acids, with
proteins, including gelatin, whey, and egg proteins, can dramatically change the
structural, physicochemical, and biological characteristics of proteins and
increase their potential uséiscluding hydrogels, biocompatible and biomimetic
glues, nanostructures for drug delivergd other devices for biomedicine and
organic electronic$40]. In fact, it is well known that structural modifications
can significantly enhance the functional properties of proteins. To modify
proteirs, three main methods are frequently used: physical, enzymatic

modifications andchemical modification§41].

15



Non-covalent physical interactiormetween phenolic chemicals and proteins can
result in phenoligrotein complexese(g, electrostatic, hydrophobic, van der
Waals and hydrogen bonding). On the other hand, phenolic substandes can
linked to proteins through covalent bondg2]. Notably, althougheither
modification may change the characteristics of proteins, phepualtein
conjugates are me stable than norcovalent phenoliprotein complexes.
While in the past decade most studies were focused on these latseetbasier

to obtainthan covalenphenolicprotein conjugatesnore recenthattention has
been drected to crosslinked systemsith the developmendf new strategiesd
create phenoliprotein conjugatessuch asalkaline, free radicamnediated
grafting, enzymecatalysedyrafting, and chemical coupling techniques

1.1.1.2 Mussel inspiredcatecholprotein strategies

As expectedthe naturehasalready discoverd the extraordinannetwork that
proteirfpolysaccharidesnd phenolicacids are able to creat¥arious sessile
marine organisms, includingnarine plantsand animal organisns, have
developed their own strategiesdadhere to a variety of surfacesing this lattice
structure.  The underwater adhesion of brown algae is due to
polyphenol&alginates lattice linked also by calcium ion$he phenolic
compoundsand alginate are secreted separately, and only subsequexssy cr
linked together to form the final adhesivEhe emarkable propeytof this
network structureis of great interest for biomedicand tissue engineering
applicationd43i 47].

Anothersystem that has represented a great sourcsgifationare the proteins

of byssus.These proteins, such 8&ytilus edulisfoot proteins3 and-5 (Mfp-3
and-5), located in the distal portion of the mussel byssus where the byssal foot
engages the substrate surfadde key featureis the high contentof lysine
residuesandof 3,4-dihydroxy-L-phenylalanine (DOPA)acompound belonging

to the o-diphenol or catechol clas§heselatter are susceptible tooxidation,
16



giving rise too-quinones highly electrophilic species capable of establishing
covalent or norcovalent interactions.

Based on this knowledgenanterplay of several chemical factors has been
proposed to explain the excellent adhesion (between different materials) and
cohesion(between differenparts of the same material) properties of byssus
proteins, such as-Hondi ng, el ectrostatic, - hydr
cation interactions

Among the various approaches that can be used to modify material surfaces, the
most converent in terms of time and easily accessible are those based on wet
adhesion technologiésspired by nature.

In 2007 following inspirationfrom the robust adhesion properties of mussel
byssus proteins, a new material has been descrioégiopamine (PDAJ48i

52].

This latter is a black, insoluble, eumelafike substance generated by the
alkaline oxidative polymerization of dopamindhe combination of the
functional groups of the aminoacids lysine and DOPA of byssus proteins allows
dopamine (Figurel.5) to form polymeric films that can be easily deposited at
the interface of different materials, including metals, oxides, inorganic
semiconductors, ceramics, and polymers, can bind cells, biomolecules, and
metal ions, and can be used to control or nyottié hydrophobicity of a variety

of interfaceg453i 56].

0 N

HO.

NH,

DOPA g > HO NH,

S e
0o HO Dopamine

OH
NH,

Lysine /
Figure 1.5. Mussel Inspired PDA.
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PDA film properties, including hydrophilicity and thickness, can be finely tuned
by a variety of experimental parameters including dopamine concentration,
nature of the buffer, oxidant, and pHPolydopaminealso displaysmany
properties in common with natlly occurring melanin, including optical,
paramagnetic and electrical properties, and, most importanthexhtbits
excellent biocompatibility. Another valuable feature lies in its chemical structure
that incorporates many functional groups such asckateamine, and imine.
These functional groups can serve baththe starting points for covalent
modification with desired molecules and as the anchors for the loading of
transition metal ions, which can give rise to diverse hybrid materials by virtue of
its powerful reducing capability toward these metal ions under basic conditions.
With these benefits, the use of polydopamine is not restricted to surface coating
and has been rapidly extended to a wide range of applications across the
chemical, biologich medical, and materials sciences, as well adhnology

and engineeringfields [57,58] However, despite their growing relevance in
materials science, the control, optimization, and tailoring of surface and
mechanical characteristics are currently limited. As a result, the development of
a PDAbased technology is constrained.dne of the nost plausible currently
accepted theories, e polydopamine oxidation pathwaghares many
characteristics with melanin biosynthesls.includes an oxidative reaction
pathway, which transforms dopamine into -8iBydroxyindole (DHI), one of

the main euralaninprecursorsfollowed by further polymerization stefis9].

1.2 Polyphenols
1.2.1 Eumelanins as naturalphenolic pigments

Melaninsoccupy a prominent position amob@polymers of polyphenol type
These latterare an important class gdhenolic pigments deriving from the

oxidative metabolism of tyrosine, responsible for the brealour of skin, hair,
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hair and eyes of humans and mammals. They are mainly divided into two
varieties: eumelanins (black or brown) and pheomelanins (yetov
Eumelains have an absorption spectrum of the broad electromagnetic spectrum
and excellent antioxidant propertiesharacteristics of gredmportance for
photoprotectiveapplications, helpingp prevent sunburn, DNA damage and skin
cancerInsteadpheomelaningypical of individuals with red hair, light skin and
eyes and freckles, are known for their photosensitizing properties, causing a
higher pronesto skin tumors in individuals witthered phenotypg60i 62].
Melaninsare generated in melanocytes, highly specialized cells located between
the epidermis and the dermi$he synthesis of melanins begins with the
oxidation of the amino acid #tyrosine by tyrosinasgfollowed by a series of
spontaneous reactions that dep@mdvarious factors such as the presence of
thiols, the pH, the presence of ions such as zinc and copper, and .okftgen

the first enzymatic step of oxidation oftyrosine (or LDOPA) to dopguinone,

a common precursor to eumelanins and pheomelanmgrévalence of one or

the other metabolic pathway depends on the levels of the amino acid cysteine
which can intercept the dopaquinone. In fact, dopaquinone ésgaimone and
therefore particularly reactive towards thiollm the absence or at low
concentrations of cysteine, the intramolecular addition of dopaquinone by the
amino group prevails with the formation of leudopachrome. This can be
oxidized again in a redox reaction with the samepaquinone giving
dopachrome, which can subsequently rearravigeor without decarboxylation

to generate the two monomers from which the eumelanins are composed, 5,6
dihydroxyindole (DHI) and 5@lihydroxyindole2-carboxylic acid (DHICA)

[63]. In vivo the formation of DHICA is favored bgn enzymatic actiorof
dopachrome tautomerase (Dct or Tyrosinadated protein 2, Tyr) or by the
presence of transition metal ions such ag*@u Zn?*[64]. For this reason,

natural melanins contain over 50% DHIQRigurel.6) [65].
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Figure 1.6. Eumelaninbiosynthetic pathway.

Thanks to theimany unigue propertiesn the last decade eumelanins have
attractedgreat interest for potential applications as a biocompatible functional
material for electronic and bioelectronic components, functionalization of
surfaces, photoprotection of the skin and other applications in the field of
cosmeticsln fact, these pigmats, thanks to the peculiar catechol structuam

bind metal ions and some organic compounds such as drugs and aoxiren

they have beemwidely used in various fields such as optical biomimetics,
cosmetics, U\protective lenses, footblorants, antmelanoma therapy, and the
preparation of metallic nanoparticle€6i 68]. Melanin and melanitike
compounds have also been used as coating materials in electronics, sunscreens,
energy storage, biofilms, drug delivery systems, and a variety of biomedical
applications including ibimaging, diagnostic,tissue engineeringpiosensors,
photoacoustic imagingyhototherapyand therapeutic ugg9]. A multitude of

biopolymerbased materials including inorganic surfaces have been reinforced
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or given extra functionality by the addition of melanin nanoparticles (MNP) or

melaninlike nanoparticles (MLNP]69].

1.2.2 Tannins as naturally occurring phenolic compounds

The term "tannin,” which comes from tl&ench term"tanin” and the latin
Tannum fAodosauked to desdibe a variety of naturally occurring phenol
compoundg70]. Tannins are divided in two main groups: condensed tannins
and hydrolysable tannifg1]. Condensed tannins are oligomeric and polymeric
specis that cannot bbydrolysed whereas the identifidion of many tannins as
"hydrolysable tannins” resulted from the discovery that many of them may be
hydrolytically divided into their constituentsThese latter haveas main
componenta monosaccharide, often-dgducose, whose hydroxy groups are
esterified with phenolic substances like ellagic acid (EA) or gallic acid to
produce, respectively, gallotannins and ellagitannins (Fiufe[71]. These
latter classes of tannirasre abundant in oak wood (Quercus robur, Quercus
petraea, and Quercualba) [72], chestnut (Castanea sativ@j2i 74], and
myrobalan, galls (Quercus infectoria and Rhus semidladiy 6], sumac fruits
(Rhus coriarid74,77]and Terminalia chebuld74,78]

HO
O o OH
Hg OO o)
(0]
o o} OH
HO OH OH
OH
HO  OH HO  OHHO OH
Gallotannin Ellagitannin

Figure 1.7. General structure of hydrolyzable tannins: a) gallotaanithb) ellagitannin.
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On the other handondensed tannins represent titker major class of tannins.
They are polymeric flavonoids, and their m@stmmon structuralnits are
derivatives of the flavanols (+gatechin, {)-epicatechin, (+pallocatechin, -

epigallocatechin and)tepigallocatehin gallatesshown in Figure..8 [71].

OH OH
ii:/OH OH
HO O HO o
" OH
OH OH OH
OH OH
Epicatechin Catechin HO (ONGRY OH
oH OH \[;:[vjmo
OH o OH o oH
HO O HO 0w oH oH
"o HO

OH Epigallocatechin
OH O OH OH gallate
Gallocatechin
OH

Epicatechin gallate

Figure 1.8. Structures of catechin, <{)-epicatechin, (+pallocatechin, --

epigallocatechin and)tepigallocatehin gallate.

They are characterized by a widgructural diversity due to possible- O
methylation, Gand Oglycosylation, and &alloylation. In addition, condensed
tannins can be further distinguished into procyanidins and profisetinidins.
Procyanidins can be classified in a dimeridyBe and trimed C-type form,
linked by single bond between units, usually between the C4 and the C6 or C8
of the flavanol units, or the#ype, characterized by an additional bond between
C-2 and 7 or BOH (Figurel.9) [79]. Profisetinidinsmainly found in some type
of wood, such as quebracHachinopsis lorentdiie mimosaAcacia mollissima
[80], differ from the procyanidins by the absence of a hydroxyl group at C5
posiion of the A ring[71]. They can contain up to 10 units of monomers, with a
molecular weighvaryingfrom 500 to over 20,000 O&1].
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OH Procyanidins A

Figure 1.9. General structures of a) and bXype c¢) Gtype and d) Atype procyanidins.

Among other naturally occurring phenolic compoundsntns stand out thanks

to their exceptional antioxidant, antibacterial, and anticancer propf&aie34].

The beneficial effects of these compounds were already discovered in the
ancient societies, where the animal brain and fat, rich in tgnmere
commonly used to protect animal skinBlowadays, tannins have been
associatedo anticancer propertieand to minimize the ability of avariety
mutagengo cause mutation85]. In fact, «kygenfree radicals are produced by
several mutagens and/or carcinogerable to interact with biological
macromoleculegausing different disease$he antioxidative characteristic of
tannins, which is crucial in previeng cellular oxidative damage, including lipid
peroxidation, may be connected to their anticarcinogenic and antimutagenic
potentials.In additionto these propertiesannins antibacteriahctivity is also
widely known Tanninscan inhibit thegrowth of numerous fungiyiruses,

bacteria, andeasts.As resulf tanninspresentin different fruits act as barrier
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against microbial diseasesid carbe utilized in food processing to extend the

shelf life of some foods

1.2.3 The second most abundant phena polymers on the

earth: the lignin

Another class of compounds belonging to the pheraiialy is lignin. Lignin is
an irregular, watemsoluble, high molecular mass biopolymer (6BDOO0
kDa), and after cellulose, ithe second most abundanaturally occurring
complex organic materiabf polyphenol typeon the earth accounting for
approximately 30% of the organic carbon on the pldteimainprecursorsare
different hydroxycinnamyl alcohol monomegsjch aoniferyl, sinapyl ang-
coumary alcohols,which differ from each othan the degree of methoxylation
[86]. The ratios of these precursors are variable depending on the plants
considered. For instancm, lignin from softwoodthe coniferyl alcohol content
is often 9695%, whereas fromhardwood normallythe coniferyl and sinapyl
alcohol content imround25-50% and50-75%, respectively. Lignin from grass
typically includes all threeomponents. After oxidative coupling steps, these
compounds give rise to the formation of guaiacyl (G), syringyl (S), @nd
hydroxyphenyl (H) lignin unit§86]. Typically, lignin polymer forms ether or
ester bonds with other moleculgwresent in nature such as cellulose.
Consequently, theresulting naturalpolymers named lignocellulose is a
complex and useful materiaDifferent sources of lignocellulose contain
different ratios of these constructive polymdB8¥] Hardwood stentypically
contains24-40% of hemicellulose40-55 % of cellulose, andl8-25% of lignin,
whereashe softwood stem contains-88% cellulse,25-35% of hemicellulose
and 2535% of lignin. The most frequent intarnit bond is théb-O-4-aryl ether
linkage butb-5-phenylcoumaran, 5;Biphenil, 40-5-biphenil etherb-1-(1,2
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diarylpropane)p-b-p i n or e s i-Qidelyl ethen can k¢ also found (Figure
1.10)[4,88].

(a)
Ho. HO. HO
= = =
OCH, HsCO OCHjs
OH OH OH
p-Coumaryl alcohol  Coniferyl alcohol Sinapyl alcohol
R R R
© ;i “OCH; H3CO OCHjz
OH OH OH
p-Hydroxyphenyl Guaiacyl Syringyl
(H) G) (S)
(&) O OCHs
OH
HO
\7 /—OCH;
0-O-4-aryl ether 4-O-5-biphenyl ether,

B-5-phenylcoumaran

Figure 1.10. Chemical structures of a) lignin monomarsd the corresponding structure
in lignin b) lignin scaffold[89].
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All these structures are related to the extraordinary propeftibese important
biopolymers Lignin exhibits many biological functions in plan{80]. In fact,

this polymerprovides strength andhydrophobicity to the plant cell wallnd at

the same timeprotect the polysaccharides from microbial degradation
However, the enormous success of this complex biopolymasdgdue tothe
beneficial effects on humans and other organisms such as idatigx
antimicrobial, antibioticability and the prevenion againstcancer[91,92] In
addition, other relevant properties for this polymer during the last years has been
describedncluding the abilityto reducecoronary heart diseasegntrol diabetes,
obesity, and A[B3 Nauramlignminbpslymdripsotecss splants
from UV damage by shielding UV rays, characteristic of great interest for
dermocosmeticagrcultural or food packaging applicatiof84,95] In addition,
ligninshave generally been found to be rtoric (in reasonable concentrations)

by in vitro or in vivo toxicological assessmefne of the maitiactorsdriving

the increased attention on lignin research and applications is the enormous
amount of lignin produced as a-pyoduct by many industrial sectostill not

fully exploited.

1.3 Agri food by-products as a source of phenolic compounds

The accessibility of phenolic compounds in several natural sources, including
fruits, vegetables, and lignocellulosic biomasses, has inspired vigorous research
into their characteristics and potential uses.

Recently, thex has been a rise in interest using-#fgpd by-products as readily
available, sustainable sources of phenolic chemi¢88. A reasonable
approximation of 1.3 billion tons of food is wasted globally every year as a
result of procedures that occur along the whole supply ¢B@jnin particular,

the agrifood sector is in responsible for producing large amounts of organic
biomass, of which &sizeable portion is designated as food waste and is

composed of leaves, roots, stalks, bark, bagasse, straw remnants, seeds, wood,
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and animaby-products[98]. Disposal of these bgroducts represents a cost to
the food pocessor and has a negative impact on the environecdrding to
calculations, 510 n? of CO; and 90140 n¥ of methane are released into the
environment when one metric ton of organic solid waste decom[j89gs
Additionally, organic wastes may be the cause of phytotoxicity events such as
water degradatioand pollution, the death of marine organism, the suppression
of seed germination, and digestive diseases in anjit@@j. On the other hand,
thesematerials might be seen as a widely accessible, reasonably source of value
valuable opportunit{97].

1.3.1 Fruit by -products

About 4% of all waste produced worldwide is made up of waste from fruits and
vegetablegFigure 1.11). Most fruit by-products have phenolic chemicals in
equal or higher concentrations than the fruit itself. The following is a list of the

primary fruit by-products.

Cereal
Roots and tubers

. 8% 19%
m Fruits and vegetables
20%

m Oilseeds and pulses
m Meat

Milk
m Fish and Seafood

Figure 1.11. Graphic representative of waste produced worldwide.

Grape and wineby-products. The greatest fruit crop in the world is grape,
which is mostly used to make table grapes, raisins, juices, and most importantly,
wine [101]. Each year pproximately 9 million tons ofvasteare produced by

the wine and winery sectors worldwide, which is equivalent to 20% wéght
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weight of the total grapes used to make wib@2]. The remaining pulp, peel,
stems, and roughly 2P6% of the grape seeds make mpst ofthe grape by
product known as grape pomaf3]. Grape pomace contains a variety of
phenolic compounds, including eatechin, quercetin, (-)-epicatechin, EA,
hydroxytyroso] myricetin,and trangesveratrol, as well as phenolic acids like
caffeic, gallic, 4hydroxybenzoic, and syringic acidrigure 1.12), which are

well known for their positive effects on human heglt@3]. Another significant

type of polyphenols found in grape pomaseondensed tannins. Oenological
tannins, which are frequently employed as additives in the food aredagev
industries, are in fact among the most significant higlue chemicals found in

this by-product[36]. Thesetannins are also employed as feed additivescamnd
regulate the metabolism of fat and glucosastly, grape byproducts havea

lignin percentage airound16-24%w/w [104].

Orange and lemon ¥products. Citrus sinensis(orange), Citrus reticulata
(mandarin), Citrus tangerine (tangerine), Citrus aurantifulia (lime), Citrus

limon (lemon), Citrus limetta(sweet lime), andCitrus paradisi(grapefruit)are

only a few of the fruits that belong to the citrus fanfil§5]. Since around one

third of citrus fruits are used to make fresh juice or drinks, and since the output
of citrus juice accounts for about half the fruit's weight, a substantial quantity of
waste up to 15 million tons annuallys generated worldwide (mostly from peel,
seeds, and pulpTitrus peels, together with the seeds and pulp, are a significant
source of flavonoids, particularly flavanone glycosides (hesperidin, naringin,
and narirutin), flavanones (hesperetin and naringenin), and flavone aglycons
(sinensetin, nobiletin, luteoljrand tangeretin)Figure1.12) [96,102,103] Citrus
by-product extracts have been proposed as antioxidant, antibacterial, and
antimicrobial agents, or as food additives, to give food and beverages a bitter
flavor [106]. Polyphenols are present in significant concentrations in citrus
residues, and citrus peels have a 15% greater total phenol content than the

peeled fruit.
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Figure 1.12. Main phenolic components of grgpgange and lemaly-products.

Pomegranate byroducts.Pomegranate, also known Renica granatum L, is
widely used m thejuice industry Nine ons ofby-productsare created for every
ton of pomegranate juice producgd02]. The primary components of
29



pomegranate bproducts are peels, pomace, and seeds, which havdad10
higherphenolt content than the pulp and make this waste material one of the
most intriguing industrial byroducts[102]. Different polyphenols, including
anthocyanins, flavonoids, as well@fagitannins punicalagin and punicalin, are
abundant in pomegranate -pyoducts, contributing to their strong antioxidant
activity (Figure 1.13) [36,102,103,107] Pomegranate bgroductshave been
shown in several studies to have hegitbmoting properties, including
anticancer and antibacterial proper{i#88i 111].

Apple byproducts The primary byproducts of the apple business are apple
pomace, peels, and seeds, which are also a cheap source of phenolic chemicals.
Quercetin glycosides, kaempferol, catechin, procyanidins, and particularly the
dihydrochalcone phlorizin are among those that have a significant impact. There
are also other polyphenols such anthocyanins and phenolic acids, primarily
chlorogenic and caffeic acid©6,102,103] By-products from appleshow
antibacterial, antitumognd cardioprotective propertieBigure1.13)[112,113]
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Figure 1.13. Main phenoliccomponents of apple and pomegranat@imducts.

1.3.2 Lignocellulosic by-products

Lignocellulosic agrfood byproducts like wheat straw, wheat bran, and

distiller's grain, spent coffee grounds from the industrial production of soluble
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coffee, sawdust, nut steland other wastes from the wood industry have been
widely described as a clean source of phenolic compounds.

Coffee by-producs. With a global output of over 105 million tons per year,
coffee is one of the most consumed driré44]. Coffee is industrially
processed into several 4pyoducts, includingpentCoffee Grounds (SCG) and
coffee silverskin (CS), which together account for more than half of the dry
weight of the coffee fruit. A total of six million tons of SCG are produced
globally each year in the preparation of soluble coffee or espresso [Béjks
whereas CS is the residue left over after the bean roasting pfbtbssThese
by-products haveattractedgrowinginterest as potential active ingredients to be
used in many industriedue to theiavailability andtheir main components.

The three primary components of SCG are proteins (8%), melanoidins (25%)
and carbhydrats (3842%) [116,117] Significant levels of phenolic acids,
including flavonoids,caffeic acid, protocatechuic acids, and chlorogenic acid
and its isomers and derivatives, have also been discovered iH138dA22].
Additionally, SCG has a lignin percentage of-Z& and a low condensed
tannin content[123]. Monosaccharides, proteinsndaphenolic chemicals like
chlorogenic acid and its isomers make mpst ofthe polysaccharides in CS
(Figure 1.14) [124,125] High levels of healtfpromoting qualities are exhibited

by SCG and CS, including, for example, protection against gastrointestinal and
cardiovascular disders as well as aniflammatory, anticarcinogenic, and
antibacterial activity124,126 131].

