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                                                                    Abstract 

 

The core of this PhD thesis is the exploitation, the manipulation, 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 technological 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 represents a main approach 

pursued in this research activity. The synergistic effect stemming from 

combination of these compounds, exhibiting unique intrinsic features, with 

inorganic materials, resulting in tuning of their chemical, optical, and even 

electrical properties was also investigated.  

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

follows: 

❖ A versatile dip-coating technology widely applied in the case of 

polydopamine (PDA) for surface functionalization of various materials 

was applied to the methyl ester of the melanin precursor 5,6-

dihydroxyindole-2-carboxylic acid (DHICA) in combination with 

hexamethylenediamine (HMDA) capable of imparting adhesive 

properties. For the investigation of the redox activity and morphology of 

the resulting film, voltammetric and AFM/SEM techniques were used. 

Chemical characterization was performed using HPLC, MALDI-MS, 

and 1H-NMR. Using chemical assays and a model of UV-stressed 

human immortalized keratinocytes (HaCat) cells, the film reducing 

activity was assessed and compared to PDA based film. The 

hypothesized film deposition mechanism is the spontaneous assembly of 

self-organized networks held together primarily by electrostatic 
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interactions of MeDHICA in the anion form and HMDA as the dication. 

The film exhibited considerable oxidative stress protection on HaCaT 

cells and showed strong reducing properties. 

❖ The synthesis of new eumelanin precursors such as the amide/diamide 

derivatives of 5,6-dihydroxyindole-2-carboxylic acid was developed, 

based on the use of N-[(dimethylamino)-1H-1,2,3-triazolo-[4,5-b] 

pyridin-1-ylmethylene]-N-methylmethanaminium hexafluorophosphate 

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 melanin-like pigments 

prepared by the amide derivatives by oxidative polymerization in air in 

aqueous buffer at pH 9, exhibited chromophores resembling those of 

DHICA-derived pigments. In the case of the carboxybutanamide, 

analysis of the pigment by EPR, ATR FT IR and MALDI MS indicated 

a substantial structural similarity 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 polar solvents of dermocosmetic relevance 

together with optimum antioxidant and lipid peroxidation inhibition 

properties. 

❖ Phenolic compounds deriving from agri-food by-products or synthetic 

conjugates of caffeic acid such as 2-S-lipoylcaffeic 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 results hint 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.  
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❖ An alternative strategy for the implementation of bio-inspired glues by 

proper combination of polyphenols or waste materials including proteins 

with in-situ generated catechol polymers was developed. The hydrogels 

proved to be biocompatible, hemocompatible, not harmful to skin, 

displayed durable adhesiveness and exhibited good water vapour 

permeability. Additionally, they demonstrated excellent contact-active 

antibacterial properties and in some cases a favourable wound healing 

activity on dermal fibroblasts.  

❖ A green deep eutectic solvent (DES) based protocol coupled 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 (19-27% w/w). A completely spectroscopic and 

chromatographic characterization allowed to conclude that the majority 

of the samples consisted of lignins with remarkable antioxidant 

properties. 

❖ A low-cost, scalable and straightforward solid-state mechanochemical 

protocol for the synthesis of silver nanoparticles (AgNP) based on the 

use of the highly reducing agri-food by-product Pecan Nut 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 enhanced antioxidant and 

antimicrobial properties for use in the biomedical sector.  

Finally, as part of the PhD project carried out during a training period carried 

out at the Institute of Bioscience and Biotechnology, University of Maryland 

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

following research activities were developed: 

❖ A top-down reverse engineering mediators-based approach for the study 

of a chitosan hydrogel embedded with 5,6-dihydroxyindole (DHI) and 

the corresponding carboxyl acid (DHICA) melanins was implemented. 
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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 catechol-graphene composite hydrogels, 

showing synergistic properties such as metal-like conductivity, redox 

activity and charge-storage through an electrical double as demonstrated 

by spectroelectrochemical measurements. Conducting and redox-active 

components enable distinctly different mechanisms for charge-storage 

and electron-transfer; these components act synergistically, and 

mediators provide unique opportunities to extend the capabilities of 

electronic materials. 

  



5 
 

                            List of publications 

Argenziano, R.; Alfieri, M.L.; Arntz, Y.; Castaldo, R.; Liberti, D.; Monti, D.M.; 

Gentile, G.; Panzella, L.; Crescenzi, O.; Ball, V.; Napolitano, A.; d’ischia, M., 

Non-covalent small molecule partnership for redox-active films: Beyond 

polydopamine technology. Journal of Colloid and Interface Science, 2022, 624, 

400-422; doi: 10.1016/j.jcis.2022.05.123.  

Argenziano, R.; Della Greca, M.; Panzella, L.; Napolitano, A., A Straightforward 

Access to New Amides of the MelaninPrecursor 5,6-Dihydroxyindole-2-carboxylic 

Acid and Characterization of the Properties of the Pigments Thereof. Molecules, 

2022, 27(15); 4816, doi: 10.3390/molecules27154816. 

Argenziano, R.; Moccia, F.; Esposito, R.; D’errico, G.; Panzella, L.; Napolitano, 

A., Recovery of Lignins with Potent Antioxidant Properties from Shells of Edible 

Nuts by a Green Ball Milling/Deep Eutectic Solvent (DES)-Based Protocol. 

Antioxidant, 2022, 11(10), 1860; doi:10.3390/antiox11101860.  

Kim, E.; Argenziano, R.; Zhao, Z.; Chen, C.; Shen, M.; Bentley, W.E.; 

Napolitano, A.; Payne, F.G., Characterizing Electron Flow through 

Catechol‐Graphene Composite Hydrogels. Advanced Materials Interfaces, 

2022, 9(35); doi:10.1002/admi.202202021.  

Argenziano, R.; Salazar, S.; Panaro, A.; Calarco, A.; Di Sallec, A.; Aprea, P.; 

Cerruti, P.; Panzella, L.; Napolitano, A., Combining the Potent Reducing 

Properties of Pecan Nutshell with a Solvent-Free Mechanochemical Approach for 

Synthesizing High Ag0 Content-Silver Nanoparticles: An Eco-Friendly Route to an 

Efficient Multifunctional Photocatalytic, Antibacterial, and Antioxidant Material. 

Nanomaterials, 2023, 13(5), 821; doi:10.3390/nano13050821. 

 

https://doi.org/10.3390/molecules27154816
http://dx.doi.org/10.3390/antiox11101860
https://www.researchgate.net/journal/Advanced-Materials-Interfaces-2196-7350
http://dx.doi.org/10.1002/admi.202202021


6 
 

Argenziano, R.; Alfieri, M.L.; Gallucci, N.; D’Errico, G.; Panzella, L.; 

Napolitano, A., A model eumelanin from 5,6-dihydroxyindole-2-

carboxybutanamide combining remarkable antioxidant and photoprotective 

properties with a favourable solubility profile for dermo-cosmetic applications. 

International Journal Molecular Sciences, 2023, 24(4), 4241; 

doi:10.3390/ijms24044241. 

 

 

  



7 
 

                   Manuscripts in preparation 

Argenziano, R.; Viggiano, S.; Esposito, R.; Schibeci, M.; Gaglione, R.; Castaldo, 

R.; Fusaro, L.; Boccafoschi, F.; Arciello, A.; Della Greca, M.; Gentile, G.; Cerruti, 

P.; D’errico, G.; Panzella, L.; Napolitano, A., All-natural mussel-inspired 

bioadhesives from soy proteins and plant derived polyphenols with marked water-

resistance and favourable antibacterial profile for wound treatment applications. 

Submitted. 

  



8 
 

Chapter 1 

 

1 Introduction 

 

Phenols and polyphenols provide the core reactive unit in several bioactive 

compounds and biopolymers, including catecholamines, flavonoids, estrogens, 

melanins and other plant occurring heterogeneous polymers like tannins and 

lignins [1]. Phenolic compounds have been increasingly investigated for their 

well-known antioxidant properties and exploited as functional biocompatible 

components for hydrogels, sensors and other functional systems [2]. Natural 

phenol polymers such as lignins, tannins have received considerable attention 

for the design of functional materials for technological and biomedical 

applications, thanks to their peculiar chemical-physical properties [3,4]. 

Eumelanins and related phenolic polymers, particularly polydopamine, have 

attracted growing interest for surface coating, antifouling, underwater adhesion, 

drug delivery, biosensing and as interfaces in bioelectronics [5–7]. The 

exploitation or the mimicking of natural phenolic systems may allow to translate 

their UV-absorbing, photoconductive, redox and free radical scavenging 

properties into new functional soft, robust, adhesive, multifunctional and 

biocompatible materials and molecular systems for various biomedical 

applications [8]. Moreover, in o-diphenolic systems, the ready conversion to the 

reactive o-quinone system allows for chemical functionalization, 

polymerization, and interactions with a variety of systems such as 

polysaccharides, proteins, or with metals and other inorganic surfaces, creating 

hybrid systems [9–11]. This affordable approach can be used for the 

manipulation of polyphenols, creating interesting and complex network 

structures or functionalized surfaces for nanotechnology or biomedical 
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applications. Moreover, the use of green chemistry methodologies including 

solvent free conditions and mechanochemistry for functionalization, 

manipulation, activation of polyphenol or their extraction from natural sources 

such as agri-food wastes represent the central strategy to improve/potentiate 

their activities for various applications  (Figure 1.1) [12,13]. 

 

Figure 1.1. State of art. 
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1.1 Phenol compounds 

Almost 2000 years ago Hippocrates said: "Let food be your medicine, and 

medicine be your food". Since that time the beneficial effects of natural products 

have been explored for many purposes [1]. Among natural products, there are 

phenolic compounds, a prominent family of ubiquitous compounds widely 

distributed in plants and/or marine organism with fascinating inherent 

biocompatible, bioadhesive, antioxidant, and antibacterial properties [2,14]. In 

fact, they represent a huge group of naturally occurring phytochemicals, with 

well-known nutritional and therapeutic dietary skills that are able to alleviate 

degenerative diseases and skin conditions connected to cumulative oxidative 

damage. The unique structure of these compounds, consisting of one or more 

phenol structural units, allow the formation of strong non-covalent interactions 

(e.g., electrostatic, cation – π interactions, multiple hydrogen bonding) as well as 

covalent interactions (e.g., Michael addition/Schiff-base reaction, radical 

coupling reaction, coordination with metal ions) [15] (Figure 1.2).  
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Figure 1.2. Oxidative crosslinking and other mechanism of interaction of phenols. 

In addition, as result of the variety of phenol scaffolds and of their several 

possible combinations, these compounds exhibit various physical, chemical and 

biological properties. More than 8000 kinds of compounds with phenolic 

structures have been identified and extracted from different natural sources, 

mostly from plants [16–18]. Among these, phenolic acids, lignins, tannins and 

melanins have attracted increasing interest for surface coating, functionalization, 

sensors, and hydrogels in biomedical and nanotechnology fields, not only as 

monomers (phenolic acids) or as biopolymers (melanins, tannins, lignin, 
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polydopamine),  but also combined with other type of materials such as 

inorganic compounds [8,16–19].  

1.1.1 Phenolic acids 

Phenolic acids represent one of the simplest structural classes belonging to 

phenols family. These compounds are generally classified in two main 

subgroups namely as the hydroxybenzoic acids and the hydroxycinnamic acids. 

The first one is characterized by a C6-C1 structure, and they include p-

hydroxybenzoic, protocatechuic, vanillic, syringic, and gallic acids. On the other 

hand, the hydroxycinnamic acids, characterized by a three-carbon side chain, are 

caffeic, ferulic, p-coumaric, and sinapic acids (Figure 1.3) [20]. 

 

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

These compounds are widespread in nature, particularly in berries, cereals, 

legumes, fruit and oilseeds, where the highest amount of phenolic acids is 

frequently found as esters, glycosides, or amides [21], rarely as free water 

insoluble or saccharide-conjugated soluble forms [22]. These compounds exhibit 

a wide range of unique intrinsic properties [23]. They show marked antioxidant 

properties against reactive nitrogen species (RNS) and reactive oxygen species 

(ROS) due to the presence of hydroxyl group on the aromatic ring [24,25]. 
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Reactive oxygen species are by-products of numerous metabolic processes in 

living systems [26]. DNA, RNA, proteins and lipids are damaged by RNS and 

ROS, and ROS and RNS imbalance leads to oxidative stress in cells. Several 

phenolic acids widely distributed in nuts, fruits and vegetables can counteract 

ROS and RNS induced damages by providing free radical scavenging activity 

and upregulation of the enzymes that detoxify ROS and RNS. They also have 

the capacity to increase the levels of endogenous antioxidant enzymes, resulting 

in a beneficial effect against cancer development, cardiovascular diseases, 

inflammatory diseases and other disorders.  Exposure to UV radiation can lead 

to skin cancer and accelerated aging of the skin by causing sunburn, DNA 

damage, and connective tissue degeneration. Given the damaging effects of 

species generated by irradiations such as reactive oxygen species (ROS) in the 

skin, including superoxide ion (O2
.-), hydroxyl radical (OH.), and peroxyl radical 

(ROO.), numerous studies have been devoted to the study of antioxidant 

compounds to enhance the endogenous cutaneous defense system against these 

oxidative stress-mediated diseases [27]. In addition to the antioxidant property, 

common to almost all phenolic compounds, phenolic acids possess other 

potentially clinically relevant properties such as chemo-preventive activity 

against gastric ulcers, long-term diabetes complications, diabetic neuropathy, 

kidney dysfunction and retinopathy [28]. For example, lettuce, potatoes, apples, 

berries and coffee beans, with high levels of phenolic compounds, are anti-

mutagenic, so able to prevent cancer [29,30]. They can ease cardiovascular 

complications such as cardiomyopathy and inhibit enzymes involved in 

Alzheimer’s disease. Phenolic acids have also shown in vitro marked 

antibacterial activity against several pathogenic strains (Figure 1.4) [31,32]. 

On these bases, more attention has been focused on the incorporation of 

phenolic acids as active components in various matrix to make the most of their 

extraordinary properties [33]. 
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Figure 1.4. Representative scheme of phenolic acid properties and applications. 

1.1.1.1 Incorporation of phenolic acid into biopolymers  

In this context, many studies have been devoted to the exploitation of naturally 

occurring phenolic acids for various applications in different fields [34].  
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negative impact on the environment, in the last decade alternative materials were 

developed for food packaging applications. With this aim, the development of 
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incorporation of phenolic acids into the polymers make this an affordable 

strategy, that adds value to biodegradable materials for both stabilization or/and 

functionalization purposes [27]. 

Recently, great interest has been devoted to starch, one of the most naturally 

occurring polymers, recovered from several plant sources, including potato, 

corn, and cassava. In fact, it has been demonstrated that this affordable material 

can be improved when combined with other biodegradable polymers [37]. For 

instance, when starch is combined with other polysaccharides, such xanthan or 

gellan gum, its mechanical limitations are easily overcome. Derivatives of 

cellulose such as methylcellulose (MC), hydroxypropyl methylcellulose 

(HPMC), and carboxymethylcellulose, have demonstrated outstanding film-

forming capacity, giving films with superior hydrophobic compound barrier 

capabilities and high mechanical performance when incorporated into starch.  

Other materials from natural sources such as proteins have been widely 

investigated for use in food packaging [38].  Of relevance are caseinate, whey 

protein, soy protein, gluten, and gelatin. Due to their distinctive structure, 

protein films offer greater mechanical characteristics than polysaccharide films 

[39]. However, the high-water vapor permeability remains one of their major 

limitations, that can be easily overcome in presence of high amounts of phenolic 

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 uses, including hydrogels, biocompatible and biomimetic 

glues, nanostructures for drug delivery and other devices for biomedicine and 

organic electronics [40]. In fact, it is well known that structural modifications 

can significantly enhance the functional properties of proteins. To modify 

proteins, three main methods are frequently used: physical, enzymatic 

modifications, and chemical modifications [41]. 
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Non-covalent physical interactions between phenolic chemicals and proteins can 

result in phenolic-protein complexes (e.g., electrostatic, hydrophobic, van der 

Waals and hydrogen bonding). On the other hand, phenolic substances can be 

linked to proteins through covalent bonds [42]. Notably, although either 

modification may change the characteristics of proteins, phenolic-protein 

conjugates are more stable than non-covalent phenolic-protein complexes. 

While in the past decade most studies were focused on these latter that are easier 

to obtain than covalent phenolic-protein conjugates, more recently attention has 

been directed to crosslinked systems, with the development of new strategies to 

create phenolic-protein conjugates such as alkaline, free radical-mediated 

grafting, enzyme-catalysed grafting, and chemical coupling techniques.  

1.1.1.2 Mussel inspired catechol-protein strategies 

As expected, the nature has already discovered the extraordinary network that 

protein/polysaccharides and phenolic acids are able to create. Various sessile 

marine organisms, including marine plants and animal organisms, have 

developed their own strategies to adhere to a variety of surfaces using this lattice 

structure.  The underwater adhesion of brown algae is due to 

polyphenols/alginates lattice linked also by calcium ions. The phenolic 

compounds and alginate are secreted separately, and only subsequently cross-

linked together to form the final adhesive. The remarkable property of this 

network structure is of great interest for biomedical and tissue engineering 

applications [43–47]. 

Another system that has represented a great source of inspiration are the proteins 

of byssus. These proteins, such as Mytilus edulis foot proteins-3 and -5 (Mfp-3 

and -5), located in the distal portion of the mussel byssus where the byssal foot 

engages the substrate surface. The key feature is the high content of lysine 

residues and of 3,4-dihydroxy-L-phenylalanine (DOPA), a compound belonging 

to the o-diphenol or catechol class. These latter are susceptible to oxidation, 
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giving rise to o-quinones highly electrophilic species capable of establishing 

covalent or non-covalent interactions.  

Based on this knowledge, an interplay of several chemical factors has been 

proposed to explain the excellent adhesion (between different materials) and 

cohesion (between different parts of the same material) properties of byssus 

proteins, such as H-bonding, electrostatic, hydrophobic, coordination and π-

cation interactions.  

Among the various approaches that can be used to modify material surfaces, the 

most convenient in terms of time and easily accessible are those based on wet 

adhesion technologies inspired by nature.  

In 2007 following inspiration from the robust adhesion properties of mussel 

byssus proteins, a new material has been described: polydopamine (PDA) [48–

52].  

This latter is a black, insoluble, eumelanin-like substance generated by the 

alkaline oxidative polymerization of dopamine. The combination of the 

functional groups of the aminoacids lysine and DOPA of byssus proteins allows 

dopamine (Figure 1.5) 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 modify the hydrophobicity of a variety 

of interfaces [53–56]. 

 

 

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 pH. Polydopamine also displays many 

properties in common with naturally occurring melanin, including optical, 

paramagnetic and electrical properties, and, most importantly, it exhibits 

excellent biocompatibility. Another valuable feature lies in its chemical structure 

that incorporates many functional groups such as catechol, amine, and imine. 

These functional groups can serve both as the 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, biological, medical, and materials sciences, as well as in technology 

and engineering fields [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 PDA-based technology is constrained. In one of the most plausible currently 

accepted theories, the polydopamine oxidation pathway shares many 

characteristics with melanin biosynthesis. It includes an oxidative reaction 

pathway, which transforms dopamine into 5,6-dihydroxyindole (DHI), one of 

the main eumelanin precursors, followed by further polymerization steps [59]. 

1.2 Polyphenols 

1.2.1 Eumelanins as natural phenolic pigments 

Melanins occupy a prominent position among biopolymers of polyphenol type. 

These latter are an important class of phenolic pigments deriving from the 

oxidative metabolism of tyrosine, responsible for the brown colour 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 (yellow-red). 

Eumelanins have an absorption spectrum of the broad electromagnetic spectrum 

and excellent antioxidant properties, characteristics of great importance for 

photoprotective applications, helping to prevent sunburn, DNA damage and skin 

cancer. Instead pheomelanins, typical of individuals with red hair, light skin and 

eyes and freckles, are known for their photosensitizing properties, causing a 

higher proness to skin tumors in individuals with the red phenotype [60–62]. 

Melanins are generated in melanocytes, highly specialized cells located between 

the epidermis and the dermis. The synthesis of melanins begins with the 

oxidation of the amino acid L-tyrosine by tyrosinase, followed by a series of 

spontaneous reactions that depend on various factors such as the presence of 

thiols, the pH, the presence of ions such as zinc and copper, and oxygen. After 

the first enzymatic step of oxidation of L-tyrosine (or L-DOPA) to dopaquinone, 

a common precursor to eumelanins and pheomelanins, the prevalence of one or 

the other metabolic pathway depends on the levels of the amino acid cysteine 

which can intercept the dopaquinone. In fact, dopaquinone is an o-quinone and 

therefore particularly reactive towards thiols. In 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 same dopaquinone giving 

dopachrome, which can subsequently rearrange with or without decarboxylation 

to generate the two monomers from which the eumelanins are composed, 5,6-

dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic acid (DHICA) 

[63]. In vivo the formation of DHICA is favored by an enzymatic action of 

dopachrome tautomerase (Dct or Tyrosinase-related protein 2, Tyrp-2) or by the 

presence of transition metal ions such as Cu2+ or Zn2+[64]. For this reason, 

natural melanins contain over 50% DHICA (Figure 1.6) [65]. 
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Figure 1.6. Eumelanin biosynthetic pathway. 

Thanks to their many unique properties, in the last decade eumelanins have 

attracted great 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 

cosmetics. In fact, these pigments, thanks to the peculiar catechol structure, can 

bind metal ions and some organic compounds such as drugs and toxins, and so 

they have been widely used in various fields such as optical biomimetics, 

cosmetics, UV protective lenses, food colorants, anti-melanoma therapy, and the 

preparation of metallic nanoparticles [66–68]. Melanin and melanin-like 

compounds have also been used as coating materials in electronics, sunscreens, 

energy storage, biofilms, drug delivery systems, and a variety of biomedical 

applications including bioimaging, diagnostic, tissue engineering, biosensors, 

photoacoustic imaging, phototherapy and therapeutic use [69]. A multitude of 

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

melanin-like nanoparticles (MLNP) [69]. 

1.2.2 Tannins as naturally occurring phenolic compounds 

The term "tannin," which comes from the French term "tanin" and the latin 

Tannum “oak bark”, is used to describe a variety of naturally occurring phenolic 

compounds [70]. Tannins are divided in two main groups: condensed tannins 

and hydrolysable tannins [71]. Condensed tannins are oligomeric and polymeric 

species that cannot be hydrolysed, whereas the identification of many tannins as 

"hydrolysable tannins" resulted from the discovery that many of them may be 

hydrolytically divided into their constituents. These latter have as main 

component a monosaccharide, often D-glucose, whose hydroxy groups are 

esterified with phenolic substances like ellagic acid (EA) or gallic acid to 

produce, respectively, gallotannins and ellagitannins (Figure 1.7) [71].  These 

latter classes of tannins are abundant in oak wood (Quercus robur, Quercus 

petraea, and Quercus alba) [72], chestnut (Castanea sativa) [72–74], and 

myrobalan, galls (Quercus infectoria and Rhus semialata) [74–76], sumac fruits 

(Rhus coriaria [74,77] and Terminalia chebula) [74,78].  

 

Figure 1.7. General structure of hydrolyzable tannins: a) gallotannin and b) ellagitannin. 
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On the other hand, condensed tannins represent the other major class of tannins. 

They are polymeric flavonoids, and their most common structural units are 

derivatives of the flavanols (+)-catechin, (-)-epicatechin, (+)-gallocatechin, (-)-

epigallocatechin and (-)-epigallocatehin gallate, shown in Figure 1.8 [71]. 

 

Figure 1.8. Structures of catechin, (-)-epicatechin, (+)-gallocatechin, (-)-

epigallocatechin and (-)-epigallocatehin gallate. 

They are characterized by a wide structural diversity due to possible O-

methylation, C-and O-glycosylation, and O-galloylation. In addition, condensed 

tannins can be further distinguished into procyanidins and profisetinidins. 

Procyanidins can be classified in a dimeric B-type and trimeric C-type form, 

linked by single bond between units, usually between the C4 and the C6 or C8 

of the flavanol units, or the A-type, characterized by an additional bond between 

C-2 and 7 or 5-OH (Figure 1.9) [79]. Profisetinidins, mainly found in some type 

of wood, such as quebracho (Schinopsis lorentzii) e mimosa (Acacia mollissima) 

[80], differ from the procyanidins by the absence of a hydroxyl group at C5 

position of the A ring [71]. They can contain up to 10 units of monomers, with a 

molecular weight varying from 500 to over 20,000 Da [81]. 
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Figure 1.9. General structures of a) and b) B-type c) C-type and d) A-type procyanidins. 

Among other naturally occurring phenolic compounds, tannins stand out thanks 

to their exceptional antioxidant, antibacterial, and anticancer properties [82–84]. 

The beneficial effects of these compounds were already discovered in the 

ancient societies, where the animal brain and fat, rich in tannins, were 

commonly used to protect animal skins. Nowadays, tannins have been 

associated to anticancer properties and to minimize the ability of a variety 

mutagens to cause mutations [85]. In fact, oxygen-free radicals are produced by 

several mutagens and/or carcinogens, able to interact with biological 

macromolecules causing different diseases. The antioxidative characteristic of 

tannins, which is crucial in preventing cellular oxidative damage, including lipid 

peroxidation, may be connected to their anticarcinogenic and antimutagenic 

potentials. In addition to these properties, tannins antibacterial activity is also 

widely known. Tannins can inhibit the growth of numerous fungi, viruses, 

bacteria, and yeasts. As result, tannins present in different fruits act as barrier 
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against microbial diseases and can be utilized in food processing to extend the 

shelf life of some foods. 

1.2.3 The second most abundant phenolic polymers on the 

earth: the lignin 

Another class of compounds belonging to the phenolic family is lignin. Lignin is 

an irregular, water-insoluble, high molecular mass biopolymer (600-15000 

kDa), and after cellulose, is the second most abundant naturally occurring 

complex organic material of polyphenol type on the earth, accounting for 

approximately 30% of the organic carbon on the planet. Its main precursors are 

different hydroxycinnamyl alcohol monomers, such as coniferyl, sinapyl and p-

coumaryl alcohols, which differ from each other in the degree of methoxylation 

[86]. The ratios of these precursors are variable depending on the plants 

considered. For instance, in lignin from softwood, the coniferyl alcohol content 

is often 90-95%, whereas from hardwood normally the coniferyl and sinapyl 

alcohol content is around 25-50% and 50-75%, respectively. Lignin from grass 

typically includes all three components. After oxidative coupling steps, these 

compounds give rise to the formation of guaiacyl (G), syringyl (S), and p-

hydroxyphenyl (H) lignin units [86]. Typically, lignin polymer forms ether or 

ester bonds with other molecules present in nature such as cellulose. 

Consequently, the resulting natural polymers, named lignocellulose, is a 

complex and useful material. Different sources of lignocellulose contain 

different ratios of these constructive polymers. [87]  Hardwood stem typically 

contains 24-40% of hemicellulose, 40-55 % of cellulose, and 18-25% of lignin, 

whereas the softwood stem contains 45-50% cellulose, 25-35% of hemicellulose 

and 25-35% of lignin. The most frequent inter-unit bond is the β-O-4-aryl ether 

linkage but β-5-phenylcoumaran, 5,5-biphenil, 4-O-5-biphenil ether, β-1-(1,2-
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diarylpropane), β-β-pinoresinol and α-O-4-aryl ether can be also found (Figure 

1.10) [4,88]. 

 

Figure 1.10. Chemical structures of a) lignin monomers and the corresponding structure 

in lignin b) lignin scaffold [89]. 
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All these structures are related to the extraordinary properties of these important 

biopolymers. Lignin exhibits many biological functions in plants [90].  In fact, 

this polymer provides strength and hydrophobicity to the plant cell walls and at 

the same time protects the polysaccharides from microbial degradation. 

However, the enormous success of this complex biopolymer is also due to the 

beneficial effects on humans and other organisms such as antioxidant, 

antimicrobial, antibiotic ability and the prevention against cancer [91,92].  In 

addition, other relevant properties for this polymer during the last years has been 

described including the ability to reduce coronary heart disease, control diabetes, 

obesity, and Alzheimer’s disease [93]. Natural lignin polymer protects plants 

from UV damage by shielding UV rays, characteristic of great interest for 

dermocosmetic, agricultural or food packaging applications [94,95]. In addition, 

lignins have generally been found to be non-toxic (in reasonable concentrations) 

by in vitro or in vivo toxicological assessment. One of the main factors driving 

the increased attention on lignin research and applications is the enormous 

amount of lignin produced as a by-product by many industrial sectors, still 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, there has been a rise in interest using agri-food by-products as readily 

available, sustainable sources of phenolic chemicals [96]. 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 chain [97]. In particular, 

the agri-food sector is in responsible for producing large amounts of organic 

biomass, of which a 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 animal by-products [98]. Disposal of these by-products represents a cost to 

the food processor and has a negative impact on the environment. According to 

calculations, 50-110 m3 of CO2 and 90-140 m3 of methane are released into the 

environment when one metric ton of organic solid waste decomposes [99]. 