In thedesignof materialsfor packaging coffee byproducts have bearecently

used as therm@nd photeoxidative stabilizer$l17].

Nut fruit by-products Considerable volumes of wastese generated by
pistachio, peanut, pecanazelnut, and chestnahells.In the following section

the main components of thesepducts are described.

A significant commercial crop is pistachio. The fruit consists of a lignified shell

and an edible seed. The edible seeds are separated fratmethevhich is the
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waste product, based on their intended usage. Besides celluldsb%30
hemicelluloses (2B2%), and lignin (1238%) [132], pistachio shells also
contain phenolic chemicals, including gallic acid, protocatechuic acid, catechin,
epicatechin, utin, naringin, luteolin, eriodictyol, quercetin, and naringenin
[133,134]

Another common and affordable 4pyoduct is peanut shell, which is produced

in China alone in around 5 million tonnes annufliy5]. In addition, cellulose
(48%), hemicellulose (3%), and lignin (28%)136] while luteolin and
eriodictyol have also been found, are present in this waste m§i&5dl

The chestnut business also produces a significant numberpsbdycts, mostly

the inner and outer shells, which account for 10% to 15% of the total weight of
the chestnut[137]. Lignin, cellulose, and hemicelluloses are abundant in
chestnut byproducts. Like the waste from other nut fruits, chestnut waste also
contains flavonoids (quercatirutin, catechin, and epicatechin), phenolic acids
(primarily gallic acid and protocatechuic acid), and hydrolyzable tannins
(vescalagin, castalagin and gallocatechir88]. Both the interior and exterior
shells of chestnuts contain significant amounts off E39].

Another significant agricultural crop of various South Americamntriesis
pecan nuts. Up to 49% of the pecan nut is made up ofidtehel] which is
inedible [140]. This byproduct includes many phenolic compounds, such as
gallic acid, EA, phydroxybenzoic acid, protocatechuic acid, and
epigallocatechin gallagd 41], as well as large levels of condensed tannins.

More than half of all nuts weigh in as shell, which is also the majorbguct of

the hazelnut industry's manufacturing. A number of bioactive compounds,
including catechin, epicatechin gallate, and gallic acid, have also been
discovered in hazelnut shells, which are made up of around 30% hemicelluloses,
27% celluloses, and 43% lignin (figg 1.14) [142].
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Figure 1.14. Main phenolic constituents @bffee anchut by-products.

1.3.3 Vegetable byproducts

Similar to fruit byproducts, the vegetable sector generates large volumes of
wastethat may have similar healttenefitswith respect to the starting material
[96].

By-productsfrom tomatoes.One of the most significant crops in the world is
the tomato However, during industrial processing, around ethéd of the

weight is lost as skin and seeds. Bioactive chemicals, particularly carotenoids
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like lycopene and-carotene, but also phenolic substances, are abundant in
tomato residues. Flavonols, primarily quenagtutin, and kaempferol glycoside
derivatives, as well as flavanones such naringenin glycosylated derivatives are
present in the peels and seeds. Also hydroxycinnamic asicaffeic, ferulic,
chlorogenic,and p-coumaric acidsare presentFigure 1.15) [143]. By-products

from tomatoes have been shown to be effective antibacterial and antioxidant
agentq144].

By-productsfrom onions. The skin, outer fleshy leaves, top and bottom bulbs,
which are generated in more than 450,000 tons just in Europe, are the main by
products of industrial onion peelinhese include very high concentrations of
flavonoids like quercetin and kaempferol glycosides. Red onions also contain
anthocyanins (Figurg.15) [145,146]
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Figure 1.15. Main phenolic constituents of tomato and oniorpogducts.
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1.4 Green Extraction Techniques for the recovery of phenolic

compounds

In addition to theresearch of sustainable and green sources of phenolic
compoundsseverakesearch efforts have been directed to the implementation of
extraction methodologies agreementwith the green chemistirinciples

MicrowaveAssisted ExtractionAmongemerging green techniques, Microwave
Assisted Extraction (MAE) has recently found increasing applications for
several purposefl47]. This techniquecan be classified as a green extraction
technique since ininimizes the extraction time and reduces the consumption of
solvent. Dielectric heating, which is the process by which microwave
electromagnetic radiation warms a dielectric material by causing the polar
components of the matrix to rotate into molecular dipoksrves as the
foundation for MAE[148]. Several parametershould be optimized to improve
the MAE process such as microwave power, extraction tempertitnes and
solvent content In this regard only two solverd are commonly used in
combination or alone such as water and ethanol, due to their ability ti abso
microwave energy anw solubilizephenolic compoundd 49].

Ultrasound Assisted Extraction.Similarly to MAE, Ultrasound Assisted
Extraction (UAE), enable you to decrease the amount of time and solvent
consumption necessary to effectively extract phenolic chemicals frorioagri
wastes[149]. This green extractiotechniqueis very common anevidespread

as it only requires the use of ultrasonic bath. The method is based on the
cavitation process that occurs when ultrasonic waves withgadncy between

20 kHz and 100 MHz travel through the sample in cycles of compression and
expansiorj150].

Mechanical treatmentMechanochemical reactions are those that are initiated
by mechanical methods (milling, grinding, compression) and are carried out

either solvenfree or with catalytic quantities of solvent. In particular, ball
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milling mechanochemistry has emerged as aegly applicable approach to
solventfree synthesis, which can be cleaner, faster, and simpler than
conventional routesVhencompared to conventional extraction processas,

type of treatmensignificantly reduces processing time, increases extraction
yields, reduces solvent use, and eliminates noise and radia¥in. well
specified parameters for maximizing reactivity, such as frequency, madium
sample weight ratio, etc., it provides an enclosed solveat reaction
environmen{151].

Deep Eutectic SolventOne of the methods most frequently used to extract
phenolic chemicals fromagrifood wastes, is solitiquid extraction [152].
Although this approach often uses organic solvethts,have severaintrinsic
disadvantagese.g., low boiling points, flammability, toxicity, and nen
biodegradability [153]; it also has extrinsic disadvantagessuch aslong
extraction times, high priceand low yields Of course,a valid green and
available alternative is represented kuyater, limited by its solubilizing
propertiesonly useful as an extraction solvent for polar and hydrophilic
moleculesAs a result, there is a significant need for green solvents that have the
sane outstanding extraction qualities as organic solvents but are less expensive
and have a less negative impact on the environnfatently, éep eutectic
solvent (DES), a novel class of environmental and green solvents bbhan
discoverd and used in thextraction of phenolic chemicag$54,155] Abbott et

al. provided the first description ofES preparation. Tise compoundsanbe
made quickly by combining a hydrogen bond acceptor (HBA) and a hydrogen
bond donor (HBD) at an appropriate temperaf{dfbi 157]. DES has various
benefits over typical organic solvents, including affordability, simplicity of
production, and accessibility. Also, most 6em have extremely low toxicity
and are biodegradabl&he usual formula for DES is CatzY, where Cadtis
generally ammonium, sulfonium, or phosphonium,isXa Lewis base that is

typically a halide, Y is a Lewis dBronstedacid that forms a "complex" with"X
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and z is the quantity of Y molecules that interact with the afiib8]. Due to
these interactions,naeutectic mixture is reated, which has a lower melting
point than its componendlone The most often utilized component in the
manufacturing of DESwell known for the affordability and netoxicity, is the
choline chloride (ChQlsalt In addition to alcohols, aminacids, carboxylic
acids, and sugars, the most common HBD are urea, ethylene glycol, and glycerol
[159,160] In fact, DES have only recently been created by combining primary
metabolites with biodegradable starting components. These "natural deep
eutectic slvents" were created by mixing substances that are widely found in
nature and have significant functions in the solubilization, storage, or
transportation of metabolites in living cells and animfl$1,162] The
physicochemical properties of DES, such as their freezing point, conductivity,
density, viscosityand polarity, often rely on the composition of the material; as
a resultchanges inhe HBD and HBA components their content couldffect

these propertiefl63]. DES typicallyshow a highedensiy with respecto that
observed foboth water andor the sum of itscomponerd. Additionally, most

of DESshow a significantiscosiy (> 100 cP) at room temperaturs,rasult of

the hydrogen bond network between the compondittis. phenomenon could

be attributed to the largeumber ofion size and electrostatic or van der Waals
interactions between the constituents. Due of their high viscosity, DES usually
exhibit poorconductivity. The protons and electrons that DES can donate and
accept as well as the capacity to form hydrogen borddipcate them irfirst
position as dissolving solventoward phenolic chemicalsn complex matrix
[164].

1.5 Complex organic biopolymersinorganic hybrid materials

The recent introductionf hybrid systemdias expanded the scope of phenolic
compound to avariety of different materials, applications, and deposition
technique$165].
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The field of orgard-inorganic hybrid materials Baexperienceda significant
growth over the last 20 years and is now unquestionably one of the most
important and intriguing areas of study many important fields, including
sensors, electronics, optics, lightning, medicine, catalysis, energy storage, and
energy conversior[166]. In general, hybrid anicinorganic materials are the
natural intersection of two worldsach of which has significantly advanced the
field of materials scienc®5]. Hybrid materials research has both potential and
problems[167]. The goal of hybrid systems is to create novel materials with
improved properties. The hybrid system enhances the synergistic effinet of
distinct capabilitiesof each materialallowing for the creation ofine-tuned
nanomaterials by modifying their chemical, optical, and even electrical
properties. The advantages of these hybrid systems include (i) overcoming the
limitations of each system, (ii) being easily designable into a diverse composite,
and (iii) beng broadly applicable in the fields of biological/chemical sensors,
drug delivery, and therapeutic agents due to their multifunctiorjdi#§,168]

In fact, hybrid materials commonly combine elements that have been
extensively studied in their separate areas, but, biegom part ofa hybrid
compound, they offer a new aspect to their characteristics.

Nowadays, various hybrid systems have been created and ls®danic
elements such as metal oxide nanopatrticles, graphene, carbon nanotubes, silica,
and polymers can be e to create polymdrybrid nanoparticles169].
Blending organic substances (phospholipids, proteinsligidd) with natural or
synthetic polymers, on the other hand, can result in innovative hybrid
nanosystems capable of combining the benefits of these biomacromolecules
with those of tailormade synthetic polymersin the recent decade, the
development of avel methodologiesentredon the discovery of biocompatible
hybrid materials has resulted in amazing advances in the biomedical area, with
an emphasis on the manufacturing of new drug carriers capable of accessing

particular locations such &sancersites[170,17]. For instancethe strategy of
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covalently attactsmall initiator molecules to surfaces of natural polymers or
inorganic biocompatible materials and grafting polymers in situ from these
surfaces the secalled "graftingfrom" - has enabled the preptica of hybrid
systems with a wide range of propert[@g2,173] It is important to highlight

the responsive hybrid systems thah respondlo environmentasignalssuch as
temperature and pH while still maintaining biological activity. Materials
developed using these methodologies have emerged as strong contenders for the
nextgeneration platform of systems employed in this ingusdn the other
hand, he creation of lipid polymer hybrid nanostructures looks to be a viable
drug delivery platforn{174i 176]. Such systems may be configured in a variety
of ways and are customizable in terms of release characteristics aAgnong
behaviour in vivo. Among all the possible interesting research dine
nanoparticles and grafted graphene systemsin depth descriled in the
following paragraphg¢Figure1.16).

Organic
compounds

Inorganic

Figure 1.16. Synergistic effect of organic and inorganic materials.
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15.1 Synthesis of metal nanoparticlesembeddedinto organic

compounds

The hybridization of nanostructured systemsbacompatible polymers has
been highlighted due to its biological and physicochemical prop¢t&3. In

fact, manotechnology represents one of the most promianegsof research,
concerning the creation and application of materials with nanoscale dimensions
[177]. Due to its high surfacto-volume ratio and other advantageous features,
the nanoscale offers extraordinary applications in many branches of research. As
a result, the creation and application of nanomaterials constitute the roa fo

of contemporary researcfil78]. Among the nanomaterials, atal oxide
nanoparticles have attractegtreasingnterest due to their wide range of uses in
many fields, such as electrochemical applications, dye degradation, catalysis,
and their reputation as extraordinary agents in the struggle against various
infections[179,180]

Among the diverse nanostructured materialgrahsition metal oxides, TiO
obtained a favourable positioms common nanomaterial that is used
commercially in many different sectors because of its intrinsic characteristic
such adow costandphotostabity . In spite ofthese excellent propertiegcent
studies revealed that TiNPs are quite toxif181,182] When TiQ was used as

a photocatalyst by Fujishima and Honda to photolyze water, the potafitigd
materialwas first generally recognizetimportantly, pressure and temperature
from thesurrounagng environmentduring the procedurémpact the structure of
TiO-NPs, determimg their functional properties and useéMaterials based on
titanium oxide have found extensive use in the sectors of electronics, energy
conversion, and environmentowadays,al the processes described for the
synthesis of these metal oxide nanoparticles uses a lot of harmful chemicals
[183].
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In this context, the real to investigate on the production of metal oxide
nanomaterials using eddendly, greener, and netoxic approaches is
becomingurgent[184]. Thus, numerous green approaches are used to create
metal oxide NPs by utilizing diverse greener, cheaput,ezofriendly sources

such as plant extracts, bacteria, fungus, and other biological efiBi&486]
Natural phenolic compounds have been extensively investigated as reducing and
stabilizing agents for the environmentally friendly preparatidn neetal
nanoparticles, resulting in materials that are finding more and more applications
in various fields, mostly because of their potent antioxidant properties as well as
their welkknown antimicrobial activity187,188]

Due to their wide range of uses & examplein antibacterial dressings,
antimicrobial and anttancer medications, proteasome inhibitors, sunscreen, and
antiaging agents, gold nanoparticles (AuNPs) hatgacted considerable
attention. AUNPS produced using a peach aqueous extract have demonstrated
strong antibacterial synergistic activity when combined with various antibiotics
and a potent anticandidal activity, in addition to optimal antioxidant properties
as expected byhe presence of phenolic compourfd89]. According to a
different study, AuNPs preparddllowing a green procedure based the use

of extracted phenolic compounddrom Punica granatum juice have been
suggested as boosters for enhancing the Sun Protection Factor (SPF) in
commercial sunscreen formulations, taking into account the lack of toxic effects
on human microvascular endothelial cells andmdgrfibroblasts[190]. In
addition, dher type of AuNPs were preparesing a Panax ginseng berry
extractor onion peels[191][192].

Furthermore silver nanoparticles (AgNPs) have befeaquently used in the
cosmeticsand biomedical industries. For instance, AgN®Rse obtained by
ginseng berry extracuised as a reducing ageiihe resulting AgNPsproved

more antioxidantctive tharthe pure ginseng berry extract, inhibited mushroom

tyrosinase, had antibacterial activity against Escherichia coli and
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Staphylococcus aureus, and causieel death ofmurine melanoma cell lirge
[193]. Moreover various extract by root gblants such a€oleus forskohlii
[194] or by an Achillea vermuculds have beenused for the synthesis of
AgNPs [195]. AgNPs produced by usef orange peel aqueous extracts were
similarly shown to have potent antibacterial and antioxidant sffégtother
natural reducing and stabilizing ingredient that is frequently tsgoroduce
AgNPs is lignin[196]. Additionally, a green AgNPs production method based
on spent coffeegrounds and the potential antibacterial activity displayed by
chitosan films functionalized with the substance have recently been described
[197].

1.5.2 Hybrid systems based on graphene materials

In 2004, two physicists from the University of Manchester isolated for the first
time a material with the thickness of a single atom: grap[id8j. Graphene is
composed of spcarbon atoms organized in a hexagonal honeycomb geometry;
this fundamental unit is repeated to form a planar crystalline structure called
fisheet 6. Above and b ¢t doubletbdnadsesponsible ar e
together with the structural perfectiomf the properties of the material
[199,200] In recent yearsrgphene andts derivatives havattractedenormous
interest and focused scientific research on their possible appliciiohls In
particular, graphene oxide, which is a material based on the structure of
graphene but enriched with oxygenated functional groups, is gaining
considerable intere$R02]. In fact, graphene oxide is a key component of the
graphene family that has been shown to be an efficient reinforcement in
hydrogel systems and to be easily dissolved in water and other organic solvents
due to the presence of oxyggnoups.Furthermore, graphene oxide can be
reduced, theoretically restoring the graphene struci2@8]. However, the

presence of defects in the starting compoumtithe formation of defects due to
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the transformation processése reduction produce a material with intermediate
characteristics called reduced graphene o#i@G®). Several chemical redirg
agents have beeninvestigated to create reducegtaphene oxide sheets
[203,204] Functionalization of graphene used in the delivery GO that has
excellent processability has become a promising functional nano reinforcing
material for vamus biomedical applications. Employing the covalent or
noncoval ent met hod named fAgrafto or
nanoparticles (NPs) or biomolecules to expand its biomedical applicf2is
Nanohybrids offers several advantagesng rise toa material characterized by
the peculiarproperties of each counterpart. In additian,already described in
paragrap 11.12, dopamine isquite simple to selfpolymerize into adherent
polydopamine (PDA) and has a high binding affinity to a wide range of
nanomaterials. This affinity allows the uniform dispersion of nanofillers in the
hydrogel network, resulting in unique hydrogel systems. Previous cesear
found that simultaneous surface functionalization and reduction of graphene
oxide occurred during the oxidative polymerization of dopamjRe6].
Furthermore an artificial nacre based on graphene oxide sheets-tinksl by
dopamine via evaporatiofinduced assembly processvas developed,
characterized by hierarchical nano/microscale structuretle natural nacre
and its excellent integration of mechanical propef@€5]. The tensile strength
and toughnessf this synthetic nacrare respectively 1.5 and 2 timgeeater
those ofthe naturalnacre andalso theelectrical conductivity proved higher
Applications for this kind of robust integrated artificial nacre include flexible
supercapacitor electrodes, artificial muscle, and tissue engineblamget al.
created a composite hydrogel using partly reduced graphenelgxiggulating

the extentof reduction during dopamine segdblymerization[208]. This created

a hydrogel had high adhesiveness and conductivity,witht low mechanical

strength
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1.6 Aims of the PhD project

Within the context briefly described in the previous paragraphs, thiswemo

was aimed mainly at the exploitatiomanipulation,and functionalization of

phenoliccompounds asictive componestfor surface coating, functional and

hybrid materialsn nanotechnologand biomedical applications.

In particular, the followinggoals were pursued,and the result@chievedare

described in detail in the following chapters

a.

Study of the structurpfoperty relatiorship in model eumelanins of 5,6
dihydroxyindole (DHI) and the corresponding carboxyl acid (DHICA),
before and after mdtdinding with the aid ofa mediatorsasedcyclic
voltammetrytechnique

Development of innovative and versatile -dipating technologies for
surface functionalization following theextraordinary wet adhesion
properties of polydopamine, imparting adhesive propertighdomethyl
ester of DHICAby use ofhexamethylenediaminand investigating the
mechanismaunderlying film deposition from noradhesive melanitype
polymers

Synthesisof new eumelanin precursors as amide/diamide derivatives of
5,6-dihydroxyindole2-carboxylic acid and dimers for preparation of model
pigments by oxidative polymerization and study of their absorption
properties, antioxidant activity and solubility in vars solvent of
relevance for dermocosmetic applicatipns

Evaluation ofconjugates of caffeic aciderivativeswith dihydrolipoic acid

ad hocsynthesized and ofatural compounds extracted fragri-food by-
products as inhibitors of tyrosinase in the perspective of their
dermocosmetiapplicationgor thetreatment of skimlisorders

Developmentof bio-inspired hydrogels by proper combination okoy

protein or whey protein witlselectedohenolic acids such as caffeic acid,
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chlorogenic acid and gallic acid aextracts from different agfood by
products

f. Development of ecdriendly extraction protocol to recover vakaeded
compounds (phenolics and lignins) from selected-fagrd by-products
and their exploitation as active comporseeimt hybrids nanostructured
materials such as AgNPs

g. Implementation of new functional hybridsatecholgraphene composite
hydrogels

Part of the work described under the research Bjgs were performedduring

a four-monthvisit at Institute of Bioscience and Biotechnology, University of
Maryland (College Park, USAunder the supervision dProfessorGregory
Payne
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Chapter 2

5,6-dihydroxyindole compounds and eumelanin
precursors for surface functionalizatioand
biomedical applications

As illustrated in the Introduction section, eumelanin represents a family of
heterogeneous and polymeric catechol pigments, ubiquitously found in nature.
These pigments provide to mammals a wegectrumof interesting propdies

with a broad variety of functionality, such as radical scavenging, pigmentation,
thermal regulation, and radiation protectif209]. In particular, they derive
from the oxidative polymerization of two catechol systemsdhgdroxyindole

(DHI) and 5,6dihydroxyindole2-carboxylic acid (DHICA), isolated for the first
time from black eumelanin by Raper et al. in 19270]. Although these
eumelanin precursors are apparently similar, the presence of a carboxylic group
dramatically affects the chemical properties and biological activity of the related
melanins, which are still not clarified and thaurportedly hold the key to the
actual physiological significance of melanogenesis.

To better understand the structaiahctional relationships and the biological
activity of these natural pigments, synthetic DHI or DHICA melanins have been
prepared byan easily biomimetic oxidation procedure. In particular, DHICA
melanin have shown highest free radical scavenging capabilities and antioxidant
activity compared to DHI melani211].

The poor solubility of melanins including the model pigments obtained by
oxidation of DHI and DHICA under biomimetic conditions hasitid the full
characterization of their properties that may hold the key of their biological role

and allow for a rational exploitation in different field12]. This holds
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particularly for the redox properties that are difficult to investigate on insoluble
materials with a variable morphology and particle size as is the case of model
synthetic melanins from DHI @DHICA, moreover making any comparison
between these pigments and other systems of biological relevance meaningless.
To circumvent the problems raising from the poor solubility and allow for a
better exploitation of the remarkable antioxidant activitythef melanins from
DHICA research work has been directed to derivatives of DHICA that might
afford melanin related pigments with more favourable properties. Synthetic
eumelanin from the methyl ester of DHICA (MeDHICA) has shown remarkable
antioxidant propeies by conventional chemical assd243], optimum lipid
peroxidation activity together with an improved solubility profile with respect to
DHICA melanin, and good cytocompatibility tovdaHaCaT cell§213,214]

These pigments exhibit various and differentofarable properties, thanks to
their ability to give rise to multiple interactions including covalent and hydrogen
bonding, cation and aromatic interactions, or bind different metals. This opens
new perspectives for their use in biomedical, technology applications and
surface functionalizatiof209].