Additionally, organic wastes may be the cause of phytotoxicity events such as 

water degradation and pollution, the death of marine organism, the suppression 

of seed germination, and digestive diseases in animals [100]. On the other hand, 

these materials might be seen as a widely accessible, reasonably source of value-

valuable opportunity [97]. 

1.3.1  Fruit by-products 

About 44% of all waste produced worldwide is made up of waste from fruits and 

vegetables (Figure 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. 

 

Figure 1.11. Graphic representative of waste produced worldwide. 

Grape and wine by-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 approximately 9 million tons of waste are produced by 

the wine and winery sectors worldwide, which is equivalent to 20% weight-for-
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weight of the total grapes used to make wine [102]. The remaining pulp, peel, 

stems, and roughly 20-26% of the grape seeds make up most of the grape by-

product known as grape pomace [103]. Grape pomace contains a variety of 

phenolic compounds, including (+)-catechin, quercetin, (-)-epicatechin, EA, 

hydroxytyrosol, myricetin, and trans-resveratrol, as well as phenolic acids like 

caffeic, gallic, 4-hydroxybenzoic, and syringic acid (Figure 1.12), which are 

well known for their positive effects on human health [103]. Another significant 

type of polyphenols found in grape pomace is condensed tannins. Oenological 

tannins, which are frequently employed as additives in the food and beverage 

industries, are in fact among the most significant high-value chemicals found in 

this by-product [36]. These tannins are also employed as feed additives and can 

regulate the metabolism of fat and glucose. Lastly, grape by-products have a 

lignin percentage of around 16-24% w/w [104]. 

Orange and lemon by-products. Citrus sinensis (orange), Citrus reticulata 

(mandarin), Citrus tangerine (tangerine), Citrus aurantifulia (lime), Citrus 

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

only a few of the fruits that belong to the citrus family [105].  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 annually, is generated worldwide (mostly from peel, 

seeds, and pulp). Citrus 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, luteolin, and tangeretin) (Figure 1.12) [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.  



29 
 

  

Figure 1.12. Main phenolic components of grape, orange and lemon by-products. 

Pomegranate by-products. Pomegranate, also known as Punica granatum L., is 

widely used in the juice industry. Nine tons of by-products are created for every 

ton of pomegranate juice produced [102]. The primary components of 

Grape and wine by-products

Orange and lemon by-products
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pomegranate by-products are peels, pomace, and seeds, which have a 10-fold 

higher phenolic content than the pulp and make this waste material one of the 

most intriguing industrial by-products [102]. Different polyphenols, including 

anthocyanins, flavonoids, as well as ellagitannins, punicalagin and punicalin, are 

abundant in pomegranate by-products, contributing to their strong antioxidant 

activity (Figure 1.13) [36,102,103,107]. Pomegranate by-products have been 

shown in several studies to have health-promoting properties, including 

anticancer and antibacterial properties [108–111]. 

Apple by-products. The primary by-products 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 acids [96,102,103].  By-products from apples show 

antibacterial, antitumor, and cardioprotective properties (Figure 1.13) [112,113]. 
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Figure 1.13. Main phenolic components of apple and pomegranate by-products. 

1.3.2 Lignocellulosic by-products 

Lignocellulosic agri-food by-products like wheat straw, wheat bran, and 

distiller's grain, spent coffee grounds from the industrial production of soluble 

Pomegranate by-products

Apple by-products
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coffee, sawdust, nut shells and other wastes from the wood industry have been 

widely described as a clean source of phenolic compounds. 

Coffee by-products. With a global output of over 105 million tons per year, 

coffee is one of the most consumed drinks [114]. Coffee is industrially 

processed into several by-products, including Spent Coffee 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 drinks [36], 

whereas CS is the residue left over after the bean roasting process [115].  These 

by-products have attracted growing interest as potential active ingredients to be 

used in many industries, due to their availability and their main components.  

The three primary components of SCG are proteins (8%), melanoidins (25%) 

and carbohydrates (38-42%) [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 in SCG [118–122]. 

Additionally, SCG has a lignin percentage of 20-26% and a low condensed 

tannin content [123].  Monosaccharides, proteins, and phenolic chemicals like 

chlorogenic acid and its isomers make up most of the polysaccharides in CS 

(Figure 1.14) [124,125]. High levels of health-promoting qualities are exhibited 

by SCG and CS, including, for example, protection against gastrointestinal and 

cardiovascular disorders as well as anti-inflammatory, anticarcinogenic, and 

antibacterial activity [124,126–131]. 

In the design of materials for packaging, coffee by-products have been recently 

used as thermo- and photo-oxidative stabilizers [117]. 

Nut fruit by-products. Considerable volumes of wastes are generated by 

pistachio, peanut, pecan, hazelnut, and chestnut shells. In the following section 

the main components of these by-products are described.  

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

and an edible seed. The edible seeds are separated from the shell, which is the 
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waste product, based on their intended usage. Besides cellulose (30–55%), 

hemicelluloses (20–32%), and lignin (12–38%) [132], pistachio shells also 

contain phenolic chemicals, including gallic acid, protocatechuic acid, catechin, 

epicatechin, rutin, naringin, luteolin, eriodictyol, quercetin, and naringenin 

[133,134]. 

Another common and affordable by-product is peanut shell, which is produced 

in China alone in around 5 million tonnes annually [135].  In addition, cellulose 

(48%), hemicellulose (3%), and lignin (28%), [136] while luteolin and 

eriodictyol have also been found, are present in this waste material [135]. 

The chestnut business also produces a significant number of by-products, 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 by-products. Like the waste from other nut fruits, chestnut waste also 

contains flavonoids (quercetin, rutin, catechin, and epicatechin), phenolic acids 

(primarily gallic acid and protocatechuic acid), and hydrolyzable tannins 

(vescalagin, castalagin and gallocatechin) [138]. Both the interior and exterior 

shells of chestnuts contain significant amounts of EA [139]. 

Another significant agricultural crop of various South American countries is 

pecan nuts. Up to 49% of the pecan nut is made up of the nutshell, which is 

inedible [140]. This by-product includes many phenolic compounds, such as 

gallic acid, EA, p-hydroxybenzoic acid, protocatechuic acid, and 

epigallocatechin gallate [141], as well as large levels of condensed tannins. 

More than half of all nuts weigh in as shell, which is also the main by-product 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 (Figure 1.14) [142]. 
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Figure 1.14. Main phenolic constituents of coffee and nut by-products. 

1.3.3 Vegetable by-products 

Similar to fruit by-products, the vegetable sector generates large volumes of 

waste that may have similar health benefits with respect to the starting material 

[96]. 

By-products from tomatoes. One of the most significant crops in the world is 

the tomato. However, during industrial processing, around one-third of the 

weight is lost as skin and seeds. Bioactive chemicals, particularly carotenoids 

Coffee by-products
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like lycopene and -carotene, but also phenolic substances, are abundant in 

tomato residues. Flavonols, primarily quercetin, rutin, and kaempferol glycoside 

derivatives, as well as flavanones such naringenin glycosylated derivatives are 

present in the peels and seeds. Also hydroxycinnamic acids as caffeic, ferulic, 

chlorogenic, and p-coumaric acids are present (Figure 1.15) [143]. By-products 

from tomatoes have been shown to be effective antibacterial and antioxidant 

agents [144]. 

By-products from 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 peeling. These include very high concentrations of 

flavonoids like quercetin and kaempferol glycosides. Red onions also contain 

anthocyanins (Figure 1.15) [145,146]. 

 

 

Figure 1.15. Main phenolic constituents of tomato and onion by-products. 
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1.4  Green Extraction Techniques for the recovery of phenolic 

compounds 

In addition to the research of sustainable and green sources of phenolic 

compounds, several research efforts have been directed to the implementation of 

extraction methodologies in agreement with the green chemistry principles.  

Microwave Assisted Extraction. Among emerging green techniques, Microwave 

Assisted Extraction (MAE) has recently found increasing applications for 

several purposes [147]. This technique can be classified as a green extraction 

technique since it minimizes 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 dipoles, serves as the 

foundation for MAE [148]. Several parameters should be optimized to improve 

the MAE process such as microwave power, extraction temperature, time, and 

solvent content. In this regard, only two solvents are commonly used in 

combination or alone such as water and ethanol, due to their ability to absorb the 

microwave energy and to solubilize phenolic compounds [149]. 

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 from agri-food 

wastes [149]. This green extraction technique is very common and widespread 

as it only requires the use of ultrasonic bath. The method is based on the 

cavitation process that occurs when ultrasonic waves with a frequency between 

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

expansion [150]. 

Mechanical treatment. Mechanochemical reactions are those that are initiated 

by mechanical methods (milling, grinding, compression) and are carried out 

either solvent-free or with catalytic quantities of solvent. In particular, ball 
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milling mechanochemistry has emerged as a generally applicable approach to 

solvent-free synthesis, which can be cleaner, faster, and simpler than 

conventional routes. When compared to conventional extraction processes, this 

type of treatment significantly reduces processing time, increases extraction 

yields, reduces solvent use, and eliminates noise and radiation. With well 

specified parameters for maximizing reactivity, such as frequency, medium-to-

sample weight ratio, etc., it provides an enclosed solvent-free reaction 

environment [151]. 

Deep Eutectic Solvent. One of the methods most frequently used to extract 

phenolic chemicals from agri-food wastes, is solid-liquid extraction [152]. 

Although this approach often uses organic solvents, that have several intrinsic 

disadvantages, e.g., low boiling points, flammability, toxicity, and non-

biodegradability [153]; it also has extrinsic disadvantages such as long 

extraction times, high prices and low yields.  Of course, a valid green and 

available alternative is represented by water, limited by its solubilizing 

properties only useful as an extraction solvent for polar and hydrophilic 

molecules. As a result, there is a significant need for green solvents that have the 

same outstanding extraction qualities as organic solvents but are less expensive 

and have a less negative impact on the environment. Recently, deep eutectic 

solvent (DES), a novel class of environmental and green solvents, have been 

discovered and used in the extraction of phenolic chemicals [154,155]. Abbott et 

al. provided the first description of DES preparation. These compounds can be 

made quickly by combining a hydrogen bond acceptor (HBA) and a hydrogen 

bond donor (HBD) at an appropriate temperature [155–157]. DES has various 

benefits over typical organic solvents, including affordability, simplicity of 

production, and accessibility. Also, most of them have extremely low toxicity 

and are biodegradable. The usual formula for DES is Cat+X-zY, where Cat+ is 

generally ammonium, sulfonium, or phosphonium, X- is a Lewis base that is 

typically a halide, Y is a Lewis or Bronsted acid that forms a "complex" with X-, 



38 
 

and z is the quantity of Y molecules that interact with the anion [158]. Due to 

these interactions, an eutectic mixture is created, which has a lower melting 

point than its component alone. The most often utilized component in the 

manufacturing of DES, well known for the affordability and non-toxicity, is the 

choline chloride (ChCl) salt. In addition to alcohols, amino acids, 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 solvents" 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 animals [161,162]. The 

physicochemical properties of DES, such as their freezing point, conductivity, 

density, viscosity, and polarity, often rely on the composition of the material; as 

a result, changes in the HBD and HBA components or their content could affect 

these properties [163]. DES typically show a higher density with respect to that 

observed for both water and for the sum of its components. Additionally, most 

of DES show a significant viscosity (> 100 cP) at room temperature, as result of 

the hydrogen bond network between the components. This phenomenon could 

be attributed to the large number of ion size and electrostatic or van der Waals 

interactions between the constituents. Due of their high viscosity, DES usually 

exhibit poor conductivity. The protons and electrons that DES can donate and 

accept, as well as the capacity to form hydrogen bonds, collocate them in first 

position as dissolving solvents toward phenolic chemicals in complex matrix 

[164].  

1.5 Complex organic biopolymers-inorganic hybrid materials 

The recent introduction of hybrid systems has expanded the scope of phenolic 

compound to a variety of different materials, applications, and deposition 

techniques [165]. 
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The field of organic-inorganic hybrid materials has experienced a significant 

growth over the last 20 years and is now unquestionably one of the most 

important and intriguing areas of study in many important fields, including 

sensors, electronics, optics, lightning, medicine, catalysis, energy storage, and 

energy conversion  [166]. In general, hybrid organic-inorganic materials are the 

natural intersection of two worlds, each of which has significantly advanced the 

field of materials science [95]. 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 effect of the 

distinct capabilities of each material, allowing for the creation of fine-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) being broadly applicable in the fields of biological/chemical sensors, 

drug delivery, and therapeutic agents due to their multifunctionality [166,168]. 

In fact, hybrid materials commonly combine elements that have been 

extensively studied in their separate areas, but, becoming a part of a hybrid 

compound, they offer a new aspect to their characteristics. 

Nowadays, various hybrid systems have been created and used. Inorganic 

elements such as metal oxide nanoparticles, graphene, carbon nanotubes, silica, 

and polymers can be used to create polymer-hybrid nanoparticles [169]. 

Blending organic substances (phospholipids, proteins, and lipids) 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 tailor-made synthetic polymers. In the recent decade, the 

development of novel methodologies centred on 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 as cancer sites [170,171]. For instance, the strategy of 
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covalently attach small initiator molecules to surfaces of natural polymers or 

inorganic biocompatible materials and grafting polymers in situ from these 

surfaces - the so-called "grafting-from" - has enabled the preparation of hybrid 

systems with a wide range of properties [172,173]. It is important to highlight 

the responsive hybrid systems that can respond to environmental signals such as 

temperature and pH while still maintaining biological activity. Materials 

developed using these methodologies have emerged as strong contenders for the 

next-generation platform of systems employed in this industry. On the other 

hand, the creation of lipid polymer hybrid nanostructures looks to be a viable 

drug delivery platform [174–176]. Such systems may be configured in a variety 

of ways and are customizable in terms of release characteristics and long-term 

behaviour in vivo. Among all the possible interesting research lines, 

nanoparticles and grafted graphene systems are in depth described in the 

following paragraphs (Figure 1.16).  

 

 

Figure 1.16. Synergistic effect of organic and inorganic materials. 
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1.5.1 Synthesis of metal nanoparticles embedded into organic 

compounds  

The hybridization of nanostructured systems or biocompatible polymers has 

been highlighted due to its biological and physicochemical properties [168]. In 

fact, nanotechnology represents one of the most promising areas of research, 

concerning the creation and application of materials with nanoscale dimensions 

[177]. Due to its high surface-to-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 main focus 

of contemporary research [178]. Among the nanomaterials, metal oxide 

nanoparticles have attracted increasing interest 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 materials of transition metal oxides, TiO2 

obtained a favourable position as common nanomaterial that is used 

commercially in many different sectors because of its intrinsic characteristic 

such as low cost and photostability. In spite of these excellent properties, recent 

studies revealed that TiO2NPs are quite toxic [181,182]. When TiO2 was used as 

a photocatalyst by Fujishima and Honda to photolyze water, the potential of this 

material was first generally recognized. Importantly, pressure and temperature 

from the surrounding environment during the procedure impact the structure of 

TiO2NPs, determining their functional properties and uses. Materials based on 

titanium oxide have found extensive use in the sectors of electronics, energy 

conversion, and environment. Nowadays, all the processes described for the 

synthesis of these metal oxide nanoparticles uses a lot of harmful chemicals 

[183].  



42 
 

In this context, the need to investigate on the production of metal oxide 

nanomaterials using eco-friendly, greener, and non-toxic approaches is 

becoming urgent [184]. Thus, numerous green approaches are used to create 

metal oxide NPs by utilizing diverse greener, cheaper, and eco-friendly sources 

such as plant extracts, bacteria, fungus, and other biological entities [185,186]. 

Natural phenolic compounds have been extensively investigated as reducing and 

stabilizing agents for the environmentally friendly preparation of metal 

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 well-known antimicrobial activity [187,188]. 

Due to their wide range of uses as for example in antibacterial dressings, 

antimicrobial and anti-cancer medications, proteasome inhibitors, sunscreen, and 

anti-aging agents, gold nanoparticles (AuNPs) have attracted 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 by the presence of phenolic compounds [189]. According to a 

different study, AuNPs prepared following a green procedure based on the use 

of extracted phenolic compounds from 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 and dermal fibroblasts [190]. In 

addition, other type of AuNPs were prepared using a Panax ginseng berry 

extract or onion peels. [191][192].   

Furthermore, silver nanoparticles (AgNPs) have been frequently used in the 

cosmetics and biomedical industries. For instance, AgNPs were obtained by a 

ginseng berry extract, used as a reducing agent. The resulting AgNPs proved 

more antioxidant-active than the pure ginseng berry extract, inhibited mushroom 

tyrosinase, had antibacterial activity against Escherichia coli and 
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Staphylococcus aureus, and caused the death of murine melanoma cell lines 

[193]. Moreover, various extract by root of plants such as Coleus forskohlii  

[194] or by an Achillea vermucularis have been used for the synthesis of 

AgNPs [195]. AgNPs produced by use of orange peel aqueous extracts were 

similarly shown to have potent antibacterial and antioxidant effects. Another 

natural reducing and stabilizing ingredient that is frequently used to produce 

AgNPs is lignin [196]. Additionally, a green AgNPs production method based 

on spent coffee grounds 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: graphene [198]. Graphene is 

composed of sp2 carbon atoms organized in a hexagonal honeycomb geometry; 

this fundamental unit is repeated to form a planar crystalline structure called 

“sheet”. Above and below the top are the conjugated double bonds, responsible 

together with the structural perfection, of the properties of the material 

[199,200]. In recent years graphene and its derivatives have attracted enormous 

interest and focused scientific research on their possible applications [201]. In 

particular, graphene oxide, which is a material based on the structure of 

graphene, but enriched with oxygenated functional groups, is gaining 

considerable interest [202]. 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 oxygen groups. Furthermore, graphene oxide can be 

reduced, theoretically restoring the graphene structure [203]. However, the 

presence of defects in the starting compound and the formation of defects due to 
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the transformation processes like reduction produce a material with intermediate 

characteristics called reduced graphene oxide (rGO). Several chemical reducing 

agents have been investigated to create reduced graphene 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 various biomedical applications. Employing the covalent or 

noncovalent method named “graft” or “load”, GO can be modified with other 

nanoparticles (NPs) or biomolecules to expand its biomedical applications [205]. 

Nanohybrids offers several advantages giving rise to a material characterized by 

the peculiar properties of each counterpart. In addition, as already described in 

paragraph 1.1.1.2, dopamine is quite simple to self-polymerize 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 research 

found that simultaneous surface functionalization and reduction of graphene 

oxide occurred during the oxidative polymerization of dopamine [206]. 

Furthermore, an artificial nacre based on graphene oxide sheets cross-linked by 

dopamine via evaporation-induced assembly process was developed, 

characterized by a hierarchical nano/microscale structure of the natural nacre 

and its excellent integration of mechanical properties [207]. The tensile strength 

and toughness of this synthetic nacre are respectively 1.5 and 2 times greater 

those of the natural nacre, and also the electrical conductivity proved higher. 

Applications for this kind of robust integrated artificial nacre include flexible 

supercapacitor electrodes, artificial muscle, and tissue engineering. Han et al. 

created a composite hydrogel using partly reduced graphene oxide by regulating 

the extent of reduction during dopamine self-polymerization [208]. This created 

a hydrogel had high adhesiveness and conductivity, but with low mechanical 

strength.  
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1.6 Aims of the PhD project 

Within the context briefly described in the previous paragraphs, this PhD work 

was aimed mainly at the exploitation, manipulation, and functionalization of 

phenolic compounds as active components for surface coating, functional and 

hybrid materials in nanotechnology and biomedical applications.  

In particular, the following goals were pursued, and the results achieved are 

described in detail in the following chapters: 

a. Study of the structure/property relationship in model eumelanins of 5,6-

dihydroxyindole (DHI) and the corresponding carboxyl acid (DHICA), 

before and after metal binding with the aid of a mediators-based cyclic 

voltammetry technique; 

b. Development of innovative and versatile dip-coating technologies for 

surface functionalization following the extraordinary wet adhesion 

properties of polydopamine, imparting adhesive properties to the methyl 

ester of DHICA by use of hexamethylenediamine and investigating the 

mechanisms underlying film deposition from non-adhesive melanin-type 

polymers; 

c. Synthesis of new eumelanin precursors as amide/diamide derivatives of 

5,6-dihydroxyindole-2-carboxylic acid and dimers for preparation of model 

pigments by oxidative polymerization and study of their absorption 

properties, antioxidant activity and solubility in various solvent of 

relevance for dermocosmetic applications; 

d. Evaluation of conjugates of caffeic acid derivatives with dihydrolipoic acid 

ad hoc synthesized and of natural compounds extracted from agri-food by-

products as inhibitors of tyrosinase in the perspective of their 

dermocosmetic applications for the treatment of skin disorders; 

e. Development of bio-inspired hydrogels by proper combination of soy 

protein or whey protein with selected phenolic acids such as caffeic acid, 
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chlorogenic acid and gallic acid or extracts from different agri-food by-

products; 

f. Development of eco-friendly extraction protocol to recover value-added 

compounds (phenolics and lignins) from selected agri-food by-products 

and their exploitation as active components in hybrids nanostructured 

materials such as AgNPs; 

g. Implementation of new functional hybrids catechol-graphene composite 

hydrogels.  

Part of the work described under the research lines a) g) were performed during 

a four-month visit at Institute of Bioscience and Biotechnology, University of 

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

Payne. 
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Chapter 2 

 

2 5,6-dihydroxyindole compounds and eumelanin 

precursors for surface functionalization and 

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 wide spectrum of interesting properties 

with a broad variety of functionality, such as radical scavenging, pigmentation, 

thermal regulation, and radiation protection [209]. In particular, they derive 

from the oxidative polymerization of two catechol systems, 5,6-dihydroxyindole 

(DHI) and 5,6-dihydroxyindole-2-carboxylic acid (DHICA), isolated for the first 

time from black eumelanin by Raper et al. in 1927 [210]. 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 that purportedly hold the key to the 

actual physiological significance of melanogenesis.  

To better understand the structural-functional relationships and the biological 

activity of these natural pigments, synthetic DHI or DHICA melanins have been 

prepared by an easily biomimetic oxidation procedure. In particular, DHICA 

melanin have shown highest free radical scavenging capabilities and antioxidant 

activity compared to DHI melanin [211]. 

The poor solubility of melanins including the model pigments obtained by 

oxidation of DHI and DHICA under biomimetic conditions has limited the full 

characterization of their properties that may hold the key of their biological role 

and allow for a rational exploitation in different fields [212].  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 and 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 activity of the 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 properties by conventional chemical assays [213],  optimum lipid 

peroxidation activity together with an improved solubility profile with respect to 

DHICA melanin, and good cytocompatibility toward HaCaT cells [213,214]. 

These pigments exhibit various and different favourable properties, thanks to 

their ability to give rise to multiple interactions including covalent and hydrogen 

bonding, cation-π and aromatic interactions, or bind different metals. This opens 

new perspectives for their use in biomedical, technology applications and 

surface functionalization [209]. 

In this last case, new opportunities in PDA based surface chemistry have derived 

from the discovery that hexamethylenediamine (HMDA) markedly enhances 

film deposition from the polymerization of dopamine and a variety of catechol 

substrates [57], including the key eumelanin precursor DHI, leading to films 

with attractive properties in terms of morphology and functionalities [59]. In all 

these studies, it has been widely hypothesized that HMDA causes intermolecular 

amine-quinone condensation reactions that result in strongly cross-linked 

oligomer formations. However, 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 are light in colour (pale yellow) 

with null absorption in the visible region. Therefore, the search for other 

derivatives of DHICA that may afford soluble pigments with a significant 

covering of the Uv-Vis region as typical of melanin pigments represents a 

research goal of interest [213]. 

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 are results that have led to: 

❖ implementation of a spectroelectrochemical reverse engineering 

approach for the study of the metal binding effect on redox and radical 

scavenging properties of DHI and DHICA melanins; 

❖ development of film deposition promoted by HMDA from DHICA 

derivatives, investigation of the main film components and study of the 

adhesion mechanism;  

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

properties, solubility profile and inhibition of lipid peroxidation of the 

melanins thereof. 
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Results and Discussion 

2.1 Spectroelectrochemical reverse engineering as a top-down 

approach to evaluate the effect of 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 of Bioengineering of University of Maryland (U.S.A.) under the 

supervision of 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 organic systems 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 developed [215–217].  

In this study, this innovative approach was applied to probe the redox properties 

of synthetic DHI and DHICA melanins. To 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 solution was added, followed by 1.2 eqs. of 

H2O2 solution (30% w/w) [218]. 

Based on previous studies [215,216], in a first series of experiments an 

electrochemical methodology was slightly adapted and applied to these samples. 

As shown in Figure 2.1, this approach uses a solid melanin sample, entrapped in 

a non-conducting chitosan film, and deposited on a gold electrode. In particular, 

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 μL of the resulting solution was dropped on a gold 

bare electrode surface and 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. 

 

Figure 2.1. Schematic representation of the procedure for the deposition of chitosan- 

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 electrons with 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 (Figure 2.2). In particular, 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 

chitosan-DHI or DHICA melanin film and a gold electrode using soluble mediators. 

To obtain useful output signals, initial measurements were devoted to the choice 

of mediators and their concentrations. Several mediators such as Ir+3, Ru+3, Ir+4, 

Fe+3 at different ratios and concentration were tried. The optimal conditions 

were observed in the case of 1,1’-ferrocenedimethanol (Fc) and Phenazine-1-

carboxylic acid (PCA). Subsequently, DHI and DHICA melanins as film-coated 

on electrodes were dipped into a 0.1 M phosphate buffer solution, containing the 

two selected soluble mediators (50 μM Fc and 50 μM PCA).  A cyclic potential 

between -0.7 V and +0.5 V was applied at a scan rate 2 mV/s. In control 

experiments, the same experiment on chitosan-coated electrode, without 

entrapped melanin were performed.  

In the potential range from 0 V to -0.7 V vs Ag/AgCl, the eumelanin reduction 

occurs, and the electrode act as an electron source. Under these conditions, the 

mediator PCA is reduced to PCA2-, producing a positive (reducing) current. As 

shown in Figure 2.3, in the case of chitosan, a minimal reducing current was 

observed, likely due to the electrochemical reduction of PCA ions that diffuse 
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through the film to the electrode, whereas a considerable amplification of the 

reducing currents for both melanin-chitosan films was detected. 

On the contrary, in the potential range from 0.5 V to 0 V vs Ag/AgCl, the 

eumelanin oxidation occurs, and the electrode acts as an acceptor of electrons. 

Under these experimental conditions, Fc is oxidized to Fc+, producing a negative 

(oxidizing) current.  

In Figure 2.3 panel a, the current response of melanin-chitosan films as a 

standard cyclic voltammogram (CV) are reported, whereas in Figure 2.3b the 

results are expressed as the output current response of current vs time. It is 

evident that both amplifications appear nearly “steady” over time: specifically, 

the CV curves are approximately superimposable, and the output curves appear 

to be similar for each consecutive cycle. Overall, these results suggested that 

compared to the chitosan control, the cyclic voltammetry of melanin-chitosan 

film shows a considerable amplification, the paired amplification in oxidation 

and reduction currents provides evidence that both melanins are redox-active 

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 selected mediators; (b) output current response of 

current vs time of films containing melanin samples (scan rate of 2 mV/s) in the 

presence of the two mediators. 

This amplification can be explained by the reductive redox-cycling mechanism 

(Figure 2.4). Briefly, after the reduction of PCA, the reduced PCA2- can diffuse 

into the melanin-chitosan film 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 redox-cycling mechanism, Fc is 

oxidized to Fc+, the oxidized Fc+ can diffuse into the melanin-chitosan film and 

accepts electrons from melanin. Consequently, some reduced melanin moieties 

are converted into their oxidized states and reduced Fc is generated again.  
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Figure 2.4. Reductive redox-cycling mechanism of melanin-chitosan film with 

mediators. 

Survey of the electrochemical studies of melanin  reported in literature shows 

that electrodeposition represents  a widely explored alternative to conventional 

cyclic voltammetry for the redox study of insoluble compounds or coatings. In 

fact, applying a constant potential it is possible to obtain  the electrodeposition 

of compounds on the electrode surface. In particular, under the above-described 

conditions, DHI or DHICA monomer formed a coating onto the electrode, as 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 to establish a straightforward comparison of the two melanin films, since 

they have very different kinetic polymerization rate and also the final aggregates 

are quite different [219]. 

To get additional information, the charge transferred during the oxidation and 

reduction of CVs, was calculated integrating the current over time (Q=∫i⋅dt). In 

addition, the ratio between the charge for the melanin-chitosan films and for the 

control chitosan film, allow to calculate the reductive and the oxidative 

Amplification Ratio (AR) (Figure 2.5). 
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Figure 2.5. Schematic representation of output curves to quantify charge transferred (Q) 

and amplification ratios (ARs). 

 

Moreover, a Rectification Ratio (RR), that compares the response of the 

oxidized and reduced portions, was also calculated as follows: 

 

 

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 melanin-chitosan film and so 

reflects the diffusion of the mediator but also their redox activity. As illustrated 

in Figure 2.6, 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 active sites 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 structure, held together by π-π stacking interactions. In addition, for the 

two melanin-chitosan films and the chitosan control, the RR approaches to 1, 

suggesting that the oxidized and reduced fractions are quantitively similar.  
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Figure 2.6. Graphic representation of the (a) oxidative and reductive charge, (b) 

Rectification Ratio (RR) and (c) Amplification Ratio (AR), blue bar for DHICA, red bar 

for DHI and pink bar for chitosan. 

 

In another series of experiments, a dynamic analysis, commonly used for reverse 

engineer technological systems, was performed. Firstly, the melanin-chitosan 

films were dipped into a 0.1 M phosphate buffer solution, containing the two 

selected soluble mediators (50 μM Fc and 50 μM PCA). Then a variation of the 

frequency, using a scan rate from 2 to 1000 mV/s of the imposed oscillating 

potential input from −0.7 V to + 0.5 V, was applied. As illustrated in Figure 2.7, 

the frequency used controls the depth of the film region probed by the mediators 

redox-cycling.  

 

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 Figure 2.8, the charge transferred to the electrode significantly 

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 the AR is higher at slower scan speeds while this ratio decreases 

significantly at higher scan speeds. 

 

Figure 2.8. Charge transferred and amplification ratios (ARs) for Fc-oxidation and Ru3+-

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 decrease as 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 and DHICA melanins in terms of 

ARs in function of time appears to be very similar. 
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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 

behaviour 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, the o-diphenol functionality 

and the carboxy group in 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 

FeCl3 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 FeCl3 were analysed by CV in the presence of Fc and PCA 

as described before (see paragraph 2.1.1). As illustrated in Figure 2.9 after the 

treatment with Fe+3, both melanin-chitosan films lost their redox activity, likely 

due the well-known involvement of catechol groups in the metal binding 

interactions.  However, since Fe+3 can be reduced to Fe+2 by 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 was observed 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 

metal binding (scan rate of 2 mV/s) in the presence of the 2 mediators. 

In another series of experiments, the electrochemical measurement of the 

melanin redox activity was coupled with radical-scavenging activities using Uv-

Vis spectroscopy [217],  with the aid of a honeycomb electrode (Figure 2.10). 

The usefulness of these experiments is the possibility to 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, different experimental 

conditions such as choice of the mediators, their concentrations and ratio were 

tried. Notably, some species such as ABTS (2,2'-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid) are redox-state-dependent optical 

properties. In fact, anodic oxidation can generate the corresponding ABTS 

radical species (ABTS+.), characterized by an intense green color, easily 

monitored by Uv-Vis spectroscopy. This radical species can be then quenched in 

presence of antioxidant compounds, such as melanin pigments.  

Compared to other methodologies, the use of melanin-chitosan films allows 

spectroelectrochemical measurement. In fact, for example electrodeposited 

DHI/DHICA melanin films would completely cover the honeycomb electrode 

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

-0.6-0.4-0.200.20.40.6

C
u

rr
e

n
t 

(μ
A

)

E (V) vs Ag/AgCl

DHICA
Chitosan
DHI
DHI after binding
DHICA after binding



61 
 

halls, preventing the light to pass through for optical measurements. In addition, 

with respect to conventional chemical assay for the evaluation of the antioxidant 

properties such as 2,2-diphenyl-1-picryl-hydrazyl (DPPH) and Ferric Reducing 

Antioxidant Power (FRAP) assay, this methodology allows to strictly and 

directly correlate the redox properties to the radical scavenging activities and the 

use of mediators makes the measurement more independent from the contact 

area, dimensions and supramolecular structure of melanins. 

 

Figure 2.10. Representatives imagine of honeycomb electrode (light pass through the 

holes) and of ABTS redox-state-dependent 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 µM ABTS 

and 100 µM PCA in PB solution at pH 7. Firstly, a steady study based on a 

variation of the input voltage from +0.7 V to -0.7 V at a scan rate of 5mV/s, was 

conducted. This allows, as already described in the previous paragraph 2.1.1, the 

oxidative redox-cycling of ABTS and the reductive redox-cycling of PCA. As 

illustrated in Figure 2.11-12, 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 ABTS-oxidation currents and PCA reduction currents 

are amplified; (ii) both melanin can be repeatedly oxidized and reduced by 
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ABTS and PCA redox-cycling 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 the oxidative range (the ABTS+• radical is electrochemically generated), the 

absorbance associated with the ABTS+• radical increases. On the other hand, 

when the applied voltage is into the reduction range, the ABTS+• radical is 

electrochemically reduced into the 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 melanin-containing film significantly decreases, which is 

consistent with the idea that the electrochemically produced ABTS+• radical is 

suppressed accepting an electron from melanin. Interestingly, as evaluated by 

conventional chemical assay such as DPPH and FRAP assay, DHICA 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 metal 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 scavenging abilities 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 and attenuation of the optical 

absorbance of the ABTS+• radical (scan rate =5 mV/s; from -0.7 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 the electrochemical currents and 

attenuation of the optical absorbance of the ABTS+• radical (scan rate =5 mV/s; from -

0.7 to 0.7 V). 

In addition, an unsteady study case was also carried out, applying a constant 

potential from +0.7 V to 0 V, providing the oxidation of ABTS into its radical 

form and at the same time using this potential no reduction of PCA can occur.  
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reduction peaks for either the chitosan film or melanin-chitosan films and in 

agreement with the previous results, the ABTS oxidation peaks were amplified 

in the case of melanin-chitosan film. In this unsteady study, the optical outputs 

exhibited a very low initial absorbance of the ABTS+• radical in the case of 

melanins, consistent with a rapid quenching. Over time, the ABTS +• absorbance 

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 explained by the quench of the electrochemically formed ABTS+• radical 

thanks to melanin, but over time as the melanin gradually loses electrons, it is no 

longer able to give electrons to quench the ABTS+• radical. However also in this 

case DHICA melanin showed higher antioxidant ability, even over time. The 

same experiment was performed on melanin-chitosan film after metal binding. 

In agreement with the previous findings, a loss in terms of radical scavenging 

activity was observed for both melanins. Interestingly, an almost complete loss 

of radical scavenging ability was observed for DHICA melanin with respect to 

DHI melanin (Figure 2.13-14).  
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Figure 2.13. Potential input, and electrochemical and output responses of melanin-

coating film, amplification of the electrochemical currents and attenuation of the optical 

absorbance of the ABTS+• radical (scan rate =5 mV/s; from 0.7 to 0 V). 
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Figure 2.14. Potential input, and electrochemical and output responses of melanin-

coating film after metal binding, amplification of the electrochemical currents and 

attenuation of the optical absorbance of the ABTS+• radical (scan rate =5 mV/s; from 0.7 

to 0 V). 
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Main outcomes of the study:  

 A comparison between the redox properties of DHI and DHICA model 

synthetic pigments prepared by enzymatic oxidation was carried out using 

an experimental reverse engineering approach.  

 Both model melanins are redox-active. 

▪ DHICA melanins seems to be more redox active or to have more 

accessible redox active sites.  

 Spectroelectrochemical steady and unsteady studies allow to conclude 

that both melanins after metal binding significantly lose redox activity 

and antioxidant properties. 

▪ DHICA melanins loses redox activity and antioxidant properties to 

a more significant extent.  
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2.2 Non-covalent interaction in redox-active 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 active catechol 

polymers with enhanced radical scavenging abilities. To exploit these interesting 

properties, the possibility to have eumelanin-based film coated on various 

surface was explored.  

A dip coating protocol developed for DHI eumelanin film deposition promoted 

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 the film formation was monitored periodically by Uv–

Vis analysis. Unfortunately, in the case of DHICA no detectable film was 

observed on the dipped quartz slide but only a dark eumelanin-type polymer 

(Figure 2.15). On the contrary, after 24 h in the case of MeDHICA the formation 

of a yellowish film on the quartz substrate was observed, together with a light-

colored precipitate. The Uv-Vis analysis of the film revealed a well-defined 

absorption maximum around 340 nm, indicating the presence of oligomeric 

species. As shown in Figure 2.15 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 molar eqs. was carried out. Based on 

spectrophotometric analysis of the coated quartz slide, the maximal film 

deposition was obtained using HMDA 1.5 M eqs. 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) Uv-Vis spectrum of 

MeDHICA reaction mixture without or with HMDA at different reaction time; and (c) 

MeDHICA/HMDA coatings on various materials, from left to right: polycarbonate, 

polystyrene, and aluminium. 

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 UV-detectable film was observed. In 

addition, the kinetic film deposition of MeDHICA/HMDA over 1 h was 

determined using Quartz Crystal Microbalance (QCM-D) methodology. 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 QCM-D data as 

follows. 

 ∆𝑚 = −𝐶 ×
∆𝑓

𝑛
 

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

on the observation that the frequency change (f) of the oscillating quartz should 
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be linearly related to its mass change, provided the film is rigid and assuming a 

homogeneous mass density for melanin-like material (1.2 g/cm3). Interestingly, 

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

To get a deeper insight into the 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 Figure 2.16, the best result 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 and hence 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, 6-aminohexanol), ammonium salts (tetrabutylammonium) or 

diamines with chains shorter or longer than 6 carbons were used, proving to be 

less or not effective in inducing film deposition (Figure 2.16 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 morphology 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 images, 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 water-contact angle (WCA) of 

MeDHICA/HMDA and of PDA coating, prepared as reference in the same 

conditions 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 MeDHICA/HMDA. Additionally, after 

exposure to HCl 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 ions from HMDA (Figure 2.17).  

 

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 HCl vapors. 

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

not exhibit any clear evidence of changes in their Uv-Vis absorption spectra, 

which is consistent with the absence of a considerable amount of reducible 
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quinonoid structures. However, as illustrated in Figure 2.18, after 48 hours of 

exposure to ammonia vapors, the colour of the film significantly changed, 

becoming 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 the base-promoted 

oxidative conversion of the film components to polymeric eumelanin-type 

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 in the Uv-

Vis absorption spectra were observed, indicating a possible use for the films in 

oxidant and UV sensing. On the other hand, when exposed to HCl 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 absorbance 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 HCl.  
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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 h, (b) following irradiation with a UV lamp at 320 nm over 1 

h, or (c) exposure to HCl vapors. 

As illustrated in Figure 2.19, cyclic voltammetry (CV) measurements revealed 

an irreversible oxidation-reduction 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 electrode surface 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 1-hour dip of the electrode in a MeDHICA/HMDA combination in 

carbonate buffer at pH 9.0. (b) The CV curve 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 and a Nyquist representation. 
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2.2.3 Computational studies 

The general properties of MeDHICA, its anion, as well as its one-electron 

(semiquinone) and two-electron (quinone) oxidation states in its most stable 

tautomeric forms, were investigated using the DFT and post Hartree-Fock levels 

to test the effectiveness of the postulated non-covalent interactions involved 

during film deposition. The results revealed that MeDHICA at the 6-OH group 

and semiquinone at the 5-O position exhibited pKa values of 7.5 and 6.2, 

respectively (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 the film was analysed by 

HPLC and UV analysis. Firstly, the film was dipped in DMSO solution and 

sonicated for 30 min. The Uv-Vis spectra of the MeDHICA/HMDA coated 

quartz after immersion into DMSO solution showed no detectable absorbance, 

indicating that all the film components were dissolved in this solvent. Then, 

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 (Rt=12 min) together with higher amounts of other 

components, such as the 4,4'-MeDHICA dimer (4,4'-biindolyl) and 4,7'-

MeDHICA dimer (4,7'-biindolyl) at Rt = 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: H2O/acetonitrile 20-70% gradient, λ=300 nm). 

 

In addition, MALDI analysis was also carried out. The film was directly coated 

on MALDI plate and extensively washed with water. A well detectable 

pseudomolecular ion peak at m/z 208 attributed to MeDHICA monomer was 

detected, together with its oligomers up to tetrameric species [M+Na]+ at m/z 

435, 640, 845. Notably, pseudomolecular ion peaks attributable to HMDA were 

observed as well. Furthermore, 1H-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 acetylated HMDA at 3.2, 1.90, 

1.5 and 1.3 ppm were discernible together with resonances due to methyl groups 

of MeDHICA oligomers in the 3.8-4.0 ppm region and the relevant aromatic 

protons in the sp2 region. The peaks at 6.63 and 7.42 ppm attributable to the 

4,4’-biindolyl were well discernible, while the other signals confirmed the 

presence of closely related oligomers (Figure 2.21).  
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Figure 2.21. 1H NMR spectrum (methanol-d4) of the film dissolved in DMSO and 

subjected to acetylation treatment. Inset: aromatic 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 with acetic 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, together with 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 HMDA, the residual 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 4,4’-biindolyl and 4,7’-biindolyl slightly increased in the presence of HMDA 

in the first 3 h (Figure 2.22), 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 non-covalent 

interaction of HMDA with MeDHICA. To investigate 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 Uv-Vis 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 

non-covalent interactions, self-assembly and cross-linking. 
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Figure 2.22. Kinetics of MeDHICA aerial oxidation at pH 9 (a) consumption of 

MeDHICA and (b) formation of 4,4’ and 4,7’ dimers in the reaction carried out with or 

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 

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 solution in comparison 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 maximum value of 900 nm was obtained (Figure 2.23). 

 

Figure 2.23. Time evolution of the hydrodynamic radius distributions of the particles 

produced by MeDHICA oxidation with or without HMDA. 

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 non-covalent 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 150 nm (Figure 2.24 a, left panel). 

Higher magnification TEM showed the film substructure, indicating the 

presence of uniformly dispersed domains with size below 5 nm (Figure 2.24 a, 

right panel). A low transparency of the film to the electron beam in absence of 

HMDA indicates that the MeDHICA mixture alone produced a discontinuous 

film with a significantly higher thickness than that formed by the 

MeDHICA/HDMA mixture (Figure 2.24 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 lateral size between 5 

and 20 nm, thus higher than that observed at the same magnification on the film 

obtained from the MeDHICA/HDMA mixture (Figure 2.24 b, right panel). 

 

Figure 2.24. Bright field TEM images of the reaction mixtures of MeDHICA in the 

presence (a) without (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 well-known strong antioxidant properties of MeDHICA and its 

polymer, the MeDHICA/HMDA 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 the absence of HMDA. 

Subsequently, the coated substrates were dipped in a 50 μM ethanol 2,2-

diphenyl-1-picryl-hydrazyl (DPPH) solution. As expected, all the films 

exhibited an increase of antioxidant activity within 30 minutes, whereas no 

effect was observed after 1 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 activity was the significant 

darkening of the exposed film area, probably due to the oxidative conversion of 

the MeDHICA units into melanins, as previously mentioned (Figure 2.25). 

 

 

Figure 2.25. The reduction effect of glass substrates coated with MeDHICA/HMDA, 

DA/HMDA or DHI/HMDA films dipped into DPPH (50 µM). Shown are the results of 

triplicates + SD. 

Based on these findings, which showed that the MeDHICA/HMDA film had 

greater antioxidant capacity than other coatings previously studied, two distinct 

electron transfer assays, i.e. the Ferric Reducing Antioxidant Power (FRAP) and 

the (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) ABTS inhibition 

assay, were performed. For both assays the MeDHICA/HMDA film 

demonstrated a good antioxidant activity. In fact, a well-noticeable formation of 

the absorption Fe2+-TPTZ complex at 593 nm for the FRAP test and a 15% 

decrease in ABTS over 30 minutes were observed (Figure 2.25).  

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 unfunctionalized plates, the ROS levels produced by HaCaT 

cells were measured, using the 2',7'-dichlorofluorescin diacetate (H2DCFDA) 

test. According to Figure 2.26, 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 0.005) plates 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 showed a 25% 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 non-irradiated cells (20% decline, p 0.01). In a first series of 

studies, 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 MeDHICA/HMDA 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 J/cm2) and intracellular ROS 

levels were measured by 2’,7’-dichlorodihydrofluorescein diacetate (H2DCFDA). 

Measurements were taken immediately after irradiation and after 30 min recovery * 

indicates p<0.05; ** indicates p<0.01; *** indicates p<0.005; **** indicates p<0.001. 

According to previously published data, this result confirms the strong 

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 Proposed model for MeDHICA-HMDA film deposition 

Based on these findings, the structural requirements and experimental factors 

crucial for MeDHICA-HMDA film deposition, includes: a sufficiently long and 

flexible aliphatic chain of the diamine group, the presence of the ester derivative 

of HMDA, a slightly alkaline pH, allowing the presence of HMDA in the di-

protonated form (pKa1 = 10.76, pKa2 = 11.86) and the concomitant 

deprotonation of the acidic 6-OH group of MeDHICA (pKa = 7.5). 
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All these factors, may drive a wide spectrum of non-covalent interactions, such 

as: 

➢ cation-π between the π-electron-rich system of the catechol ring of 

MeDHICA and the protonated primary amine groups of HMDA;  

➢ π -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 the 6-OH group; 

➢ π -stacking, engaging MeDHICA rings; 

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

flat aromatic moieties.  

Overall, these non-covalent interactions and the concomitant oxidation of 

MeDHICA in the presence of HMDA  give rise to complex networks of self-

assembling small-sized molecules held together by the long chain diamines.  

In this view, the optimal condition for the film formation, i.e. pH 9.0, could be 

justified by the concomitant presence of di-protonated 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 negatively-charged phenoxide groups or π-electron rich of MeDHICA. 

In agreement with this hypothesis 1H-NMR spectra of DMSO soluble fraction of 

MeDHICA/HMDA film exhibited an approx. 1:0.5 ratio of MeDHICA-derived 

species versus HMDA, despite the different initial molar ratio of the reagents 

(1:1.5). In this scenario, the significant decrease of the WCA after exposure to 

HCl vapours, could be due to protonation of phenoxide groups MeDHICA. 

Along the same line of interpretation, the absorbance decrease of the coated 

quartz 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 

Figure 2.27. 
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Figure 2.27. Graphic illustration of the MeDHICA/HMDA film deposition process. 

This diagram emphasizes the suggested interaction between the diprotonated form of 

HMDA and MeDHICA monomers, oligomers, and complementary non-covalent 

contacts. 

  



89 
 

Main outcomes of the study:  

 Film forming properties were imparted to MeDHICA, a derivative of the 

major eumelanin precursor DHICA, by oxidation in the presence of a 

diamine, specifically, HMDA. 

▪ The films from MeDHICA/HMDA appeared light in color, were 

removed from the substrate on which they were deposited by 

washings with DMSO and retained the antioxidant properties of 

DHICA melanins..  

▪ Based on the mechanistic insights carried out deposition of 

MeDHICA/HMDA films represents the first example of mussel-

inspired dip-coating technology based on the non-covalent self-

assembly of small molecules.   
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2.3 Melanin pigments from 5,6-dihydroxyindole 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 physiological 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 Uv- Vis region differently from that from MeDHICA. 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-

dihydroxyindole-2-carboxylic acid (DHICA) was developed. 

Based on a protocol previously reported [220], the main eumelanin precursor 

DHICA was synthetized by a one pot reaction involving the oxidation of 3,4-

dihydroyphenylalanine (DOPA) using potassium ferricyanide as oxidizing 

agent.  

In a first series of experiments, a procedure used for caffeic acid based on the 

use of (1-Ethyl-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 acetylated using anhydride acetic/pyridine (Py) 

treatment overnight. To hydrolyse the undesired mixed anhydride generated at 

the carboxyl group, the resulting acetylated derivative, i.e. 5,6-diacetoxyindole-

2-carboxylic acid (DAICA), was treated with 1:1 v/v methanol/water under 

reflux. Subsequently, the amidation reaction with 1-butanamine was carried out 

as indicated supra.  The LC-MS analysis of the reaction mixture highlighted that 
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no adducts observed could be attributed to DHICA amidation products. This 

analysis also revealed a significant formation of the N-acetyl 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 attempts, the best results were obtained adopting a 

protocol reported in the literature for solid state peptide synthesis based on the 

use of 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium-3-

oxide exafluorophosphate (HATU) as coupling agent [221]. 

The amidation reaction was carried out adding to DAICA mixture, 1.5 eqs. of 

HATU and 1.5 eqs. of N, N-diisopropylethylamine DIPEA in DMF dry under 

controlled atmosphere. The reaction was monitored by HPLC analysis (eluent: 

formic acid 0.1% - methanol 40:60 at wavelength 300 nm). At 15 min reaction 

time, the formation of an adduct of HATU with DAICA (A) was observed (Rt 

=9.8 min), associated with the complete disappearance of the peak 

corresponding to DAICA (Rt = 5.5 min) and almost complete disappearance of a 

peak at Rt=3.9 min attributed to HATU (Figure 2.28).  

Subsequently, 1 eqs. of the selected amine, i.e. 1-butanamine, 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 (LC-MS evidence indicated as 1 in 

Figure 2.28 was observed. It seems likely that the peak with Rt at around 3.9 min 

is due  to the N-oxide derivative of HATU, generated when the amine attacks 

the actived intermediate as demonstrated by its increase after addition of the 

selected amine. Hence, it would approximately coelute with that due to HATU.  

Scheme 2.1 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 profile of the amidation reaction of DAICA at different time: 

(a) at 10 min after addition of HATU; (b) at 5 minutes after addition of 1-butanamine; 

(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 by filtration vacuum and 
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extensively washed with 0.01 M HCl and with water to remove the unreacted 

amine and the excess of HATU/its N-oxide, respectively.  The product obtained 

in 85% was subjected to LC-MS and 1H and 13C NMR analysis (Figure 2.29).  

In the aromatic area, between 7.0 and 7.5 ppm, it is possible to note the presence 

of 3 singlets attributable to the indole protons, whereas the NH indole singlet 

was detected at 11.7 ppm. Interestingly, a broad triplet at 8.5 ppm attributable to 

the NH amide was observed. Notably, as shown in Figure 2.29 the butyl chain 

can be detected in the aliphatic region, in particular the triplet at δ = 0.90 ppm 

corresponds to the terminal CH3, while the multiplets at 1.34, 1.52 and 3.28 ppm 

are due to the methylene groups at the  γ, β, α position of the carbonyl of  the 

amide, in that order. The intense singlet at δ = 2.26 ppm is instead attributable to 

the acetyl groups. 

 

Figure 2.29. 1H NMR spectrum of N-butane-5,6-diacetoxy-1H-indole-2-carboxamide 

(1) (DMSO-d6). 

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

diamines i.e. 1,4-diaminebutane and 1,6-diaminehexane and an aromatic amine,  
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 i.e. aniline. All products were obtained in a pure form and good yields (Table 

2.1). All compounds were subjected to a complete mono and bidimensional 1H 

NMR and 13C NMR analysis.  

Table 2.1. Structure and yields of the synthesized DAICA carboxamides. 

Amide derivatives of DAICA 
Yield 

(%) 

 

85 

 

90 

 

87 

 

 

85 
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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 dissolved in dichlorometane/methanol 9:1 

v/v at 8 mM concentration and 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 occurred. Then, the mixture was acidified to 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 checked by 1H-NMR 

analysis, showing the disappearance of the signals at 2.27 ppm attributable to the 

acetyl groups.  

2.3.1 Oxidation of DHICA amides: pigment formation and 

properties characterization  

The oxidative polymerization of one selected DHICA carboxamides (1 mM) 

was performed in air in 0.05 M carbonate buffer at pH 9.0, close to the pKa of 

the catechol systems. After 24 h, a significant reduction of the absorption 

maximum at λ 320 nm, typical of the DHICA monomer, and the concomitant 

increase absorption in the whole Uv-Vis range was observed (Figure 2.30 panel 

a), suggesting that the melanization process occurred. The reaction mixture was 

then acidified to pH 3, and the precipitated melanin was recovered by 

centrifugation and subsequent lyophilization. The pigments obtained from 

oxidation of DHICA amides were prepared on hundreds of milligrams scale, 

recovered from the reaction mixtures, extensively washed and dried.   

In Figure 2.30 panel b, the absorbance over the Uv-Vis spectrum vs time 

obtained at 24 h for all the amides normalized against the absorbance at 300 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 particularly evident for compound 4, exhibit a higher 

absorption in the UVA region (350-450 nm) compared to the monotonic profile 

of an ideal melanin pigment.  

 

Figure 2.30. a) UV-Vis spectrum of the course of the aerial oxidation of 1 over 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 absorbance 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-butane-5,6-dihydroxy-1H-indole-2-carboxamide (DHICA butanamide) was 

selected in order to fully characterized and analysed the corresponding melanin 

properties. 

To clarify if the introduction of a long aliphatic chain via amide bond affects the 

polymerization pattern in comparison with DHICA, in a first series of 

experiments the oxidative chemistry of DHICA butanamide was preliminarily 

investigated. A protocol described in literature for the synthesis of the 4,4' dimer 

of DHICA, was slightly adapted and carried out, involving the indole oxidation 

at 3 mM concentration in the presence of equimolar copper acetate in HEPES 

buffer at pH 7.5 [222].   The resulting mixture was taken under stirring for 10 

min. The reaction mixture was analysed by HPLC (eluent: formic acid 0.1% - 

methanol 40:60 at wavelength 300 nm). In order to improve the HPLC 

resolution, the preliminary acetylation of the mixture was performed. A main 

dimeric compound (LC-MS evidence) eluted at ca. 14 min was observed, 

together with a minor product eluted at 17 min. Subsequently, the main product 

was isolated in good yield (76% yield) by preparative HPLC and identified by a 

complete 1H and 13C NMR analysis as the DHICA butanamide 4,4’-dimer 

(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 bond did not impact on the polymerization pattern in 

comparison with DHICA. 
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Figure 2.31. Structure of acetylated 4,4 dimer of DHICA butanamide. 

2.3.2.1 Preparation and structural characterization of DHICA 

amide melanins 

In subsequent experiments synthetic melanins, obtained from DHICA 

butanamide monomer and for comparison DHICA, were prepared as described 

before (see paragraph 2.3.1). EPR analysis of DHICA butanamide and DHICA 

melanins was carried out. This analysis revealed that DHICA butanamide 

melanin showed the broad singlet typical of eumelanins, with a g-factor value 

indicating the prevalence of carbon centred radicals. As shown in Table 2.2, the 

EPR features of DHICA butanamide and DHICA melanins were very 

comparable, though some peculiarities of the DHICA butanamide pigment could 

be emphasized. As 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 melanins [223]. The low gaussian fraction in DHICA butanamide 

melanin pointed to the presence of resonant radicals all presenting a similar 

chemical nature. The ΔB value observed for DHICA butanamide is slightly 

larger than that observed DHICA melanin, which is in substantial agreement 

with the values previously reported for DHICA melanin prepared under different 

oxidation conditions [60], suggesting increased dipolar interaction of unpaired 

magnetic moments 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 DHICA butanamide with 

respect to DHICA melanin. This is confirmed by the power saturation profiles, 

which are very similar, but still allow to appreciate that DHICA butanamide 

pigment show a slightly less homogeneous relaxation behaviour.  

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

Samples 
Spin/g 

Concentration 
ΔB (± 0.2) 

Gauss 

fraction 

g-factor (± 

0.0003) 

DHICA 

melanin 
1.9E+18 3.9 ± 0.2 0.47 

2.0029± 

0.0003 

DHICA 

butanamide 

melanin 

4.8E+17 4.7 ± 0.2 0.28 
2.0030± 

0.0003 

  

To fully characterized DHICA butanamide melanin, ATR-FTIR spectra, Uv-Vis 

analysis and HPLC were performed and compared to DHICA melanin. In the 

case of ATR, both melanins exhibited a broad band (Band 1) at 3500-3000 cm-1, 

attributed to OH stretching. A Band 2 at 1685 cm-1, typically associated to the 

COOH carbonyl stretching, was observed for DHICA melanin, whereas in the 

case of DHICA butanamide melanin a Band 3 at 1650 cm-1 related to the CONH 

carbonyl bond stretching was detected. Moreover, the presence of a Band 4 at 

1260 cm-1 and 1445 cm-1 attributed to CH3 and CH2 bending of the aliphatic 

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

line) melanin. 