In this last case, newapportunities in PDA based surface chemistry have derived
from the discovery that hexamethylenediamitdMDA) markedly enhances

film deposition from the polymerization of dopamine and a variety of catechol
substrate457], including the key eumelanin precursor DHI, leading to films
with attractive properties in terms of morphology and functionaljifés In all

these studies, it has been widely hypothesized that HMDA causes intermolecular
aminequinone condensation reactions that result in strongbsstinked
oligomer formationsHowever, the detailed mechanism by which HMDA can
mediate film deposition by catechol polymerization has remained so far little
understood.

Another field where the properties of DHICA melanin might be usefully

exploited is the development of dermocosmetic formulations for
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photoprotection. Yet, this function could not expectedly be played by the
melanins from MeDHICA as these pigments hght in colour (pale yellow)

with null absorption in the visible region. Therefore, thearch for other
derivatives of DHICA that may afford soluble pigments with a significant
covering of the W-Vis region as typical of melanin pigments represents a
research goal of interefg13].

In this context are framed the research work described herein focused onto the
study of these pigments, their exploitation and improvement of their properties
for biomedical and functional applications.

In particular, described in this Chapter egsults that have led to:

x implementation of a spectroelectrochemical reverse engineering
approach for thetudy of the metal binding effect aadox and radical
scavenging properties 8HI and DHICA melanins;

x development of film deposition promoted by HMDA from DHICA
derivatives, investigation of the main film components and study of the
adhesion mechanism

x synthesis of novel amides of DHICA and study of the antioxidant

properties, solubility profile and inhition of lipid peroxidation of the
melanins thereof.
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Results andDiscussion

2.1Spectroelectrochemical reverse engineering as a tgown
approach to evaluate the effecof metal binding on DHI and DHICA

melanins redox properties

2.1.1 Redox activity of DHI and DHICA melanin

This part of the PhD research work was performed during a training period spent
at the Institute for Bioscience and Biotechnology Research and Fischell
Department oBioengineering of University of Maryland (U.S.A.) under the
supervisiorof Prof. G. Payne and Dr. E. Kim.

The investigation of the function of biological systems usually starts by
characterization of their structure using conventional techniques. However, this
approach is very difficult to apply to complex orgarsgstems such as
eumelanin primarily because of the low solubility that hampers the application
of conventional methods of structural investigation. Recently, alternative top
down methods based on an electrochemical reverse engineering methodology
were devidped[215/217].

In this study, this innovative approach was applied to probe the redox properties
of synthetic DHI and DHICA melaning.o this aim, DHI and DHICA melanins
were prepared by an enzymatic promoted oxidation. Both monomers were
dissolved in 0.1 M phosphate buffer at pH 7. Subsequently, to the resulting
solution, 15 u/mL of a peroxidase solutisrasadded, followed by 1.2 egs. of
H>0O; solution (30% w/w)218].

Based on previous studig®15,216] in a first seies of experiments an
electrochemical methodology was slightly adapted and applied to these samples.
As shown in Figure.1, this approach uses a solid melanin sample, entrapped in
a nonconducting chitosan film, and deposited on a gold electrode. lrcydarti

DHI or DHICA melanins prepared as described before, were dissolved at final
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concentration 5 mg/mL in a chitosan water solution (1% w/w, pH 5.5) and
sonicated for 30 minutes. 20 eL of the
bare electrode surfacand dried in a vacuum oven for 20 min. To neutralize the
coated film, the electrode was dipped in a 0.1 M phosphate buffer (PB) solution

at pH 7 for 20 minutes.

Drop of Dryina Neutralized
chitosan with DHI or vacuum oven using PB pH 7
#DHICA melanin for 20 min for 20 min
s — —
Bare gold DHI or DHICA DHI or DHICA DHI or DHICA
electrode melanin-chitosan melanin-chitosan melanin-chitosan
Hydrogel film film READY for the

use

Figure 2.1. Schematic representation of the procedure for the depositichitosan

DHI or DHICA melanin film coated on gold electrode.

As mentioned before, eumelanin are insoluble pigments and therefore their
major limitation during an electrochemical analysis is their poor solubility,
making difficult the exchange of electronsith the electrode surface.
Consequently, the use of soluble mediators able to transfer electrons between
melanin and the underlying electrode was crucial, providing redox connectivity
between the melanin sample and the electrode (F@jeIn particuar, after
applying a controlled input voltage, the resulting potential is transmitted to the
melanin entrapped into the chitosan film through the soluble mediators, acting as
electrons shuttles. The output currents are detected, and the redox activities of

the melanin are evaluated.
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Figure 2.2. Schematic representation of the redox connectivity established between

chitosanDHI or DHICA melanin film and a gold electrode using soluble mediators.

To obtain useful output signals, initial measurements werete@\o the choice

of mediators and their concentrations. Several mediators suci¥,&Bu¥, Ir+4,

Fe' at different ratios and concentration were tried. The optimal conditions
were observed in the case bf, -feréocenedimethanaglFc) andPhenazinel-
carboxylic acid (PCA)Subsequently, DHI and DHICA melanins as fibmated

on electrodes were dipped int®@4d M phosphate buffer solution, containing the
two selected saeaWVubd eah@Chh @ tyslic gotertid O
between-0. 7 V and +0.5 V was applied at
experiments, the same experiment on chitasmted electde, without
entrapped melanin were performed.

In the potential range from 0 V t0.7 V vs Ag/AgCl, the eumelanin reduction
occurs, and the electrode act as an electron source. Under these conditions, the
mediator PCAs reduced to PCA producing a pasve (reducing) current. As
shown in Figure2.3, in the case of chitosan, a minimal reducing current was

observed, likely due to the electrochemical reduction of RDA that diffuse
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through the film to the electrode, whereas a considerable amplificattitme
reducing currents for both melanthitosan films was detected.

On the contrary, in the potential range from 0.5 V to &sVAg/AgCl, the
eumelanin oxidation occurs, and the electrode acts as an acceptor of electrons.
Under these experimental cotidins, Fc is oxidized to F¢producing a negative
(oxidizing) current.

In Figure 2.3 panel a, the current response mélanirchitosanfiims as a
standard cyclic voltammogram (CV) are reported, whereas in FRjBbethe

results are expressed as the output current response of ctgriamee. It is
evident that both amplifications appe
the CV cuves are approximately superimposable, and the output cappesr

to be similar for each consecutive cycle. Overall, these results suggested that
compared to the chitosan control, the cyclic voltammetry of melamitosan

film shows a considerable amjtifition, the paired amplification in oxidation

and reduction currents provides evidence that both melanins are-aetilagx

and can repeatedly exchange electrons with the mediators.
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Figure 2.3. (a) Cyclic voltammograms of films containing melanin samples (scan rate of

2 mV/ s) in the presence of the two select
currentvst i me of films containing mel anin sal
presence of the twvmediators.

This amplification can be explained by the reductive regdating mechanism
(Figure2.4). Briefly, after the reduction of PCA, the reduced P@An diffuse

into themelaninchitosanfilm and transfer electrons to melanin. As result, some
oxidized melanin moieties are converted into their reduced states and oxidized
PCA is generated again, ready to start another redox cycle.

On the other hand, in the case of oxidative recypoting mechanism, Fc is
oxidized to F¢, the oxidized Ftcan diffug into themelanirchitosanfiim and
accepts electrons from melanin. Consequently, some reduced melanin moieties

are converted into their oxidized states and reduced Fc is generated again.

54



EumelaninReduction [ EumelaninOxidation ]

Electrode == == FElectrode
Insoluble  Soluble
0.7V TPCA+ 2eA PCAZ Sample Mediators

-0.5V EM
Pm RS
Fo/Fct §
EM " ov
- FCA FC +el 05V

Soluble Insoluble
Mediators Sample

+ +
E(V) vs Ag/AgCl E(V) vs Ag/AgCI

Figure 2.4. Reductive redoxycling mechanism ofmelanirchitosan film with

mediators.

Survey ofthe electrochemicabtudiesof melanin reported in literatureshows
that electrodepositiorepresentsa widely explored alternativéo conventional
cyclic voltammetry forthe redox study oinsoluble compounds or coatings. In
fact, applying a constant potential it is possiblebtain the electrodeposition

of compounds on the electrode surface. In particulader the abovdescribed
conditions,DHI or DHICA monomerformed acoaing ontothe electrodeas a
result of their oxidation and consequently polymerization on its surface.
However, using this methodology it is very difficult to control the film thickness
and toestablish a straightforwarcompaison of the two melanin films, since
they have very different kinetic polymerization rate afsb the final aggregates
are quite differenf219].

To get additional information, the charge transirdeiring the oxidation and
reduction of CVs, was calcul attdd.dn i nt e
addition, the ratio between the charge fornedaninchitosanfiims and for the
control chitosan film, allow to calculate the reductive and thé&dative
Amplification Ratio AR) (Figure2.5).
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Figure 2.5. Schematic representation of output curves to quantify charge transferred (Q)

andamplification ratios (ARS).

Moreover, aRectification Ratio (RR),that compares the response of the

oxidized and reduced portionsas also calculatkeas follows:

Y'Y

With regards to ARs, the denominator represents the charge of the control
experiment (chitosan film), reflecting the diffusion of mediators to the electrode,
whereas the numerator represents the charge of the mehdttisan film and so
reflects the diffgion of the mediator but also their redox activiég. illustrated

in Figure2.6, in the case of DHICA melanin a higher Amplification Ratio was
observed with respect to DHI melanin, indicating that DHICA melanin are more
redox active or that the redox asisites are more accessible to mediators. This
finding can be related to the supramolecular structure of melanin. In fact, as
already reported in literature DHI melanin are probably characterized by a more
compact struct uf¥t e, s tdatdiadtiong dngadditidnefor the y
two melaninchitosan films and the chitosan contritie RRapproaches to 1,

suggesting that the oxidized and reduced fractions are quantitively similar.
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Figure 2.6. Graphic representation of the (akidative andreductive charge, (b)
Rectification RatioRR) and (c) Amplification RatidAR), blue bar for DHICA red bar
for DHI and pink bar for chitosan

In another series of experiments, a dynamic analysis, comraseti/for reverse
engineer technological systems, was performed. Firstly, the malaitgsan
films were dipped into a 0.1 M phosphate buffer solution, containing the two
selected sol weMl Ec meldP@AR Bhersa variaton of the
frequency, using a scan rate from 2
potenti al input from 1T0.7 V to 27, 0.

()

the frequency used controls the depth of the film region propéldebmediators
redoxcycling.

Low frequency High frequency

o Melanins 4O—O_OT O © O
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Figure 2.7. Schematic representation of the scan rate effect on the depth of mediator

penetration into the film and into the core of melanin particles.
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As shown in Figure2.8, the charge transferred to the electrode Siaifly
decreases at higher scan speeds, probably due to the shorter time the mediators
have to cross the film and exchange electrons with the electrode. In fact, in all
cases theAR is higher at slower scan speeds while this ratio decreases

significantlyat higher scan speeds.
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Figure 2.8. Charge transferred and amplification ratios (ARs) fooKitiation and RE

reduction for various films probed at different scan rates.

A higher AR was observed for lower scan rate, likely due to the longer times (or
slower scan rates) required for the mediators to access to the internal sites of
melanin. Consistent with this expectation, at higher scan rate the ARs
significantly decreasas result of the less time available for the mediators.
Overall, in agreement with the previous findings, also this type of study
confirmed significant higher AR values for DHICA melanin with respect to DHI
melanin,though the general behaviour of DHI ab#ICA melanins in terms of

ARs in function of time appears to be very similar.

58



2.1.2 The effect of metal binding on the radical scavenging
activity of DHI and DHICA melanins

On this basis in further experiments the effects of metal binding on the redox
behaviou of these synthetic melanins was evaluated. The interest of this study
stems from the occurrence of different metal ions in the site of biosynthesis of
melanins that feature different coordination sites, akfiiphenol functionality

and the carboxy groum the DHICA derived units. Therefore, evaluation of
how the redox ability of the pigment may be altered following binding of the
metal ions may bear significant biological implications and of course may be
exploited to tune the redox activity of melanins.

Briefly, DHI or DHICA melanin was sonicated in the presence of a 40 mM
FeCk solution. After 90 minutes, the resulting solution was centrifuged, and the
precipitated melanin was collected. Both DHI and DHICA melanin before and
after treatment with Fegilvere analysed by CV in the presence of Fc and PCA
as described before (see paragraph 2.1.1). As illustrated in Ei§uadter the
treatment with F&, both melanirchitosan films lost their redox activity, likely
due the welknown involvement of catech groups in the metal binding
interactions. However, since Becan be reduced to Feby melanin, another
metal, i.e. Zinc (+2) was selected for these experiments. In fact, this metal can
only bind melanin without any side reactions. A similar result alaserved also

in this case, confirming the preliminary findings.
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Figure 2.9. Cyclic voltammograms of films containing melanin samples before and after

met al binding (scan rate of 2 mV/s) in t

In another series of experiments, the electrochemical measurement of the
melanin redox activity was coupled with radisglvenging activities using bv

Vis spectroscopy217], with the aid of a honeycomb electrode (Fig@r&0).

The usefulness of these experiments is the pdisgitai have simultaneously an
electrochemical and optical output, by applying a voltage input. In fact, the
presence of small holes on this gold electrode allows the light to pass through
for optical measurements near. To get optimal results, differgariexental
conditions such as choice of the mediators, their concentrations and ratio were
tried. Notably, some species such as ABT®,2-azinobis(3
ethylbenzothiazoling-sulfonic acid) are redoxstatedependent optical
properties.In fact, anodic oxidation can generate the correspondiBgS
radical species(ABTS"), characterized by an intense green coleasily
monitored by Uwis spectroscopy. This radical species can be then quenched in
presence of antioxidant compoundach & melanin pigments.

Compared to othemethodologis, the useof melaninchitosan filmsallows
spectroelectrochemical measurement. In fdot, example electrodeposited

DHI/DHICA melaninfilms would completely covethe honeycomb electrode
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halls, preventingthe light to pass through for optical measuremdntaddition,

with respect t@wonventional chemical asséy the evaluation of the antioxidant
properties such ag,2-diphenytl-picryl-hydrazyl (DPPH and Ferric Reducing
Antioxidant Power FRAP) assay, this methodologgllows to strictly and
directly correlatethe redox properties to the radical scavenging activdinethe

use of mediatorsnakes the measurement more independent from the contact

area dimensionand supramolecular structure of melanins.

\/ Electrochemical output
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Figure 2.10. Representatives imagine of honeycomb electrode (light pass through the

holeg andof ABTS redoxstatedependent optical properties.

The best results were observed when chitosan films (with or without melanin)
were coated on the honeycomb electrode and then dipped into 100 uM ABTS
and 100 uM PCA in PB solution at pH Firstly, a steady study based on a
variation ofthe input voltage from +0.7 ¥6 -0.7 V at a scan rate of SmVisas
conducted. Thisllows, as already described in the previous paragraph 2.1.1, the
oxidative redoxcycling of ABTS and the reductive redoycling of PCA. As
illustrated in Figure2.11-12, the electrochemical outputs of the current as a
function of time exhibited three important features in the case of DHI and
DHICA melanin: (i) both ABTSoxidation currents and PCA reduction currents

are amplified; (ii) both melanin can be repeatedly @ddi and reduced by
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ABTS and PCA redoxycling and these amplified current peaks remain nearly
constant over the multiple cycles; (iii) the DHICA melanin amplification is
higher respect the one observed for DHI melanin. When the applied voltage is
into theoxidative range (the ABTSradical is electrochemically generated), the
absorbance associated with the ABT&dical increases. On the other hand,
when the applied voltage is into the reduction range, the ABESlical is
electrochemically reduced intthe ABTS species and consequently the
absorbance decreases.

As expected for the control chitosan film no effect was observed, indicating no
radical scavenging activity in absence of melanin. On the contrary, the optical
absorbance for the melansontainng film significantly decreases, which is
consistent with the idea that the electrochemically produced AB@8ical is
suppressed accepting an electron from melanin. Interestingly, as evaluated by
conventional chemical assay such as DPPH and FRAP &3H&§$A melanin
significantly attenuated the optical absorbance, suggesting a higher radical
scavenging ability respect to DHI melanin. Notably, when the same steady study
was carried out on DHI and DHICA melanin coated to the honeycomb electrode
after the netal binding, the radical scavenging abilities of DHI and DHICA
melanin becomes comparable and lower than before metal binding. These
results suggest that when melanin bind metals lose their antioxidant properties
and in particular the radical scavengitiijities of DHICA melanin significantly

decrease after binding with respect to DHI melanin.
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Figure 2.11. Potential input, and electrochemical and output responses of melanin
coating film, amplification of the electrochemical currents attdnuation of the optical

absorbance of the ABT%adical (scan rate =5 mV/s; frof@.7 to 0.7 V).
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Figure 2.12. Potential input, and electrochemical and output responses of melanin
coating film after metal binding, amplification of theectrochemical currents and
attenuation of the optical absorbance of the AB¥&dical (scan rate =5 mV/s; from
0.7t0 0.7 V).

In addition, an unsteady study case was also carried out, applying a constant
potential from +0.7 Mo 0 V, providing the oxidtion of ABTS into its radical
form and at the same time using this potemialreduction of PCAan occur

As expected wunder these conditions,
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reduction peaks for either the chitosan filmrelanirchitosan films and in
agreement with the previous results, the ABTS oxidation peaks were amplified
in the case of melanichitosan film. In this unsteady study, the optical outputs
exhibited a very low initial absorbance of the ABTfdical in tle case of
melanins, consistent with a rapid quenching. Over time, the ABJi&orbance

is observed to increase approaching the signal observed for the control chitosan
film (i.e., the optical signal becomes less attenuated). These phenomena could
be exphined by the quench of the electrochemically formed ABT&dical
thanks to melanin, but over time as the melanin gradually loses electrons, it is no
longer able to give electrons to quench the AB¥&dical. However also in this

case DHICA melanin showlehigher antioxidant ability, even over time. The
same experiment was performed raerlaninchitosanfilm after metal binding.

In agreement with the previous findings, a loss in terms of radical scavenging
activity was observed for both melanins. Interggtinan almost complete loss

of radical scavenging ability was observed for DHICA melanin with respect to
DHI melanin(Figure2.13-14).
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Figure 2.13. Potential input, and electrochemical and output responses of melanin
coating film, amplification of thelectrochemical currents and attenuation of the optical

absorbance of the ABT%adical (scan rate =5 mV/s; from 0.7 to 0 V).
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Main outcomes of the study

A

p2

p2

A comparison betweethe redox properties of DHI and DHICA model
synthetic pigments prepared by enzymatic oxidawascarried out using
an experimental reverse engineering approach
Both model melanins are redaxtive
A DHICA melaninsseems to be more redox active or to have more
accessible redox active sites.
Spectroelectrochemical steady and unsteady studies allow to conclude
that both melanim after metal binding significantly lesredox activity
and antioxidant properties.
A DHICA melaninslosesredoxactivity and antioxidant propertigs

a more significant extent
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2.2Non-covalent interaction in redoxactive films generated from a

eumelanin precursor in the presence of HMDA

2.2.1 Investigation of the key factors driving film deposition
from MeDHICA/HMDA

As illustrated in the previous paragraph eumelanin are redox actigehoh
polymers with enhanced radical scavenging abilities. To exploit these interesting
properties, the possibility to have eumelabased film coated on various
surface was explored.

A dip coating protocol developed for DHI eumelanin film depositiconpted

by HMDA was applied to other eumelanin precursors such as DHICA and
MeDHICA. A 1 mM solution of the selected indole was stirred in the presence
of HMDA in 0.05 M carbonate buffer at pH 9. Quartz slides were dipped into
the reaction mixture and thénf formation was monitored periodically by

Vis analysis. Unfortunately, in the case of DHICA no detectable film was
observed on the dipped quartz slide but only a dark eumdlgmenpolymer
(Figure2.15).On the contrary, after 24 h in the case of MBOA the formation

of a yellowish film on the quartz substrate was observed, together with a light
colored precipitate. The WVis analysis of the film revealed a weléfined
absorption maximum around 340 nm, indicating the presence of oligomeric
speciesAs shown in Figur@.15 panel c, other type of surface such as metals,
plastic surfaces, and glass materials were coated by dipping them in the
MeDHICA/HMDA reaction mixture. A systematic investigation of the best
reaction conditions in terms of HMDA mol&gs. was carried out. Based on
spectrophotometric analysis of the coated quartz slide, the maximal film
deposition was obtained using HMDA 1.5 M egs. Therefore, 1 mM MeDHICA
and 1.5 mM HMDA in 0.05 M carbonate buffer at pH 9.0 were selected as

optimal reaction conditions.
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Figure 2.15. Quartz substrates dipped into reaction mixtures of MeDHICA/HMDA (top)
and DHICA/HMDA (bottom) after 24 hours at pH 9.0; (b)vW¥is spectrumof
MeDHICA reaction mixture without or with HMDA at different reaction tinand (c)
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polystyrene, andluminium

Under these selected conditions, after 6 h the film showed an intense absorption
maximum at 340 nm that increased over time reaching a maximum at 24 h. As
expected in absence of HMDA no thlétectable film was observed. In
addition, the kinetic film deposin of MeDHICA/HMDA over 1 h was
determined using Quartz Crystal Microbalance (QDMmethodology. The
frequency and the dissipation changes over time were monitored for 1 hour,
after the introduction of the MeDHICA/HMDA solution in the cell. The film
thickness was estimated using the Sauerbrey equation from the@Qddh as
follows.

vo 8 L
A film thickness of 8.7 nm was estimated after 1 h of deposition. This was based

on the observation that the frequency charipef(the oscillating quartz shtwl
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be linearly related to its mass change, provided the film is rigid and assuming a
homogeneous mass density for meldika material (1.2 g/cr). Interestingly,

the film deposition begins as soon as the chemicals are mixed.

To get a deeper insight intbe film forming process, the effect of pH and the
structural characteristics of the amine component necessary to allow film
deposition were also investigated. Firstly, the reaction was carried out using
different pHs. As shown in Figuiz16, the best reult was obtained in the case

of pH 9, whereas a markedly lower deposition in all the other cases was
observed. For pH lower than 9.0, this could be due to the slower rate of
MeDHICA oxidation. On the other hand, at pH higher than 9 HMDA
deprotonation antience depletion of ammonium ions from the primary amine
groups are probably the main limitations for film deposition, together with a
higher oxidation rate of MeDHICA/HMDA. Secondly, different monoamines
(butylamine, Gaminohexanol), ammonium salts (tewdammonium) or
diamines with chains shorter or longer than 6 carbons were used, proving to be

less or not effective in inducing film deposition (Fig@r&6 panel b).
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Figure 2.16. Effect on film deposition (a) of pH on film deposition and (b) of chain
length of 1,n-diamines. Shown is the absorbance at 340 nm of the quartz slides
immersed in the MeDHICA solution and the proper amines/diamine at the selected pH

9.0.