Secondly, Uv-vis analysis of DHICA butanamide and DHICA melanin at 0.01 

mg/mL in methanol were carried out, exhibiting similar absorbance in all visible 

range and even higher in the case of DHICA butanamide melanin in the UV 

range, region of great interest for dermo-cosmetic application (Figure 2.33). 

 

Figure 2.33. Uv-Vis spectrum of DHICA butanamide and DHICA melanins 0.01 

mg/mL in methanol. 
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Finally, the HPLC analysis of the solution after acetylation (Cf 1 mg/mL) 

revealed the presence of DHICA butanamide oligomeric species, attributable to 

dimers (Rt 13 and 17 min), trimers and tetramers (probably Rt ranging from 28 

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

products up to tetrameric specie (Figure 2.34).  

 

 

Figure 2.34. Chromatogram of the DHICA butanamide melanin at 1 mg/mL. 

2.3.2.2 Solubility properties of DHICA amide melanins in solvents 

of dermocosmetic interest  

Initial experiments showed remarkable solubility properties of DHICA 

butanamide melanin compared to DHICA melanin. On these bases, the 

solubility profile of DHICA butanamide melanin in different solvents was 

investigated. Among all the solvent used, some are of relevance for 

dermocosmetic applications. With this perspective, DHICA butanamide melanin 

were dissolved at different concentration (0.25 - 5 mg/mL) in DMSO, methanol, 

ethanol, propylene glycol, propylene glycol/glycerol 1:1 v/v and stirred for 15 

minutes. After centrifugation, the Uv-Vis 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/mL (Table 2.3). For all plots the 
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range of concentrations in which a linearity of the absorbance was obtained is 

shown, at higher doses the linearity was lost (Figure 2.35).  

 

Figure 2.35. Absorbance versus concentration plots for DHICA butanamide melanin in 

DMSO as solvent. 

Table 2.3. Solubility properties of DHICA butanamide melanin. 

 

 

 

 

 

 

2.3.3.3 Antioxidant properties of DHICA butanamide melanin 

The last part of this project was aimed at the evaluation of the antioxidant 

properties of DHICA butanamide melanin in comparison with DHICA melanin, 

using two common chemical assays such as DPPH assay, measuring the 

hydrogen- and/or electron -donor ability of a given species, and the FRAP test, 

measuring the iron (III) reducing power. A DMSO stock solution (0.5 mg/mL) 

of each melanin and for comparison, the starting monomers were also tested. In 

Solvent Maximum solubility (mg/mL) 

DMSO 5 

Ethanol 1.5 

Methanol 1 

Propylene glycol 0.33 

Propylene glycol/glycerol 0.25 
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the DPPH assay, DHICA butanamide melanin showed an EC50 value 5 times 

lower respect to DHICA melanin. On the contrary, in the FRAP assay, the two 

melanins exhibited comparable Trolox eqs. 

These results could be explained by the different solubility of DHICA and 

DHICA butanamide melanins in the assay media. In the case of the DPPH assay 

the use of ethanol as the solvent is expected to favour DHICA butanamide 

melanin. Although the different solubilities of the two samples in ethanol 

(medium used for the DPPH experiment), this cannot account for the 5-fold 

better antioxidant capabilities of DHICA butanamide melanins compared to 

DHICA melanins. In fact, in the concentration range used to establish the EC50 

value (that is 0.005-0.286 mg/mL) also DHICA melanin previously dissolved in 

DMSO shows an acceptable solubility in ethanol. This suggest that the amide 

group considerably enhances the pigments antioxidant capabilities (Table 2.4). 

On the other hand, both melanin performed comparably in the FRAP assay 

indicating that DHICA butanamide exhibited a comparable Fe (+3) reduction 

ability with respect to DHICA melanin. Based on these findings, it is reasonable 

to conclude that the introduction of the amide group affects the electronic 

delocalization of the aromatic ring and consequently, the redox properties of the 

resulting melanins.  

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

butanamide related melanins. Reported are the mean ± SD values of at least three 

experiments. 

Samples 
EC50 

(mg/mL) 

Trolox eqs. 

(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 DHICA butanamide and for 

comparison DHICA melanin to prevent the peroxidation of critical biological 

targets was evaluated. The 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. Therefore, the peroxidation of linoleic acid using 2,2′-

azobis(-amidinopropane) dihydrochloride (AAPH) as a radical initiator in 

aqueous solution at pH 7.4, in the presence or absence of melanin (0.02 - 0.04 

mg/mL) was performed. During the peroxidation 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 

butanamide melanin exhibited an EC50 value 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, DHICA butanamide 

melanin had a much higher EC50 of 0.062±0.001 mg/mL in comparison to 

DHICA melanin, which displayed no detectable activity at the same dose (Table 

2.5). The stronger peroxidation inhibition capacity and synergistic effects of 

physical screening are probably the main driving factors for the lower EC50 

values shown in the case of DHICA butanamide.  

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

DHICA and DHICA butanamide melanin. 

 DHICA melanin DHICA butanamide melanin 

EC50 (chemical 

lipid peroxidation)   
0.0598 ± 0.0008 0.037 ± 0.004 

EC50 

(photoinduced 

lipid peroxidation) 

Not detectable 0.062 ± 0.001 
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Main Outcomes of The Study.  

 A procedure for preparation of carboxamides of the melanin precursor 

DHICA in satisfactory yields (> 85%) was developed with the aim of 

gaining access to pigments with more favourable properties, including 

solubility in organic solvents.   

 The melanin deriving from the oxidative polymerization of the 

carboxybutanamide of DHICA showed marked antioxidant and inhibition 

of lipid peroxidation properties together with good solubility in solvents 

of dermocosmetic relevance.  
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2.4 Experimental section 

Materials and Methods. 3,4-dihydroxy-L-phenylalanine (L-DOPA), potassium 

ferricyanide, sodium bicarbonate, sodium dithionite, hexamethylenediamine 

(HMDA), 1,2-ethylenediamine, 1,4-butanediamine, 1,12-dodecanediamine, 

1,10-decanediamine, aniline, 1-butanamine, lysine, pyridine, 6-amino-1-

hexanol, tetrabutylammonium hydrogen sulfate, N,N-diisopropylethylamine 

(DIPEA), anhydrous dimethylformamide (DMF), 1-

[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium-3-oxide 

hexafluorophosphate (HATU), copper acetate, 4-(2 -hydroxyethyl)-1 -

piperazineethanesulfonic acid (HEPES), linoleic acid,, 2,2′-azobis(-

amidinopropane) dihydrochloride (AAPH), sodium dodecyl sulfate (SDS), 2,4,6 

-tris(2 -pyridyl) -s-triazine, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic 

acid (Trolox) were acquired by Fulkra. 2,2-diphenyl-1-picrylhydrazyl (DPPH), 

iron chloride (III) hexahydrate, 2,4,6-tri(2-pyridyl)-s-triazine (TPTZ), 2,2′-

azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), potassium persulfate, 

and 2′,7′-dichlorofluorescein diacetate (H2DCFDA) were purchased by Sigma-

Aldrich. Chitosan, Phenazine-1-carboxylic acid (PCA), 1,1’-

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 V-730 Jasco instrument. 

1H and 13C NMR spectra were recorded at 400 MHz and 100 MHz, respectively, 

on a 400 Bruker spectrometer, in methanol-d4 - DMSO-d6. In the case of DHICA 

amide derivatives, proton and carbon resonance assignments were based on 2D 

NMR analysis (1H, 1H COSY, 1H,13C HSQC, 1H,13C HMBC, not shown).  

Water contact angle analyses were performed using a contact angle goniometer 

(Digidrop-gbx, France) equipped with video capture. 1 μL of distilled water was 
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dropped on the air side surface of the substrate. Quartz Crystal Microbalance 

measurement were performed with a quartz crystal microbalance-dissipation 

(QCM-D) system from Q-Sense (Göteborg, Sweden). 

ATR-FTIR spectra were recorded on a Nicolet 5700 Thermo Fisher Scientific 

instrument. Spectra were recorded as an average of 128 scans in the range 

4000−450 cm−1 (resolution of 4 cm−1). 

HPLC analyses were performed on an Agilent 1100 binary pump instrument 

equipped with a Shimadzu SPD-10AV VP UV-visible detector using an 

octadecylsilane-coated column, 250 mm × 4.6 mm, 5 μm 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 used; a 0.1% formic acid (solvent A)/methanol (solvent B) gradient 

elution was performed as follows: 50% B, 0 – 5 min; from 50 to 70% B, 5 – 45 

min. Preparative HPLC was performed coupled with a UV spectrophometer set 

at 300 nm; an Econosil C18 column (10 μm, 22 x 250 mm) was used at a flow 

rate at 25 ml/min; Eluent system: 0.1% 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 ESI-TOF instrument under the following conditions: 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 × 4.6 mm, 5 µm) and 0.1% formic acid - methanol 40:60 v/v 

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

DLS measurements were performed using a home-made 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 

photomultiplier (PMT-120-OP/B), and a correlator (Flex02-01D) 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 Electron Microscopy (TEM) analysis was performed 

by a FEI TECNAI G12 Spirit-Twin (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 the MeDHICA-

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 substrates after 6 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 samples were 

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 the MeDHICA/HMDA film was carried 

out by cyclic voltammetry and electrochemical impedance spectroscopy using a 

three-electrode set-up (ChI 604B, CH Instruments, Houston, Texas). Electron 

paramagnetic resonance (EPR) measurements were performed using a Bruker 

Elexys E-500 spectrometer equipped with a superhigh sensitivity probe head. 

The samples were transferred to flame-sealed glass capillaries, which in turn 

were coaxially inserted in a standard 4 mm quartz sample tube. Measurements 

were performed at room temperature. The instrumental settings were as follows: 

sweep width, 100 G; resolution, 1024 points; modulation amplitude, 1.0 G; 

scansion time 20.97 s. The amplitude of the field modulation was preventively 

checked to be low enough to avoid detectable signal overmodulation. The 

number of scans and microwave power were optimized to avoid microwave 

saturation of resonance absorption curve. For power saturation experiments, the 
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microwave power was gradually incremented from 0.02 to 164 mW. The g value 

and the spin density were evaluated by means of an internal standard, Mn2+-

doped MgO, prepared by a synthesis protocol reported in the literature [224]. 

Since sample hydration was not controlled during the measurements, spin 

density values have to be considered as order of magnitude estimates  [225]. 

Preparation of film-coated electrode. Chitosan flakes were dissolved into HCl 

solution to achieve a final pH of 5-6. To prepare the melanin film entrapped into 

chitosan film, DHI and DHICA melanins (5 mg/mL) were suspended in the 

chitosan solution prepared as described above. 20 μL of this suspension were 

dropped on a standard gold electrode (radius 1 mm) and dried in a vacuum oven 

for 20 minutes. Subsequently, the coated melanin-chitosan film was dipped into 

0.1 M phosphate buffer solution at pH 7 for 20 min.  Electrochemical 

measurements (cyclic voltammetry) were performed using a three-electrode 

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. N2 was purged into mediator solutions (50 μM of Fc and PCA), 

prepared in phosphate buffer (0.1 M; pH 7.0). For spectroelectrochemical 

experiment, 20 μL of the melanin-chitosan solution was dropped on the 

honeycomb electrode (Pine research instrumentation, NC) and dried in a 

vacuum oven and dipped 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. The film-coated 

honeycomb electrode and Ag/AgCl reference electrode were placed into a 

spectroelectrochemical cuvette. N2 was purged into mediator solutions (100 μM 

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/additives. MeDHICA, 

DHI and DHICA were prepared as reported [213,226] . 4,4’-MeDHICA and 4,7’ 

MeDHICA dimers were obtained by oxidation of MeDHICA in the presence of 

copper sulfate and purified by preparative HPLC [213]. 

MeDHICA monomer at Cf 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% H2SO4/30% H2O2 5:1 v/v was prepared. 

Before use, quartz substrates were cleaned 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 washed with distilled water with the 

aid of ultrasound treatment. Only in the case of the quartz, the substrate was then 

analysed by Uv-Vis spectrophotometry. In control experiments the reaction was 

carried out in the absence of amines. To a final concentration of 1 mM, at 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 MeDHICA, 

DHI or DA and HMDA, were dipped into 20 mL of a 50 μM solution (2,2-

diphenyl-1-picrylhydrazyl) DPPH in methanol [227]. The antioxidant power 

was evaluated by Uv-Vis spectroscopy measuring the absorbance at 515 nm 

every 5 min over 1 h. The same procedure was applied to a solution containing 

FeCl3 (20 mM) and 2,4,6-tris (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]. In addition, also the 2,2′-Azino-bis(3-

ethylbenzthiazoline-6-sulfonic acid) (ABTS) assay was carried out. The 2,2′-

Azino-bis (3-ethylbenzothiazoline-6-sulfonic 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. All above-described experiments were 

performed in triplicate [229]. 

UVA irradiation of HaCat cells and ROS levels determination. 35 mm 

eukaryotic cell plates were washed extensively with a 1:1 water/ isopropanol 

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 were sterilized 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/cm2 and irradiated by UVA light for 10 min (100 

J/cm2) [214]. After a recovery time of 30 min, ROS levels were determined by 

H2DCFDA assay. 

Synthesis of DHICA and DAICA.  Based on a procedure reported in literature, 

DHICA was synthesized by ferricyanide oxidation of DOPA [230]. To obtain 

the corresponding acetylated derivative (DAICA), DHICA (700 mg) was added 

to a solution containing acetic anhydride (7 mL) and pyridine (350 µL). After 24 

h the resulting mixture was dried using a rotatory evaporator. The hydrolysis of 

the mixed anhydride with a 1:1 v/v water-methanol 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% yield). Purity 

of the compound was checked by 1H NMR, LC-MS and UV Vis analysis. 

Synthesis of DAICA carboxamides: general procedure. To a mixture of 

DAICA (281 mg) in anhydrous DMF (5.62 mL), 1.5 eqs of HATU and 2 eqs of 

DIPEA were added and stirred under an argon atmosphere for 15 min. 

Subsequently, 1.5 eqs of the selected amine, i.e. 1-butanamine, 1,4-

diamminobutane, 1,6-diamminohexane or aniline were added, and the mixture 

was taken under stirring. After 30 minutes, to 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 HCl. The product thus obtained (yields reported in Table 

2.1) was analysed for purity by LC-MS and 1H NMR.  

N-butane-5,6-diacetoxy-1H-indole-2-carboxamide (1) 

ES-MS: m/z 333 (M+H)+  

1H-NMR (DMSO-d6): δ (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=0.8 Hz), 7.45 (1H, bs) 8.47 (1H, t, J=5.8 

Hz), 11.74 (1H, bs) 

13C-NMR (DMSO-d6): δ (ppm): 14.3 (CH3), 20.1 (CH2), 20.8 (CH3), 20.9 (CH3), 

31.8 (CH2), 39.3 (CH2), 102.8 (CH), 106.7 (CH), 115.2 (CH), 124.9 (C), 133.9 

(C) 134.0 (C), 136.9 (C), 139.5 (C), 161.0 (CONH), 169.2 (COOCH3), 169.3 

(COOCH3). 

N,N'-(Butane-1,4-diyl)bis(5,6-diacetoxy-1H-indole-2-carboxamide) (2) 

ES-MS: m/z 607 (M+H)+  

1H-NMR (DMSO-d6): δ (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 (1Hx2, bs) 8.51 (2H, t, J= 6 Hz), 11.75 (1Hx2, bs)  

13C-NMR (DMSO-d6): δ (ppm): 20.8 (CH3), 20.9 (CH3), 27.2 (CH2), 39.8 (CH2), 

102.8 (CH), 106.7 (CH), 115.2 (CH), 124.9 (C), 133.9 (C) 134.0 (C), 136.9 (C), 

139.5 (C), 161.0 (CONH), 169.2 (COOCH3), 169.4 (COOCH3). 

N,N'-(Hexane-1,6-diyl)bis(5,6-diacetoxy-1H-indole-2-carboxamide) (3) 

ES-MS: m/z 635 (M+H)+  

1H-NMR (DMSO-d6): δ (ppm): 1.37 (4H, m), 1.56 (4H, m), 2.25 (3Hx2, s), 2.26 

(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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13C-NMR (DMSO-d6): δ (ppm): 20.8 (CH3), 20.9 (CH3), 26.7 (CH2), 29.6 (CH2), 

39.3 (CH2), 102.8 (CH), 106.5 (CH), 115.2 (CH), 124.9 (C), 133.9 (C), 134.0 

(C), 136.8 (C), 139.3 (C), 161.0 (CONH), 169.2 (COOCH3) 169.4 (COOCH3). 

5,6-diacetoxy-N-phenyl-1H-indole-2-carboxamide (4) 

ES-MS: m/z 353 (M+H)+  

1H-NMR (DMSO-d6): δ (ppm): 2.27 (3H, s), 2.28 (3H, s), 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) 

13C-NMR (DMSO-d6): δ (ppm): 20.8 (CH3), 20.9 (CH3), 104.4 (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), 159.9 (CONH), 169.2 

(COOCH3), 169.4 (COOCH3)  

Synthesis of DHICA carboxamides. DHICA carboxybutanamide (final 

concentration 3.6 mM) were dissolved into dichlorometane/methanol 9:1 v/v 

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 dried using 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 yield of 75% and in a pure 

form as confirmed by HPLC and 1H-NMR analysis. The same hydrolytic 

procedure was applied to the other carboxamides synthesized. 

1H-NMR of deacetylated 1 (DMSO-d6): δ (ppm): 0.89 (3H, t, J= 7.2 Hz), 1.32 

(2H, sext,J= 7.2 Hz), 1.48 (2H, quint, 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 

butanamide was run following a procedure previously reported with slight 

modifications[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 stirred for 10 minutes. The reaction was stopped by 

addition of 40 mg of sodium dithi-onite and acidification to pH 3 with 6 M HCl. 

The mixture was extracted with ethyl acetate (4 × 200 mL) and the combined 

organic phases were filtered on anhydrous so-dium sulphate and taken to 

dryness at a rotary evaporator. The residue (169 mg) was treated with 2 mL of 

acetic anhydride and 100 μL of pyridine overnight. After removal of the solvents 

the acetylated mixture was dissolved in DMSO and purified by preparative 

HPLC to give the 4,4’-dimer of DHICA butanamide in its acetylated form (150 

mg, 75% yield)  

ES-MS: m/z:  663 (M+H)+,  685 (M+Na)+, 701 (M+K)+  

1H-NMR (DMSO-d6): δ (ppm): 0.85 (3H x 2, t, J=6.0 Hz), 1.25 (2H x 2, m), 

1.43 (m, 2H x 2, quint., J=6.0 Hz), 1.95 (3H x 2, s), 2.28 (3H 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-d6): δ (ppm): 14.08 (CH3), 20.01 (CH2), 20.32 (CH3), 20.97 

(CH3), 31.56 (CH2), 38.81 (CH2), 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 washed three times with 15 mL of 0.01 M HCl 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 

 

3 Natural and synthetic derivatives of phenolic 

compounds as tyrosinase inhibitor for the treatment 

of pigmentary disorders  

 

Hyperpigmentary disorders associated with melanin overproduction or 

accumulation are among the most common skin disorders [231]. Melasma and 

lentigo are two main examples of such disorders but many other skin 

dyschromia phenomena caused by inflammatory reactions, or abnormal 

melanocyte activity are known [232]. Although these disorders usually do not 

represent a hazard for human health, they are often disfiguring and burdensome, 

with devastating effects on patient psychological health.  

The aesthetically impact on the patient life of such conditions have urged the 

search for compounds possibly of natural origin and with a low toxicity profile 

that could act as skin lighteners by modulation of pigmentation [233]. 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 pathway [234]. Tyrosinase (EC 1.14.18.1) is a copper enzyme 

whose structure is extraordinarily conserved across various species, and 

promotes two different reactions (Scheme 3.1) [235]: 

• hydroxylation of monophenol to o-diphenol (cresolasic activity)  

• dehydrogenation of catechol to o-quinone (catecholasic activity) 
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 Scheme 3.1. Reactions catalysed by tyrosinase. 

Tyrosinase catalyses the hydroxylation of the monophenol L-tyrosine to the o-

diphenol L-3,4-dihydroxyphenylalanine (DOPA) and the oxidation of DOPA to 

the o-quinone DOPAquinone. L-tyrosine and L-DOPA have the same binding 

site, and the process involves an electron exchange with copper atoms 

coordinated by histidine residues inside the active site of the enzyme [236,237]. 

Traditionally, compounds of synthetic origin have been developed and largely 

used as depigmenting agents thanks to their 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 hyperpigmentation for 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 

proved actually 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 features. In 

this latter regard, a remarkable example is represented by caffeic acid 

derivatives regarded as promising lead 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 2-S-lipoyl caffeic acid (LCA) and 2-S-lipoyl caffeic acid methyl ester 
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(LCAME) [238], have been shown to be effective inhibitors of tyrosine 

hydroxylase and dopa oxidase activities of mushroom tyrosinase and tyrosinase 

from human melanoma cells. 

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

❖ development of a green protocol based on eco-friendly solvent for the 

extraction of phenolic compounds from agri-food by-products after 

proper mechanical pre-treatment. 

❖ 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 

3.1 Preparation of extracts from selected agri-food by-products 

The agri-food by-products were selected based on the content of phenolic 

compounds with potential inhibitor activity against tyrosinase (Table 3.1). In 

addition, sludges or residues from pomegranate wine or fruit spirits production 

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 ester derivatives 

Pecan nut shells Condensed tannins 

Hazelnut shells Condensed tannins 

Peanut shells Flavonoids and luteolin, eriodictyol and 5,7-

dihydroxychromone 

Tomatoes and onions Quercetin and kaempferol 

Morus Alba leaves  Resveratrol, moracin, flavonoids 

Morus Alba branches  Resveratrol, moracin, flavonoids 

Sludges from apples 

spirit production 

Flavonoids and phenolic acids 

Sludges from 

strawberry spirit 

production 

Flavonoids and phenolic acids 

Sludges from Ficus 

spirit production 

Flavonoids and phenolic acids 

Sludges from peaches 

spirit production  

Flavonoids and gallic, ferulic, chlorogenic acids  

Residues from 

fermented 

pomegranate by-

products 

Ellagitannins, ellagic acid 

 

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

different agri-food by-products. Briefly, all the selected wastes were roughly 
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grinded using a blender and then homogeneously pulverized with the aid of a 

ball mill (15 min, 50 oscillations/s). Indeed, a ball mill is a type of grinder which 

works on the principle of impact and attrition. Pulverization of the samples was 

found to be crucial in order to decrease the particles size, increasing the surface 

extension and thus making the extraction process more efficient and 

reproducible. In addition, in the case of the onions, tomatoes, Morus alba 

branches, a preliminary step of lyophilization was essential. All the samples 

were then extracted in non-toxic and eco-friendly solvents such as water, 

ethanol, water/ethanol 4:6 v/v 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.  

Table 3.2 reports the extraction yields, calculated with respect to the dry weight 

of the starting materials. As shown in Table 3.2 (in orange values ≥ 45 %), the 

highest yields were obtained in the case of the residues from fermented 

pomegranate by-products and 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 the case of 

nutshells.  
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Table 3.2. Yields of extracts obtained from the selected agri-food 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 H2O H2O/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 alba leaves 26% 40% 26% 21% 

Morus Alba branches 14% 40% 25% 13% 

Tomatoes 12% 14% 47% 5% 

Onions 48% 68% 66% 61% 

Sludges from Ficus 

spirit production 

35% 54% 55% 51% 

Sludges from peaches 

spirit production 

38% 58% 51% 74% 

Sludges from apples 

spirit production 

59% 53% 51% 34% 

Sludges from 

strawberry spirit 

production 

26% 27% 29% 36% 

Residues from 

fermented pomegranate 

by-products 

48% 43% 54% 56% 

 

3.1.1 Inhibition of mushroom tyrosinase activity by natural 

phenolic compounds extracts from agri-food by-products 

The tyrosinase inhibitory activity of all prepared extracts was preliminary 

investigated using commercially 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, L-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 minutes (Figure 3.1). 

 

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

 

The inhibitory capacity was expressed as IC50, i.e. the concentration of inhibitor 

at which 50% inhibition of enzyme activity occurs. As reported in Table 3.3, the 

best result was observed in the case of the hydroalcoholic extract of chestnut 

shells, showing an IC50 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 from chestnut shells and 

DMSO extract from tomatoes, IC50 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 extracts of Morus alba branches, Morus 

alba leaves and tomatoes showed good inhibitor activity, similarly to DMSO 

and water/ethanol extract of Morus alba leaves (bold values in Table 3.3). On 

the other hand, data obtained from the other extracts were less encouraging. In 

some cases, it was not even possible to determine IC50 values. 
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Table 3.3. IC50 values (mg/mL) determined in the mushroom tyrosinase inhibition assay 

using L-DOPA as a substrate.* Reported are the mean + SD values of at least three 

separate experiments. 

By-products IC50 value (mg/mL) 

 
EtOH H2O H2O/EtOH DMSO 

Chestnut shells 0.0060 

±0.0005 

/ 0.0006 

±0.0004 

/ 

Pecan nut shells / 0.068 

±0.002 

0.054 

±0.002 

/ 

Hazelnut shells 1.404 

±0.006 

2.28 

±0.03 

1.69 

±0.03 

1.404 

±0.006 

Peanut shells 0.53 

±0.03 

/ 0.306 

±0.005 

/ 

Morus alba leaves 0.045 

±0.003 

/ 0.0328 

±0.0002 

0.0206 

±0.0007 

Morus Alba 

branches 

0.0090 

±0.0003 

/ / / 

Tomatoes 0.013 

±0.002 

/ 2.08 

±0.07 

0.0082 

±0.0003 

Onions 0.351 

±0.002 

/ 0.261 

±0.008 

0.44 

±0.01 

Sludges from 

Ficus spirit 

production 

/ / 1.404 

±0.006 

/ 

Sludges from 

peaches spirit 

production 

1.09 

±0.01 

/ 1.07 

±0.03 

/ 

Sludges from 

apples spirit 

production 

0.557 

±0.005 

/ 0.937 

±0.001 

2.56 

±0.05 

Sludges from 

strawberry spirit 

production 

0.711 

±0.007 

/ 0.4800 

±0.0005 

/ 

Residues from 

fermented 

pomegranate by-

products 

0.475 

±0.003 

0.620 

±0.002 

0.511 

±0.002 

0.5410 

±0.0006 

*IC50 for kojic acid = 0.0050 + 0.0004 mg/mL 
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In a second series of experiments, for the most promising extracts in terms of 

extraction yields and IC50 values, the inhibitory capacity against mushroom 

tyrosinase was also evaluated, using L-tyrosine as a substrate. The IC50 values 

thus determined are reported in Table 3.4 using kojic acid as a reference 

compound. 

The highest inhibitory activity was observed for the ethanol extracts from 

chestnut shells, followed by its hydroalcoholic extracts, together with the 

ethanol extract of Morus Alba branches and all solvents of Morus Alba leaves. 

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. IC50 values (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 IC50 value (mg/mL) 

 EtOH H2O H2O/EtOH DMSO 

Chestnut shells 0.0070 

±0.0005 

/ 0.012 

±0.001 

/ 

Pecan nut shells / 0.36 

±0.03 

0.028 

±0.009 

/ 

Morus alba leaves 0.0304 

±0.0005 

/ 0.0273 

±0.001 

0.01982 

±0.0006 

Morus Alba branches 0.0110 

±0.0001 

/ / / 

Sludges from peaches spirit 

production 

1.77 

±0.05 

 

/ / / 

Sludges from apples spirit 

production 

 

1.21 

±0.03 

/ 1.14 

±0.05 

/ 

Sludges from strawberry 

spirit production 

 

0.591 

±0.003 

/ 0.351 

±0.004 

/ 

Residues from fermented 

pomegranate by-products 

1.34 

±0.06 

1.5±0.3 0.838 

±0.004 

1.22±0.08 

* IC50 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 agri-food by-products 

A final series of experiments was aimed at evaluating the ability of these 

extracts to inhibit or at 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 possibility 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 as model system. 