2.2.2 Morphological, structural, and electrochemical
characterization of MeDHICA/HMDA film

To characterize the film morphology, Scanning Electron Microscopy (SEM)
analysis and Atomic Force Microscopy (AFM) analysis were performed. A
regular and homogeneous mbology of the film obtained under the described
conditions was observed by SEM analysis. Smooth regions characterized by a
fine substructure were evident together with nanoparticles around 250 nm and

widespread aggregates.
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In agreement with the SEM imagje AFM analysis reveals smooth and
homogeneous film with an estimated thickness of 37 + 5 nm and roughness of
13.8 nm.

To get additional information, the wateontact angle (WCA) of
MeDHICA/HMDA and of PDA coating, prepared as reference in the same
condtions described before, were determined. Notably, a higher value around
60 + 1 for MeDHICA/HMDA film respect to PDA coating (37.0 + 0.3) was
observed, indicating a more hydrophobic character of the main components
coated on the film in the case of MeDHIGMIDA. Additionally, after
exposure to HCI vapors, the WCA value dramatically decreased to 31.2 + 0.3,
suggesting an increase in hydrophilicity, likely due to the protonation of
MeDHICA-derived catechol components and the concomitant increase of
ammonium ims from HMDA (Figure2.17).
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Figure 2.17. (a) SEM and (b) AFM images of coatings applied onto glass substrates
from MeDHICA/HMDA reaction mixtures. WCA of the MeDHICA/HMDA coating (c)

before and (d) after exposure to HCI vapors.

After exposure to aqueous sodium borohydride, the MeDHICA/HMDA film did

not exhibit any clear evidence of changes in theirMis absorption spectra,

which is consistent with the absence of a considerable amount of reducible
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guinonoid structures. However, as illustrated in Figouie8, after 48 hours of
exposure to ammonia vapors, the colour of the film significantly changed,
becomhg darker. Notably, the absorption maximum at 340 nm almost
completely disappeared and a broad absorption band covering the visible
spectrum was observed. These effects are consistent with th@rbassed
oxidative conversion of the film components tolypoeric eumelaniftype
material. In agreement with the previous findings, MeDHICA/HMDA films
were exposed to a UV light at 320 nm for 1 hour, and similar changes irvthe U
Vis absorption spectra were observed, indicating a possible use for the films in
oxidant and UV sensing. On the other hand, when exposed to HCI vapors, the
protonation of MeDHICA and similar species contained in the film resulted in a
hypsochromic shift of the absorbance from 340 nm to 320 nm. An immediate
and considerable drop in the absance at 320 nm was observed after
submerging the film that had been deposited on quartz in a solution of 2:1

methanol to 0.1 M aqueous HCI.
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Figure 2.18. Uv-Vis spectra of MeDHICA/HMDA film before and (a) after exposure to
ammonia vapors up to 48 (b) following irradiation with a UV lamp at 320 nm over 1

h, or (c) exposure to HCI vapors.

As illustrated in Figure2.19, cyclic voltammetry (CV) measurements revealed

an irreversible oxidatiomeduction wave in the absence of the external redox
probe, suggesting that the film was electroactive and in line with the
observations made above that indicated a high content of reduced catechol units
in the films. Additionally, in agreement with the impedance spectrum, the
MeDHICA/HMDA coating on the electrodsurface shown to be practically
impermeable to potassium hexacyanoferrate. The linear component of the
Nyquist plot showed that the film had a strong resistance to the redox probe

diffusion to the electrode in the low frequency domain.
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Figure 2.19. Electrochemical study of the MeDHICA/HMDA film that was deposited

on the working electrodes made of amorphous carbon. (a) Film capacitive curves
following a ZXhour dip of the electrode in a MeDHICA/HMDA combination in
carbonate buffer at pH 9.0. (b) The @urve of potassium hexacyanoferrate used as a
redox probe on electrodes that were either pristine (dashed lines) or coated in the
MeDHICA/HMDA coating. (c) Electrochemical impedance spectra with a redox probe
present in the MeDHICA/HMDA film solution aral Nyquist representation.
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2.2.3 Computational studies

The general properties of MeDHICA, its anion, as well as itseb@etron
(semiquinone) and twelectron (quinone) oxidation states in its most stable
tautomeric forms, were investigated using the DFT zost Hartred~ock levels

to test the effectiveness of the postulated-covalent interactions involved
during film deposition. The results revealed that MeDHICA at t@H6group
and semiquinone at the-@ position exhibited pKa values of 7.5 and 6.2,

regectively (average values of the two techniques), respectively.

2.2.4 Chemical characterization of the film components

To get additional information on the chemical composition of
MeDHICA/HMDA films, the DMSO solution of thefilm was analysed by
HPLC and UV analysis. Firstly, the film was dipped in DMSO solution and
sonicated for 30 minThe UwVis spectra of the MeDHICA/HMDA coated
guartz after immersion into DMSO soluti@howed nadetectableabsorbance
indicating that allthe film components were dissolved in this solvéirtten,
after proper dilution 1:10, the HPLC analysis of the resulting mixture was
performed. The elutographic profile reveal the presence in small amount of
MeDHICA monomer (R=12 min) together with higheamounts of other
components, such as the 4MEDHICA dimer (4,4biindolyl) and 4,7
MeDHICA dimer (4,7biindolyl) at R = 16 and 18 min, respectively (Figure

2.20), identified by comparison with authentic standards.
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Figure 2.20. Elutographic profile of the MeDHICA/HMDA film dissolved in DMSO
(Eluent: HO/acetonitrile 267 0 % gr adi ent, 2=300 nm).

In addition, MALDI analysis was also carried out. The film was directly coated
on MALDI plate and extensively washed with water. A webtettable
pseudomolecular ion peak at m/z 208 attributed to MeDHICA monomer was
detected, together with its oligomers up to tetrameric species [M-ddlah/z

435, 640, 845. Notably, pseudomolecular ion peaks attributable to HMDA were
observed as well. Furérmore H-NMR analysis of the DMSO soluble fraction

of MeDHICA/HMDA film after acetylation was performed. Consistent with the
previous findings, the presence of MeDHICA oligomers and HMDA in the
mixture was also demonstrated. Signals due the acetylddsAHt 3.2, 1.90,

1.5 and 1.3 ppm were discernible together with resonances due to methyl groups
of MeDHICA oligomers in the 3:8.0 ppm region and the relevant aromatic
protons in the spregion. The peaks at 6.63 and 7.42 ppm attributable to the
4 | -diindolyl were well discernible, while the other signals confirmed the

presence of closely related oligoméfgyure2.21).
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Figure 2.21. '"H NMR spectrum (methanal) of the film dissolved in DMSO and

subjected to acetylation treatment. Insetimatic resonance region.

To clarify the function of HMDA in film deposition, different attempts were
devoted to looking for covalent conjugates between MeDHICA or its oligomers
and the diamine. After 24 hours of oxidation, the MeDHICA/HMDA reaction
mixture was extracted with ethyl acetate. In both phases no adduct was detected
by HPLC analysis. Then the reaction mixture was stopped at different time,
using sodium dithionite. The aliquots were then extracted with ethyl acetate,
dried, and acetylated withcetic anhydride and pyridine. After that, HPLC
analysis was performed. Also, in this case no adduct was observed. All the
combined analysis, allowed to conclude that the presence of MeDHICA and its
oligomers are the major components of the film, togethtr free HMDA. In
addition, no species derived from a covalent coupling of MeDHICA with

HMDA was apparently obtained.
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2.2.5 Chemical, kinetic and morphological analysis of the
MeDHICA/HMDA film

In separate experiments, the effect of HMDA on the kinetic oxidation of
MeDHICA was evaluated. A marked slowing effect on the
oxidation/consumption rate of MeDHICA and dimer accumulation was
observed. In fact, after 3 h under stirring in absence of HMB@ résidual of
MeDHICA was around 28% and almost complete after 6 h, whereas in presence
of the diamine, the remaining starting material was 63%. The formation yields
of -Bi ¥6dol ybiindaylnslightl¢ increésed in the presence of HMDA

in the first 3 h (Figure2.22), after which time their consumption becomes
predominant (not shown). As result, it can be concluded that the presence of
HMDA slightly delays the kinetic oxidation, probably due to a -comalent
interaction of HMDA with MeDHICA. To vestigate the importance of a slow
oxidation for the film formation, a fast oxidation of MeDHICA in presence of
HMDA with potassium ferricyanide was performed. After 30 min no film
deposition was detected on quartz by-WUs spectrophotometer despite the
complete oxidation of the catechol detected by HPLC analysis. This suggests
that the slow oxidation rate of MeDHICA is crucial for the coexistence of larger
amounts of intermediates with longer lifetimes and increased availability for

nortrcovalent interadbns, selfassembly and crodimking.
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Figure 2.22. Kinetics of MeDHICA aerial oxidation at pH 9 (a) consumption of

MeDHICAa n d
without HMDA.

This conclusion is also supported by the absence of film deposition under the

same conditions observed in the case of DHICA, characterized by a high

(b) formation of 4,46

and

4 )

70

oxidation rate To support these observations, also Dynamic Light Scattering

(DLS) was performed. Time evolution of the hydrodynamic diameter

distributions of MeDHICA aerobic oxidation in the presence of HMDA

exhibited a higher growth rate of particle size in solutiorcomparison with

that observed for the oxidation mixture of MeDHICA in the absence of HMDA.
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In the absence of HMDA, the particle growth was very slow and only reached
the value of 450 nm after 24 h, whereas in presence of HMDA after only 90 min

a maximunvalue of 900 nm was obtaid€Figure2.23).
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Figure 2.23. Time evolution of the hydrodynamic radius distributions of the particles
producecby MeDHICA oxidationwith or withoutHMDA.

In agreement with the previous conclusions, also these experiments support the
main idea that HMDA and MeDHICA monomers or its oligomers create a
network through nowtovalent interactions.

Moreover, Transmission Electron Microscopy (TEM) analysis of the
MeDHICA/HMDA mixture was performed. Particularly, when the TEM grid
was dipped into MeDHICA/HMDA mixture, a continuous very thin film was
observed together with nanoparticles of varying shapes, most of them quasi
spherical with a size ranging from 50 to 186 (Figure2.24 a, left panel).
Higher magnification TEM showed the film substructure, indicating the
presence of uniformly dispersed domains with size below 5 nm (FRede,

right panel). A low transparency of the film to the electron beam in absénce
HMDA indicates that the MeDHICA mixture alone produced a discontinuous
film with a significantly higher thickness than that formed by the
MeDHICA/HDMA mixture (Figure2.24 b, left panel). In small regions where a
low thickness occurred, the TEM analysis of the film at higher magnification

was allowed and then performed. TEM images revealed the substructure of the
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film with the presence of embedded nanodomains with laterall®etween 5
and 20 nm, thus higher than that observed at the same magnification on the film
obtained from the MeDHICA/HDMA mixture (Figu@24 b, right panel).

(a)

(b)

Figure 2.24. Bright field TEM images of the reaction mixtures of MeDHICA in the
presence (awithout (b) or with HMDA in carbonate buffer pH 9.0 after 4 h.

2.2.6 Antioxidant properties of the MeDHICA/HMDA films and

cell protection effects

Given the wellknown strong antioxidant properties of MeDHICA and its
polymer, the MeDHICAHMDA film were compared to other films prepared
from dopamine (DA) and DHI in the presence of HMDA under the same
reaction conditions described above. At the concentration used such as 1 mM,
DA alone does not result in noticeable film formation in theeabs of HMDA.
Subsequentl vy, the coated substrates
diphenytl-picryl-hydrazyl (DPPH) solution. As expected, all the films
exhibited an increase of antioxidant activity within 30 minutes, whereas no
effect was observed aftd h. Interestingly, in the case of MeDHICA/HMDA
film a DPPH consumption around 30% was observed, whereas in the case of DA
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and DHI, lower values were determined (20% and 10%, respectively). Notably,
a clear evidence of MeDHICA/HMDA antioxidant activityas/ the significant
darkening of the exposed film area, probably due to the oxidative conversion of

the MeDHICA units into melanins, as previously mentiofféidure 2.25).

——— MeDHIC AHMDA
30 — DHIHMDA
—  DAHMDA

15 4

Reduction of DFPH (%)

10 4

Time (min)

Figure 2.25. The reduction effect of glass substrates coated with MeDHICA/HMDA,
DA/HMDA or DHI/HMDA films dipped into DPPH (50 uM) Shown are the results of
triplicates + SD.

Based on these findings, which showed that the MeDIHHBADA film had
greater antioxidant capacity than other coatings previously studied, two distinct
electron transfer assays, i.e. the Ferric Reducing Antioxidant Power (FRAP) and
t h e -azi2ohigPgthylbenzothiazoling-sulfonic acid) ABTS inhibition
assay, were performed. For both assays the MeDHICA/HMDA film
demonstrated a good antioxidant activity. In fact, a-weticeable formation of

the absorption P&TPTZ complex at 593 nm for the FRAP test and a 15%
decrease in ABTS over 30 minutes were obsk(Fgure2.25).

Therefore, due to the promising results, in vitro study on HaCat cells were
carried out. Firstly, there was no difference in cell viability between HaCaT cells

grown on coated wells and those grown on unfunctionalized supports, indicating
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that the MeDHICA/HMDA film was not harmful to the cells (data not shown).

In additional tests, MeDHICA/HMDA films capacity to protect cell cultures
from oxidative stress conditions was assessed. After being stressed by UVA on
functionalized or unfunctiotiaed plates, the ROS levels produced by HaCaT
cells were measured, using the Adichlorofluorescin diacetate ¢BCFDA)

test. According to Figur2.26, a small but substantial (p 0.01) decrease in ROS
levels in the absence of irradiation for functionalized petri was observed. Both
unfunctionalized (black bars, 1.5 fold increase, p 0.001) and functionalized
(light grey bars, 1.5 fold increase, p 0.008t@s showed a substantial increase
after irradiation.Notably, the functionalized plates displayed lower ROS levels
than the unfunctionalized plates after 30 minutes of stress. For instance,
compared to simply stressed cells, unfunctionalized plates shavi#&% drop

in ROS levels (white bar, p 0.05), but functionalized plates showed a more than
50% decrease (dark grey bar, p 0.005), reaching a ROS level lower than that one
observed for notirradiated cells (20% decline, p 0.01). In a first series of
studes, the recovery time, i.e., the amount of time required for the cells to

recover from the irradiation stress, was optimized (not shown).
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Figure 2.26. Antioxidant effects of MeDHICAHMDA films on UVA-stressed HaCaT
cells. MeDHICA/HMDA coated plates (grey bars) and unfunctionalized plates (black
and white bars) were stressed by UVA radiations (100%)/amd intracellular ROS

l evel s wer e m edztdowodity/dfofludrescein2 dcetated (HDCFDA).
Measurements were taken immediately after irradiation and after 30 min ngcover
indicates p<0.05; ** indicates p<0.01; *** indicates p<0.005; **** indicates p<0.001.

According to previously published data, this result confirms thengtro
antioxidant activity of eumelanins from MeDHICA in cell cultures and
implicates MeDHICA/HMDA films as a useful system for the development of
devices that can shield cells and possibly tissues from the harm caused by

oxidative stress conditions.

2.2.7 Proposedmodel for MeDHICA -HMDA film deposition

Based on these findings, the structural requirements and experimental factors
crucial for MeDHICAHMDA film deposition, includes: a sufficiently long and
flexible aliphatic chain of the diamine group, the presendbheoéster derivative

of HMDA, a slightly alkaline pH, allowing the presence of HMDA in the di
protonated form (pkKa = 10.76, pKa = 11.86) and the concomitant
deprotonation of the acidic®H group of MeDHICA (pKa = 7.5).
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All these factors, may drive a wide spectrum of gomalent interactions, such

as:
U cation’ b e t we lactronribhesystem of the catechol ring of
MeDHICA ard the protonated primary amine groups of HMDA,
U ~ -type (electrostatic), including one protonated primary amine groups

of HMDA aligned on the plane of the oxygen lone pairs of the o
diphenolic functionality with the MeDHICA anion at theJdH group;

U0 ° -staking, engaging MeDHICA rings;

U hydrophobic, between the long aliphatic chains of the diamine and the

flat aromatic moieties.

Overall, these noxovalent interactions and the concomitant oxidat@fn
MeDHICA in the presence of HMDA give rise to complexvnatks of self
assembling smahized molecules held together by the long chain diamines.

In this view, the optimal condition for the film formation, imH 9.0, could be
justified by the concomitant presence of-pdotonated HMDA and the
MeDHICA anion as charged aromatic building block. In addition, the positively
charged ammonium ions of HMDA, due to the long aliphatic chain, can interacts
with the negately-c har ged p h e n o-aldcttbe rictyaf MaDHIEA. o r
In agreement with this hypothedld-NMR spectra of DMSO soluble fraction of
MeDHICA/HMDA film exhibited an approx. 1:0.5 ratio of MeDHICGderived
speciesversusHMDA, despite the different irietl molar ratio of the reagents
(2:1.5). In this scenario, the significant decrease of the WCA after exposure to
HCI vapours, could be due to protonation of phenoxide groups MeDHICA.
Along the same line of interpretation, the absorbance decrease of ted coa
guartz slides by acid washings are likely the result of the loss of the electrostatic
forces primarily responsible for film adhesion. A schematic illustration of the
proposed model for film deposition from MeDHICA/HMDA is reported in
Figure2.27.
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Figure 2.27. Graphicillustration of the MeDHICA/HMDA film deposition process.
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Main outcomes of the study:

A Film forming properties were imparted to MeDHICA, a derivative of the
major eumelanin precursor DHICA, by oxidation in the presence of a
diamine, specificallyHMDA.

A The films from MeDHICA/HMDA appearedight in color, were
removed from the substrate on which they were deposited by
washings with DMSO and retained the antioxidant properties of
DHICA melanins.

A Based on the mechanistic insights carried out deposition of
MeDHICA/HMDA films represents the first example of mussel
inspired dipcoating technology based on the noovalent seH
assembly of small molecules.
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2.3Melanin pigments from 5,6dihydroxyindole carboxamides:
properties evaluation for assessment of the potential for

dermocosmetic applications

The potential of other derivatives of DHICA beside esters that may allow to
access to melanin related pigments with properties useful for applications in
dermocosmetic field was evaluated. Amides appeared a good option because
they are stable under physigical conditions and in addition the electrondonor
character of the carboxyamide group was expected to favourably affect the
chromophore of the final melanin pigment, leading to a melanin pigment
covering the W- Vis region differently from that from MeDIGA. In addition,
proper choice of the amino component might warrant a good solubility in
organic solvents of the final melanin.

To this aim an optimized procedure for preparation of carboxamides -of 5,6
dihydroxyindole2-carboxylic acid (DHICA) was deveped.

Based on a protocol previously reporf@20], the main eumelanin precursor
DHICA was synthetized by a one pot reaction involving the oxidation ef 3,4
dihydroyphenylalanine (DOPA) using potassium ferricyanide as oxidizing
agent.

In a first series of experiments, a procedure used for caffeic acid basene

use of (Zethyl-3-(3-dimethylaminopropyl)carbodiimide) EDC, <1
Hydroxybenzotriazole) HOBt, and triethylamine (TEA) in dry DMF, at room
temperature for 18 h under controlled atmosphere was slightly adapted and
carried out. Firstly, DHICA was acested using anhydride acetic/pyridine (Py)
treatment overnight. To hydrolyse the undesired mixed anhydride generated at
the carboxyl group, the resulting acetylated derivative, i.edfa@etoxyindole
2-carboxylic acid (DAICA), was treated with 1:1 v/v rhahol/water under
reflux. Subsequently, the amidation reaction withutanamine was carried out

as indicated supra. The L@S analysis of the reaction mixture highlighted that
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no adducts observed could be attributed to DHICA amidation products. This
analsis also revealed a significant formation of Macetyl butylamine, likely
arising from displacement of the acetyl group from the catechol function of
DAICA by the amino group. Therefore, other synthetic strategies were
investigated. After different ainpts, the best results were obtained adogting
protocol reported in the literature for solid state peptide synthesis based on the
use of 1-[bis(dimethylamino)methylenelH-1,2,3triazolo[4,5b]pyridinium-3-

oxide exafluorophosphate (HATU) as coupling &g2al].

The amidatiorreaction was carried out adding to DAICA mixture, 1.5 egs. of
HATU and 1.5 egs. of NN-diisopropylethylamine DIPEA in DMF dry under
controlled atmosphere. The reaction was monitored by HPLC analysis (eluent:
formic acid 0.1% methanol 40:60 at wavelefgB00 nm). At 15 min reaction
time, the formation of an adduct of HATU with DAICA) was observed (R
=9.8 min), associated withthe complete disappearance of the peak
corresponding to DAICA (R= 5.5 min)andalmost complete disappeararafea

peak at 3.9 minattributedto HATU (Figure2.28).

Subsequently, 1 egs. of the selected aminelibeitanamine, was added to the
reaction mixture, and, after only 10 minutes, the formation of a product eluted at
8.1 min, identified as DAICA butanamide (H@S evidence indicated as 1 in
Figure2.28 was observedt seems likelythat thepeakwith R;at around3.9 min

is due to the Noxide derivativeof HATU, generatedvhenthe amine attacks

the actived intermediate as demonstrated bynitsease after addition of the
selected aminddence, it would approximately coelute with that due to HATU.

Scheme2.1 shows all the steps of the synthetic procedure
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Scheme?2.1. Synthetic procedure for DHICA amides. Shown is also preparation of

DHICA from DOPA.
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Figure 2.28. Elutographic profileof the amidation reaction of DAICAt different time:

(a) at 10 min after addition of HATU; (b) at 5 minutes after addition -blufanamine;
(c) DAICA butanamide after purification.

By simple addition of water to the reaction mixture, the formation of a

precipitate was observed. This was easily recovered bagtifitr vacuum and
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extensively washed with 0.01 M HCI and with water to remove the unreacted
amine and the excess of HATU/itsaXide, respectively.The product obtained

in 85% was subjected to L®IS and'H and*C NMR analysigFigure2.29).

In thearomatic aregbetween 7.0 and 7.5 ppm, it is possible to note the prese

of 3 singlets attributable to the indole protons, whereas the NH indole singlet
was detectedt 11.7 ppminterestingly, a broad triplet at 8.5 ppm attributable to

the NH amide wasbserved. Notablyas shown in Figure 2.29 the butyl chain

can be detectenh the aliphaticregion in particular the tr
corresponds to the terminal gHivhile the multiplés at 1.34, 1.52 and 3.28 ppm

aredue tothe methylenegroupsat the 2 b, Wf the @abortyli ofthe

amide, intlatorder The i ntense singlet at 0O = 2
the acetybroups
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Figure 2.29. 'H NMR spectrum ofN-butane5,6-diacetoxy1H-indole-2-carboxamide
(1) (DMSO-dg).

The same procedure was then extended to other selected amines, including two

diamines i.e. 1 4liaminebutane and @diaminehexane and an aromatic amine,
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i.e. aniline. All products were obtained in a pure form anddggelds (Table

2.1). All compounds were subjected to a complete mono and bidimensibnal
NMR and®*C NMR analysis.

Table 21. Structure and yields of the synthesized DAICA carboxamides.
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Removal of the acetyl group was carried out under controlled conditions, in
view of the expected ease to oxidation of the deprotected compound. Briefly,
the selected DAICA derivative was dissolvieddichlorometane/methanol 9:1
viv at 8 mM concentrationna taken under an inert atmosphere. Subsequently,
an alcoholic 3 M KOH was added to final concentration 0.2 M. As evaluated by
TLC and HPLC analysis after 5 minutes, the complete deprotection of the
catechol groups occurre@ihen, the mixture was acidified pH 2 with aqueous
acids. The product was recovered after work up of the mixture in almost
quantitative yields. Purity of the compounds was also checketHHYyMR
analysisshowing thedisappearance of the signals at 2.27 ppm attributable to the
acetylgroups.

2.3.1 Oxidation of DHICA amides: pigment formation and
properties characterization

The oxidative polymerization of one selectB#ICA carboxamideg1l mM)

was performed in air in 0.05 M carbonate buffer at pH 9.0, close to the pKa of
the catechol systesn After 24 h, a significant reduction of the absorption
maxi mum at > 320 nm, typical of the
increase absorption in the whole-Vis range was observed (Figu2e30 panel

a), suggesting that the melanization process occuftesireaction mixture was
then acidified to pH 3, and the precipitated melanin was recovered by
centrifugation and subsequent lyophilizatiohhe pigments obtained from
oxidation of DHICA amidesvere prepared on hundreds of milligrams scale,
recovered from the reaction mixtures, extensively washed and dried.

In Figure 2.30 panel b,the absorbance over thev¥is spectrumvs time
obtained at 24 h for all the amides normalized against the abserbaB00 nm

was plotted. All of them exhibited a similar profile respect that one observed for

DHICA, suggesting that the synthetic pigments prepared from DHICA amides
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derivative could be considered similar to the natural melanins. All the samples,
except DHICA and patrticularly evident for compourdl, exhibit a higher
absorption in the UVA region (35050 nm) compared to the monotonic profile

of an ideal melanin pigment.
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Figure 2.30.a) UV-Vis spectrum of the course of the aerial oxidatiorl ofver time; b)
Relative absorbance of the oxidation mixtures of all the synthesized amides and DHICA
at 24 h reaction time against the theoretical monotonic profile. (Values normalized

against the absorhae at 300 nm for each mixture)
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2.3.2 N-butane-5,6-dihydroxy-1H-indole-2-carboxamide and its

melanin for dermocosmetic application

As representative example and most interesting for dermoscometic application,
N-butane5,6-dinydroxy-1H-indole-2-carboxamide (DHICAbutanamide was
selected in order to fully characterized and analysed the corresponding melanin
properties.

To clarify if the introduction of a long aliphatic chaiia amide bondaffectsthe
polymerization pattern in comparisowith DHICA, in a first series of
experiments the oxidative chemistry of DHIGAItanamidewas preliminarily
investigated. A protocol described in literature for the synthesis of the 4,4' dimer
of DHICA, was slightly adapted and carried out, involvihg indole oxidation

at 3 mM concentration in the presence of equimolar copper acetate in HEPES
buffer at pH 7.9222]. The resulting mixture was taken under stirring for 10
min. The reaction mixture was analysed by HPLC (eluent: formic acid 6.1%
methanol 40:60 at wavelength 300 nm). In order to improve the HPLC
resolution, the preliminargcetylation of the mixture was performeé main
dimeric compound (L@MS evidence) elutedtaca. 14 min was observed,
together with a minor product elutedlat min. Subsequently, the main product
was isolated in good yield (76% yield) by preparative HPLC and identified by a
complete'H and *C NMR analysis as the DHICAutanamide4 , -dirber
(Figure 2.31) and by comparison with data previously reported for DHICA
dimers. As result, it can be concluded that the introduction of a long aliphatic
chain via amide bonddid not impact on the polymerization pattern in

comparison with DHICA.
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Figure 2.31. Structure ofacetylated4,4 dimer of DHICAbutanamide

2.3.2.1 Preparation and structural characterization of DHICA

amide melanins

In subsequent experiments synthetic melanins, obtained from DHICA
butanamidemonomer and for comparison DHICA, were prepared as described
before (see paragraph ZAB.EPR analysis of DHICAutanamideand DHICA
melanins was carried aufThis analysis rewwed thatDHICA butanamide
melanin showed the broad singlet typical of eumelanins, witHaatgr value
indicating the prevalence of carbon centred radiéssshown in Table 2, the

EPR features of DHICAbutanamide and DHICA melanins were very
comparablethough some peculianits of the DHICAbutanamidepigment could

be emphasizedAs an example, its spin density was lower than that measured
for DHICA melanin but still in line with the values reported for natural and
synthetic melaning223]. The low gaussian fraction in DHICAutanamide
melanin pointed to the presence of resonant radicals all presenting a similar
chemical nature. ThegB value observed for DHICAutanamideis slightly
larger than that observed DHICA melanin, which is in substantial agreement
with the values previously reped for DHICA melanin prepared under different
oxidation conditiond60], suggesting increased dipolar interaction of unpaired
magnetic nements of free radicals located at short distance. The lower number

of spins, located on the average at shorter distance, points to a slightly less
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homogeneous distribution of the radical centres within DHBED#anamidevith
respect to DHICA melanin. This iconfirmed by the power saturation profiles,
which are very similar, but still allow to appreciate that DHIG&tanamide

pigment show a slightly less homogeneous relaxdt@aviour

Table 2.2. EPR data for DHICA and DHICA butanamide melanin.

Spin/g - Gauss g-factor (+
SEmpEs Concentration ®B (N fraction 0.0003)
DHICA 2.0029+
elanin 1.9E+18 3.9+£0.2 0.47 0.0003
DHICA
_ 2.0030+
butan§m|de 4.8E+17 4.7+0.2 0.28 0.0003
melanin

To fully characterized DHIC/Autanamidamelanin, ATRFTIR spectra, UWis
analysis and HPLC were performed and compared to DHICA melanin. In the
case of ATR, both melanins exhibited a broad b&=hd 3 at 35063000 cm,
attributed to OH stretching. Band 2at 1685 cm?, typically associatetb the
COOH carbonyl stretching, was observed for DHICA melanin, whereas in the
case of DHICAbutanamidemelanin aBand 3at 1650 crt related to the CONH
carbonyl bond stretching was detected. Moreover, the presencBasfca4at

1260 cm! and 1445 cm attributed to CH and CH bending of the aliphatic

chain ofDHICA butanamidemelanin, respectively were observed (FigRi2).
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Figure 2.32. FTIR-ATR spectra of DHICAbutanamide(red line) and DHICA (black
line) melanin.

Secondly, Uwis analysis of DHICAbutanamideand DHICA melanin at 0D
mg/mL in methanol were carried out, exhibiting similar absorbance in all visible
range and even higher in the case of DHIB#anamidemelanin in the UV

range, region of great interest for dersusmetic applicatiofFigure 2.33)

1.5
| === DHICA butanamide melanin
DHICA melanin
1 |
|
Abs
05 —
0 1 | —— L
200 400 600 800

Wavelength (nm)

Figure 2.33. Uv-Vis spectrum of DHICAbutanamideand DHICA melanins 0D
mg/mL in methanol.
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Finally, the HPLC analysis of the solution after acetylation 1Gmg/mL)
revealed the presence of DHIGAItanamideoligomeric species, attributable to
dimers (R13 and 17 min)trimersandtetramergprobably Rranging from 28

to 31 min) of the mixture. MALDI analysis confirmed the presence of these

products up to tetrameric spe¢kigure2.34).

T T T T 1
40 20 30 40 min

Figure 2.34. Chromatogram of the DHICAutanamidenelanin at Img/mL.

2.3.2.2  Solubility properties of DHICA amide melaninsin solvents

of dermocosmetic interest

Initial experiments showed remarkable solubility properties of DHICA
butanamidemelanin compared to DHICA melanin. On these bases, the
solubility profile of DHICA butanamidemelanin in different solvents was
investigated. Among all the solvent used, some are of relevance for
dermocosmetic applications. With this perspective, DHiCEanamidemelanin

were dissolvedt different concentration (0.2% mg/mL)in DMSO, methanol,
ethanol,propylene glycol, propylene glycol/glycerol 1:1 v/iv and stirred for 15
minutes. After centrifugation, the Wis spectra of supernatants were recorded
following appropriate dilution (1:100). The maximum solubility of each solvent
was calculated by plotting the absorbance versus concentration curve. Notably,
DMSO showed greater solubility up to 5 mg/riLable 2.3). For all plots the
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range of concentratioria which a linearity of the absorbance was obtained is
shown, at higher doses the linearity was (B&jure2.35).

DMSO
1.5
2=0.9991
1
Abs
0.5
0
0 2 4 6

Concentration (mg/mL)

Figure 2.35. Absorbance versus concentration plots for DHIR&anamidemelanin in
DMSO as solvent.

Table 2.3. Solubility properties of DHICAutanamidanelanin.

Solvent Maximum solubility (mg/mL)
DMSO 5

Ethanol 15

Methanol 1

Propylene glycol 0.33

Propylene glycol/glycerol 0.25

2.3.3.3 Antioxidant properties of DHICA butanamide melanin

The lastpart of this project was aimed at the evaluation of the antioxidant
properties of DHICAbutanamidanelaninin comparison with DHICA melanjn

using twvo common chemical assays such as DPPH assay, measuring the
hydrogen and/or electrondonor ability of a gren species, and the FRAP test,
measuring the iron (Ill) reducing power. A DMSO stock solution (0.5 mg/mL)
of each melanin andf comparison, the starting monomers were also tested. In
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the DPPH assay, DHICAutanamidemelanin showed an EEvalue 5 times
lower respect to DHICA melanin. On the contrary, in the FRAP askaytwo
melanins exhibited comparable Trolox egs.

These results could be explained by the different solubility of DHICA and
DHICA butanamidanelanins in the assay media.the case of thBPPH assay
the use of ethanol as the solvent is expected to favour DHi@Anamide
melanin. Although the different solubilities of the two samples in ethanol
(medium used for the DPPH experimerhis cannot account for the-fold
better antioxidant capabilities of DHICAutanamidemelanins compared to
DHICA melanins.In fact, in the concentration range used to establish thg EC
value (that is 0.008.286 mg/mL) also DHICA melanin previously dissolved
DMSO shows an acceptable solubility in ethafdlis suggest that the amide
group considerably enhances the pigments antioxidant capallitese 2.4).

On the other hand, both melanin performed comparably in the FRAP assay
indicating that DHICAbutanamide exhibited a comparable Fe (+3) reduction
ability with respect to DHICA melaniiBased on these findings, it is reasonable
to conclude that the introduction diie amide groupaffects the electronic
delocalizationof the aromatic ringndconsequentlytheredox propertiesf the
resulting melanins

Table 2.4. Results of the (a) DPPH and (b) FRAP assay for DHICA and DHICA

butanamide related melaninReported are the mean + SD values of at least three
experiments.

Seeles ECso Trolox egs.
(mg/mL) (mg/mL)

DHICA melanin 0.242 + 0.004 0.33+0.01

DHICA butanamide melanin 0.0374 + 0.0004 0.246 + 0.004

In another series of experiments, the ability of DHIGAtanamideand for
comparison DHICA melanin to prevent the peroxidation of critical biological
targets was evaluatetlhe effect on the peroxidation of linoleic acid as a model

system of lipid components of cellular membranes was tested in comparison
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with DHICA melanin. Ther ef or e, the peroxidati on

azobisfamidinopropane) dihydrochloride (AAPH) as a radical initiator in
agueous solution at pH 7.4, in the presence or absence of melanin (00a2
mg/mL) was performed. During thperoxidation process, the formation of
conjugated diene hydroperoxide generally occurred, allowing to observe the
formation of an absorbance maximum at 234 nm. In this case, DHICA
butanamidemelanin exhibited an Egvalue lower than the value determined
for DHICA melanin. In another series of experiments, the peroxidation of
linoleic acid was induced using sunlight, in the presence of riboflavin as a
photosensitizer. In agreement with the previous results, DHdGfnamide
melanin had a much higher ECof 0.062:0.001 mg/mL in comparison to
DHICA melanin, which displayed no detectable activity at the same dose (Table
25). The stronger peroxidation inhibition capacity and synergistic effects of
physical screening are probably the main driving factors ferldver EGo
values shown in the case of DHI@MAtanamide

Table 2.5. Chemical and photo induced lipid peroxidation assay in the presence of
DHICA and DHICA butanamide melanin.

DHICA melanin DHICA butanamide melanin
ECeo (chemical 0.0598 +0.0008 0.037 + 0.004
lipid peroxidation)
ECso
(photoinduced Not detectable 0.062 £+ 0.001

lipid peroxidation)
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Main Outcomes of The Study.

A

A

A procedure for preparation of carboxamidestied melanin precursor
DHICA in satisfactory yields (> 85%) was developeith the aim of
gaining access to pigments with more favourable propetitietuding
solubility in organicsolvents.

The melanin deriving from the oxidative polymerization of the
carboxybutanamide of DHICAhowed markedntioxidantandinhibition

of lipid peroxidationproperties together witgood solubility in solvents

of damocosmetic relevance
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2.4 Experimental section

Materials and Methods.3,4-dihydroxy-L-phenylalanine ((EDOPA), potassium
ferricyanide, sodium bicarbonate, sodium dithionite, hexamethylenediamine
(HMDA), 1,2-ethylenediamine, 1;8utanediamine, 1,X@odecanediamine,
1,10decanediamine, aniline, -dutanamine, lysine, pyridine, -&nino-1-
hexanol, tetrabutylammonium hydrogen sulfaté,N-diisopropylethylamine
(DIPEA), anhydrous dimethylformamide (DMF), -1
[bis(dimethylamino)methylenelH-1,2, 3triazolo[4,5b]pyridinium-3-oxide
hexafluorophosphate (HATU), copper acetate;(24-hydroxyethyl}1 -
piperazineethanesulfonic acid (HEPES), linoleic acid? ,-&zdhis¢
amidinopropane) dihydrochloride (AAPH), sodium dodecyl sulfate (SDS), 2,4,6
-tris(2 -pyridyl) -s-triazine, 6hydroxy-2,5,7,8tetramethylchroma-carboxylic

acid (Trolox) were equired by Fulkra. 2;8iphenytl-picrylhydrazyl (DPPH),

iron chloride (lll) hexahydrate, 2,416(2-pyridy)-st ri azi ne -( TPTZ
azinohbis(3-ethylbenzothiazoling-sulfonic acid) (ABTS), potassium persulfate,

a nd -dicNprofludgrescein diacetatéHfDCFDA) were purchased by Sigma
Aldrich. Chitosan, Phenazirec ar boxy |l i ¢ aci d ( P
ferrocenedimethanol (Fc) was purchased from Acros organics.

The water (>18 ML) used in this study was obtained from a Super Q water
system (Millipore) All solvents were HPLC grade.

Human immortalized keratinocytes (HaCaT) were from Innoprot (Derio, Spain).
Uv-Vis spectra were run on a X80 Jasco instrument.

'H and®*C NMR spectra were recorded at 400 Madrd 100 MHz, respectively,

on a400Brukerspectrometerin methanolds- DMSO-ds. In the case of DHICA
amide derivatives,mpton and carbon resonance assignments were based on 2D
NMR analysis {H, *H COSY,H,**C HSQCH,**C HMBC, not shown).

Water contact angle analyses were performed usiran@a angle goniometer

(Digidropgbx, France) equipped with video
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dropped on the air side surface of the substrate. Quartz Crystal Microbalance
measurement were performed with a quartz crystal microbatiissipation
(QCM-D) system from @ense (Goteborg, Sweden).

ATR-FTIR spectra were recorded on a Nicolet 5700 Thekisber Scientific
instrument. Spectra were recorded as an average of 128 scans in the range
400071 4'%resolation of 4 crit).

HPLC analyses were performed on an Agilent 1100 binary pump instrument
equipped with a Shimadzu SPIDAV VP UV-visible deteabr using an
octadecylsilaneoated column, 250 mm x 4.6 mm, &n particle size
(Phenomenex Sphereclone ODS). Detection wavelength was set at 300 nm.
0.1% formic acid- methanol 40:60 v/v as the eluant at a flow rate of 0.7 mL /
min was useda 0.1% formicacid (solvent A)/methanol (solvent B) gradient
elution was performed as follows: 50% Bi & min; from 50 to 70% B, % 45

min. Preparative HPLC was performed coupled with a UV spectrophometer set
at 300 nm; an Econosi l C1l8 useddtaflfom ( 10
rate at 25 ml/min; Eluent systen®.1% formic acid (solvent A)/methanol
(solvent B)in ratio 40:60 respectively.

LC-MS analyses were performed in positive ion mode using an Agilent
1260/6230DA ESITOF instrument under the following conditix 35 psig
nebulizer pressure; drying gas (nitrogen) flushed at 5 L/min at a temperature of
325 ° C; capillary voltage 3500 V; fragmentor voltage 175 V. An Eclipse Plus
C18 column (150 x 4.6 mm, 5 pm) and 0.1% formic aaidethanol 40:60 v/v

as the eluarat a flow rate of 0.4 mL / min was used.

DLS measurements were performed using a horade instrument, composed

of a Photocor compact goniometer, an SMD 6000 Laser Quantum 50 mW light
source (Quantum Laser, Heaton Mersey, UK) operating at 532.5 nm, a
phaomultiplier (PMT-120-0OP/B), and a correlator (Flex@?D) from

Correlator.com.
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AFM analysis were conducted with the integrated apparatus Alpha300 RS
(WITec, Germany). The samples topographies were studied by AFM in AC
mode.

Bright Field Transmission Et¢ron Microscopy (TEM) analysis was performed

by a FEI TECNAI G12 Spirifwin (120 kV, LaB6) microscope equipped with a

FEI Eagle 4k CCD camera (Eindhoven, The Netherlands). The specimens were
collected by gently dipping holey carbon copper grids into NteDHICA-

HDMA -mixture (1:1.5 molar ratio) and into the MeDHICA mixture at 30 min
and 4 h reaction time. Prior to observations, the collected specimens were air
dried. Morphological analysis was performed on MeDHICA/HDMA films
applied onto glass substratdeea6 h and 24 h reaction in carbonate buffer. The
films were observed by a FEI Quanta 200 FEG scanning.

Scan electron microscope (SEM) with a secondary electron detector at 10 kV
accelerating voltage in high vacuum mode. Before the analysis the saveptes
sputter coated with a thin Au/Pd layer. SEM micrographs were analysed by
means of the public domain software ImageJ (release 1.43u).

The electrochemical characterization of MeDHICA/HMDA film wascarried

out by cyclic voltammetry and electrochermidmpedance spectroscopy using a
threeelectrode setip (Chl 604B, CH Instruments, Houston, Texas). Electron
paramagnetic resonance (EPR) measurements were performed using a Bruker
Elexys E500 spectrometer equipped with a superhigh sensitivity probe head
The samples were transferred to flagsaled 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;esolution, 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 optimizedvtd microwave

saturation of resonance absorption curve. For power saturation experiments, the
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microwave power was gradually incremented from 0.02 to 164 m\Wg Vhkie

and the spin density were evaluated by means of an internal stand&td, Mn
doped MgQ prepared by a synthesis protocol reported in the literfRa4.

Since sample hydration was not controlled during the measurements, spin
density values have to be considered as order of magnitude est{22tgs
Preparation of film-coated electrode Chitosan flakes were dissolved into HCI
solution to achieve a final pH of& To prepare the melanin film entrapped into
chitosan film, DHI and DHICA melanings mg/mL) were suspended in the
chitosan solution prepared parsiondverscr i b
dropped on a standard gold electrode (radius 1 mm) and dried in a vacuum oven
for 20 minutes. Subsequently, the coateglanirchitosanfilm was dipped into

0.1 M phosphate buffer solution at pH 7 for 20 min. Electrochemical
measurements (clic voltammetry) were performed using a thwdectrode
system with Ag/AgCl as a reference electrode, Pt wire as a counter electrode
(CHI Instruments 600C electrochemical analyzer) and gold electrode as working
electrode. N was purged into mediator soloths (50 &M of Fc
prepared in phosphate buffer (0.1 M; pH 7.8pr spectroelectrochemical
experi ment, rBetaninehitosarosblution kvas dropped on the
honeycomb electrode (Pine research instrumentation, NC) and dried in a
vacuum oven andlipped in phosphate buffer (0.1 M, pH 7.0; 10 min). The
honeycomb electrode contains two gold electrodes, one used as a working
electrode and the other used as the counter electrode. Theofbed
honeycomb electrode and Ag/AgCI reference electrode \ptaeed into a
spectroelectrochemical cuvetteaWas pur ged i nto mediato
of ABTS and PCA), prepared in phosphate buffer (0.1 M; pH 7.0) during all the
experiment. The optical absorbance was monitored over time at a fixed
wavelength (394 nm). Simultaneously, the optical (absorbance) and

electrochemical (current) output responses were individually recoded over time.
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Oxidation of MeDHICA in the presence of amines/additivesMeDHICA,

DHI and DHICA were prepared as reporidd3,226]. 4MedDOHI CA and 4
MeDHICA dimers were obtained by oxidation of MeDHICA in the presence of
copper sulfatand purified by preparative HPL[213].