In particular, apples of the “Red Delicious” variety were peeled, rapidly cut into 

small pieces and finely ground with the aid of a blender in the presence or 

absence of the selected agri-food by-products extracts, previously prepared in 

the chosen solvent, at 0.1% w/w in water. Ascorbic 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 food industry 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 did not show any inhibitory effect, whereas the extract from 

pomegranate waste in DMSO (Figure 3.2), from chestnut shells in H2O/EtOH 

(4:6 v/v) (Figure 3.3) and sludges from strawberry spirit production in 

H2O/EtOH (Figure 3.4) 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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Figure 3.3. Effect of Chestnut/H2O-EtOH extract on the apples fruit browning process 

at different time.  
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Figure 3.4. Effect of Strawberry/H2O-EtOH extract on the apples fruit browning process 

at different time. 
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In the case of these extracts, a colorimetric analysis was also performed (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, and -b * is the direction 

of blue. For the evaluation of the colour changes of apple smoothies over time, 

the browning index (BI) was calculated, considering all three factors of the 

CIELAB space (L*a*b*): 

𝐵𝑟𝑜𝑤𝑛𝑖𝑛𝑔 𝐼𝑛𝑑𝑒𝑥 (𝐵. 𝐼) =
[100(𝑥 − 0.31)]

0.17
 

 

𝑋 =
(𝑎∗ + 1.75 𝐿∗)

(5.645 𝐿∗ + 𝑎∗ − 3.012𝑏∗)
 

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 minutes the 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 showed a significant effect up to 60 min with respect 

to the control experiment.  
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Table 3.5. BI values calculated for apple smoothies treated or not with selected extracts, 

kojic acid or ascorbic acid. Mean values + SD (≤ 10) from at least three separate 

experiments are reported. 

Samples t0min t30min t60min t90min t120min t150min t180min 

CTRL (w/o 

additive) 
7.08 14.86 12.54 12.67 9.44 9.4 9.41 

Residues from 

fermented 

pomegranate 

by-products 

DMSO 

3.15 12.34 7.08 10.67 8.77 12.93 12.51 

Chestnut 

shells 

H2O/EtOH 

3.12 9.47 6.4 7.11 9.61 5.86 10.07 

Sludges from 

strawberry 

spirit 

production in 

H2O/EtOH 

3.25 1.94 10.61 13.96 17.12 14.35 14.73 

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 Outcomes Of The Study: 

 Extracts containing phenol compounds prepared by a green procedure 

from agri-food by-products showed remarkable inhibition activities in 

model enzymatic inhibition assays. 

▪ Chestnut shells, Morus alba and pecan nutshells extracts, showed 

IC50 values against tyrosinase higher or comparable with respect to 

the value determined for the reference compound kojic acid.  

▪ Strawberry, pomegranate and especially chestnut shells extracts 

were able to retard significantly the enzymatic browning process of 

apples smoothies. 
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3.2 Preparation 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 (Figure 3.5). 

A strategy based on the generation of the o-quinone of caffeic acid from p-

coumaric acid, followed by in situ addition of DHLA was adopted.  

 

Figure 3.5. 2-S-lipoylcaffeic acid butanamide.  

 

Firstly, the synthesis of p-coumaric acid butanamide was performed. Based on a 

procedure previously described (paragraph 2.3), the amidation reaction of p-

coumaric acid using HATU as coupling agent was carried out. In addition, also 

in this case the preliminary protection of the OH functionality with an acetyl 

group turned out to be crucial. The total synthesis is represented in Figure 3.6.  
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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 

Figure 3.7), a peak at 12.8 minutes attributable to the adduct (A) was observed, 

together with the concomitant disappearance of the peak of acetylated coumaric 

acid (Rt = 6.3 min) and of HATU (Rt = 4.5 min). Subsequently, to the reaction 

mixture, 1.5 eqs. of butanamine were added. After 30 min, the decrease in 

intensity of the adduct (A) was observed and two peaks at 3.8 and 10.5 minutes, 

presumably due to the N-oxide of HATU and butanamide of acetylated p-

coumaric acid (B) 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 compound 
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appeared as a single peak eluting at 10.4 minutes on HPLC analysis (panel c of 

Figure 3.7). 

 

Figure 3.7. Elutographic profile of the amidation reaction of O-acetyl p-coumaric acid 

(a) 15 minutes after the addition of HATU; (b) 30 minutes after the addition of 

butanamine; (c) acetylated butanamide of p-coumaric acid after filtration. 

(a)

(b)

(c)

(A)(B)
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The identity of the product was confirmed by 1H-NMR analysis (Figure 3.8). 

The spectrum showed the signal at 8.07 ppm attributable to the amide NH and 

those of the aliphatic chain of the amide CH2 at 3.16, 1.42, 1.30 and the CH3 at 

0.88 ppm.  

 

Figure 3.8. 1H-NMR assignment of acetylated butanamide of p-coumaric acid (DMSO-

d6). 

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 tert-butoxide for 15 minutes at room temperature. 

The reaction mixture was acidified using HCl 3M and extracted with ethyl 

acetate. To confirm the deacetylation of the phenol group, 1H-NMR analysis 

was performed. The disappearance of the signal at 2.27 ppm attributed to the 

acetyl groups was observed, indicating a complete deprotection (Figure 3.9).  

 

Figure 3.9. 1H-NMR assignment of butanamide of p-coumaric acid (DMSO-d6). 
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3.2.2 Synthesis of the 2-S-lipoylcaffeic acid butanamide 

The o-quinone of caffeic acid was obtained by the regioselective hydroxylation 

of coumaric acid with 2-iodoxybenzoic acid (IBX) [239]. Based on the proposed 

mechanism of reaction of this reagent [240], the process involves the initial 

formation of an intermediate C arising by interaction of coumaric acid with 

IBX, with the elimination of water. Then this latter rearranges to D via 

oxygenation of the ortho-position of the phenolic group and concomitant 

reduction of the iodine from I(V) to I(III). Tautomerization of D produces the 

intermediate E, which decomposes into o-quinone and 2-iodobenzoic acid, 

whilst iodine (III) is reduced to iodine (I) (Figure 3.10).  

IBX was synthesized by oxidizing 2-iodobenzoic acid with Oxone® in water at 

70° C, as described before. 

 

Figure 3.10. Proposed mechanism for the generation of o-quinone of caffeic acid. 

According to a previously published procedure, DHLA was synthesized by 

reducing lipoic acid (LA) with sodium borohydride [241]. 
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To an aqueous solution of a racemic LA (0.25 M) in 0.25 M NaHCO3 and 

NaBH4 (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 of p-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 exchange between the o-quinone and 

DHLA yielding caffeic acid as a by-product (Figure 3.11) [242,243]. No traces 

of a possible adduct derived from addition onto the side chain were detected. 

 

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) 

combination was used to remove 2-iodobenzoic acid, LA, and DHLA, while 

chloroform was used to extract the lipoylcaffeic adduct, which was isolated in 

20% yield. Ethyl acetate extraction can be used to recover the more polar caffeic 

acid that has remained in solution (Figure 3.12). 
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Figure 3.12. 1H-NMR and 13C-NMR assignment of 2-S-lipoylcaffeic acid butanamide 

(DMSO-d6). 

3.2.3 Inhibition of mushroom tyrosinase activity by 2-S-

lipoylcaffeic acid butanamide 

The tyrosinase inhibitory activity of 2-S-lipoylcaffeic acid butanamide was 

investigated using mushroom tyrosinase as described in the paragraph 3.1.1. The 

IC50 value obtained around 30.01 ± 0.08 μM was comparable or even lower 

respect to the other calculated for the lipoyl conjugate of the methyl ester of 

caffeic acid (8.6 ± 0.2 μM) or caffeic acid (53.7 ± 0.3 μM). 

Main Outcomes Of The Study: 

 The synthesis of a new derivative of caffeic acid, i.e. 2-S-lipoylcaffeic 

acid butanamide was developed. 

▪ Preliminary results show a good ability to inhibit tyrosinase, with 

IC IC50 values comparable to those reported in literature for similar 

compounds. 
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3.3 Experimental section 

Materials and Methods. The distilled by-products were provided from the 

agrifood company Berolà (Portico di Caserta, Caserta, Italy), fermented 

pomegranate was obtained from Cuatrociénegas, Coahuila, México. Chestnut 

shells were provided from the agrifood industry Malerba (Montella, Avellino, 

Italy). All the other agri-food wastes were purchased at a local supermarket. 

Morus Alba was obtained from a local garden.  

Mushroom tyrosinase (EC 1.14.18.1), L-3,4-dihydroxyphenylalanine (L-

DOPA), L-tyrosine, kojic acid, ascorbic acid, 2-iodobenzoic acid, oxone®, 

lipoic acid (LA), sodium borohydride, sodium dithionite were purchased from 

Sigma-Aldrich. 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 on V-730 UV-visible spectrophotometer. 

1H and 13C NMR spectra were recorded at 400 MHz and 100 MHz, respectively, 

on a 400 Bruker spectrometer. 

HPLC analyses were performed on a Agilent 1100 binary pump instrument 

equipped UV-visible detector using an octadecylsilane-coated column, 250 mm 

x 4.6 mm, 5 μm particle size (Phenomenex Sphereclone ODS) at 0.7 mL/min, 

Eluent system: 0.1% formic acid (solvent A)/methanol (solvent B) in ratio 40:60 

respectively. Detection wavelength was set at 300 nm. 

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

the agri-food by-products were roughly ground using a common blender.  

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 agri-food 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 recovered, while the residual solids 

were lyophilized. The residual solid obtained with DMSO was washed two 

times with water.  

Synthesis of 2-iodoxybenzoic acid (IBX). 37.2 g of Oxone® were dissolved in 

200 mL of bidistilled water. To this solution, 5.0 g of 2-iodobenzoic 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 acetone (2x30 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 NaHCO3 (0.25 M). To this 

solution, 740.0 mg of NaBH4 (in two portions) were added and the mixture was 

taken under stirring at 0 °C for 2 h. Then, the reaction mixture was acidified 

until pH 1 with HCl 6 M and extracted with toluene (5x20 mL) (89% yield). 

Synthesis of butanamide of acetylated p-coumaric acid. 3.5 mL of acetic 

anhydride and 175 µL pyridine were added to 300 mg of p-coumaric 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 

obtained was dried and a white powder was obtained with yields of (98%). A 

mixture of acetylated p-coumaric acid (281 mg), HATU (1.5 eq., 759 mg) and 

DIPEA (2 eq, 474.5 µL) in anhydrous DMF (5.62 mL) was stirred under inert 

atmosphere for 15 min. To the resulting mixture, 1.5 eqs. of butanamine (202 

µL) 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 then obtained in 45% 

yields. 
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1H-NMR (DMSO-d6): δ (ppm): 0.89 (t, 3H), 1.30 (m, 2H), 1.42 (m, 2H), 3.16 

(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 of p-coumaric 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 tert-butoxide under an inert atmosphere were 

added and stirred for 15 minutes. The solution was bought to pH 3 slowly 

adding HCl 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%).  

1H-NMR (DMSO-d6): δ (ppm): 0.89 (t, 3H), 1.31 (m, 2H), 1.52 (m, 2H), 3.18 

(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 2-S-lipoylcaffeic acid butanamide. To 90 mg of p-coumaric acid 

butanamide (0.9 mmol), dissolved in 5.4 mL of methanol, 176 mg of IBX (1.38 

mmol) were added. The 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 5.4 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 (550 mL), and subsequently with chloroform CHCl3 (350 

mL). The combined organic extracts were dried using a rotatory evaporator 

(yield of 20%). 

1H-NMR (DMSO-d6): δ (ppm): 2.16 (t, 2H), 1.41 (m, 2H), 1.38 (m, 1H), 1.54 

(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), 1.44 (m, 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).  

13C-NMR (DMSO-d6): δ (ppm): 175 (C), 34 (CH2), 24 (CH2), 29 (CH2), 38 

(CH2), 38 (CH2), 39 (CH2), 39 (CH), 118 (CH), 116 (CH), 120 (CH), 121 (C), 

130 (C), 138 (CH), 148 (C), 147 (C), 165.5 (C), 38 (CH2), 32 (CH2), 20 (CH2), 

14 (CH3). 

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

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

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

• 100 mM solution of L-DOPA dissolved in 0.6 M HCl (1 mM); 

• 100 mM solution of L-TYROSINE dissolved in 0.6 M HCl (1 mM). 

Stock solutions of the various samples incubated with mushroom tyrosinase (20 

U/mL) in 2 mL of 50 mM phosphate buffer at room temperature (pH 6.8). After 

10 minutes, 20 μL of a 100 mM solution of L-DOPA in 0.6 M HCl (final 

concentration 1 mM) were added, and the reaction was monitored by measuring 

the absorbance at 475 nm every 10 minutes. The reaction was carried 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 L-DOPA. The same procedure was performed for 

the experiment with L-TYROSINE. 

Apple smoothie browning inhibition assay. Red Delicious apples were rapidly 

cut in small pieces after removing the peel, and ca. 50 g were finely blended 

with a domestic mixer in the presence of a 0.1% w/w (extract solution/bidistilled 

water) and transferred on a watch glass. Blank smoothie samples were prepared 

in the absence of extracts. Chroma Meter CR-400/410 (Konica Minolta) 

colorimeter was used to analyze changes in color. The browning index (BI) 

(three different measurements were taken during the same experiments and three 

different experiments were performed) was calculated as follows: 
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𝐵𝑟𝑜𝑤𝑛𝑖𝑛𝑔 𝑖𝑛𝑑𝑒𝑥 (𝐵𝐼) =
100(x − 0.31)

0.17
 

𝑥 =
α ∗  +1.75L ∗

5.645𝐿 ∗ + 𝛼 ∗  −3.012𝑏 ∗
 

Kojic acid and ascorbic acid were used as reference compounds. 
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Chapter 4 

 

4 Mussel inspired bioadhesives from waste proteins and 

plant derived phenolic compounds for biomedical 

applications 

 

The search of bioadhesives for soft tissue healing is now an active issue in the 

scientific committee. Many kind of materials, primarily hydrogels, have been 

explored in literature [244]. Among the many requirements that these materials 

must satisfy, a top position is occupied by biocompatibility, which can be 

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 still represents a major problem in the design of these 

materials. In this regard, the adhesion mechanism of some marine organisms is a 

great source of inspiration [245].  The exceptional wet adhesion capabilities of 

mussel byssus foot proteins originate from interaction of the catechol system of 

the abundant 3,4-dihydoxyphenylalanine (DOPA) residues with lysine amino 

groups, giving rise to cross-linked networks endowed with excellent underwater 

resistance. On this basis synthetic mussel-inspired materials with water-resistant 

adhesion and cohesion properties have been developed by modifying polymer 

systems with DOPA or using its analogue dopamine that combines the catechol 

and amino functionality [57,246,247]. 

Examples in the literature are countless so as the combinations of dopamine with 

different biopolymers and natural macromolecules. Cross-linking Al3+-

coordinated alginate-dopamine chains with acrylamide-acrylic acid polymers 

produced hydrogels with high mechanical characteristics and strong fibroblast 
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cell adhesion [248]. Dopamine catechol moieties conjugated to natural anionic 

poly(-glutamic acid) and cross-linked through horseradish peroxidase/hydrogen 

peroxide oxidation, with an additional physical cross-linking with a synthetic 

bioactive nanosilica, demonstrated strong adhesiveness to various tissue layers 

and excellent hemostatic properties [249]. 

Concerns of potential neurological effects entailed by the use of dopamine in the 

mussel-inspired strategy was overcome by use of alternative phenolic 

compounds. Tannic acid oxidative coupling with nucleophilic residues of animal 

gelatin resulted in low-cost and easily scalable water-resistant plant-inspired 

bioadhesives [250]. Similarly, a plant catechol-based glue was created by 

starting  radical polymerization of acrylic acid and relying on the redox 

properties of lignin nanoparticles to form a pectin-polyacrylic acid hydrogel 

network [251,252]. 

In addition to polysaccharides and synthetic polymers, proteins from readily 

available sources have been investigated [253].  Soy proteins isolates (SPI) the 

main industrial waste in soybean processing, appears to be an ideal candidate for 

the implementation of environmentally friendly bioadhesives because they are 

cost-effective, easy to handle, and have been considered as alternative aldehyde-

free materials also in the wood industry [254,255]. Furthermore, these proteins 

are high in amino groups, with lysine concentration reaching up to 6% [256]. 

Despite this, SPI-based hydrogels have few uses due to their low water 

resistance, time-consuming gelation process, and poor mechanical 

characteristics. Chemical cross-linking modification is the most effective way to 

improve the performance of soy proteins, and it can be done with either 

synthetic or natural compounds that have been covalently linked to the protein 

scaffold. [257–262]. Cross-linking 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 polymers [263]. 
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However, the use of SPI as a starting material for the creation of hydrogels with 

acceptable characteristics for tissue healing has thus far received little attention. 

Based on these findings, the research activity was directed to the preparation of 

hydrogels from SPI and plant derived polyphenols using mild conditions. 

Another type of proteins such as whey proteins able to give hydrogels in the 

presence of natural extracts from agri-food wastes was also evaluated. 
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Results and Discussion 

4.1 Bio adhesives from soy proteins and plant derived polyphenols  

4.1.1 Preparation of SPI/polyphenols hydrogels 

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 

and guanidine was shown to significantly increase the mechanical characteristics 

of the final materials [266]. In the current investigation, preliminary results 

evidenced that protein denaturation represents a 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 their oxidation 

products could significantly affect the characteristics of SPI. 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 SPI pre-treatment 

for the fabrication of SPI/polyphenols hydrogels was developed. Due to their 

availability and broad distribution in plant sources, caffeic acid (CA), 

chlorogenic acid (CGA), and gallic acid (GA), were selected as polyphenols to 

investigate. Briefly, SPI were dissolved in water (at 10% w/w) and incubated for 

1 hour at 85 °C, the denaturation temperature of SPI. The 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 (range 10-30mM) were 

tried, indicating 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 same protocol but in 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 oxidative coupling of caffeic acid esters 

including CGA in the presence of amines and/or amino groups of proteins [267] 

(Figure 4.1). On the other hand, aerial oxidation of CGA under the same 

conditions, produced a brown solution, 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 mixture 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 the preparation of SPI/polyphenols hydrogels 

exemplified for CGA. 

4.1.2 Mechanical properties of SPI/polyphenols hydrogels 

The application of the SPI/polyphenols hydrogels on wood specimens, pressed 

together with a clamp for 24 hours and dipped in water, allowed us to have a 

preliminary evaluation of the adhesive features of the produced hydrogels and 

their underwater resistance. They were periodically checked until the wood 

specimens detached.  

The resistance of the glue from SPI/CGA was 22 days, a value significantly 

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 evaluated by measuring the lap shear strength, which corresponds 

to the failing load divided by the bond area (4.0 cm2). In Table 4.2, the results of 
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lap shear testing are reported. For comparison, SPI /Urea glue, known for its 

excellent performance, were also tested [266]. The stress values for the soy 

protein-based adhesive samples ranged from 2.1 (SPI/urea) to 3.2 (SPI/CA). The 

noticeable performance of SPI/CA is most likely due to the sample's 

considerably more compact structure, which revealed a homogenous and dense 

structure as shown by SEM studies (Figure 4.7 panel 3). A commercial vinyl-

based glue was used as a control experiment under the same experimental 

conditions, showing a value of 4.0 Mpa, confirming 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]. 

Unfortunately, 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 investigated. 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 also provided 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 triplicate. SD+1 

                                                     Underwater resistance (days) 

Adherend SPI SPI/CA SPI/CGA SPI/GA 

Wood specimens 1 9 22 5 

Chicken muscle 

slices  

1 2 7 15 

 

Table 4.2. Lap shear strengths of single lap wood joints glued with SPI-polyphenols 

adhesive, and a reference vinyl adhesive and SPI/urea. 

 

 

 

 

 

 

 

 

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 NH2 

groups in SPI after the reaction with polyphenols, were evaluated by traditional 

chemical assays based on the Ellman's reagent and the o-phtalaldehyde reaction, 

followed by spectrophotometric measurement. Figure 4.2 panel (a) reveals that 

SH groups play a key 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 exhibited a higher involvement compared to 

SPI/CA and its ester SPI/CGA. The NH2 group content of denatured SPI was 

Sample 
Lap shear strength 

(Mpa) 

SPI/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 
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determined to be 3% w/w based on a calibration curve constructed with alpha N-

BOC lysine as amino reference. For both tests, the contribution of the samples to 

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 including polyphenol moieties with amino groups of SPI [268]. 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 of polyphenols with respect to SPI, 

differential FTIR spectra were generated by subtracting the SPI spectrum from 

the SPI/polyphenols spectrum (panel b of Figure 4.2). Significant modifications 

were observed in the 3500-3000 cm-1 range (Band 2), especially above 3300 cm-

1 (Band 1), indicating the involvement of SPI's amino groups in the interaction 

with polyphenols and their oxidation products [269]. 

Furthermore, a difference in the ratio of the bands at 1625 cm-1 (Band 3) and 

1545 cm-1 (Band 4) compared to those observed for SPI alone,  presumably 

indicates  that bands due to C=O stretching of the carboxyl groups and the C=C 

stretching of the aromatic ring of the polyphenol components overlap and 

contribute to some extent to the dominating amide I and II band of the protein in 

the SPI/polyphenols materials. This finding is consistent with earlier studies 

revealing minor alterations in the SPI major bands as a result of 

physical/chemical crosslinking with caffeic acid [261]. 
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Figure 4.2. (a) Percentage of reacted SH and NH2 groups of SPI/polyphenols with 

respect to SPI. Shown are means of at least triplicates + SD; (b) Differential spectra 

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

EPR analysis was also performed on the SPI/polyphenols hydrogels. 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 disproportionation [270]. An asymmetrical free-radical 

signal was discovered during preliminary investigation of denatured SPI (Figure 

4.3 panel a). Similar findings have been reported in the literature and attributed 

to carbon-centered radicals produced in the dry protein during storage and 
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trapped in the solid matrix [271,272]. Figure 4.3 compares spectra obtained from 

SPI/polyphenols reactions (full lines) to those obtained from oxidative 

polymerization of polyphenols alone under same circumstances (in air, pH 9, 

50°C, dotted lines). All spectra have a similar lineshape, i.e. a singlet at a 

slightly higher g-factor value than that observed for the denatured soy proteins 

(Table 4.3), suggesting the contribution of heteroatoms to the molecular orbitals 

in which the free electrons are delocalized. The 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. 

Samples 

Spin 

density/g
-1

 
ΔB/G (± 0.2) 

Gaussian 

contribution 

g-factor 

(± 0.0003) 

SPI/CGA 2.1 × 10
17

 5.4 0.74 2.0040 

CGA 2.7 × 10
17

 3.9 0.72 2.0040 

SPI/GA 9.8 × 10
15

 6.7 0.35 2.0046 

GA 1.9 × 10
15

 3.0 0.49 2.0045 

SPI/CA 3.1 × 10
16

 6.2 0.72 2.0039 

CA 1.0 × 10
18

 6.1 0.64 2.0049 

SPI 3.4 × 10
15

 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 to 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 presence of the protein.  

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 the peak-to-peak 

distance in G. The spin density is of the same 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 polymers [270] and, significantly, stays unchanged in the 

SPI/CGA hydrogel despite the final material containing around 1% w/w CGA 

generated species. The considerable 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 with protein results in species with a 

strong radical character. The 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, revealing some interactions between the proteins and the oxidative 

polymerization products. The 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 the SEM images, the hydrogels were air-dried. It 

should be considered that slight modifications of the structure can occur after the 

drying process.  

The pristine SPI gel (Figure 4.3 panel 1) has a loose structure with large and 

irregular macroporosity and pore sizes ranging from 20 to 150 micron, 

indicating poor protein-molecule connection in the gel. The gels formed from 

SPI with CGA or GA (Figure 4.3 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 hand, has a distinct 

microstructure (Figure 4.3 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. This property might explain why the SPI/CA hydrogel performed 

effectively as glue in the adhesive experiments mentioned in Section 4.1.2. 
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Figure 4.3 (a) EPR spectra 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; (b) SEM 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 SPI/polyphenols 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 studied. Finally, 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 relevant 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 was then extended to the other 

polyphenols selected. Before evaluating their mechanical characteristics, all the 

hydrogels were air-dried and then rehydrated. 

Under these conditions, the hydrogels have great toughness and stretchability. 

When compressed, the hydrogel reverted to its original cylindrical form. The 

mechanical characteristics of the hydrogel were apparently also quite good 

based on simple qualitative tests. Because of its high stretchability and 

compressive performance, the hydrogel could be applied to human joints with 

varying degrees of bending without causing any discomfort to those who 

volunteered for these studies. Figure 4.4 depicts these features for a typical 

SPI/agarose/CGA hydrogel. 

The hydrogels demonstrated long-term and reproducible adhesion to a variety of 

hydrophilic and hydrophobic surfaces, including glass, steel, polypropylene, and 

polycarbonate (Figure 4.4). Furthermore, remarkable adhesive properties on the 

skin were discovered. Remarkably, the hydrogel adhering to the skin did not 

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, even under 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 SPI/agarose/CGA hydrogel: (a) Adhesion of the hydrogel to various 

materials (b) Mechanical 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 SPI/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 vapor permeability (WVP) of the air-dried SPI/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 4.4, the inclusion of all polyphenols in the 

hydrogel formulations resulted in a one-order-of-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 achieved were almost two 

orders of magnitude higher than those reported for films manufactured from 

commodity polyolefins such as LDPE and HDPE. 

Table 4.4. WVP results of the hydrogels. 

Sample WVP (g/m Pa s) 

SPI/agarose 5.13±0.27 × 10-12 

SPI/CA 4.64±0.22 × 10-11 

SPI/GA 3.88±0.18 × 10-11 

SPI/CGA 4.99±0.22 × 10-11 

4.1.5 Cytocompatibility and wound healing properties  

We investigated the cytotoxic effects of SPI/agarose/polyphenols hydrogels on 

human keratinocytes (HaCaT cells) and human dermal fibroblasts (HDF cells) to 

determine their therapeutic potential (Figure 4.5 a). Different concentrations of 

the SPI/agarose/polyphenols were tested. For all the samples, a slight toxicity 

was observed, although it appeared not statistically significant. In the case of 

SPI/CGA the low but appreciable toxicity cannot be attributed to the presence of 

benzacridines. In fact, as demonstrated on various cellular systems, these latter 

are not toxic [273] and they even proved able to support efficiently stem cell 

growth [274]. 
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In another series of experiments, the ability of these hydrogels to promote the 

wound re-epithelialization by human keratinocytes (HaCaT cell line) was also 

investigated. To this aim, an in vitro wound healing test to assess the impact of 

hydrogels 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 4.5, images of a wound healing experiment performed on control cells 

and cells treated with SPI/polyphenol at t0 and t24 hours of incubation are 

reported. As the most representative example CGA was chosen. 

For the cells treated with each SPI/polyphenols system, the percentage of 

closure was calculated as the ratio of the defect area at the final time to the 

starting time, measured by Zen Lite 2.3 software. The values in Table 4.5 are the 

average of three experiments. According to Figure 4.5 and Table 4.5, SPI/CGA 

hydrogels significantly reduce the closure rate 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 was expressed as the ratio of the areas at t0 and t24 

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 

SPI/CGA 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 HaCaT and 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 independent experiments, each 

one carried out with triplicate determinations. (b) Wound healing activity of SPI-

hydrogels on HaCaT cells monolayer. Cells were wounded prior to treatment with each 

compound for 24 h. Images were acquired at t0 and t24 h of incubations. 
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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 (physiologically values 3.8-9.8 min); the coagulation time 

(K), which measures the length of the coagulation process (physiologically 

values 0.7-3.4 min); the alpha angle, which represents the coagulation velocity 

(physiologically values 47.8-77.7 degrees); the maximum amplitude which 

describes the clot strength (physiologically values 49.7-72.7 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. Furthermore, there 

are no significant differences between the three hydrogels, indicating that the 

polyphenols don’t affect SPI's hemocompatibility. The blood clot formation test 

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 

4.6).  
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Figure 4.6. Coagulation Parameters: (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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blood behaviour. Overall, for all samples, with or without polyphenols, optimum 

hemocompatibility was observed (Figure 4.7). 

 

Figure 4.7. SEM of SPI with and without polyphenols in the hemocompatibility test. 