MeDHICA monomer at €of 1 mM was added to a 0.05 M carbonate buffer
solution at pH 9.0 containing the appropriate amine, diamine or other additives,

at an indole/additive molar ratio of 1:1.5 and taken under vigorous stirring.
Different molar ratios were investigated for HMDA from 0.5:1 up to 1:5.

A piranha solution containing 96%.80,/30% HO. 5:1 v/v was prepared.

Before use, quartz substrates svaleaned by soaking in a piranha solution
overnight, rinsed with distilled water and dried under vacuum. Quartz substrates,
glass substrates, plastics or aluminium slides were immersed into the reaction
mixture for various time, and extensively washecdhvdistilled water with the

aid of ultrasound treatment. Only in the case of the quartz, the substrate was then
analysed by M-Vis spectrophotometry. In control experiments the reaction was
carried out in the absence of amines. To a final concentrationmdfl lat an
indole/additive molar ratio of 1:1.5, and the mixture was taken under vigorous
stirring.

Antioxidant property assays The glass substrates, coated with MeDHJCA

DHI or DA and HMDA, were dipped-into
diphenytl-picrylhydrazyl) DPPH in methandR27]. The antioxidant power

was evaluated by WVis spectroscopy measuring the absorbance at 515 nm
every 5 min over 1 h. The same procedure was applied to a solution containing
FeCk (20 mM) and 2,4,8ris (2-pyridyl)-s-triazine (10 mM) in 0.3 M acetate

buffer (pH 3.6) in the ratio 10:1:1 v/v/v, monitoring the absorbance at 593 nm
periodically over 1 h [228]. I n addi t i o RnAzino-bis(3s o tr
ethylbenzthiazolin®-s ul f oni ¢ aci d) (ABTS) assay
Azino-bis (3-ethylbenzothiazoling-sufonic acid) radical cation (ABTS by

reacting with potassium persulfate, showing a final Abs of 0.5 at 745 nm. The
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glass substrates were dipped in this solution and the absorbance at 745 nm was
measured periodically over 1 h. Alhbovedescribed experiments were
performed in triplicat¢229].

UVA irradiation of HaCat cells and ROS levels determination 35 mm
eukaryotic cell plates were washed extensively with a 1:1rivestepropanol
mixture. Subsequently, the Petri dishes were dipped into a solution of
MeDHICA and HMDA at 1:1.5 molar ratio as described above. After 24 h, the
plates were rinsed with distilled water in an ultrasonic bath. Then the coated
Petri dishes wersterilized with the aid of a UV lamp for 15 min. Cells were
plated onto dishes coated with MeDHICA/HMDA films and uncoated dishes at
a density of 3.5x104 cells/@vand irradiated by UVA light for 10 min (100
Jicn?) [214]. After a recovery time of 30 min, ROS levels were determined by
H.DCFDA assay

Synthesis of DHICA and DAICA. Based on a procedure reportediterature,
DHICA was synthesized by ferricyanide oxidation of DORR&0]. To obtain

the corresponding acetylated derivative (DAICA), DHICA (700 mg) was added
to a solution containing acetic anhydride (7 mL) and pyridine (350 pL). After 24
h the resulting mixture was dried using a rotatory evaporator. The hydrolysis of
the mixedanhydride with a 1:1 v/v watenethanol mixture at 90° C for 2 h was
performed. After removal of the volatile components with the aid of a rotary
evaporator, a powder lightly yellow in colour was obtained (98% yi€ld)ity

of the compound was checked %/ NMR, LC-MS and UV Vis analysis.

Synthesis of DAICA carboxamides: general procedureTo a mixture of
DAICA (281 mg) in anhydrous DMF (5.62 mL), 1.5 eqs of HATU and 2dqs
DIPEA were added and stirred under an argon atmosphere for 15 min.
Subsequently, 1.5 eqs of the selected amine, ibutdnamine, 174
diamminobutane, 1;8iamminohexane or aniline were added, and the mixture
was taken under stirring. After 30 minutés,the reaction mixture was added

water, and the resulting precipitate was filtered and washed 3 times with water,
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followed by 0.01 M HCI. The product thus obtained (yields reported in Table
2.1) was analysed for purity by @IS and'H NMR.

N-butane5,6-diacetoxylH-indole-2-carboxamide (1)
ESMS: mz333 (M+H)

IH-NMR (DMSO-dg): U (ppm): 0.90 (3H, t, J= 7.2 Hz), 1.33 (2H, sext, J=7.2
Hz), 1.51 (2H, quint, J=7.6 Hz), 2.25 (3H, s), 2.26 (3H, s), 3.21 (2H,m), 7.14
(1H, dd, J=2.0, 0.8 Hz), 7.21 (1H, d, J&®iz), 7.45 (1H, bs) 8.47 (1H, t, J=5.8
Hz), 11.74 (1H, bs)

13C-NMR (DMSO-dg) : U ( p p m))20.1 (CH),.28.8 (CHJ,120.9 (CH),
31.8 (CH), 39.3 (CH), 102.8 (CH), 106.7 (CH), 115.2 (CH), 124.9 (C), 133.9
(C) 134.0 (C), 136.9 (C), 139.5 (C), 1610ANH), 169.2 COOCHs), 169.3
(COOCH).

N,N'-(Butanel,4-diyl)bis(5,6-diacetoxylH-indole-2-carboxamide) (2)
ESMS: mz607 (M+H)

IH-NMR (DMSO-de): U (ppm): 1.58 (4H, t, J= 8.0 Hz), 2.25 (3Hx2, s), 2.26
(3Hx2, s), 3.32 (4H, m), 7.12 (1Hx2, dd, J=2.4, 0.8 Hz), 7.22 (1Hx2, dd, J=0.8
Hz), 7.45 (LHx2, bs) 8.51 (2H, t, J= 6 Hz), 11.75 (1Hx2, bs)

C-NMR (DMSO-dg) : U ( p p )20.9 (ZH),.28.2 (CHJ,139.8 (CH),
102.8 (CH), 106.7 (CH), 115.2 (CH), 124.9 (C), 133.9 (C) 134.0 (C), 136.9 (C),
139.5 (C), 161.0CONH), 169.2 COOCHs), 169.4 COOCHs).

N,N-(Hexanel,6-diyl)bis(5,6-diacetoxylH-indole-2-carboxamide) (3)

ESMS: mz635 (M+H)

HNMR(DMSOds) : U (ppm): 1.37 (4H, m), 1.

(3Hx2, s), 3.32 (4H, m), 7.12 (1Hx2, bs), 7.22 (1Hx2, bs), 7.45 (1Hx2, s)
8.51(2H, t, J= 6 Hz), 11.72(1Hx2, bs)
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C-NMR (DMSO-dg) : U ( p p )20.9 (ZH),.28.7 (CHJ,129.6 (CH),
39.3 (CH), 102.8 (CH), 106.5 (CH), 115.2 (CH), 124.9 (C), 133.9 (C), 134.0
(C), 136.8 (C), 139.3 (C), 161.CONH), 169.2 COOCHs) 169.4 COOCH).

5,6-diacetoxyN-phenyt1H-indole-2-carboxamide (4)
ESMS: m/z353 (M+H)

IH-NMR (DMSO-de) : 0 ( p BHNY),:2.282(3H2 5, 7.10 (1H, t, J=8 Hz),
7.27 (1H, t, J=0.8), 7.37 (2H, t, J=8.0 Hz), 7.44 (1H, dd, J=2.4, 0.8), 7.55 (1H,
bs), 7.88 (2H, d, J=2.0 Hz), 10.24 (s, 1H), 11.92 (s, 1H)

3C-NMR (DMSOdg) : & ( p p my), 20.92@H), &04.4 (CH),106.8
(CH), 115.4 (CH), 120.6 (2xCH), 124.5 (C), 124.1 (1xCH) 129.2 (2xCH), 133.4
(C), 134.5 (C), 137.1 (C), 139.3 (C), 140.0 (C), 159GONH), 169.2
(COOCHs), 169.4 COOCHs)

Synthesis of DHICA carboxamides DHICA carboxybutanamide (final
concentration ® mM) were dissolved into dichlorometane/methanol 9:1 viv
under an argon atmosphere and a 0.2 M KOH solution in methanol that has been
previously purged with argon was added for 15 minutes. Subsequently, the
reaction mixture was acidified to pH 3 and drigsing a rotatory evaporator the
precipitate was dissolved in an acid water solution (pH 3) and extracted three
times with ethyl acetate. The organic layers were collected and dried. The desire
product without further purification was obtained in yield76£6 and in a pure

form as confirmed by HPLC antH-NMR analysis. The same hydrolytic

procedure was applied to the other carboxamides synthesized.

'H-NMR of deacetylated 1 (DMS@) : a (ppm): 0.89 (3H,
(2H, sext,J= 7.2 Hz), 1.48 (2H, gty J= 7.2 Hz), 3.28 (2H, m), 6.77 (1H, bs),
6.81 (1H, bs), 6.84 (1H, bs), 8.22 (1H, t, J=6 Hz,), 10.95 (1H, bs)
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Synthesis of 4,4, DHICA butanamide dimer. Oxidation of DHICA
butanamidewas run following a procedure previously reported with slight
modification$222] DHICA butanamide(245 mg, 3 mM) and 1 molar eq of
copper acetate (197 mg) were dissolved in 0.1 M HEPES buffer (329 mL, pH
7.5) and the mixture was stid for 10 minutes. Theesaction was stopped by
addition of 40 mg of sodium ditldnite and acidification to pH 3 with 6 M HCI.

The mixture was extracted with ethyl acetate (4 x 200 mL) and the combined
organic phases were filtered on anhydrousdison suphate and taken to
dryness at a rotary evaporator. The residue (169 mg) was treated with 2 mL of
acetic anhydride and 100 eL of pyridin
the acetylated mixture was dissolved in DMSO and purified by preparative
HPLCt o g i v edimerlofeDHICA btitdnamiden its acetylated form (150

mg, 75% yield)

ESMS: m/z: 663 (M+H), 685 (M+Naj, 701 (M+K)

!H-NMR (DMSO-ds) : ad (ppm): 0.85 (3H x 2, t,
1.43 (m, 2H x 2, quint., J=6.0 Hz), 1.95 (3H x 2, s), 2.28 (BH x 2, s), 3.18 (2H x

2, m), 6.60 (1H x 2, bs), 7.35 (1H x 2, bs), 8.39 (1H x 2, t, J=4.8 Hz), 11.83 (1H

X 2, bs).

13C-NMR (DMSO-ds) : (ppin): 14.08 (Ch), 20.01 (CH), 20.32 (CH), 20.97
(CHs), 31.56 (CH), 38.81 (CH), 102.80 (CH), 106.83 (CH), 125. 04 (C),
133.68 (C), 134.76 (C), 139.87 (C), 160.77 (C), 168.53 (C), 169.14 (C)

Preparation of DHICA and DHICA butanamide melanin. DHICA or
deacetylated DHICA carboxyamides (C 1mM) were taken under stirring at pH 9
in 0.05 M carbonate buffer. After 24 h, the resulting mixture was acidified and
bought to pH 3. The precipitate was centrifuged (7000 rpm, 10 min, 4°C). The
sample was wagl three times with 15 mL of 0.01 M HCI and lyophilized.
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Melanins from DHICA carboxyamides and DHICA were obtained in good

yields (average 95 and 85 w/w %, respectively).
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Chapter 3

Natural and synthetic derivatives of phenolic
compounds asyrosinase inhibitor forthe treatment
of pigmentary disorders

Hyperpigmentary disorders associated with melanin overproduction or
accumulation are among the most common skin disof@8dd. Melasma and
lentigo are two main examples of such disorders but many other skin
dyschromia phenomena caused by inflammatory reactions, or abnormal
melanocyte activity ar&nown [232]. Although these disorders usually do not
represent a hazard for human health, they are dftfiguring and burdensome,
with devastating effects on patient psychological health
The aesthetically impact on the patient life of such cond#tibave urged the
search for compounds possibly of natural origin and with a low toxicity profile
that could act as skin lighteners by modulation of pigment§2i88]. One of the
most common pursued approaches revolves on the inhibition of the activity of
the enzymes involved in melanogenesis primarily tyrosinase, the key enzyme of
the biosynthetic pathwaj234]. Tyrosinase (EC 1.14.18.1) is a copgg&izyme
whose structure is extraordinarily conserved across various species, and
promotes two different reactions (Scheme BBp|:

1 hydroxylation of monophenol to-diphenol (cresolasic activity)

9 dehydrogenation of catechol dequinone (catecholasic activity)
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Scheme 3.1Reactions catalysed by tyrosinase.

Tyrosinase catalyses the hydroxylation of the monophertgidsine to theo-
diphenol L-3,4-dihydroxyphenylalanine (DOPA) and the oxidation of DOPA to
the o-quinone DOPAquinone. -tyrosine and EDOPA have the same binding
site, and the process involves ahectron exchange with copper atoms
coordinated by histidine residues inside the active site of the erf236237]
Traditionally, compounds of synthetic origin have been developed and largely
used as depigmenting agents thatakgheir efficacy typically hydroquinone and
related compounds. Yet, the side effects associated to their applications, e.g.
induced vitiligo condition, have directed the research toward other safer
tyrosinase inhibitors able to reduce skin hyperpigmamdbr dermocosmetic
applications. Unfortunately, since a number of requirements should be met by
these compounds including low or null cytotoxicity, solubility, cutaneous
absorption, and stability, only a few numbers of tyrosinase inhibitors have
provedactually useful.
Many tyrosinase inhibitors, that have been investigated and shown to possess
some efficacy, are of natural origin and have been extracted from various natural
sources. Examples include phenols, hydroquinones, flavonoids, stilbenes, or
coumarins. In addition, chemical modification of naturally occurring phenolic
systems have also been explored to ameliorate some unfavourable fdatures.
this latter regard, a remarkable example is represebiedcaffeic acid
derivatives regarded as promigitead compounds as tyrosinase inhibitors for
the topical treatment of skin hyperpigmentation. Conjugates of caffeic acid (CA)
and caffeic acid methyl ester (CAME) with dihydrolipoic acid (DHLA), namely
the 2Slipoyl caffeic acid (LCA) and Zlipoyl caffeic acid methyl ester
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(LCAME) [238], have been shown to be effective inhibitors of tyrosine
hydroxylase and dopa oxidasdigities of mushroom tyrosinase and tyrosinase
from human melanoma cells.

Within this context the research activity developed has pursued two goals:

x development of a green protocol based onféeadly solvent for the
extraction of phenoliccompounds from agfiood byproducts after
proper mechanical prigeatment.

x Optimization of a synthetic protocol for preparation of an amide
derivative of caffeic acid conjugated with dihydrolipoic acid.
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Results and Discussion

3.1Preparation of extracts from selected agrfood by-products

The agrifood byproducts were selected based on the content of phenolic
compounds with potential inhibitor activity against tyrosinase (T&dg In
addition, sludges or residues from pomegranate wine or fruit spiatkigtion
following fermentation of the fruits (made available from small enterprises)

were considered.

Table 3.1. Selected natural sources and corresponding phenolic compounds with
potential inhibitory activity against tyrosinase.

By-products Compounds with potential enzymatic inhibition activity
Chestnut shells Gallic acid and ellagic acid estéerivatives

Pecan nut shells Condensed tannins

Hazelnut shells Condensed tannins

Peanut shells Flavonoids and luteolin, eriodictyol and 5,7

dihydroxychromone

Tomatoes and oniong Quercetin and kaempferol
Morus Alba leaves | Resveratrol, moracirilavonoids
Morus Alba brancheg Resveratrol, moracin, flavonoids
Sludges from apples | Flavonoids and phenolic acids
spirit production
Sludges from Flavonoids and phenolic acids
strawberry spirit
production
Sludges from Ficus | Flavonoids and phenolic acids
spirit production
Sludges from peachg Flavonoids and gallic, ferulic, chlorogenic acids
spirit production
Residues from Ellagitannins, ellagic acid
fermented
pomegranatey-
products

The first part of the work was aimed at optimizing the extraction process from

different agrifood by-products.Briefly, all the selected wastesere roughly
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grinded using a blender and then homogeneously pulverized with the aid of a
ball mill (15 min, 50oscillations/s). Indeed, a ball mill is a type of grinder which
works on the principle of impact and attritiorul¥erization of the samples was
found to be crucial in order to decrease the particles size, increasing the surface
extension and thus makinghet extraction process more efficient and
reproducible. In addition, in the case of the onions, tomatelesus alba
branches, a preliminary step of lyophilization was essential. All the samples
were then extracted in ndoxic and ecedriendly solvents sut as water,
ethanol, water/ethanol 4:6 v/iv or DMSO (100 mg/mL solid/liquid ratio). The
mixtures were taken under stirring for 90 min at room temperature, then
centrifuged for 10 min and the residual solid lyophilized.

Table3.2 reports the extraction yi@$, calculated with respect to the dry weight

of the starting materials. As shown in TaBI2 (in orangevalues 45 %), the
highest yields wereobtained inthe case of theesidues from fermented
pomegranate bproductsand sludges from different wastes spirit production
Notably, DMSO extract of the sludges from peaches spirit production showed a
value up to 74%. On the contrary, the lowest values were obtained in thef case

nutshells.
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Table 3.2. Yields of extracts obtained from the selected-fgpid by-products in each
solvent, referred to the dry weight of the starting material. Reported are the mean of two

experiments.

By-products

Extraction yields (w/w %)

EtOH H20 H20O/EtOH DMSO
Chestnut shells 34% 4% 42% 46%
Pecan nut shells 45% 18% 40% 28%
Hazelnut shells 23% 11% 14% 22%
Peanut shells 20% 16% 12% 3%
Morus albaleaves 26% 40% 26% 21%
Morus Albabranches 14% 40% 25% 13%
Tomatoes 12% 14% 47% 5%
Onions 48% 68% 66% 61%
Sludges from Ficus 35% 54% 55% 51%
spirit production
Sludges from peaches 38% 58% 51% 74%
spirit production
Sludges from apples 59% 53% 51% 34%
spirit production
Sludges from 26% 27% 29% 36%
strawberry spirit
production
Residues from 48% 43% 54% 56%
fermentedpomegranate
by-products
3.1.1 Inhibition of mushroom tyrosinase activity by natural

phenolic compounds extracts from agrfood by-products

The tyrosinase inhibitory activity of all prepared extracts was preliminary

investigated usingcommercially available mushroom tyrosinase that is

commonly used as a model of human tyrosinase.

Each extract was incubated in 50 mM phosphate buffer (pH 6.8) in the presence

of mushroom tyrosinase (20 U/mL) at room temperature for 10 minutes.

Following incubation, -DOPA was added (1 mM final concentration) and the
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concentration of dopachrome in the reaction mixture was determined

spectrophotometrically at 475 nm after 10 minfgure3.1).

HO COOH
NH,
HO
L-DOPA
|01
O COOH
o Dopaquinone
o1
O
mCOOH
le) N
H Dopachrome

Figure 3.1. Simplified scheme of enzymatic reaction in the mushroom tyrosinase assay.

The inhibitory capacity was expressed as,|Ce. the concentration of inhibitor

at which 50% inhibition of enzyme activity occufss reported in Tabl8.3, the

best result was observed tine case of the hydroalcoholic extract of chestnut
shells, showing an Kg value of one order of magnitude lower than that
determined for kojic acid, the compound used as reference inhibitor of the
enzyme. In addition, in the case of ethanol extracts fcbestnut shells and
DMSO extract from tomatoes, 4€values comparable to that obtained for kojic
acid were determined. Furthermore, among the other nut shells only the
hydroalcoholic and water extracts from pecan nut shells exhibited remarkable
inhibition properties. Moreover, ethanol extractdMirus albabranchesMorus

alba leaves and tomatoes showed good inhibitor activity, similarly to DMSO
and water/ethanol extract dorus albaleaves pold values in Table3.3). On

the other hand, databtained from the other extracts were less encouraging. In

some cases, it was not even possible to determp@addties.
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Table 3.3. ICs values (mg/mL) determined in the mushroom tyrosinase inhibition assay
using L-DOPA as a substrate.* Reported are theam+ SD values of at least three
separate experiments.

By-products

ICsovalue (mg/mL)

EtOH H20 H20O/EtOH DMSO
Chestnut shells 0.0060 / 0.0006 /
+0.0005 +0.0004
Pecan nut shells / 0.068 0.054 /
+0.002 +0.002
Hazelnut shells 1.404 2.28 1.69 1.404
+0.006 +0.03 +0.03 +0.006
Peanut shells 0.53 / 0.306 /
+0.03 +0.005
Morus albaleaves 0.045 / 0.0328 0.0206
+0.003 +0.0002 +0.0007
Morus Alba 0.0090 / / /
branches +0.0003
Tomatoes 0.013 / 2.08 0.0082
+0.002 +0.07 +0.0003
Onions 0.351 / 0.261 0.44
+0.002 +0.008 +0.01
Sludges from / / 1.404 /
Ficus spirit +0.006
production
Sludges from 1.09 / 1.07 /
peaches spirit +0.01 +0.03
production
Sludges from 0.557 / 0.937 2.56
apples spirit +0.005 +0.001 +0.05
production
Sludges from 0.711 / 0.4800 /
strawberry spirit +0.007 +0.0005
production
Residues from 0.475 0.620 0.511 0.5410
fermented +0.003 +0.002 +0.002 +0.0006
pomegranate by
products

*|C 50 for kojic acid = 0.005G- 0.0004 mg/mL
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In a second series of experiments, for mhest promising extracts in terms of
extraction yields and I values, the inhibitory capacity against mushroom
tyrosinase was also evaluated, usingylosine as a substrate. Thesd@alues

thus determined are reported in Taldd using kojic acid as aeference
compound.

The highest inhibitory activity was observed for the ethanol extracts from
chestnut shells, followed by its hydroalcoholic extracts, together with the
ethanol extract oMorus Albabranches and all solvents liorus Albaleaves.

Also, the hydroalcoholic extract from pecan nut shells is comparable to these
values (bold values in Table 3.4. Overall, all the other samples were

significantly less active than kojic acid.
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Table 3.4. ICspvalues (mg/mL) determined in the mushroom tyrosinase inhibition assay
using L-tyrosine as a substrate*. Reported are the mean + SD values of at least three
separate experiments.

By-products ICsovalue (mg/mL)
EtOH H20 H20O/EtOH DMSO
Chestnut shells 0.0070 / 0.012 /
+0.0005 +0.001
Pecan nut shells / 0.36 0.028 /
+0.03 +0.009
Morus alba leaves 0.0304 / 0.0273 0.01982
+0.0005 +0.001 +0.0006
Morus Alba branches 0.0110 / / /
+0.0001
Sludges from peaches spil 1.77 / / /
production +0.05
Sludges from apples spirit 1.21 / 1.14 /
production +0.03 +0.05
Sludges from strawberry 0.591 / 0.351 /
spirit production +0.003 +0.004
Residues from fermented 1.34 1.5+0.3 0.838 1.22+0.08
pomegranate bproducts +0.06 +0.004

* |Cso for kojic acid = 0.0004- 0.0002 mg/mL

3.1.2 Inhibition of enzymatic browning in fruit smoothies by

natural phenolic compounds extracts from agrifood by-products

A final series of experiments was aimed at evaluating the ability of these
extracts to inhibit omat least delay enzymatic browning processes. As is well
known this process is caused by the action of cytosolic tyrosinase on
polyphenols that are confined in organelles inside fruit tissues but that are
liberated following injuries or cuttings. The poskip to delay the process is of

great commercial interest as it allows for industrial processing of fruit and for
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prolonging the shelf life of the products thereof. Typically apple smoothies in
which such browning process is well apparent are used asl gysiem.

In particular, applee f t he ARed Deliciouso variet
small pieces and finely ground with the aid of a blender in the presence or
absence of the selected afgrod by-products extracts, previously prepared in

the chosen solvent, at 0.1% w/w in wat@scorbic acid and kojic acid were

used as positive controls. Kojic acid acts as an inhibitor of polyphenol oxidase
activity through the chelation of copper ions present in the active site of the
enzyme. Ascorbic acid, which is typically used in the fowtlstry to delay the
enzymatic browning processes, instead acts both as an acid, causing a lowering
of the pH of the food matrix (polyphenol oxidases exert their action at a pH
value between 6 and 7), and as a reducing agent towards the quinone species
generated by the oxidation of the phenolic compounds in the food matrix.

For these last series of experiments the extracts that appeared most promising,
based on inhibition of mushroom tyrosinase and extraction yields, were selected.
Most of the samples didot show any inhibitory effect, whereas the extract from
pomegranate waste in DMSO (Fig8e), from chestnut shells in #/EtOH

(4:6 v/v) (Figure 3.3) and sludges from strawberry spirit production
H.O/EtOH (Figure3.4) showed a delay effect on the browning process, more

evident in the first minutes.
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Figure 3.2. Effect of Pomegranate/DMSO extract on the apples fruit browning process

at different time.
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s

Chestmut/H,0 -EtOH

Figure 3.3. Effect of Chestnut/bD-EtOH extract on the apples fruit browning process
at different time.
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Figure 3.4. Effect of Strawberry/HO-EtOH extract on the apples fruit browning process
at different time.
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In the case of these extracts, a colorimetric analysis wapeatarmed (Table

3.5). The colorimeter is a tool that quantify colours according to international
standards. The L*a*b* colour space (CIELAB) is currently one of the most
popular colour spaces, measuring the colour of an object. In this colour space,
L* indicates brightness while a* and b* are chromaticity coordinates: +a* is red
direction,-a* is green direction, +b* is yellow direction, afd* is the direction

of blue. For the evaluation of the colour changes of apple smoothies over time,
the browning mdex (Bl) was calculated, considering all three factors of the
CIELAB space (L*a*b*):

PTII T p
T X

61 €0 &M XRED

Z

@ pg W
VH T o o8 pc

In particular, the colorimetric analysis up to 3 hours was carried out every 30
minutes. This analysis confirmed the retarding effect on the enzymatic browning
process of the selected extracts. In the case of the strawberry extract in the first
30 minutesthe results were comparable to that observed for kojic acid or
ascorbic acid and so particularly encouraging, though this effect immediately
disappeared in the following times. In contrast, extracts from pomegranate and
especially chestnut shells showedignificant effect up to 60 min with respect

to the control experiment.
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Table 3.5.Bl values calculated for apple smoothies treated or not with selected extracts,
kojic acid or ascorbic acid. Mean values
experiments are reported.

Samples tomin t3omin teomin toomin  tizomin  tisomin  t180min

CTRL (w/o
additive)

7.08 1486 1254 12.67 9.44 9.4 9.41

Residues from
fermented
pomegranate 3.15 12.34  7.08 10.67 8.77 1293 1251
by-products
DMSO

Chestnut
shells 3.12 9.47 6.4 7.11 9.61 5.86 10.07
H.O/EtOH

Sludges from
strawberry
spirit 3.25 1.94 10.61 13.96 17.12 14.35 14.73
productionin
H,O/EtOH

Kojic acid 0.78 3.33 1.38 3.31 1.71 1.36 1.91

Ascorbic acid | 0.77 1.54 1.24 1.86 1.62 1.46 1.79
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Main OQutcomesOf The Study:

A Extracts containing phenol compoundzeparedby a green procedure
from agrifood by-productsshowed remarkable inhibition activities in
modelenzymatic inhibition assays

A Chestnut shellsMorus albaand pecan nutshells extracts, skdw
ICso valuesagainst tyrosinase higher or comparabléh respecto
the value determined for the reference compound kojic acid

A Strawberry, pomegranate and especially chestnut shettacts
were able to retard significantly the enzymatic browning prookss

applessmoothies.
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3.2Preparation of 2-S-lipoylcaffeic acid butanamide
3.2.1 Synthesis of the amide derivative of coumaric acid

Following a previously described protocol for caffeic acid and its corresponding
methyl ester, the synthesis of the conjugate of caffeic amide derivative with
dihydrolipoic acid (DHLA) was carried out (FiguBeb).

A strategy based on the generation of thguinone of caffeic acid fronp-
coumaric acid, followed by in situ addition of DHLA was adopted.

N\/\/COOH

S SH O

HO
N N/\/\
H
HO

Figure 3.5. 2-S-lipoylcaffeic acid butanamide.

Firstly, the synthesis gi-coumaric acidbutanamide was performed. Based on a
procedure previously described (paragréah®, the amidation reaction gf-
coumaric acid using HATU as coupling agent was carried out. In addition, also
in this case the preliminary protection of the OH functionalitthvan acetyl

group turned out to be crucial. The total synthesis is represented in Bigure
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/©/\)‘\OH (CH;3CO),/Pyridine /@/\)‘\ )J\
HO 24h

p-coumaric acid H,0/MeOH (1: 1)\ 2h
60°C
O

in DMF dry
(Argon)

ST

1.5 eq. butanamine ‘ 30 min

1.5 eq HATU )
1,5 eq.DIPEA 15 min

(Argon)
(6]
o wum
H3CJ\0 (B)

Figure 3.6. Synthetic route to the butanamide derivative of acetylated coumaric acid.

The reaction was monitored by HPLC analysis. After 15 minutes, (panel a
Figure3.7), a peak at 12.8 minutes attributable to the addAlctMas observed,
together with the concomitant disappearance of the peak of acetylated coumaric
acid R: = 6.3 min) and of HATUR: = 4.5 min).Subsequentlyto the reaction
mixture, 1.5 egs. of butanamine were added. After 30 min, the decrease in
intensity of the adducty) was observed and two peaks at 3.8 and 10.5 minutes,
presumably due to the-bkide of HATU and butanamide of acetylatqd
coumaric acidB) respectively, were detected. Then, after addition of water to
the reaction mixture, separation of a white precipitate was obtained. The

precipitate was recovered by filtration under vacuum and the @amap
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appeared as a single pegllating at10.4 minutes on HPLC analysis (panel ¢ of
Figure3.7).
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Figure 3.7. Elutographic profileof the amidation reaction of -@cetyl p-coumaric acid
(&) 15 minutes after the addition of HATU; (b) 30 minutes after the addition of

butanamine; (c) acetylated butanamid@-abumaric acid after filtration.
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The identity of the product was confirmed Hy-NMR analysis (Figure3.8).

The spectrum showed the signal at 8.07 ppm attributable to the amide NH and
those of the aliphatic chain of the amide Gl 3.16, 1.42, 1.30 and the ¢at

0.88 ppm.

2.27

Figure 3.8. 'H-NMR assignment of acetylated butanamideg-aoumaric acid (DMS©
ds).

Removal of the acetyl group of the butanamide was carried out under vigorous
flow of argon using methanol as solvent with the product at 3.6 mM in the
presence of 8 eq. of sodium téritoxide for 15 minutes at room temperature.
The reaction mixture was acidified using HClI 3M and extracted with ethyl
acetate. To confirm the deacetylation of the phenol gr&dg\MR analysis

was performed. The disappearance of the signal at 2.27 ppbutaitr to the
acetyl groups was observed, indicating a complete deprotection (Bi§ure

Figure 3.9. 'H-NMR assignment of butanamide @toumaric acid (DMS&is).
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3.2.2 Synthesis of the 2S-lipoylcaffeic acid butanamide

The o-quinone of caffeic acid was obtained by the regioselective hydroxylation
of coumaric acid with 20doxybenzoic acid (IBX)239]. Based on theroposed
mechanism of reaction of this reagd@40], the process involves the initial
formation of an intermediat€ arising by interaction of coumaric acid with
IBX, with the elimination of water. The this latter rearranges tB via
oxygenation of the orthposition of the phenolic group and concomitant
reduction of the iodine from I(V) to I(lll). Tautomerization Df produces the
intermediateE, which decomposes into-quinone and 2odobenzoic acid,
whilst iodine (111) is reducedatiodine () (Figure3.10).

IBX was synthesized by oxidizingiddobenzoic acid witlfODxone® in water at
70° C, as described before.

(0}
Q (o}
X CONHR O\\I
/©/\/ * O\I - /\/©/ é/ + 10
HO RHNOC™ ™

720
butanamide 0" OH IBX ©
of p-coumaric acid \

0
°o
|
RHNOC™ XX o~

H
D)

0
0 OH
OO PR @ O
|
RHNOC™ 0 1o RHNOC™ X g
o (E)

2-iodobenzoic acid
Figure 3.10. Proposed mechanism for the generation-gfiinone of caffeic acid
According to a previously published procedure, DHLA was synthesized by

reducing lipoic acid (LA) with sodium borohydrifi241].
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To an aqueous solution of a racenhid (0.25 M) in 0.25 M NaHC® and
NaBH; (1.0 M) was added and taken under stirring for 2 hours at 0°C.
Subsequently, the mixture was acidified to pH 1 and extracted with toluene
(89%).

To a methanolic solution g&-coumaric acid (70 mM), solid IBX (1.5 eq.) was
added at room temperature. After 4 minutes, 4 eq. of this latter were added drop
by drop to promote nucleophilic addition and the formation of the desire product
minimizing the side reaction of redox exchanbetween the@-quinone and
DHLA vyielding caffeic acid as a bgroduct (Figure3.11) [242,243] No traces

of a possibleadductderived from addition onto the sidbain weredetected.

SR
NHR 0} X_CONHR
Xx_CO IBX DHLA HO Xx_-CONHR
1.5eq.)
o (15eq) “ed) o

butanamide of o-quinone
p-coumaric acid

Figure 3.11. Reaction mechanism of butanamide of coumaric acid with IBX and DHLA.

To isolate the conjugate, the mixture was diluted with water, acidified to pH 1,
then extracted with solvents of increasing polarity. A hexane/toluene (8:2, v/v)
combinationwas used to remove-iddobenzoic acid, LA, and DHLA, while
chloroform was used to extract the lipoylcaffeic adduct, which was isolated in
20% vyield. Ethyl acetate extraction can be used to recover the more polar caffeic
acid that has remained in soluti¢Figure3.12).
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164-168  1.46-1.64 141

29 34 ~COOH
2.86-2.93 ¢ 28 N 38 24

9 279 1.38 -1.54 2.16

Figure 3.12. *H-NMR and**C-NMR assignment of -&-lipoylcaffeic acid butanamide
(DMSO-dg).

3.2.3 Inhibition of mushroom tyrosinase activity by 2-S-

lipoylcaffeic acid butanamide

The tyrosinase inhibitonactivity of 2S-lipoylcaffeic acid butanamide was
investigated using mushroom tyrosinase as described in the paragraph 3.1.1. The
ICso value obtained around80.01 + 0.08>M was comparable or even lower
respect to the otharalculatedfor the lipoyl conjugte of the methyl ester of
caffeicacid 8. 6 N or@afféicacidpb 3. 7 N 0. 3 & M)

Main Outcomes Of The Study:

A The synthesis of a nederivative of caffeicacid, i.e. 2-S-lipoylcaffeic
acid butanamide was developed.
A Preliminary results show a good ability to inhibit tyrosinasih
IC ICsovaluescomparable tahosereported in literature for similar

compounds.
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3.3Experimental section

Materials and Methods The distilled byproducts were provided from the
agrifood company Berola (Portico di Caserta, Caserta, ltaly), fermented
pomegranate was obtained from Cuatrociénegas, Coahuila, México. Chestnut
shells were provided from the agrifood industry Malerba (Mémtévellino,

Italy). All the other agrifood wastes were purchased at a local supermarket.
Morus Albawas obtained from a local garden.

Mushroom tyrosinase (EC 1.14.18.1),-3l4-dihydroxyphenylalanine (L
DOPA), L-tyrosine, kojic acid, ascorbic acidri@dobenzoic acid, oxone®,
lipoic acid (LA), sodium borohydride, sodium dithionite were purchased from
SigmaAldrich. Coumaric acid (CA) was purchased by Fluka. All solvents were
HPLC grade. Bidistilled deionized water was used throughout the study.

All solvents and reagents were obtained from commercial sources and used
without further purification.

Uv-Vis spectra were recorded ®730UV-visible spectrophotometer.

H and®*C NMR spectra were recorded at 400 MHz and 100 MHz, respectively,
on a 40Bruker spectrometer.

HPLC analyses were performed on a Agilent 1100 binary pump instrument
equipped UWvisible detector using an octadecylsilasmated column, 250 mm

X 4.6 mm, 5em particle size (Phenomenex Sphereclone ODS) at 0.7 mL/min,
Eluent system0.1% formic acid (solvent A)/methanol (solventiB)ratio 40:60
respectively Detection wavelength was set at 300 nm.

Preparation of extracts from the selected agrfood by- products. Firstly, all

the agrifood byproducts were roughly ground using a conmmblender.
Subsequently, they were pulverized with the aid of a ball mill (50
oscillations/min for 15 minutes). In the case of leaves and branches of Morus
Alba, onions, tomatoes a preliminary step of lyophilization was necessary.

300 mg of each agfbod by-products were added to 2 mL of one of the selected

solvents (water, ethanol, water/ethanol 4:6 v/v or DMSO). The mixture was then
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stirred at room temperature for 90 minutes, and centrifuged (5000 rpm for 10
min) at 20°C. The supernatants were then versd, while the residual solids
were lyophilized. The residual solid obtained with DMSO was washed two
times withwater.

Synthesis of 2iodoxybenzoic acid (IBX) 37.2 g of Oxoe® were dissolved in

200 mL of bidistilledwater. To this solution, 5.0 g ofiddobenzoic acid were
added and the resulting mixture was taken under stirring at 70°C for 1 h.
Subsequently, the solution was cooled at 4°C for 30 min, filtered and washed
with cold water (6 x 300 mL) and acetor#&x80 mL), recovering a white solid

in yield around 55%.

Preparation of DHLA (6,8-dimercaptoottanoic acid) 1.0 g of lipoic acid was
dissolved in 20.0 mL of an aqueous solution of NaR@®D25 M). To this
solution, 740.0 mg of NaBHin two portions) were addeand the mixture was
taken under stirring at 0 °C for 2 h. Then, the reaction mixture was acidified
until pH 1 with HCI 6 M and extracted with toluene (5x20 mL) (89% vyield)
Synthesis of butanamide of acetylateg-coumaric acid. 3.5 mL of acetic
anhydride and 175 pL pyridine were added to 300 mgradumaric acid. After

24h, the compound was dried using a rotary evaporator and stirred under reflux
in a water/methanol 1:1 v/v solution at 60°C for 2 hours. The product thus
obtainedwas dried and a white powder was obtained with yields of (98%). A
mixture of acetylategb-coumaric acid (281 mg), HATU (1.5 eq., 759 mg) and
DIPEA (2 eq, 474.5 pL) in anhydrous DMF (5.62 mL) was stirred under inert
atmosphere for 15 min. To the resultimgxture, 1.5 egs. of butanamine (202
ML) were added and stirred for 30 min at 25°C. The mixture thus obtained was
treated with distilled water. The obtained precipitate was filtered through a
buckner and washed with distilled water. The solid was therinelkan 45%

yields.
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HNMR DMSOd¢) : UG (ppm): 0.89 (t, 3H), 1.

(m, 2H), 8.07 (t, 1H), 6.58 (d, J = 16 Hz ,1H), 7.39 (d, 1H), 7.58 (d, J = 8 Hz,
2H), 7.15 (d, 2H), 2.27 (s, 3H).

Synthesis of deacetylated butanamide gf-coumatric acid. The deprotection

of p-coumaric acid butanamide was carried out, dissolving 314 mg (1.2 mmol)
of this compound in methanol (3.6 mM). Subsequently, to the resulting mixture
864 mg (8 eq. in moles) of sodium tédtoxide under an inert atmospherereve
added and stirred for 15 minutes. The solution was bought to pH 3 slowly
adding HCI 3M and dried using a rotatory evaporator. Then extracted with water
at pH 3 and ethyl acetate (100 mL) 3 times. A yellow oil was obtained in a good
yield (85%).

IH-NMR (DMSO-de) : o (ppm): 0.89 (t, 3H), 1.

(m, 2H), 8.21 (t, 1H), 6.46 (d, J = 16 Hz ,1H), 7.37 (d, 1H), 7.25 (d, J = 8 Hz,
2H), 6.65 (d, 2H).

Synthesis of 2S-lipoylcaffeic acid butanamide To 90 mg ofp-coumaric acid
butanamide (0.9 mmal), dissolved in 5.4 mL of methanol, 176 mg of IBX (1.38
mmol) were addedThe solution was kept under magnetic stirring at room
temperature for 7 minutes, then added dropwise to a solution of DHLA (342 mg,
3.6 mmol) in 54 mL of methanol and stirred for further 15 minutes. To the
resulting mixture, acid water (pH 1) was added, then extracted with hexane
toluene 8:2 v/v (550 mL), and subsequently with chloroform CHQ82 50

mL). The combined organic extracts were driechgsa rotatory evaporator
(yield of 20%).

HNMR DMSOdg) : U (ppm): 2.16 (t, 2H), 1.

(m, 1H), 1.46 (m, 1H), 1.64 (m, 1H), 2.79 (m, 1H), 1.64 (m, 1H), 1.68 (m, 1H),
2.86 (t, 1H), 2.93 (t, 1H), 0.89 (t, 3H), 1.32 (m, 2H), 1.4% 2H), 3.16 (m, 2H),
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7.97 (t, 1H), 6.37 (d, J = 16 Hz, 1H), 8.02 (d, 1H), 7.02 (d, J = 8 Hz, 1H), 6.82
(d, 1H).

BC.NMR (DMSOds) : U (ppm): o) 26(CH),@Y (CH)338 ( CH
(CH2), 38 (CH), 39 (CH), 39 (CH), 118 (CH), 116 (CH), 120 (CH), 121)(C

130 (C), 138 (CH), 148 (C), 147 (C), 165.5 (C), 38 §5132 (CH), 20 (CH),

14 (CH).

Tyrosinase inhibition assay The following solutions were used for the assay:

1 mushroom tyrosinase (20 U/mL); the stock solution was prepared by

dissolving 1 mg in InL of 50 mM phosphate buffer (pH 6.8);

1 100 mM solution of EDOPA dissolved in 0.6 M HCI (1 mM);

1 100 mM solution of ETYROSINE dissolved in 0.6 M HCI (1 mM).
Stock solutions of the various samples incubated with mushroom tyrosinase (20
U/mL) in 2 mL of 50mM phosphate buffer at room temperature (pH 6.8). After
10 minutes, 2L of a 100 mM solution of tDOPA in 0.6 M HCI (final
concentration 1 mM) were added, and the reaction was monitored by measuring
the absorbance at 475 nm every 10 minutes. The reaetisrtarried out in the
absence of the sample or in the presence of kojic acid as a positive control in
control studies. The extracts were added 10 minutes after the tyrosinase,
followed immediately by the idDOPA. The same procedure was performed for
the xperiment with LTYROSINE.
Apple smoothie browning inhibition assay Red Delicious apples were rapidly
cut in smallpieces after removing the peel, and ca. 50 g were finely blended
with a domestic mixer in the presence of a 0.1% w/w (extract solutioniliédis
water) and transferred on a watch glass. Blank smoothie samples were prepared
in the absence of extracts. Chroma Meter-40R/410 (Konica Minolta)
colorimeterwas used to analyze changes in coltie browning index (BI)
(three differenmeasurements were taken during the same experiments and three

different experiments were performed) was calculated as follows:
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Kojic acid and ascorbic acid were usedreference compounds.
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Chapter 4

Mussel inspiredbioadhesives from waste proteins and
plant derived phenolic compounds for biomedical
applications

The search of bioadhesives soft tissue healing is now an active issue in the
scientific committee. Many kind of materials, primarily hydrogels, have been
explored in literaturg244]. Among the many requirements that these materials
must satisfy, a top position is occupied by biocompatibility, which can b
combined with antibacterial activity to boost their potential in wound healing
applications. Furthermore, tissue adhesives should have great mechanical
characteristics under physiologically relevant conditions and among this
underwater resistance stikkpresents a major problem in the design of these
materials. In this regard, the adhesion mechanism of some marine organisms is a
great source of inspiratidi245]. The exceptional wet adhesion capabilities of
mussel byssus foot proteins originate from interaction of the catechol system of
the abundant 3;dihydoxyphenylalanine (DOPAdesidues with lysine amino
groups, giving rise to crodmked networks endowed with excellent underwater
resistance. On this baggnthetic musseahspired materials with wateesistant
adhesion and cohesion properties have been develypewdifying polymer
systems with DOPA or using its analogue dopantiia¢ combines the catechol

and amino functionalit}57,246,247]

Examples in the literature are countless so as the combinations of dopamine with
different biopolymers and ha&al macromolecules. Crodigking Al3*-
coordinated alginatdopamine chains with acrylami@erylic acid polymers

produced hydrogels with high mechanical characteristics and strong fibroblast
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cell adhesior{248]. Dopamine catechol moieties conjugated to natural anionic
poly(-glutamic acid) and crodsked through horseradish peroxidase/hydrogen
peroxide oxidation, with an additional physical crieking with a synthetic
bioactive nanosilica, demonstrated strong adhesiveness to various tissue layers
and excellent hemostatic propertj249].