4.1.7 Antibacterial evaluation  

The antibacterial activity of air-dried SPI/agarose/polyphenols hydrogels against 

a panel of common pathogenic bacteria, including Staphylococcus, 

Acinetobacter, and Pseudomonas species, was investigated. The inhibitory halo 

on inoculated plates was used to test the efficacy of the SPI/Agarose-based 

hydrogels to suppress bacterial growth. As shown in Figure 4.8, all the 

hydrogels were capable of causing Gram-positive Staphylococcus species death, 

either on S. aureus ATCC 12600, S. epidermidis ATCC 35984, or clinically 

isolated MRSA WKZ-2 strain. Only the SPI/agarose/CA combination, on the 

other hand, was effective against the Gram-negative A. baumannii ATCC 9606 

strain. To further study the antibacterial action, the percentage of bacterial 

growth in liquid medium in the presence or absence of the hydrogels was 

determined. In the presence of SPI/CA and SPI/GA hydrogels, bacterial growth 

was nearly completely suppressed in the case of Staphylococcus and 
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Acinetobacter baumannii strains (max. value 0.002048), and S. epidermidis 

cells were completely killed. Interestingly, all the hydrogels were able to 

considerably lower the survival of Pseudomonas aeruginosa cells, with the 

SPI/agarose/GA and SPI/agarose/CGA hydrogels reducing survival by more 

than 50%. 

 

Figure 4.8. Antimicrobial activity of SPI/agarose-based hydrogels. Agar diffusion 

assays were performed and the diameter of zones of inhibition were calculated and 

reported for each sample (a). Experiments were also performed by determining the 

ability of samples to inhibit bacterial growth in liquid medium (c). Each graph refers to 

at least a biological duplicate and statistical analyses were performed by using Student’s 

t-test. Significant differences were indicated as *P  0.05, **P 0.01 or ***P  0.001. 
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Main Outcomes Of The Study: 

 Hydrogels were implemented by use of natural, easily accessible 

components, namely soy proteins, and plant-derived polyphenols,. 

▪ The hydrogels demonstrated remarkable adhesiveness and 

underwater resistance.  

 The incorporation of agarose in the SPI/polyphenols hydrogel formulation 

allowed access to hydrogels with good toughness and long-lasting 

adhesiveness, bio/hemo-compatibility, marked contact-active antibacterial 

activities and, in some cases, wound healing activity. 

 An insight into the nature of the interaction of the polyphenols with the 

protein is represented in the following Scheme 4.1.  
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Scheme 4.1. Proposed mode of interaction of the polyphenols investigated with SPI in 

the hydrogel formation.  
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4.2 Bioadhesives from whey proteins and extracts from agri-food by-

products   

4.2.1 Preparation of WPI/polyphenols hydrogels 

Due the interesting characteristics of SPI/polyphenols hydrogels, the adhesive 

properties of another type of protein, i.e. Whey Proteins Isolate (WPI), easily 

accessible as by-product of the dairy industry, were investigated. Previous 

studies have shown that a non-covalent modification of the WPI with 

polyphenols (gallic acid, chlorogenic acid and epigallocatechin gallate), is able 

to impart a series of advantages, such as greater solubility and emulsifying 

capacity [236]. 

On these bases, the possibility to open new perspectives and to increase the 

potential applications of WPI as surgical glues, combining these proteins with 

phenolic rich extracts from selected agri-food by-products was evaluated. The 

use of coupling agents or chemical additives was discarded since they are 

harmful to the environment and generally expensive, limiting their application 

on an industrial scale. Therefore, a green procedure, based on the use of 

biocompatible solvent and alkaline conditions, was followed.  

Initially, our attention was devoted to the optimization of WPI denaturation. 

Several denaturing conditions such as pH and/or temperature were explored.  

The best conditions in terms of underwater resistance on wood specimens as 

described in paragraph 4.1.2 were then selected. Briefly, WPI were dissolved in 

water (at 10% w/w) and incubated for 30 min at pH 12, the WPI denaturation 

pH. Subsequently, the effect of the addition of green extracts from agri-food by-

products to denatured WPI was evaluated. For this purpose, extracts of grape 

pomace, apple, orange and pomegranate peel and seeds, and Ficus leaves were 

selected based on the content of phenolic compounds presumably able to 

interact with denatured WPI (Table 4.6). 
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Table 4.6. Selected natural sources and corresponding phenolic compounds. 

 

 

 

 

 

 

 

Subsequently, the extraction process from selected agri-food wastes was 

optimized. Firstly, the various by-products were roughly grinded using a 

blender, lyophilized and then homogeneously pulverized with the aid of a ball 

mill (15 min, 50 oscillations/s), ensuring a more efficient and reproducible 

extraction process. All the samples were then extracted in water (100 mg in 1 

mL solid/liquid ratio), used as extraction solvent that can be directly added to 

denatured WPI. The mixtures were taken under stirring for 90 min at room 

temperature, then centrifuged for 10 min.  The recovered supernatant of each 

extract (1mL) was directly added to the previously denatured proteins (500 mg 

in 5mL of H2O), stirred for 24 h and centrifuged for 10 min. The precipitate thus 

obtained represents the WPI/polyphenols hydrogel.  

4.2.2 Properties of WPI/polyphenols hydrogels 

To have a preliminary evaluation of the adhesive properties of the prepared 

hydrogels and on their underwater resistance, the application of the 

WPI/polyphenols hydrogels on chicken breast muscle, pressed together with a 

clamp for 24 hours and dipped in PBS as described in paragraph 4.1.2, was 

evaluated.  Table 4.7 shows the adhesive properties of WPI hydrogels in the 

presence or in absence of polyphenols. Surprisingly, WPI showed optimum 

underwater resistance up to 35 days. The results obtained from WPI in the 

presence of apple, grape pomace and Ficus leaves extracts are comparable to 

Natural Sources Phenolic compounds 

Grape Pomace Gallic acid, ellagic acid, catechin 

Orange Hydroxycinnamic acids 

Apple Chlorogenic acid, caffeic acid  

Pomegranate Anthocyanins, flavonoids 

Ficus leaves Quercetin, luteolin 
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WPI alone. On the contrary, in the case of pomegranate and orange extracts a 

slight and a significant decrease, respectively, was observed. The differences in 

the polyphenols compositions obviously accounts for the different results of the 

wet resistance test.  

Table 4.7. Underwater resistance of chicken muscle slices glued with WPI or 

WPI/polyphenols in PBS. Shown are the mean of experiments in triplicate SD+1. 

Samples 
Underwater resistance 

(days) 

WPI ≥35 

WPI/apple extract ≥35 

WPI/pomegranate extract 33 

WPI/grape pomace extract ≥35 

WPI/Ficus leaves ≥35 

WPI/orange extract 24 

 

Based on these results, the orange extract was discarded for further analysis. As 

shown in Table 4.8 although the addition of polyphenols does not affect the 

already excellent underwater resistance of WPI, they could confer additional 

characteristics to WPI hydrogels such and antioxidant properties.  

Therefore, a further step of this work was devoted to the evaluation of the 

antioxidant properties using conventional chemical assays such as DPPH and 

FRAP. Firstly, the WPI/polyphenols hydrogels were lyophilized to warrant more 

reproducible results. In the case of DPPH assay it was not possible to evaluate 

the antioxidant activity due to the poor solubility of WPI/polyphenols in the 

ethanol medium, whereas in the case of FRAP assays interesting results were 

observed. 
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Table 4.8. Trolox eqs. of lyophilized WPI/polyphenols hydrogels. Reported are the 

mean ± SD values from at least three experiments. 

 

 

 

 

 

 

 

 

As shown in Table 4.8, WPI/grape pomace, Ficus leaves and pomegranate 

extracts exhibited higher antioxidant properties respect to WPI alone, whereas in 

the case of WPI/apple no difference in terms of Trolox eqs. was observed. 

Overall, the presence of polyphenols confers antioxidant properties to WPI. No 

significant information was gained by a direct comparison of the WPI/extracts 

antioxidant properties with the corresponding extracts alone. In fact, in order to 

prepare the WPI/extract a preliminary pre-treatment at pH 12 was carried out. 

This can cause the oxidation of the phenolic compounds, diminishing their 

antioxidant properties.  In addition, some covalent interactions between the 

quinone groups of the phenolic compounds with the protein residues such as 

Schiff base can reduce the amount of total free OH groups, causing a loss of 

antioxidant activity.  

Moreover, to get an insight of these antioxidant properties, the extraction yields 

of each extract were determined. In Table 4.9 the extraction yields, calculated 

with respect to the dry weight of the starting materials are reported. The highest 

yields were determined in the case of grape pomace and apples. On the contrary, 

the lowest value was obtained in the case of Ficus leaves.  

Therefore, based on these extraction yields, the highest antioxidant activity 

observed in the case of grape pomace could be due to the highest concentration 

of polyphenols added to denatured WPI. In fact, after the extraction (100 mg in 

1mL) and subsequent centrifugation, the resulting supernatants are directly 

Samples mg Trolox /mg samples 

WPI 0.002203 + 0.000001 

WPI/apple extract 0.0026 + 0.0002 

WPI/pomegranate extract 0.019 + 0.002 

WPI/grape pomace extract 0.037 + 0.007 

WPI/Ficus leaves 0.024 + 0.003 
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added to denatured WPI water solution. On the contrary, Ficus leaves showed 

the lowest extraction yields respect all the other extracts, consequently the 

lowest concentration inside WPI/polyphenols hydrogels. Notwithstanding this, 

the antioxidant activity is significantly higher than WPI alone. The apple extract 

showed high extraction yields and no antioxidant activity, indicating that a low 

content of phenolic compounds was extracted.  

 

Table 4.9. Reported the extraction yields, calculating with respect to the dry weight of 

the starting materials. Shown are the mean of experiments in triplicate SD+1. 

By-products Extraction yields (% w/w) 

Grape pomace 55% 

Apple 48% 

Pomegranate 44% 

Ficus leaves 29% 

 

Main Outcomes Of The Study: 

 Whey proteins WPI, representing the major by-product of dairy 

industries, were used for bioadhesive preparation in combination with 

water extracts of selected agri-food by-products were added to denatured.  

▪ Good antioxidant properties and adhesive properties of these 

hydrogels were demonstrated.  
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4.3 Experimental section 

Materials and Methods. Whey protein isolate (WPI) and soy protein isolate 

(SPI) (99%) was purchased from a commercial source (MyProtein). Caffeic acid 

(CA), chlorogenic acid (CGA), gallic acid (GA), agarose (analytical nucleic acid 

electrophoresis grade), and all other chemicals listed below were acquired from 

Sigma-Aldrich. Pomegranates, apples were provided at a local supermarket. 

Ficus leaves at a local garden. Grape pomace was kindly provided by Prof. 

Daniele Naviglio (Department of Chemical Sciences, University of Naples 

“Federico II”, Naples, Italy. All experiments were conducted using deionized 

water. A carpentry shop provided the pine wood specimens. Fresh chicken 

tissues (skin and muscle) were acquired from a local butcher and kept at 4 °C 

until usage, which was usually within 1-2 days. 

Uv-Vis spectra were recorded using a Jasco V-730. 

A ball mill (Pulverisette 23-Fritsch) was used to pulverized the agrifood by-

products.  

Preparation of the SPI/polyphenols hydrogels. To promote denaturation, SPI 

(1 g) was dissolved in water (10 mL) and taken under stirring at 85 °C. After 1 

hour, the appropriate polyphenol was added (Cf 28mM). The resulting solution 

was brought to pH 9 with 0.1 M NaOH and stirred for 2 h in air at 50 °C. The 

material thus obtained was centrifuged at 7000 rpm for 10 minutes at 4 °C. 

When reqiored, the hydrogels were lyophilized. 

Preparation of the SPI/agarose/polyphenols hydrogels. Denatured SPI (10% 

w/w) produced as stated above was added to a 2% w/w solution of agarose in 

water at a ratio of 2:1 v/v and heated at 70 °C for 15 minutes before pouring into 

a Petri dish and cooling at room temperature for 1 hour. The resultant hydrogel 

was dipped in a 10 mM polyphenol solution in 0.05 M phosphate buffer at pH 9. 

The hydrogel was rinsed with water after 2 hours (3x10 mL). The hydrogels 

were air dried before being rehydrated in a Petri plate with water. 
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Preparation of the WPI/polyphenols extracts. Firstly, 500 mg of WPI were 

added to 5 mL of a water solution, bought to pH 12 adding 6M NaOH and 

stirred for 30 minutes at room temperature. All the agri-food by-products were 

roughly ground, lyophilized and subsequently pulverized using a ball mill (50 

oscillations/min for 15 minutes). 100 mg of each agri-food wastes were added to 

1 mL of water. Subsequently, the mixture was stirred at room temperature for 90 

minutes, and centrifuged (5000 rpm for 10 min) at 20°C. The supernatants were 

then recovered, while the residual solids were lyophilized. The recovered 

supernatant of each extract (1 mL) was directly added to the previously 

denatured proteins (500 mg in 5mL of H2O), stirred for 24 h and centrifuged for 

10 min. The precipitate thus obtained represents the WPI/polyphenols hydrogel. 

2,2-diphenyl-1-picryl-hydrazyl (DPPH) assay.  To a 0.2 mM ethanolic 

solution of DPPH (3-5 mL), the lyophilized WPI/polyphenols hydrogels were 

added (60−400 mg), and after 10 min under stirring at room temperature the 

absorbance of the solution at 515 nm was measured. Experiments were run in 

triplicate [227,275]. 

Ferric Reducing/Antioxidant Power (FRAP) Assay. To 0.3 M acetate buffer 

(pH 3.6) containing 1.7 mM FeCl3 and 0.83 mM TPTZ, the lyophilized 

WPI/polyphenols hydrogels were added (2-10 mg) and after 10 min under 

stirring at room temperature the absorbance of the solution at 593 nm was 

measured. Results were expressed as Trolox equivalents (eqs). Experiments 

were run in triplicate [228]. 

Determination of the NH2 and SH content in SPI/polyphenols hydrogels. 

Sulfhydryl groups. As previously described, the sulfhydryl content was 

measured using Ellman's reagent [276].  Ellman's reagent was made by 

dissolving DTNB (4 mg) in 1 mL of Tris-glycine buffer (0.086 M Tris, 0.09 M 

glycine, and 4 mM ethylenediaminetetraacetic acid (EDTA), pH 8.0). 

SPI/polyphenols hydrogel powder was dissolved in Tris-glycine buffer to a 

concentration of 3 mg/mL and combined with 50 L of Ellman's reagent. The 
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combined solution was stirred at room temperature for 1 hour. As reference of 

SH group, only SPI sample were used. The absorbance at 412 nm was measured 

by Uv-Vis spectrophotometer and the result was adjusted for the contribution of 

each SPI/polyphenol material at the concentration employed (determined in the 

absence of Ellman's reagent). The data were represented as a percentage of 

reacted SH groups in SPI/polyphenols compared to pure SPI. A calibration 

curve was constructed using a glutathione solution at values ranging from 0.002-

0.01 mg/mL to assess the quantities of free SH groups in the denatured SPI. 

Amino groups. The free amino group content of the sample was measured 

using a slightly modified version of the o-phthalaldehyde (OPA) technique for 

soy proteins [276]. OPA (40 mg) was dissolved in methanol (1 mL), a 20% 

(w/v) sodium dodecyl sulfate (SDS) solution (2.5 mL), a 0.1 M borax solution 

(25 mL), and 100 L of -mercaptoethanol. Finally, the OPA reagent was made by 

adding distilled water to the solution in a volumetric flask until the total volume 

reached 50 mL. The samples were mixed with the OPA reagent until a final 

concentration of 0.18 mg/mL was reached. 

ATR FT IR measurements. The FTIR spectra of the lyophilized powder 

samples were obtained using a Perkin Elmer Spectrum 100 spectrophotometer 

(USA) fitted with a Universal ATR diamond crystal sampling attachment. 

Spectra were collected using an average of 16 scans at a resolution of 4 cm-1. 

EPR measurements. EPR measurements were performed using a X-band 

spectrometer (Bruker, Rheinstetten, Germany). Flame-sealed glass capillaries 

containing the samples were coaxially inserted in a standard 4 mm quartz 

sample tube. Spectra were acquired at room temperature. The instrumental 

settings were as follows: sweep width: 100 G; time constant: 10.24 ms; 

conversion time: 20.48 ms; modulation frequency: 100.00 kHz; modulation 

amplitude: 1.0 G; receiver gain: 60 dB. Power saturation experiments were 

preliminarily performed, with the microwave power gradually increasing from 

0.001 to 128 mW. Single spectra were then acquired at a microwave power 
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optimized for each sample to avoid microwave saturation of resonance 

absorption curve. Several scans, typically 128, were accumulated to improve the 

signal-to-noise ratio. The g value and the spin density were evaluated by means 

of an internal standard, Mn2+-doped MgO. The broadness of each spectrum was 

evaluated as distance, in G, between the maximum and the minimum of the 

observed signal (DB).  

SPI/polyphenols hydrogels morphological properties. The hydrogels were 

dried at room temperature for 24 h. Morphological analysis was performed by 

scanning electron microscopy (SEM) using a FEI Quanta 200 FEG SEM in high 

vacuum mode. Before SEM observations, samples were mounted onto SEM 

stubs by means of carbon adhesive disks and sputter coated with a 5-10 nm thick 

Au-Pd layer. All the samples were observed at 10 kV acceleration voltage using 

a secondary electron detector. 

SPI/polyphenols hydrogels mechanical properties. 

Adhesive strength. Soft wood (pine) specimens (30 x 20 x 50 mm thickness, 

breadth, and length) were utilized [266]. Weighted SPI or SPI/polyphenol slurry 

was produced as indicated before and brushed on a 2 × 2 cm area of each 

support (approximate protein concentration 1.80 mg/cm2). The pieces were 

clamped together for 24 hours. Wood specimens shear strength was evaluated 

using an Instron testing equipment (model 4505) with a crosshead speed of 25 

mm/min. The amount of force (N) needed to shatter the glued wood specimen 

was measured. All adhesive strength measurements shown are the results of six 

replications. The specimens were equilibrated for 48 hours before to 

measurement at 25 °C and 50% relative humidity (RH). For the water resistance 

test, the wood specimen was soaked in deionized water at room temperature and 

monitored on a regular basis. 

Adhesion tests of SPI/polyphenols hydrogels on animal tissues and 

underwater resistance. For tests on chicken skin a protocol previously 

described was adopted [277]. In brief, the fat layer below the skin was removed 
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using a scalpel and  the  tissue was cut  into  pieces  of approx. 15 x 20 mm, 

washed gently with hand soap once, rinsed with tap water, immersed in ethanol 

for 2 min and again rinsed with water. Skin samples prepared this way were kept 

immersed into 10 mM HEPES buffer at pH 7.5 for 30 min before their use for 

the adhesion tests. The SPI or SPI/polyphenols slurry was deposited on the skin 

on a 2 x 2 cm area.  

For the chicken breast muscle studies, slices of approximately 5 x 3 mm were 

cut with a knife and then submerged in HEPES buffer as described above, rinsed 

with deionized water, and gently wiped onto a tissue paper to blot the excess 

liquid. SPI or SPI/polyphenols slurry was added to the slices before they were 

squeezed together for 10 hours. 

Skin samples were soaked in PBS at room temperature and tested on a regular 

basis for water resistance. 

Water vapor permeability (WVP) tests.WVP measurements were performed 

according to ASTM E96 standard method. Air dried SPI/agarose/polyphenols 

hydrogels with exposed area of 2.83 cm2 were sealed over a circular opening of 

aluminum permeation cells filled with distilled water. The cells were kept in an 

environmental chamber at 25 °C under 50% RH. After the system reached 

steady state conditions, the weight change of the cell was measured every 24 h. 

Air dried SPI/agarose/polyphenols hydrogels were tested three times to confirm 

repeatability of measurements. 

The weight loss of hydrogels was plotted with respect to time, and the linear 

least-square method was used for the calculation of the parameters given by 

Equation: 

𝑊𝑉𝑃 = 𝐿 × 𝑊𝑉𝑇𝑅 ∆𝑃⁄  

where WVTR is the water vapor transmission rate of air-dried 

SPI/agarose/polyphenols hydrogels with (g s/m2), L is average thickness of the 

hydrogels (m), ΔP is the difference in water vapor pressure between the two 

exposed sides of the hydrogels (Pa). 
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Cytocompatibility.  Immortalized human keratinocytes (HaCaT) and human 

dermal fibroblasts (HDF) were cultivated at 37 °C in a humidified environment 

containing 5% CO2 in high-glucose Dulbecco's modified Eagle's medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS), 1% antibiotics 

(Pen/strep), and 1% l-glutamine. Cells were seeded on 96-well plates at a 

density of 3 103 cells/well 24 hours before treatment, then incubated for 24 and 

72 hours in the presence of the chemicals (agarose (0.625 mg/mL) or agarose as 

above/0.875 mg/ml SPI or agarose/SPI as above/0.0875 mg/ml CGA/0.005 

mg/ml CA or GA). MTT tests were done after treatments by replacing the cell 

culture supernatants with 0.5 mg/mL MTT reagent diluted in DMEM medium 

without red phenol (100 L/well). After 4 hours of incubation at 37 °C, the 

resultant insoluble formazan salts were solubilized in 0.01 M HCl in anhydrous 

isopropanol and measured using an automated plate reader spectrophotometer 

(BioTek Instruments, Inc., Winooski, VT) by measuring absorbance at 570 nm. 

Cell vitality was represented as a percentage value relative to untreated control 

cells.  

Hemocompatibility tests. Blood clot formation test, tromboelastogram, and 

scanning electron microscopy (SEM) analyses were used to assess sample 

hemocompatibility. All investigations were carried out using blood samples 

from four healthy human donors, graciously given by the Ospedale Maggiore 

della Carità's transfusional center in Novara. For statistical significance, the tests 

were performed in triplicate. 

Samples were put on 48-well plates and 50 L of human blood was poured over 

them for the blood clot formation test. After 1, 3, 5, 10, and 20 minutes, 0.5 mL 

of ultrapure water was added, and 100 L of the mixture was analyzed 

spectrophotometrically at 450 nm. Blood coagulation was inversely proportional 

to absorbance values. 

Tromboelastograms were generated by pouring 1 mL of human whole blood 

onto air dried SPI/agarose/polyphenols hydrogels for 30 minutes at 37°C. The 
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blood was then collected and mixed with Kaolin to speed up the coagulation 

process. 0.34 mL of the mixture was placed in a cuvette containing 20 L of a 0.2 

M CaCl2 solution. Tromboelastograph (TEG 5000, Haemonetics, USA) analysis 

was performed on the mixture, yielding four parameters: clot starting time, 

coagulation time, coagulation speed, and clot strength. 

SEM analysis was performed on the samples utilized in the tromboelastograph 

test. Samples were washed twice with 0.2 M cacodylate buffer (pH 7.4) before 

being fixed for 30 minutes using Karnovsky buffer (8% formalin, 2.5% 

glutaraldehyde in 0.2 M cacodylate buffer, pH 7.4). After that, samples were 

washed with cacodylate buffer and dehydrated with ethanol concentrations 

ranging from 50% to 100%. Finally, samples were soaked for 16 hours in 

hexamethyildisilazane. Finally, samples were examined using a JSM-IT500 

InTouchScopeTM Scanning Electron Microscope (JEOL, Tokyo, Japan). 

Scratch test. As previously mentioned [278], the wound healing efficacy of 

SPI/polyphenols hydrogels was investigated in vitro. Human HaCaT 

keratinocytes were seeded at a density of 300 000 cells/well in 0.3 mL media per 

well in an 8-well chamber (NuncTM Lab-TekTM Chambered Coverglass). After 

a 24-hour incubation at 37 °C, cell monolayers were injured using a pipette tip 

to remove cells from a specified location of the monolayer. After removing the 

culture medium, the cells were washed twice with PBS. The cells were 

subsequently treated in new culture media using agarose (0.625 mg/mL) or 

agarose as described above/0.875 mg/mL SPI or agarose/SPI as described 

above/0.0875 mg/mL CGA/0.005 mg/mL CA. At t0 and t24 h of incubation, 

wound closure was assessed using an inverted microscope (Zeiss LMS 700, Carl 

Zeiss, Germany) by measuring the regions. The ratio of the areas at t0 and t24 h 

for each sample is used to calculate wound closure. To account for repeatability, 

the data from three different experiments were averaged, and the standard error 

of the mean was computed. 

 



184 
 

Antibacterial activity. 

Bacterial strains and growth conditions. Bacterial strains Staphylococcus 

aureus ATCC 12600, Methicillin Resistant Staphylococcus aureus (MRSA) 

WKZ-2, Staphylococcus epidermidis ATCC 35984, Acinetobacter baumannii 

ATCC 9606, and Pseudomonas aeruginosa ATCC 27853 were cultured in 

Muller Hinton Broth (MHB, Becton Dickinson. Bacterial cells were injected and 

cultured overnight in MHB at 37 °C in all studies to examine the antibacterial 

activity of air dried SPI/agarose/polyphenols hydrogels. The bacteria were 

transferred to a new MHB tube the next day and grew to the mid-logarithmic 

phase. 

Inhibition halo and percentage of bacterial growth. Bacterial cells were 

diluted into 0.5x nutritional broth (NB) to roughly 2 x 108 CFU/mL and injected 

onto LB plates to test the inhibitory halo of air dried SPI/agarose/polyphenols 

hydrogels. The hydrogels were then put in a square of 1 cm2 on the inoculation 

plate and pushed to achieve complete contact with the agar surface. Plates were 

then incubated at 37 °C overnight to assess bacterial growth surrounding the 

hydrogels. Bacterial cells were diluted in 0.5x NB to roughly 2 x 106 CFU/mL 

to determine the percentage of cell viability. 500 L of bacterial culture was 

deposited on a 1 cm2 square of each hydrogel examined and incubated overnight 

at 37 °C. The next day, each culture sample was diluted in 0.5xNB media and 

colony counted on LB agar. 

Statistical analysis. Statistical analysis was performed by using a Student’s t-

Test. Significant differences were indicated as *(P < 0.05), **(P < 0.01) or 

***(P< 0.001). 
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Chapter 5 

 

5 Green methodologies for the recovery of low and high 

molecular weight phenolic compounds from agri-food 

by-products 

 

As mentioned in the Introduction, agri-food industry is responsible for the 

generation of high volumes of organic wastes, consisting mainly of fruit and 

vegetable by-products. On the other hand, these materials may be considered as 

an easily accessible, low-cost source of value-added active compounds. Of 

particular interest are phenolic compounds due to their unique and varied 

properties [36,279,280].  Therefore, the wide distribution of phenolic 

compounds in agri-food by-products has focused intense research work on the 

development and optimization of extraction methodologies. Typically, solid-

liquid extraction techniques are used, which involve long extraction times, high 

costs, and use of organic solvents with inherent drawbacks such as low boiling 

points, flammability, toxicity, and non-biodegradability. To overcome these 

limitations efforts have devoted to the development of recovery methods using 

low environmental impact solvents, with strong extraction qualities and at the 

same time low cost and minimal environmental impact.  

Recently, Deep Eutectic Solvents (DES) have become increasingly popular as 

eco-friendly as well as biocompatible solvents for the recovery of phenolic 

compounds from agri-food by-products [281–285]. In fact, DES are easily 

prepared and are typically less expensive, biodegradable, and biocompatible 

when compared to standard organic solvents [154,155].  Lately, to achieve a 

more efficient recovery and a more reproducible extraction procedure, the use of 

mechanical treatments, including a ball or a planetary mill, has been evaluated. 
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Yet, despite the considerable interest, rational approaches for a complete 

valorisation of the phenolic compounds have not been deeply explored.  

On these bases in this Chapter, a green procedure based on DES combined with 

proper mechanical pre-treatment for the recovery of lignin from agri-food by-

products was evaluated. 

Secondly, a sequential conventional/DES based extraction method for the 

recovery of low and high molecular weight phenolic compounds from agri-food 

by-products, including defatted spent coffee ground (dSCG) and pomegranate 

peels and seeds, was assessed.  
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Results and Discussion 

5.1 Lignin extraction from nut shells 

Based on a previous developed protocol [286], a procedure involving choline 

chloride and lactic acid as DES for the extraction of lignin from selected nut 

shells was adopted. Firstly, all the shells were finely minced with the aid of a 

ball mill. This preliminary step is crucial to improve the extraction yields by 

increasing surface area and cleaving glycosidic linkages and β-O-4 bonds of 

lignin components [287–290]. As result, the release of phenolic hydroxyl groups 

and therefore an improvement of the antioxidant properties could be obtained. 

Extraction was performed at 120°C for 24 h. Therefore, lignin was recovered in 

the form of brown/black powders by simple precipitation, centrifugation, and 

lyophilization.  

In Table 5.1 the extraction and recovery yields obtained from various nut shells, 

calculated with respect to the amount of starting or DES-dissolved material, are 

reported. The highest values were observed in hazelnut and pistachio shells. 

Particularly, the hazelnut shell lignin yields were higher than those reported in 

literature using other extraction processes [291,292],  whereas no data for 

pistachio and pecan nut shells lignin have been reported yet. A 36% w/w yield 

of peanut shell lignin was recently reported utilizing 6:4 v/v ethanol/water as the 

solvent at 180 °C for 100 minutes [293]. In this last case, our developed 

extraction protocol allows comparable yields respect to the other one already 

reported in literature, and at the same time a low cost and ecologically friendly 

procedure. Finally, chestnut shell exhibited the lowest extraction/recovery 

yields, although comparable to those reported in literature using different 

solvents [294].  
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Table 5.1. Lignin extraction and recovery yields from selected nut shells. 1 ws: weight of 

starting material; wd: weight of the DES-dissolved material. 

Shell 
Extraction Yield 

(% w/ws)1 

Recovery Yield 

 (% w/wd)1 

Peanut 19 34 

Chestnut 19 27 

Hazelnut 25 36 

Pecan nut 19 34 

Pistachio 27 38 

 

5.1.1 Structural Characterization of Nut shell Lignin  

5.1.1.1  Spectroscopic analysis  

EPR spectroscopy is widely used as a powerful, sensitive and specific technique 

for the identification of phenolic polymers, due to the presence of intrinsic free 

radical centers [279,286,295–297]. Therefore, the recovered lignins were 

structurally characterized by EPR. In all samples, EPR spectra showed a singlet 

(Figure 5.1 panel a) at g values compatible with the existence of carbon-centered 

radicals (Table 5.2) [269,286]. Notably, while the starting nut shells had 

apparently asymmetric spectra (Figure 5.2), likely due to the superposition of 

signals from distinct radical species, all the recovered lignins had a symmetric 

signal (Figure 5.1) with an intermediate line shape between Gaussian and 

Lorentzian derivatives functions, except for chestnut and hazelnut lignin (Table 

5.2) 

Furthermore, recovered lignin exhibited higher spin density and lower signal 

amplitude (ΔB) values than the starting material (Table 5.2), indicating that the 

DES-based extraction is efficient and provide samples enriched in the lignin 

component, characterized by a more homogeneous free radical population and a 

relatively higher degree of pi-electron delocalization. In addition, the normalized 

power saturation curves (Figure 5.1 b) for chestnut, hazelnut, and pecan nut 

shell lignin showed a well-pronounced intensity decrease at high microwave 
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power, indicating a strong homogeneous relaxation behavior, thus confirming a 

low degree of variety of the free-radical population in the DES-recovered 

samples [286].  

 

Table 5.2. EPR data for nut shell and related lignins. 1For the spectra of the starting 

material, showing the superposition of signals, the Gaussian fraction was not 

determined. 

Sample 
spin/g 

concentration 

ΔB 

(± 0.2) 

Gauss 

fraction 

(± 0.05)1 

g-factor 

(± 0.0003) 

Peanut  

shell 

Starting 
2.6E+16 5.6 - 2.0038 

Lignin 
2.2E+17 5.1 0.42 2.0030 

Chestnut 

shell 

Starting 1.6E+16 5.9 - 2.0031 

Lignin 3.5E+17 4.2 0.70 2.0031 

Hazelnut 

shell 

Starting 2.1E+16 7.0 - 2.0031 

Lignin 6.6E+16 5.3 0.21 2.0036 

Pecan 

nut 

shell 

Starting 1.4E+16 4.8 - 2.0026 

Lignin 4.6E+17 4.5 0.48 2.0030 

Pistachio 

shell 

Starting 5.9E+15 6.8 - 2.0037 

Lignin 2.5E+17 4.7 0.43 2.0027 
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Figure 5.1. (a) Solid state EPR spectra and (b) power saturation profiles of lignins 

recovered from the different nut shells.  
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Figure 5.2. (a) Solid state EPR spectra and (b) power saturation profiles of starting nut 

shells. 

To gain more information on the recovered lignins, in subsequent experiments 

an ATR-FTIR analysis was carried out. As an example, the ATR-FTIR spectra 

of extracted lignin and pistachio shells is reported. The spectra revealed the 

existence of two prominent peaks in the 2950-2850 cm-1 region (Band 1), which 

are likely attributable to the CH bond stretching vibration of lignins (Figure 5.3) 

[117,279]. A significant decrease in the signal at around 1000 cm-1 (Band 2), 
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associated with C-O-C skeletal vibration of polysaccharides, was observed in 

the lignin sample, most likely due to the removal of this component from the 

starting material following DES-based treatment. 

 

Figure 5.3. ATR-FTIR spectra of pistachio lignins (red line) and nut shells (black line). 

Highlighted are the bands associated to the aromatic C−H bond stretching vibration of 

lignins and C-O-C skeletal vibration of polysaccharides. 

The Uv-Vis spectra of the DMSO-soluble portion of the recovered lignins were 

also recorded (Figure 5.4). This solvent is commonly known for its ability to 

dissolve a wide spectrum of phenolic compounds. All the samples displayed 

broadband absorption in the 240-640 nm range, with a maximum at 280 and 310 

nm characteristic of lignin moieties  [298,299], marked in the samples derived 

from peanut, hazelnut, and pistachio shells. 
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Figure 5.4. Uv-Vis spectra of the DMSO-soluble fraction of (a) peanut, (b) chestnut, (c) 

hazelnut, (d) pecan nut, and (e) pistachio shell lignins. 

 

Finally, 1H NMR analysis of the recovered lignins using DMSO-d6 as solvent 

was performed.  A very broad complex signal at 6.0-7.4 ppm was detected for 

all samples, indicating the presence of a heterogeneous phenolic polymer such 

as lignin  [286,300]. Notably, in the case of chestnut shell lignin, a singlet at 

7.48 ppm was also observed, most likely due to the presence of a minor quantity 

of ellagic acid [301], consistent with prior findings for DES-based chestnut shell 

extractions [302,303]. Chestnut shell lignin and, to a lower extent, pecan nut 
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shell lignin were the only samples with a discernible wide signal in the 8.5-9.5 

ppm range, most likely due to the presence of a considerable amount of phenolic 

OH. As representative and most interesting example, the 1H-NMR spectra of 

chestnut shell is reported in Figure 5.5.  

 

Figure 5.5. 1H NMR spectra (DMSO-d6) of chestnut shell lignins. 

5.1.1.2 Chromatographic Analysis  

To obtain additional data on the composition of the DES-recovered lignins from 

the various nut shells, the DMSO-soluble fractions were analyzed by HPLC 

after proper dilution in methanol. Elutographic profiles for all samples revealed 

no appreciable peaks, demonstrating the lack of low molecular weight phenolic 

substances. The only exception was the chestnut shell-derived sample, which 

showed a peak around 36 min (Figure 5.6), attributed to ellagic acid by LC-MS 

analysis and by comparison of chromatographic profile with an authentic 

standard. This compound was found in approximately 0.9w/w % concentration 

in the chestnut shell DES-extracted sample. Overall, these results confirmed the 

data already obtained by 1H-NMR analysis. 
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Figure 5.6. HPLC profile of the DMSO-soluble fraction of chestnut shell lignin. 

 

Chemical degradation treatments commonly used for the qualitative and 

quantitative analysis of phenolic polymers were used, in order to obtain 

additional information on the non-chromatographable components of the 

different samples. Thiolysis, acid degradation, and alkaline hydrogen peroxide 

degradation were all carried out. The first method is frequently used to analyze 

condensed tannins [304], whereas acid degradation is used to detect extractable 

and non-extractable ellagitannins [305]. Alkaline hydrogen peroxide degradation 

allows for the analysis of insoluble and structurally complex phenolic polymers 

such as melanin pigments and lignins, and is based on the identification of 

chromatographable, low-molecular weight markers derived from the polymer 

oxidative breakdown [306,307]. No amounts of hydrolysable tannins and 

condensed tannins in all lignins were detected by the spectrophotometric acid 

degradation and vanillin-HCl assay, respectively [304] .  

On the contrary, the HPLC profiles of the alkaline hydrogen peroxide 

degradation mixtures exhibited, among others, two main peaks eluted at 25.0 

and 26.7 min identified as vanillic and syringic acid, respectively, based on LC-

MS analysis and on the comparison of the chromatographic properties with 

those of authentic standards.  
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Both compounds, indicating the presence of guaiacyl and syringyl units in the 

lignin samples, were found in the elutographic profiles of hazelnut, peanut, and 

pistachio shell lignin degradation mixtures. On the other hand, chestnut shell 

lignin contained only low amounts of syringic acid, whereas pecan shell lignin 

only vanillic acid. As an example, the hazelnut lignin is represented in Figure 

5.7. 

 

Figure 5.7. HPLC elutographic profiles alkaline hydrogen peroxide degradation mixture 

of hazelnut by-product and lignin thereof. 

According to the spectroscopic and chromatographic results, the ball 

milling/DES-based extraction method allow the recovery of structurally diverse 

lignin-rich samples of high purity from all of the selected nut shells. 

5.1.2 Antioxidant Properties of the Nut Shell-Derived Lignin  

Another series of experiments were devoted to the evaluation of the recovered 

lignins for their TPC and antioxidant properties using standard 

spectrophotometric assays. 

Chestnut shell lignin was the most active substance in the DPPH experiment, 

with an EC50 value lower than that found for the reference antioxidant substance 

Trolox. Pecan nut shell lignin also exhibited good DPPH-reducing activities, 

demonstrating the great efficacy of this agrifood by-product as a source of 
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antioxidant phenolic compounds. On the other hand, compared to chestnut and 

pecan nut shell lignins, the EC50 values of peanut, hazelnut, and pistachio nut 

shell lignins were significant higher. 

In agreement with the DPPH assay, also chestnut shell lignin exhibited the 

highest reducing properties in the FRAP assay, whereas all the other samples 

were characterized by comparable Trolox equivalent values (Figure 5.8 panel b).  

The presence of a large amount of phenolic OH groups of chestnut shell lignin 

found by 1H NMR analysis would be consistent with the better antioxidant 

abilities in both the DPPH and FRAP assays. The EA, present in the chestnut 

shell lignin, accounts for only 5-12% of the DPPH and Fe3+ reducing properties, 

demonstrating the real antioxidant activity of chestnut lignin. 

The highest TPC levels, determined by the Folin-Ciocalteu assay, were found in 

pecan nut shell and chestnut lignins, which are consistent with the findings of 

the antioxidant assays. 

The differences in the results of the three assays may be accounted for in terms 

of the different properties evaluated by each of them. In fact, DPPH assay 

measures the electron transfer and hydrogen atom transfer ability of a given 

compound, whereas the FRAP assay reflects the ability to transfer electrons to 

iron III. On the other hand, Folin-Ciocalteu assay requires relatively high pH 

and may cause the phenolic content and, thus, the antioxidant capabilities, to be 

overestimated. Of course, the relative solubility in the test media may also 

impact the antioxidant properties of all the tested samples.  

Notably, a very good direct linear correlation between the EC50 values from the 

DPPH assay and the ΔB values of the EPR spectra was obtained (R2= 0.94). 

This is consistent with previous findings for bio-inspired phenolic polymers and 

would emphasize the significance of p-electron spin delocalization, one of the 

primary factors of EPR signal narrowing, as a structural determinant of the 

antioxidant properties of phenolic polymers, including lignin. (Figure 5.9). 
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Figure 5.8. Antioxidant properties and TPC of nut shell-derived lignins. (a) DPPH 

assay; (b) FRAP assay; (c) Folin-Ciocalteu assay.   
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Figure 5.9. Correlation between antioxidant properties (expressed as EC50 values 

determined in the DPPH assay) and ΔB values (determined by EPR spectroscopy) of nut 

shell lignin (EC50 = (-0.58 ± 0.10) + (1.15 ± 0.02) ΔB, R2 = 0.94).  

Given the promising results obtained a complete evaluation of costs of the 

procedure, including those derived from electric power usage and equipment 

operation will be addressed in further studies. 

Main Outcomes Of The Study: 

 A straightforward, low-cost, and green method based on DES/ball mill 

extraction for the recovery of high molecular weight phenolic compounds 

such as lignin from the edible nuts shells was developed. 

▪ All the samples exhibited marked antioxidant activity comparable 

or even higher than those of the reference antioxidant Trolox, as 

evaluated by DPPH and FRAP assays and a high phenolic content 

as demonstrated by TPC assay. 
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5.2 Extraction of low and high molecular weight phenolic compounds 

from defatted Spent Coffee Ground (dSCG)  

Based on the results reported in the previous paragraphs, the possibility to use 

the developed protocol for the recovery of lignin from other agri-food by-

products, such as defatted spent ground coffee (dSCG), was assessed. 

In particular, a sequential two-step extraction protocol was developed, 

selectively affording phenolic compounds extracts and a lignin-enriched sample. 

To exploit at best possible defatted SCG, made available from some 

collaborators after the recovery of triglycerides, an extraction procedure 

involving two sequential treatments was carried out: the first one was aimed at 

the extraction of low molecular weight phenolic compounds from dSCG, 

whereas the second at the recovery of lignin from the solid residue obtained 

after this first treatment. A representative scheme of the sequential extraction 

procedure is shown in Figure 5.10. The final solid residue obtained after the 

recovery of lignin was used as a source of sugars through enzymatic hydrolysis.  
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Figure 5.10. Representative scheme of the sequential extraction procedure.  

5.2.1 Extraction of low molecular weight phenolic compounds 

from dSCG 

Firstly, the procedure for the extraction of low molecular weight phenolic 

compounds was implemented. Briefly, dSCG was extracted using water, ethanol 

or ethanol/water 6:4 v/v at a 100 mg/mL s/l ratio. The mixtures were kept under 

magnetic stirring for 90 min at 50°C and then centrifuged for 10 minutes.   

The three extracts were preliminarily analyzed by Uv-Vis spectroscopy and 

HPLC. All the Uv-Vis spectra exhibited two absorption maxima at 280 and 320 
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nm (Figure 5.11 a), presumably attributed to the presence of hydroxycinnamic 

acids. In addition, the aqueous and hydroalcoholic extracts showed an 

absorption about 2-fold higher than that observed for the ethanolic extract. For 

all samples, HPLC analysis showed quite similar elutographic profiles in 

qualitative and quantitative terms. In particular, a slightly lower intensity of 

peaks eluted around 12 and 18-19 min, in agreement with Uv-Vis analysis was 

observed. 

 

Figure 5.11. a) HPLC profiles and b) Uv-Vis spectra of dSCG aqueous, ethanolic and 

hydroalcoholic extracts. 

Among the selected solvents, best results were observed using ethanol/water as 

extraction solvent of low molecular weight phenolic compounds. Therefore, all 

the other experiments were focused on the hydroalcoholic extract. The extract 

was again analyzed by HPLC using a Uv-Vis detector, at different wavelength 

such as 254 nm (a universal detection wavelength for aromatic compounds), 280 

nm (specific for dihydrocalcones and flavanols), 320 nm (specific for 

hydroxycinnamic acids), and 400 nm (specific for flavonols). 

In Figure 5.12 the elutographic profiles at 254 nm of the hydroalcoholic extract 

is reported. Several products eluted at 12, 18-22 and around 30 min were 
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observed, whereas the elutographic profiles at 320 nm, showed the presence of 

three main peaks at 12, 18 and 19 min, attributed to hydroxycinnamic acids. The 

compounds eluted at 19 and 22 min were identified as chlorogenic acid and 

caffein, as demonstrated by LC-MS analysis and using an authentic standard as 

reference. The other compounds, detected at 320 nm, could likely be isomers of 

chlorogenic acid, commonly found in coffee. The content of chlorogenic acid 

and caffein was estimated as much as 2 and 21% w/w, respectively. Finally, the 

HPLC profile recorded at 400 nm proved the absence of flavonols in the dSCG 

extract.  
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Figure 5.12. Elutographic profiles of dSCG hydroalcoholic extract detected at λ 254 nm, 

280 nm, 320 nm and 400 nm. 

 

Subsequently, the hydroalcoholic extract was partially dried using a rotatory 

evaporator to remove ethanol, lyophilized and an extraction yield of about 6% 

calculated with respect to the starting dSCG was determined. In order to 

increase this value, the extraction process was repeated three times, providing an 

almost 2-fold higher extraction yield (11 w/w %). In addition, in the perspective 

of a large-scale treatment, the extraction from a 15-fold larger amount of starting 

material was performed and proved to be repeatable.  
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5.2.2 Green extraction of lignin of solid residue from dSCG 

hydroalcoholic treatment  

In addition to low molecular weight phenolic compounds, SCG contains also 

high molecular weight phenolic compounds, in particular lignin. A green 

protocol based on the use DESs was adopted and slightly changed for the 

recovery of lignin from the solid residue deriving from dSCG after the treatment 

with conventional organic solvents. Therefore, four different DESs were 

prepared, including ChCl and lactic acid (at 1:2 or 1:9 mol/mol ratio), ChCl and 

glycerol (at 1:2 mol/mol ratio), ChCl and 1,2- propanediol (at 1:2 mol/mol 

ratio). In addition, for all the DESs, a 20 w/w % of water was added. The solid 

residue resulting from hydroalcoholic extraction was extracted at 120°C (100 

g/kg s/l ratio) for 24 h. After that, the resulting mixture was precipitated, 

centrifuged, and lyophilized, allowing the recovery of lignin as black-brown 

powder in yields ranging from 2 to 8 w/w % with respect to the starting material. 

On the contrary, in the case of ChCl:glycerol, the extraction yield was very low 

(<1%) and therefore was excluded for further analysis. 

The three lignin samples were then dissolved in DMSO, and their antioxidant 

properties were initially assessed using the DPPH assay. In Figure 5.13, the EC50 

values are reported, revealing excellent results for all the lignins extracted.  

 

Figure 5.13. DPPH assay results for lignins obtained with selected DESs. Reported are 

the mean ± SD values of at least three experiments. 
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Although no substantial difference was observed, considering previous literature 

work demonstrating the excellent ability of DES ChCl/LA2 to recover phenolic 

compounds from other by-products, the lignin sample obtained using this 

solvent was selected for further analysis. 

To get additional information on the ChCl:LA2-recovered lignin, the sample 

was dissolved in DMSO and then analyzed by Uv-Vis spectroscopy after proper 

dilution in methanol. The Uv-Vis spectra of lignin showed a broadband 

absorption in the range 250-700 nm, typical of lignin moieties and at the same 

time the disappearance of the absorption maxima at around 280 and 310 nm, 

typical of hydroxycinnamic acid, suggesting the absence of low molecular 

weight phenolic compounds (Figure 5.14 panel a). In agreement with these 

results, the HPLC analysis with a Uv-Vis detector at 254 nm showed no 

significant peaks.  

  

Figure 5.14. Uv-Vis spectrum of lignin solubilized in DMSO, after proper dilution in 

methanol.  

In addition, chemical degradation treatments, such as alkaline hydrogen 

peroxide degradation and acid degradation, commonly used for the qualitative 

and quantitative analysis of lignin markers and hydrolazable tannins, 

respectively were carried out.  In the case of acid degradation mixture, no 
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products were detected by HPLC analysis, indicating the absence of significant 

amounts of hydrolyzable tannins in the lignin sample. On the other hand, the 

HPLC profile of the alkaline hydrogen peroxide degradation mixture showed, 

among others, a peak eluted at around 24.5 min (Figure 5.15), identified as 

vanillic, by comparison with an authentic standard, indicative of the presence of 

guaiacyl units in the lignin sample. 

 

Figure 5.15. Elutographic profile of the alkaline hydrogen peroxide degradation mixture 

of lignin. 

5.2.3 Antioxidant properties of dSCG extracts 

The sequential treatment of dSCG with ethanol/water and then with ChCl:LA2, 

allowed the recovery of a low molecular weight phenolic compounds and a 

lignin enriched sample, respectively. In addition, the antioxidant activity of the 

two fractions was evaluated by DPPH and FRAP assays, whereas the total 

phenol content (TPC) was determined by Folin-Ciocalteu assay.  

As shown in Table 5.3, in the case of DPPH comparable EC50 values between 

lignin and hydroalcoholic extract was determined, whereas in the FRAP assay 

lignin was found to be about 2.5-fold less active. Despite this, both samples 

exhibited marked reducing properties and even higher with respect starting spent 

coffee ground reported in literature [117]. On the contrary, the total phenol 
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content was higher in the case of lignin of about 2-fold than that observed for 

the hydroalcoholic extract. As already proposed in paragraph 5.1.2, the observed 

differences could be due to the different mechanisms by which the compounds 

exert the antioxidant activity and the different solubility of the compounds in the 

media of the assays.  

 

Table 5.3. Antioxidant properties and total phenolic content of the two fractions 

recovered from the sequential extraction of dSCG. Reported are the mean ± SD values 

of at least three experiments. 

 
DPPH 

EC50 (mg/mL) 

FRAP (mg of 

Trolox/mg of 

samples) 

TPC (mg of gallic 

acid/mg of 

samples) 

Hydroalcoholic 

extract 

0.054 ±0.002 0.635 ±0.002 0.098 ±0.008  

Lignin  0.061 ±0.001 0.257 ±0.021 0.171 ±0.004  

 

Finally, the presence of condensed tannins and of flavonoids was determined by 

the vanillin-HCl and the total flavonoids content (TFC) assay, respectively. In 

all samples and for both assays, no appreciable values were obtained. 

5.3 Recovery of low and high molecular weight phenolic compounds 

from other agri-food by-products by a sequential two-steps protocol 

5.3.1 Evaluation of the antioxidant properties of low molecular 

weight phenolic compounds recovered from different agri-food by-

products 

Based on the results reported in the previous paragraph, the possibility to extend 

the sequential two-step protocol to the recovery of low and high molecular 

weight phenolic compounds from other agrifood by-products was evaluated.   

In this perspective, the first part of this work was aimed at the preparation and 

evaluation of the antioxidant properties of different agrifood wastes. 

Pomegranate peel and seeds, grape pomace, spent coffee ground, nuts shells, 
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pineapple peel and stem, tomato and apples peel and seeds, orange peels were 

selected as fruit and vegetable by-products. 

In the initial extraction procedure, each waste was lyophilized and roughly 

minced using a common blender. On the other hand, chestnut, pistachio, 

hazelnut and peanut shells were also finely minced with the aid of a ball mill. 

The resulting materials were extracted using water at a 100 mg/mL s/l ratio. The 

mixtures were kept under magnetic stirring for 60 min at room temperature and 

then centrifuged for 10 minutes. The solid residue was lyophilized, and the 

supernatants collected. Among all, the highest extraction yields (≥ 50 w/w %) 

were observed in the case of grape pomace and pomegranate, whereas the other 

wastes exhibited values lower than 10 w/w % 

Furthermore, the antioxidant properties of all the selected by-products were 

investigated by DPPH and FRAP assays (Table 5.4). Among all by-products 

investigated, pomegranate and grape pomace extracts showed the most 

promising results. In particular, pomegranate extract exhibited EC50 value and 

Trolox eqs. 10-fold higher than grape pomace extract. On these samples, the 

Folin-Ciocalteu assay was also carried out. In agreement with the antioxidant 

properties, pomegranate extract revealed the highest content of phenolic 

compounds (up to 10- fold with respect to the others). 
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Table 5.4. Antioxidant properties and total phenolic content of the selected by-products 

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

Samples 
DPPH 

EC50 (mg/mL) 

FRAP  

(mg of Trolox/mg 

of samples) 

TPC 

 (mg of gallic acid/mg 

of samples) 

PPoommeeggrraannaattee 00..00222222  ±±  00..00000022 00..3355  ±±  00..0011 00..11557755  ±±  00..00000033 
Pineapple 3.4 ± 0.1 0.0046 ± 0.0002 0.0034 ± 0.0002 
Tomato 5.3 ± 0.1 0.0029 ± 0.0001 0.0019 ± 0.0001 
Spent coffee 

ground 
0.507 ± 0.001 0.139 ± 0.007 0.063 ± 0.002 

GGrraappee  PPoommaaccee 00..44  ±±  00..0011 00..003377  ±±  00..000011 00..00220011  ±±  00..00000011 
Peanuts 1.3 ± 0.2 0.0174 ± 0.0003 0.0106 ± 0.0001 

 

The optimal waste product for the sequential two-step protocol was selected 

based on the antioxidant properties of low molecular weight phenolic 

compounds recovered from different agri-food by-products. Actually, in the 

perspective of incorporating these compounds into biopolymers for food 

packaging applications, it is of the outmost importance to have very active low 

molecular phenolic compounds in terms of antioxidant properties. In fact, these 

compounds are generally soluble in common solvents and can better interact 

with foods. Based on these findings, pomegranate extract, that exhibited the 

highest antioxidant activity and recovery yields with respect to all the other by-

products examined, was used in further analysis.  

5.3.2 Extraction and characterization of low molecular weight 

phenolic compounds from pomegranate peel and seeds by-products  

Firstly, the pomegranate extraction process of low molecular weight phenolic 

compounds was optimized. Other two solvents such as water and water/ethanol 

4:6 v/v were selected, and the extraction process described in the previous 
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paragraph 5.3.1 was performed. The supernatants were recovered by 

centrifugation and the extraction yields calculated. As shown in Table 5.5, the 

aqueous and hydroalcoholic extracts were obtained in quite similar and high 

yields, whereas in the case of ethanolic extract a very low value was observed.  

Table 5.5. Yields of aqueous and hydroalcoholic extracts obtained from pomegranate, 

referred to the dry weight of the starting material. Reported are the mean of two 

experiments.  
Extraction yields (w/w %) 

H2O 48.7 

EtOH 13.6 

EtOH/H2O 43.5 

 

In addition, the antioxidant properties, and the total content of phenols (TPC) of 

the three extracts were evaluated by DPPH, FRAP and Folin-Ciocalteau assay, 

respectively. As shown in Table 5.6, the water and hydroalcoholic extracts 

showed similar antioxidant activity and content of phenols and 2-fold higher 

than that observed in the case of ethanol as extraction solvent. 

Table 5.6. Antioxidant properties and total phenolic content of the water, alcoholic and 

hydroalcoholic extracts. Reported are the mean ± SD values of at least three 

experiments. 

Solvent EC50 (mg/mL) 

DPPH 

mg of Trolox/mg of 

sample 

FRAP 

mg of gallic acid/ 

mg of sample 

TPC 

water 0.0222 ± 0.0002 0.35 ± 0.01 0.1575 ± 0.0003 

Ethanol 0.049 ± 0.001 0.26 ± 0.02 0.087 ± 0.02 

Ethanol/water 0.020 ± 0.001 0.33 ± 0.02 0.24 ± 0.04 

To get information on the phenolic composition, all the three extracts were then 

analyzed by Uv-Vis spectroscopy and HPLC. As representative example, in 

Figure 5.16 the elutographic profile of the hydroalcoholic extract is reported. In 

all cases, the presence of two peaks eluted at ca. 21 and 36 min and identified as 
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punicalagin and ellagic acid, by LC-MS analysis and comparison of 

chromatographic profile with an authentic standard, were observed.  

 

Figure 5.16. HPLC profile of pomegranate extracts (0.085 mg/mL). 

In addition, for each extracts the amount of ellagic acid was determined and 

compared to extract obtained using DMSO as extraction solvent, commonly 

known for its ability to dissolve a wide spectrum of phenolic compounds. As 

shown in Table 5.7, the extraction yields for all the selected solvent are very 

similar and only 25-45% lower than that observed in the case of DMSO.  

Table 5.7. EA extraction and recovery yields from water, ethanolic, hydroalcoholic 

pomegranate extracts. 

Pomegranate 
Extraction Yield 

(% w/ws)1 

Water 0.20 

Ethanol 0.23 

Hydroalcoholic 0.27 

DMSO 0.36 

1 ws: weight of starting material; wd: weight of dissolved material. 

In addition, the Uv-Vis spectra exhibited two absorption maxima at about 260 

nm and 375 nm, typical of ellagic acid and punicalagin. In agreement with the 

higher antioxidant activity, the Uv-Vis spectra of the aqueous and 
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hydroalcoholic extracts showed a slightly more intense absorbance with respect 

to that observed for the ethanolic extract (Figure 5.17).  

 

Figure 5.17. Uv-Vis spectra of hydroalcoholic pomegranate extracts (0.085 mg/mL). 