Concerns of potential neurological effects entailed by the udepgmine in the
musselinspired strategywas overcome by use of alternative phenolic
compounds. Tannic acid oxidative coupling with nucleophilic residues of animal
gelatin resulted in loveost and easily scalable watesistant planinspired
bioadhesive [250]. Similarly, a plant catechdlased glue was created by
starting radical polymerization of acrylic acid amelying on the redox
properties of lignin nanoparticles to form a pegoiyacrylic acid hydrogel
network[251,252]

In addition to polysaccharides and synthetic polymers, proteins from readily
available sources have been investigd®B]. Soy proteins isolates (SPI) the
main industrial waste in soybean processing, appears to be an ideal candidate for
the implematation of environmentally friendly bioadhesives because they are
costeffective, easy to handle, and have been considered as alternative aldehyde
free materials also in the wood indusf®b4,255] Furthermore, these proteins

are high in amino groups, with lysine concentration reaching up t¢26%j.
Despite this, SPbased hydrogels have fewses due to their low water
resistance, timeonsuming gelation process, and poor mechanical
characteristics. Chemical cretasking modification is the most effective way to
improve the performance of soy proteins, and it can be done with either
synthetc or natural compounds that have been covalently linked to the protein
scaffold.[257 262]. Crosslinking based on polyphenol oxidation chemistry has
also been used to create high performance materials employing tannic acid
[263], modified tannins[264], lignins [265], or other phenolic polymelf263].
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However, the use of SPI as a starting material for the creation of hydrogels with
acceptableharacteristics for tissue healing has thus far received little attention.
Based on these findings, the research activity was directed toegbargtion of
hydrogels from SPI and plant derived polyphenols using mild conditions.
Another type of proteins sh as whey proteins able to give hydrogels in the
presence of natural extracts from agod wastes was also evaluated.
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Results and Discussion

4.1Bio adhesivedrom soy proteins and plant derived polyphenols
41.1 Preparation of SPI/polyphenolshydrogels

Firstly, our attention was devoted to the optimization of the procedure for the
preparation of hydrogels based on SPI/polyphenols. In previous research the use
of SPI for adhesive preparation in presence of a denaturing agent such as urea
andguanidine was shown to significantly increase the mechanical characteristics
of the final materialg266]. In the current investigation, preliminary results
evidencedthat proteindenaturation represents key step for the adhesive
preparation. In fact, to interact with additives or cross linkers, the exposure of
aminoacidic residues, notably lysine amino groups, to the medium is essential.
The interaction of aminoacidic residues with polyphenols and thedation
products could significantly affect the characteristics of SPl. To minimize
oxidative breakdown of the polyphenols and their oxidation products, as well as
to make the hydrogel production conditions compatible with their usage in tissue
healing,harsh alkaline conditions were avoided. A systematic investigation of
thermal denaturation conditions and the choice of appropriate Sieptment

for the fabrication of SPI/polyphenols hydrogels was developed. Due to their
availability and broad distsution in plant sources, caffeicacid (CA),
chlorogenic acid (CGA), and gallic acid (GA), were selected as polyphenaols to
investigate. Briefly, SPI were dissolved in water (at 10% w/w) and incubated for
1 hour at 85 °C, the denaturation temperature of SRk polyphenol
component was then added, and the final solution was stirred for 2 hours at 50°C
and pH 9. Under these conditions the polyphenol component is expected to
smoothly oxidize. Different polyphenols concentrations (rang8QM) were

tried, indcating as the best option a concentration of 28 mM. During this
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process, a hydrogel is produced, exhibiting a higher consistency than of SPI
treated according to the sap®tocol butin absence of the polyphenols.

In the case of CGA, the formation of a brilliant green chromophore in the
hydrogel provided a clear proof of SPI interactions with the polyphenol.
Formation of benzacridine pigments featuring a green chromophore have
previously been described from the atige coupling of caffeic acid esters
including CGA in the presence of amines and/or amino groups of pr{iéiris
(Figure 4.1). On the other hand, aerial oxidation of CGA under the same
conditions, produced a brown stn, indicating that the lysine residues of the
protein were involved in the production of the green pigment. The optimized
protocol was extended to the other polyphenols selected. In all cases the
hydrogel was recovered by centrifugation of the final torix to remove the
supernatant. These latter were subjected to spectrophotometric analysis to assess
the consumption of the starting polyphenol, which was found to be almost

complete for all polyphenols.
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Figure 4.1 Schematic protocol for thereparation of SPI/polyphenols hydrogels
exemplified for CGA.

4.1.2 Mechanical propertiesof SPI/polyphenols hydrogels

The application of th&Pl/polyphenols hydrogelsn wood specimens, pressed
together with a clamp for 24 hours and dipped in water, allowdad have a
preliminary evaluation of the adhesive features of the produced hydrogels and
their underwater resistanc&hey were periodically checkedntil the wood
specimens detached.
The resistance of the glue from SPI/CGA was 22 days, a value sigryficant
higher than the one of SPI but without additives (24 h). As shown in Table 4.1
SPI/CA and SPI/GA glues showed lesser resistance, with values of 9 and 5 days,
respectively.Using an Instron testing equipment, the failure stress of the
adhesive was evadted by measuring the lap shear strength, which corresponds
to the failing load divided by the bond area (4.F)crim Table 42, the results of
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lap shear testing are reported. For comparison, SPI /Urea glue, known for its
excellent performangewere also tested266]. The stress values for the soy
proteinbased adhesive samples ranged from 2.1 (SPI/urea) to 3.2 (SPIH@A).
noticeable performance of SPI/CA is most likely due to the sample's
consideraly more compact structure, which revealed a homogenous and dense
structure as shown by SEM studi€sgre 4.7 panel3). A commercial vinyl

based glue was used as a control experiment under the same experimental
conditions, showing a value of 4.0 Mpa, tioning the good adhesive
performance of the SPI samples reported herein. In subsequent tests, the
underwater resistance of the SPI/polyphenols glues was evaluated using chicken
skin, defatted and washed repeatedly as previously described [23].
Unfortunatdy, the underwater resistance was found to be relatively weak in all
samples tested, with values not reaching 30 minutes. On this basis, alternative
experimental settings, more relevant to the possible use of the hydrogels as
surgical glues were investigat. Slices of chicken breast muscle were bonded
together with SPI/polyphenols hydrogels before being submerged in PBS. Table
4.2 shows the adhesive properties of SPI/polyphenols hydrogels. The best result
was observed in the case of GA, although CGA atswvigged good resistance.

The differences in the natural compositions of the adherends obviously accounts
for the wet resistance test results, notably the performance of the

SPI/polyphenols hydrogels was higher to SPI alone in all circumstances.
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Table 4.1.Underwater resistance of wood specimens and chicken muscle slices glued
with SPI or SPI/polyphenols. Shown are the mean of experiments in triplicaté. SD

Underwater resistance (days)

Adherend SPI SPI/CA SPI/CGA SPI/GA
Wood specimens 1 9 22 5
Chicken muscle 1 2 7 15
slices

Table 4.2 Lap shear strengths of single lap wood joints glued with-@@Biphenols
adhesive, and a referendgayl adhesiveand SPldrea

Lap shear strength

Sample (Mpa)
SPl/urea 2.07+0.70
SPI/CGA 2.16+0.41
Vinyl adhesive 4.02+0.83
SPI/CA 3.21+0.19
SPI/ GA 2.40+0.37

4.1.3 Characterization of SPI/polyphenols hydrogels

To get insight into the type of interaction of SPI with polyphenols, various
characterisation approaches were executed. The percentage of SH and NH
groups in SPI after the reaction with polyphenols, were evaluated by traditional
chemical assays based on the Ellman's reagent aoeptitalaldehyde reaction,
followed by spectrophotometric measurement. FiguPepdnel (a) reveals that

SH groups play &ey role in the SPI/polyphenols hydrogels, compared to SPI
alone after denaturation. Based on a calibration curve with glutathione as
reference thiol, the denatured SPI showed an SH content of 1.8% w/w. In terms
of reacted amino groups, SPI/GA exhibitethigher involvement compared to

SPI/CA and its ester SPI/CGAhe NH group content of denatured SPI was
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determined to be 3% w/w based on a calibration curve constructed withN\alpha
BOC lysine as amino reference. For both tests, the contribution of tipdesaim

the detection wavelength was appropriately considered. These findings indicate
an involvement of SPI's amino and sulfhydryl groups in the interaction with
polyphenols. MALDI MS analysis previously demonstrated the covalent binding
of tannins incluchg polyphenol moieties with amino groups of $288]. ATR

FT IR investigations on the glues as lyophilized powders suggested additional
information about the interaction mode of the polyphenols with SPI. Due to the
poor amount in the final hydrogels gdolyphenols with respect to SPI,
differential FTIR spectra were generated by subtracting the SPI spectrum from
the SPI/polyphenols spectrum (panel b of Figu®. &ignificant modifications
were observed in the 35@D00 cm' range (Band 2), especiallyp@ave 3300 cm

1 (Band 1), indicating the involvement of SPI's amino groups in the interaction
with polyphenols and their oxidation produf2€9].

Furthermore, a difference in the ratio of the bands at 1625 (Band 3) and
1545 cmt (Band 4) compared to those observed for SPI alone, presumably
indicates that bands due to C=0 stretching of the carboxyl groups and the C=C
stretching of the aromatic ring of theolyphenol components overlap and
contribute to some extent to the domingtamide | and Il band of the protein in

the SPI/polyphenols material$his finding is consistent with earlier studies
revealing minor alterations in the SPlI major bands as a result of

physical/chemical crosslinking with caffeic ag&61].
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Figure 4.2. (a) Percentage ofeacted SH and NHgroups of SPI/polyphenols with
respect to SPI. Shown are means of at least triplicat8®; (b) Differential spectra

obtained by subtracting SPI spectrum from those of the SPI/polyphenols samples.

EPR analysis was also performed on the SPI/polyphenoledsid. This is the

ideal approach for identifying structural alterations in polymeric phenolic
systems, as evidenced by the different types and amounts of radicals produced
by quinone/catechol disproportionatiq@70]. An asymmetrical freeadical

signal was discovered during preliminary investigation of denatureFg&pire

4.3 panel & Similar findings have been reported in titerature and attributed

to carborcentered radicals produced in the dry protein during storage and
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trapped in the solid matrf271,272] Figure 43 compares spectra obtained from
SPI/polyphenols reactions (full lines) to those obtained from oxidative
polymerization of polyphenols alone undg&me circumstances (in air, pH 9,
50°C, dotted lines). All spectra have a similar lineshape, i.e. a singlet at a
slightly higher gfactor value than that observed for the denatured soy proteins
(Table4.3), suggesting the contribution of heteroatoms tontioéecular orbitals

in which the free electrons are delocaliz€de lineshapes are in the middle of

the lorentzian and gaussian derivatives. A lorentzian lineshape is produced by
the presence of a single population of equal radicals, whereas a gaussian
lineshape is produced by signal distribution convolution; thus, our results
suggest that an ensemble of similar, but not completely equal, radical species
contribute to the observed signal.
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Table 4.3.EPR spectral parameters of SPI and SPI/polyphenols. Data for the materials
obtained by oxidation of polyphenols at pH 9 in air in the absence of SPI (polyphenol
polymers) are shown for comparison.

Spin Gaussian g-factor

SENEEE density/g ®B/(80-2) o nribution (+ 0.0003)
SPI/CGA 21x10 5.4 0.74 2.0040
CGA 27x10 3.9 0.72 2.0040
SPI/GA 98 x16° 6.7 0.35 2.0046
GA 19x16° 3.0 0.49 2.0045
SPI/CA 31 x10° 6.2 0.72 2.0039
CA 10 x 14° 6.1 0.64 2.0049
SPI 34 x18° 5.5 - 2.0027
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In the case of CA, both in the presence and absence of soy proteins, a nearly
symmetric, wide signal is detected. The spin density of both samples is greater
than that of soy proteins. The drop in spin density reported for the SPI/CA
sample when compared the CA polymer generally reflects the quantity of-CA
derived components present in the final material, which is around 1%. The
predominant gaussian line form indicates that the radical centers are
polydisperse as well as not affected by the presente gfrbtein.

The polymer derived from GA has a narrow symmetric line with a lorentzian
lineshape that suggests a relatively limited dispersity of resonant radical origin.
The GA polymer has a limited ability to stabilize radicals (note the low spin
density. The asymmetric line observed in the SPI/GA clearly illustrates the
superposition of signals from the protein and the GA polymer, which also
explains the enhanced signal broadness, as measured by th&-peak
distance in G. The spin density is of tkame order of magnitude as that
measured for the protein in both samples.

In the case of CGA, both the CGA polymer and the SPI/CGA exhibit almost
symmetric signals. The spin density of the CGA polymer is comparable to that
of other polyphenol polymerR70] and, significantly, stays unchanged in the
SPI/CGA hydrogel despite the final material containing around 1% w/w CGA
generated species. The saterable rise in broadness (B from 3.9 to 5.4 G going
from the CGA polymer to the SPI/CGA) in this example cannot be attributed to
the weak protein signal superposition. As a result, our findings suggest that the
interaction of CGA oxidation products wifbrotein results in species with a
strong radical characteThe predominant gaussian line form in both samples
suggests a polydispersity of the radical center type.

Overall, the presence of SPI alters the EPR spectroscopic parameters of all
polyphenols, evealing some interactions between the proteins and the oxidative
polymerization productsThe different effects observed depending on the

considered polyphenol suggest that different interactions can take place.
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The microstructure of the SPI/polyphenols hydrogels was investigated by SEM
analysis.In order to perform th&EM imagesthe hydrogels werair-dried It
shouldbe consideredhat slight modifications of the structure can oczitierthe

drying process.

The pristine SPI gelHigure 43 panel 1) has a loose structure with large and
irregular macroporosity and pore sizes ranging from 20 to 150 micron,
indicating poor proteimolecule connection in the gélhe gels formed from

SPI with CGA or GA Figure 43 panel 2,3) retain the substantial presence of
macropores with diameters equivalent to those reported in pure SPI, but a more
irregular and corrugated morphology is evident, with many creases on the
sample surface walls. The SPI/CA gel, on the other haad, a distinct
microstructure Figure 43 panel 4). SPI/CA had a more compact morphology
than other samples, with just a few macropores on the sample surface, showing
that CA can promote the production of a more uniform and dense protein gel
structure. Thé property might explain why the SPI/CA hydrogel performed

effectively as glue in the adhesive experiments mentioned in Sectién 4.1.
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Figure 4.3 (a) EPR spectra of SPI and SPI/polyphenols. Data for the materials obtained
by oxidation ofpolyphenols at pH 9 in air in the absence of SPI (polyphenol polymers)
are shown for comparison; (IBEM images of SPI (panel 1), SPI/CGA (panel 2),
SPI/GA (panel 3), SPI/CA (panel 4).

4.1.4 SPI/agarose/polyphenols hydrogels

Encouraged by the features of the /gBlyphenols hydrogels, the possible
applications of these materials in wound treatment were evaluated. To achieve

this goal, several additives and reaction conditions for imparting resilience,
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stretchability, and toughness to the materials were studieallyi: an improved
procedure with agarose as extra component was developed.

At 70 °C, an agarose/SPI gel was prepared using an agarose solution in water
and thermally denatured SPI. The resultant hydrogel was dipped in a 10 mM
water solution of the relewa polyphenol at pH 9 after cooling in a Petri dish. In

the case of CGA, after 2 hours the resulting gel becomes green, suggesting that
CGA may penetrate the hydrogel and interact with SPI, thus generating the
benzacridine systems. The same procedure Wwas éxtended to the other
polyphenols selected. Before evaluating their mechanical characteristics, all the
hydrogels were aidried and then rehydrated.

Under these conditions, the hydrogels have great toughness and stretchability.
When compressed, the drpgel reverted to its original cylindrical formhe
mechanical characteristics of the hydrogel wapparentlyalso quite good
based on simple qualitative testBecause of its high stretchability and
compressive performance, the hydrogel couldapplied to human joints with
varying degrees of bending without causing any discomfort to those who
volunteered for these studies. Figurd depicts these features for a typical
SPl/agarose/CGA hydrogel.

The hydrogels demonstrated letegm and reproducie adhesion to a variety of
hydrophilic and hydrophobic surfaces, including glass, steel, polypropylene, and
polycarbonate (Figure 4). Furthermore, remarkable adhesive properties on the
skin were discovered. Remarkably, the hydrogel adhering to thedigkinot

cause anaphylactic responses. Furthermore, the hydrogel can be removed
without leaving any residues. Even after 25 peeling/adhering cycles, the
hydrogel retained strong adherence. The adhesiveness to glass, as well as to
chicken and human skin, eveinder unfavorable conditions such as underwater

was maintained.
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Figure 4 4. Macroscopic demonstration of the physical properties and repeated adhesion
properties of the SPl/agarose/CGA hydrogel: (a) Adhesion of the hydrogel to various
materials (b) Mekanical performance of the hydrogel: bending and crossover stretching.
The hydrogel quickly returned to its original shape after removing the twisting force; (c)
Underwater resistance of SPl/agarose/CGA hydrogels to glass, chicken skin, human
finger. (d) The hydrogel tightly adhered to a human finger and accommodated its
movements; (e) The hydrogel exhibited no residue after being peeled from arm skin and

(f) The hydrogel was repeatedly adhered to human skin showing no irritation.

The water vapopermeability (WVP) of the aidried SPl/agarose/polyphenol
hydrogels was investigated, considering their prospective application as wound

dressing devices.
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In general, including an additive into a polymer hydrogel can change its
characteristics by diminishing intermolecular contacts between the polymer
chains or causing structural defects that raise the WVP of the hydrogels.
According to the findings in Table 4}.the inclusion of all polyphenols in the
hydrogel formulations restidld in a oneorderof-magnitude improvement in
water vapor permeability compared to SPI/agarose. This was most likely due to
polyphenol molecules aggregating in the polymer matrix, resulting in a
discontinuous structure of the hydrogels. WVP values acthieeze almost two
orders of magnitude higher than those reported for films manufactured from
commodity polyolefins such as LDPE and HDPE.

Table 44. WVP results of the hydrogels.

Sample WVP (g/m Pa s)
SPl/agarose 5.13+0.27 x 10
SPI/CA 4.64+0.22 x 101
SPI/GA 3.88+0.18 x 10¢
SPI/ICGA 4.99+0.22 x 16*

4.1.5 Cytocompatibility and wound healing properties

We investigated the cytotoxic effects of SPl/agarose/polyphenols hydrogels on
human keratinocytes (HaCa€lls) and human dermal fibroblasts (HDF cells) to
determine their therapeutic potential (Figurd d). Differentconcentrations of

the SPI/agarose/polyphenols were tested. For all the samples, a slight toxicity
was observed, although it appeared notistieally significant.In the case of
SPI/CGAthe low but appreciabl@xicity cannotbe attributed to the presence of
benzacridines. In facgsdemonstrated on various cellular systethese latter

are not toxic [273] andthey even proved abl® support efficienyf stem cell
growth[274].
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In another series of experiments, the ability of these hydrogels to promote the
wound reepithelialization by human keratinocytes (HaCaT cell line) was also
investigated. To this aim, an in vitro wound healing test to assess the impact of
hydrogds on cell migration was performed. HaCaT cell monolayers were
wounded using a pipette tip. Cells were then rinsed with PBS and treated with
various mixtures of SPI/polyphenol hydrogel components.

In Figure 45, images of a wound healing experiment perfdmon control cells

and cells treated with SPIl/polyphenol atand ts4 hours of incubation are
reported. As the most representative example CGA was chosen.

For the cells treated with each SPl/polyphenols system, the percentage of
closure was calculated dise ratio of the defect area at the final time to the
starting time, measured by Zen Lite 2.3 software. The values in Taldeedthe
average of three experimen#sccording to Figured.5 and Table4.5, SPI/CGA
hydrogels significantly reduce the closuete of the scratched region in human
keratinocytes compared to untreated cells. On the contrary, no significant
changes in wound healing rate were revealed in the case of the other SPI/
polyphenols hydrogels.

Table 4.5.The percentage of closure waxpressed as the ratio of the areas andl t4

h evaluated using Zen Lite 2.3 software. *P < 0.05 was obtained for control versus
treated samples.

Sample Reduction of Area (fold)

CTRL 0.97 £ 0.03
1.35+0.01

SPI/CA 1.01£0.03

SPI/GA 0.96 + 0.04

SPI 0.77 £0.49
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Figure 4 5. (a) Biocompatibility of SPI based hydrogels on HaGaitl HDF cells after

24 and 72 h of incubation. Cell viability was assessed by MTT assay and expressed as
the percentage of viable cells with respect to controls (untreated cells). Error bars
indicate standard deviations obtained from at least three indeptexperiments, each

one carried out with triplicate determinations. Wound healing activity of SPI
hydrogels on HaCaT cells monolayer. Cells were wounded prior to treatment with each
compound for 24 h. Images were acquiatd and t4 h of incubaions.
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4.1.6 Hemocompatibility

To assess blood behaviour in contact with the hydrogels, hemocompatibility
experiments were carried out. TEG analysis includes four parameters: the
reaction time, which is the time between the start of the test and the start of the
coagulation process (psiplogically values 3:8.8 min); the coagulation time

(K), which measures the length of the coagulation process (physiologically
values 0.73.4 min); the alpha angle, which represents the coagulation velocity
(physiologically values 47:87.7 degrees); & maximum amplitudewhich
describes the clot strengtphlysiologically values 49:72.7 mm).All hydrogels
examined showed no effect on the physiological behaviour of the blood. In fact,
all the parameters determined are within the normal range. Furtlegrthere

are no significant differences between the three hydrogels, indicating that the
pol yphenols donodét affect SPIlI's hemocor
was used to confirm the results of the TEG study. The results obtained are in
line with the previous one, showing no significant changes between SPI and
SPI/polyphenols hydrogel. Blood coagulation on the various hydrogels also
demonstrates that there are no major variations between the polyphenols (Figure
46).
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Figure 4.6. Coagulation Pameters: (a) Reaction time (R) (b) Coagulation time (K) (c)
Coagulation velocity (alpha angle) (d) Clot strength (MA) (e) Clotting time of SPI with

and without polyphenols.

SEM examination revealed inactive platelets, as well as white and red blood
cells, in all samples. These results suggest that none of the hydrogels induce

blood coagulation, confirming prior findings concerning the hydrogels' effect on
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