Despite the lower antioxidant activity, preliminary antimicrobial studies showed 

best results in the case of ethanolic extracts, indicating the presence of non-

chromatographable species with antimicrobial properties (Table 5.8). In fact, for 

all the other extracts no activity was observed.  
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Table 5.8. Antibacterial activity ethanol extract of pomegranate. All the experiments 

were run in triplicate. 

Bacterial Strain 

Salmonella 

typhimurium 

ATCC® 14028 

Salmonella 

enteriditis RIVM 

706 

Enterococcus 

faecalis ATCC® 

29212 

> 0.5 mg/mL > 0.5 mg/mL > 0.5 mg/mL 

E. coli 

ATCC® 25922 

S. aureus methicillin 

resistant (MRSA) 

S. aureus 

ATCC® 12600 

> 0.5 mg/mL  0.5 mg/mL (MCB) 
0.5 mg/mL 

(MCB) 

Therefore, the ethanolic extract was selected as the most promising low 

molecular weight functional additive for active packaging. With a view to fully 

exploit the phenolic compounds present in pomegranate waste, in subsequent 

experiments the possibility to recover high molecular weight phenolic 

compounds from the solid residue deriving from the ethanol extraction using 

green solvents was evaluated. 

5.3.3 Extraction and characterization of high molecular weight 

phenolic compounds from ethanol solid residue of pomegranate by-

products 

Based on the protocol reported in paragraph 5.2.2, the recovery of high 

molecular weight phenolic compounds from the solid residue deriving from the 

treatment of pomegranate by-products with ethanol using DESs, such as 

ChCl:LA2 and ChCl:LA9, was performed. The solid residue resulting from 

ethanolic extraction was treated under the experimental conditions previously 

reported (100 g/kg s/l ratio, 120 °C, 20w/w % of water), for 24 h. Subsequently, 
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the recovered lignin was precipitated using KCl 1% w/v solution. After 

centrifugation and lyophilization, the yields of recovered high molecular weight 

phenolic compounds was determined, calculated with respect to the starting 

material (5 and 12 w/w %) and dissolved DES material (5.4 and 14.3 w/w %), in 

the case of ChCl:LA2 and ChCl:LA9, respectively. Based on the higher yields 

observed in the case of ChCl:LA9, this latter was selected as the best DESs. In 

subsequent experiments, to further improve the extraction procedure, the water 

content in the DES was varied from 0% to 40 w/w %. As shown in Table 5.9 no 

significant differences were observed.  

Table 5.9. Extraction yields of high molecular weight phenolic compounds from the 

solid residue obtained after ethanol extraction of pomegranate waste following treatment 

with ChCl:LA9 (100 g/Kg, 120°C, 24h), in the presence of different water contents. 
 

 

 

 

 

 

 

 

 

1 ws: weight of starting material; wd: weight of dissolved material. 

In addition, the DMSO- soluble fraction (5 mg/mL) of the recovered high 

molecular weight phenolic compounds, was characterized in term of antioxidant 

properties and TPC. The high molecular weight phenolic compounds exhibited 

higher antioxidant properties than those obtained for the ethanolic extract (see 

Table 5.10), likely due to the cleavage and consequential release, after DES 

treatment, of more active antioxidant compounds. 

 

 

 Extraction yields (%) 

Water 

content 
(% w/ws)1 (% w/wd)1 

0%  12 15 

20% 12 14 

40% 9 11 
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Table 5.10. Antioxidant properties and TPC of sample recovered by treatment with 

ChCl:LA9. Reported are the mean ± SD values from at least three experiments. 

Vf zb 

DPPH  

EC50 

(mg/mL)  

FRAP  

(mg Trolox/mg of 

sample)  

TPC 

 (mg gallic acid/mg of 

sample) 

ChCl:

LA9 
0.017 ± 0.001 0.75 ± 0.01 

0.38 ± 0.01 

To gain further information on the main components of the DES-recovered high 

molecular weight phenolic fraction, this was analyzed by HPLC and Uv-Vis 

spectroscopy. The elutographic profiles show the presence of two detectable 

species at 31 and 36 min (Figure 5.18 panel a), identified as gallagic acid 

dilactone and ellagic acid, respectively. This latter likely derives from the 

hydrolysis of hydrolysable tannins, induced by DESs treatment [305].   A 

percentage of EA around 6% was quantified. The total extraction yield of ellagic 

acid, given by the sum of the quantity of this compound extracted by the two-

step treatment, turns out to be higher with respect to that obtained with DMSO, a 

solvent in which ellagic acid is completely soluble. As result, the main 

reasonable conclusion is that the treatment with eutectic solvents allows 

effective degradation of hydrolyzable tannins, in particular punicalagin, with the 

concomitant release of the powerful antioxidant ellagic acid. In agreement with 

the high content of EA, the Uv-Vis spectrum showed an absorption maximum at 

360 nm, typical of this compound. 

 

Figure 5.18. (a) HPLC profile (1 mg/mL) and (b) Uv-Vis spectrum (0.0125 mg/mL) of 

ellagic acid-rich fraction recovered by treatment with ChCl:LA9.  
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In order to obtain more information on the non-cromatographable components 

of the ellagic acid-rich fraction, chemical degradation treatments commonly 

used for the qualitative and quantitative analysis of phenolic polymers were 

performed. In the case of alkaline hydrogen peroxide degradation mixture, as 

well as for the supernatant of the acid degradation, no products were detected for 

the sample. On the other hand, the HPLC profile of the precipitate of the acid 

degradation and the alkaline fusion mixture showed elutographic profiles 

(Figure 5.19) very similar to that of the starting high molecular weight fraction 

dissolved in DMSO (Figure 5.19 panel a). In particular, the elutographic profile 

of the alkaline fusion mixture highlighted the presence, among others, of two 

peaks eluted between 24 and 26 min, characterized by an extremely low 

intensity and associated with vanillic acid and syringic acid, respectively, two 

markers of high molecular weight phenolic polymers, such as lignin. 

Furthermore, a quantitative analysis of the acid degradation mixture showed an 

ellagic acid content of 11 w/w %, about twice that determined for the ellagic 

acid-rich fraction obtained by the treatment with ChCl:LA9, probably due to 

further degradation of residual hydrolysable tannins, not degraded during DES 

treatment (Figure 5.19). 
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Figure 5.19. HPLC profiles of the chemical degradation mixtures of ellagic-acid-rich 

fraction obtained from the DES treatment. (a) Precipitate from the acid degradation 

mixture. (b) Alkali fusion mixture. 

 

Main Outcomes of The Study: 

 A sequential two-steps conventional/deep eutectic solvent (DES)-based 

treatment as an efficient strategy for the recovery of antioxidant low and 

high molecular weight phenolic compounds from defatted SCG (dSCG) 

and pomegranate peel and seeds was developed. 

▪ All the recovered high and low molecular weight phenolic 

compound samples exhibited very marked antioxidant properties as 

evaluated by DPPH and FRAP assays and a high phenolic content 

as demonstrated by TPC assay.  
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5.4 Experimental Section 

Materials and Methods. Pomegranates, apples, pistachios, chestnuts, peanuts, 

hazelnuts and pecan nuts were purchased at a local supermarket and shells were 

recovered by hand peeling. Spent coffee grounds were collected from a local 

coffee shop. Grape pomace was kindly provided by Dott. Daniele Naviglio 

(Department of Chemical Sciences, University of Naples “Federico II”, Naples, 

Italy). 30 w/v % hydrogen peroxide, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 

iron (III) chloride, 2,4,6-tris(2-pirydyl)-s-triazine (TPTZ), Folin-Ciocalteu 

reagent, (±)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox), 

gallic acid, ellagic acid, vanillin, benzyl mercaptan, vanillic acid, and syringic 

acid were obtained from Sigma-Aldrich.  

Uv-Vis spectra were recorded using a Jasco V-730 spectrophotometer. 

ATR-FTIR spectra were recorded on a Nicolet 5700 Thermo Fisher Scientific  

instrument. Spectra were recorded as an average of 132 scans in the range 

4000−450 cm−1 (resolution of 4 cm−1). 

1H NMR spectra were recorded in DMSO-d6 at 400 MHz on a Bruker 

instrument. 

HPLC analysis were performed on an instrument equipped with an Agilent 

G1314A Uv-Vis detector, using a Phenomenex Sphereclone ODS column (250 

× 4.60 mm, 5 µm) at a flow rate of 1.0 mL/min; the gradient elution was as 

follows:  

Eluant I: 0.1% formic acid (solvent A)/methanol (solvent B), 5% B, 0-10 min; 

from 5 to 80% B, 10-47.5 min; the detection wavelength was set at 254 nm. 

Eluant II: 0.1% formic acid (solvent A)/acetonitrile (solvent B), from 5 to 20% 

B, 0-47.5 min; the detection wavelengths were set at 254, 380, 320 and 400 nm. 

LC-MS analysis were run on an Agilent LC-MS ESI-TOF 1260/6230DA 

instrument operating in positive ionization mode in the following conditions: 

nebulizer pressure 35 psig; drying gas (nitrogen) 5 L/min, 325 ◦C; capillary 

voltage 3500 V; fragmentor voltage 175 V. A Eclipse Plus C18 column (150 × 
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4.6 mm, 5 µm) at a flow rate of 0.4 mL/min was used, using the same eluant as 

above. 

Electron paramagnetic resonance (EPR) measurements were performed using a 

Bruker Elexys E-500 spectrometer equipped with a superhigh sensitivity probe 

head. The weighed amounts of the samples were transferred to flame-sealed 

glass capillaries, which in turn were coaxially inserted in a standard 4 mm quartz 

sample tube. Measurements were performed at room temperature. The 

instrumental settings were as follows: sweep width 140 G; resolution 1024 

points; scan time 20.97 s. The amplitude of the field modulation (1.0 G) was 

preventively checked to be low enough to avoid detectable signal 

overmodulation. The microwave power was optimized to avoid microwave 

saturation of resonance absorption curve. 16 scans were accumulated to improve 

the signal-to-noise ratio. For power saturation experiments, the microwave 

power was gradually incremented from 0.02 to 164 mW. The g value and the 

spin density were evaluated by means of an internal standard, Mn2+-doped MgO, 

prepared by a synthesis protocol reported in the literature [224]. Since sample 

hydration was not controlled during the measurements, spin density values have 

to be considered as order of magnitude estimates [225]. 

Preparation of agri-food by-products extracts. Each agri-food by-products 

was roughly minced using a common blender. In the case of dSCG, the agrifood 

by-products was extracted with water, ethanol or ethanol/water 6:4 v/v for 90 

min at 90°C (100 mg/mL s/l ratio). In the case of all the other agrifood by-

products, each waste was extracted with 10 mL of water, ethanol or 

ethanol/water 6:4 v/v for 60 min at room temperature. The mixtures were then 

centrifuged (7000 rpm) for 10 min and the supernatants were recovered. 

Subsequently, the solid residues were treated with fresh solvent under the same 

conditions described above for two times. The combined supernatants were 

collected, and when ethanol was used as extraction solvent, it was removed by 
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use of a rotatory evaporator. The resulting solids were subjected to freeze-drying 

and to remove traces of residual solvent, kept under vacuum for 24 h. 

Deep eutectic solvents (DES) extraction procedure. A procedure previously 

reported was followed with slight modifications [286]. In the case of nutshells, 

these by-products were roughly minced using a common blender and then 

pulverized by treatment in a Fritsch Pulverisette 23 ball mill for 15 min at 50 

osc/s. Briefly, choline chloride and lactic acid were mixed at 1:2 mol/mol ratio 

and heated at 50 °C under stirring until a homogeneous liquid was formed. The 

DES thus obtained, indicated as ChCl:LA2, was stored in the dark at ambient 

temperature. No crystal precipitation was observed over the period of use. 

Subsequently, each shell were added to of ChCl:LA2 containing 20 w/w % 

water in ratio 1:10 w/w respectively. The resulting mixture was stirred in a 

pyrex glass bottle at 120 °C. After 24 h, the mixture was cooled at room 

temperature and centrifuged (7000 rpm, 4 °C, 10 min). The solid residue and 

supernatant were separated. Subsequently, the solid residue was washed three 

times with 50 mL of ethanol (7000 rpm, 4 °C, 10 min), collected and dried using 

a rotary evaporator. The obtained residue was added to the supernatant collected 

from the initial centrifugation, which was then poured into 1 L of 0.01 M HCl 

(for 10 g of nutshells) and kept at 4 °C over night. After that the formation of a 

brown precipitate was observed. The precipitate was then recovered by 

centrifugation (7000 rpm, 10 min, 4 °C), washed twice with 0.01 M HCl and 

once with distilled water, and lyophilized. 

In the case of dSCG, in addition to the previous reported DES, other type of 

DESs were prepared:  

1. Choline chloride/lactic acid at 1:9 mol/mol ratio (ChCl:LA9) 

2. Choline chloride/glycerol at 1:2 mol/mol ratio (ChCl:GLY) 

3. Choline chloride/1,2- propanediol at 1:2 mol/mol ratio (ChCl:PROP) 

In the case of pomegranate only ChCl:LA2 and ChCl:LA9 were performed. To 

this latter, different percentage of water (0-20-40 w/w %) were added. To 
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recover HMW phenolic compounds fraction, the supernatants collected from the 

initial centrifugation were poured into 200 mL of 1% KCl and kept at 4 °C until 

the precipitation of a light brown solid was observed.  

DPPH Assay. Samples were added to 200 μM ethanolic solution of DPPH and 

stirred for 10 min. After this time, the absorbance of the solution at 515 nm was 

measured. Trolox was used as a reference antioxidant. Experiments were run in 

triplicate [227,275]. 

The final doses of each material tested are: 

o 0.02-0.4 mg/mL (lignin nutshells) 

o 0.025-0.075 mg/mL (hydroalcoholic extract of dSCG) 

o 0.025-0.4 mg/mL (lignin of dSCG) 

o 0.01-6.3 mg/mL (LMW pomegranate extract) 

o 0.006-0.025 mg/mL (HMW pomegranate extract) 

Ferric Reducing/Antioxidant Power (FRAP) Assay. Samples were added to 

0.3 M acetate buffer (pH 3.6) containing 1.7 mM FeCl3 and 0.83 mM TPTZ and 

stirred for 10 min. After this time, the absorbance of the solution at 593 nm was 

measured. Results were expressed as Trolox equivalents (eqs). Experiments 

were run in triplicate [228]. 

The final doses of each material tested are: 

o 0.025-0.2 mg/mL (lignin nutshells) 

o 0.00312-0.0125 mg/mL (hydroalcoholic extract of dSCG) 

o 0.0025-0.01 mg/mL (lignin of dSCG) 

o 0.0003-0.787 mg/mL (LMW pomegranate extract) 

o 0.0015-0.01 mg/mL (HMW pomegranate extract) 

Total Phenolic Content (TPC) Assay. Samples were added at a final dose of 

0.0125−0.4 mg/mL to a solution consisting of Folin-Ciocalteu reagent, 75 g/L 

Na2CO3, and water in a 1:3:14 v/v/v ratio. After 30 min incubation at 40 °C, the 

absorbance at 765 nm was measured. Gallic acid was used as reference 

compound. Experiments were run in triplicate [308].   
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The final doses of each material tested are: 

o 0.0125-0.4 mg/mL (lignin nutshells) 

o 0.025-0.05 mg/mL (hydroalcoholic extract of dSCG) 

o 0.025-0.04 mg/mL (lignin of dSCG) 

o 0.005-3.15 mg/mL (LMW pomegranate extract) 

o 0.0037-0.015 mg/mL (HMW pomegranate extract) 

Vanillin-HCl Assay. Samples were added to 1 mL of 1 w/v % vanillin solution 

in methanol. Subsequently, 1 mL of 9 M HCl was added.  The resulting mixture 

was incubated at 30 °C for 10 min. Finally, the absorbance at 500 nm was 

measured. Catechin was used as reference compound. Experiments were run in 

triplicate [309]. 

The final doses of each material tested are: 

o 0.0625–2 mg/mL (lignin nutshells) 

o 20 μL of a DMSO solution (2 mg/mL) of the lignin 

Alkaline Hydrogen Peroxide Degradation. To 1 M NaOH (1 mL), 10 mg of 

each sample and 50 µL of 30% hydrogen peroxide were added in this order. The 

mixture was stirred and after 24 h treated with 5 w/v % Na2S2O5, taken to pH 3 

with 6 M HCl, filtered on a 0.45 µm PVDF filter, and analyzed by HPLC [306].  

Alkali Fusion. Finely grinded KOH (100 mg), NaOH (100 mg) and Na2S2O4 (2 

mg) were mixed in a Pyrex tube. Subsequently, they were kept at 240 ◦C until 

fusion of the reagents occurs. Then, to this mixture, 20 mg of the HMW 

phenolic compounds (ChCl:LA9 with 0 w/w % of water) was added and kept at 

240 ◦C. After 10 minutes, 10 mL of a 1% sodium dithionite (Na2S2O4) and of 6 

M HCl solution were added. The resulting mixture were extracted with ethyl 

acetate (3 × 15 mL) and the combined organic layers were dried over sodium 

sulfate and evaporated to dryness. The solid residue was reconstituted in 2 mL 

of methanol, filtered on a 0.45 µm polyvinylidene fluoride (PVDF) filter, and 

analyzed by HPLC [310]. 
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Acid Degradation. 50 mg of each sample were placed in a pyrex tube with 5 

mL of 4 M HCl. The mixture was vortexed for 1 min and incubated in an oven 

at 90 ◦C. After 24 h, they were cooled, and the pH was adjusted to 2.5 with 6 M 

NaOH and centrifuged for 10 min at 7000 rpm. The supernatants were 

recovered, taken to 10 mL by addition of water.  After filtration on a 0.45 µm 

PVDF filter, all the obtained solution were  analysed by HPLC, whereas the 

solid residues were dissolved in 10 mL of DMSO/methanol 1:1 v/v before being 

analysed (Eluant I: 0.1% formic acid (solvent A)/methanol (solvent B), 5% B, 0-

10 min; from 5 to 80% B, 10-47.5 min; detection wavelength: 254 nm) [305]. 

Thiolysis. To 2 mL of methanol, 20  L of 37% w/w HCl and 50  L of benzyl 

mercaptan 8 mg of each sample were added and stirred at 40 °C. After 1 h, the 

mixture was diluted in 5 mL of methanol/water 1:1 v/v and directly analyzed by 

HPLC.  

Total Flavonoid Content (TFC) assay. 20 μL of a DMSO solution (2 mg/mL) 

of the lignin obtained from the extraction with ChCl:LA2, were added to water 

up to a total volume of 600 µL and then mixed with 600 µL of a 2% w/w 

aluminum chloride solution in water. After mixing, the solution was incubated 

for 60 min at room temperature. The absorbance of the reaction mixtures was 

measured at 420 nm. Quercetin was used as standard. Experiments were run in 

triplicate. 
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Chapter 6 

 

6 The Yin (organic) and Yang (inorganic) hybrid 

systems for biomedical and electronic applications 

 
Over the past two decades, significant research efforts have been devoted to 

development of hybrid systems, combining the great versatility of organic 

materials with the interesting property profiles often associated with inorganic 

materials. These intrinsic characteristics make hybrids promising compounds for 

a variety of applications in electronic and biomedical fields [311].   

Of great interest for biomedical applications are biopolymer-based hybrids, 

representing a solid bridge between scientific and technological world as a result 

of their excellent adaptive nature and various properties. A most representative 

example is represented by silver nanoparticles (AgNP) for which a wide range 

of applications in photonics, electronics and catalysis [312], as well as in 

medicine as bactericidal, antifungal and antitumor agents  has been described 

[313]. Yet, preparation of AgNPs may prove critical, due to the environmental 

toxic stabilizing agents sometimes used. Therefore, green and alternative 

strategies have been developed in the last decades. In fact, the use of agri-food 

by-product-derived phenolic compounds as functional additives have become 

increasingly attractive, since, beside acting as reducing agents capable of 

generating silver nanoparticles, they may provide antioxidant properties, 

antimicrobial activity, and mechanical properties. In addition, the incorporation 

of natural bioactive compounds represents a green alternative to minimize the 

use of chemical additives [314]. 

On the other hand, for electronic applications, the undisputed star is represented 

by graphene-based materials. As already mentioned in the Introduction, one of 
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the reasons for the fast progress of graphene research is the treasure of the 

unique properties of this material. However, what makes it special, is that all 

these properties are combined in a single material. Transparency–conductivity–

elasticity can find use in flexible electronics, while transparency–

impermeability–conductivity can be exploited for transparent protective 

coatings. The list of such combinations is ever growing and the combination of 

these materials with phenols and polyphenols can give rise to unexpected, so far 

unexplored properties opening new applications perspectives [315]. 

On these bases, this chapter will be focused on: 

❖ exploitation of Pecan Nut Shells (PNS) as reducing agent for in situ 

synthesis of silver nanoparticles using a mechanochemical or wet-

chemical synthesis route and the evaluation of the photocatalytic, 

antimicrobial and antioxidant properties; 

❖ the use of the lignin recovered from chestnut shells as reducing agents 

for the in situ mechanochemical synthesis of antibacterial silver 

nanoparticles and their encapsulation as active compounds into D,L-

polylactic acid as biopolymer in the form of electrospun fibers  

containing cellulose nanocrystals or chitosan; 

❖ the electrofabrication of catechol-graphene-chitosan composite 

hydrogels, possessing the graphene metallic conductivity and catechol 

redox-activity, evaluated using an array of electrochemical top-down 

methods. 
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Result and Discussion 

6.1 Pecan Nut Shell-mediated synthesis of silver nanoparticles 

via mechanochemistry: a green approach to a multifunctional 

material with photocatalytic, antibacterial and antioxidant 

properties  

6.1.1 Silver ion reduction by Pecan Nut Shell: wet-chemical 

versus mechanochemical approach 

Pecan Nut Shells (PNS) particles were finely minced with the aid of a vibratory 

sieve shaker, to obtain a homogenous powder with size distribution ranging 

from 75 to 125  m. The final material was then employed for the preparation of 

AgNPs, following a previously developed procedure for a wet-chemical 

approach with slight modifications [197]. Briefly, PNS (1% w/v) powder was 

taken under vigorous stirring in a 10 mM AgNO3 aqueous solution for 24 h, 

after that the solid material was recovered by centrifugation in 75% w/w yield.   

In addition to the conventional wet methodology, a mechanochemical approach, 

based on the use of a vibrational ball mill, was developed. A 85:15 w/w 

PNS/AgNO3 ratio was used and the resulting solid mixture was placed into a 

ball mill for 90 min operating at 60 Hz. To get information on the Ag(0) content, 

XRD analysis was then performed. As shown in Figure 6.1 panel a, in all 

samples a strong diffraction peak at 38.3° 2  was observed, suggesting the 

presence of Ag(0) with a face-centred cubic structure. In particular, a percentage 

of Ag(0) about  4 ± 2% w/w and 8 ± 4% w/w for the wet-chemical sample and 

for the ball-milled sample, respectively, was determined. 

These findings highlighted the higher efficacy of the mechanochemical 

approach for the reduction process of Ag+ ions. On this basis, further 

experiments were devoted to the optimization of the experimental conditions for 
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the mechanochemical preparation of AgNPs. To develop a large-scale process, a 

planetary ball-mill was employed, allowing to work on 10 grams of material. 

Initially, several experiments were devoted to the optimization of milling times 

and PNS/AgNO3 ratios. As evident from XRD analysis (Figure 6.1 panel b), 

prolonging the milling time up to 180 min not only increased the amount of Ag 

(0) in the sample, but also resulted in lowering of the width of the peak at 38.3° 

2  indicating the presence of AgNP of increased size. As illustrated in Figure 

6.1 panel c the full width at half maximum (FWHM) of the peaks decreases 

almost linearly with the increase of the time.  

 

Figure 6.1. (a) XRD patterns of 85:15 w/w PNS/AgNO3 samples obtained by 

mechanochemical and wet-chemical synthesis; (b) XRD spectra of 85:15 w/w 

PNS/AgNO3 subjected to varying ball-milling times (increasing from bottom to top); (c) 

dependence of the FWHM of the main peak on the milling treatment time 85:15 w/w 

PNS/AgNO3;  
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In addition, in Figure 6.2 the 55:45 w/w PNS/AgNO3 ratio exhibited a higher 

percentage content of Ag(0) with respect to 85:15 w/w. In fact, under these 

conditions and in agreement with the expected theoretical value (about 30%) a 

36 ± 7% w/w Ag(0) amount was estimated. 

Based on these findings, for further experiments the 55:45 w/w PNS/AgNO3 

mixture treated in the planetary ball mill for 180 min was selected. The efficacy 

of the proposed methodology in providing a quantitative reduction of Ag+ ions is 

remarkable and is probably the result of the extremely potent reducing 

properties of PNS in combination with the successful solvent-free 

mechanochemical approach. In fact, no characteristic diffraction patterns of the 

AgCl crystalline phase at 27.8, 32.2, 46.2, 54.8, and 57.5 °2θ were detected 

[197]. 

 

Figure 6.2. XRD pattern of AgNP-PNS 45:55 w/w. 

Notably, not many studies reporting a direct comparison between one-step solid 

state mechanochemical synthesis and traditional wet-chemical methods for 

AgNPs production are available in the literature.  
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In addition, the proposed protocol satisfies most of the 12 principles of Green 

Chemistry: 1) Prevention (no waste is created); 2) Atom Economy (all materials 

exploited in the process are incorporated into the final product, and PNS act as a 

stabilizing and reducing agent); 3) Less Hazardous Chemical Synthesis (PNS is 

a natural substance);  5) Safer Solvents and Auxiliaries (solvent free); 6) Design 

for Energy Efficiency (the synthesis is performed at room temperature and 

pressure); 7) Renewable Feedstocks (PNS is a largely available agri-food by-

product); 8) Reduce Derivatives (no nanoparticle stabilizers are needed); 12) 

Inherently Safer Chemistry for Accident Prevention (non-flammable and non-

toxic reagents are used). 

6.1.2 Morphological and structural characterization of AgNP-PNS 

To get addition information on AgNP-PNS, ATR-FTIR analysis was also 

performed. With regards to ATR analysis, as shown in Figure 6.3 (panel a) a 

significant decrease compared to PNS of the band at 3300 cm-1 associated to OH 

bond stretching vibration together with CH stretching of methylene (2923 cm-1) 

and of the band at 1615 cm–1 ascribed to the aromatic C═C bonds were 

observed. This can be explained by the expected involvement of the reducing 

phenolic OH groups of the B ring of the prodelphinidin type tannins in PNS. 

The structural modifications induced in the tannins is likely due to the Ag+- 

induced oxidative dimerization giving rise to purpurogallin-like moieties (Figure 

6.3 panel b). 
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Figure 6.3. (a) ATR-FTIR spectrum of AgNP-PNS (compared with parent PNS); (b) 

proposed mechanism for Ag+ ions reduction by prodelphinidin-type PNS tannins. 

In addition, the size and the possible agglomeration of the AgNP-PNS 

dispersion was measured using DLS analysis. In Figure 6.4 the intensity and the 

number of particle distributions are reported as a function of the particle size. 

DLS analysis revealed two distinct peaks at 20 nm and 150 nm, indicating the 

presence of a moderate number of aggregates within the samples. 

Consistent with this result, the examination of the number-based distribution 

exhibited a very low concentration of aggregates. In fact, most of the sample 

contained particles of 20 nm, with aggregates percentage lower than 1%.  
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Figure 6.4. Particle size distributions of AgNP-PNS measured by DLS.  

SEM and TEM analysis (Figure 6.5 panel a and panel b, respectively) revealed 

the presence of small particles embedded within the organic biomass matrix. 

Higher magnification images showed that the observed structures were 

composed of largely aggregated, complex architecture clusters with dimensions 

ranging from 100 to 250 nm, and reasonably spherical particles of around 50 nm 

diameter. These silver nanoparticles exhibited the same order of magnitude of 

other AgNPs prepared following a wet procedure using a different agri-food by-

products [197]. Further investigation will be devoted at assessing whether the 

small phenolic polymers are coated or linked on silver nanoparticles.  

 

Figure 6.5. Structural and morphological analysis of AgNP-PNS. measured by DLS; (a) 

SEM and (b) TEM images. 
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6.1.3 Antioxidant properties of AgNP-PNS  

Due to the well-known antioxidant properties of PNS, the antioxidant properties 

of AgNP-PNS were evaluated as well by two widely used assays, i.e. the DPPH 

and the FRAP assay, following the “QUENCHER” method. In the case of 

DPPH assay, AgNP-PNS exhibited a significant decrease of the antioxidant 

properties in comparison to starting PNS (Table 6.1), due to the lower content of 

PNS in the AgNP-PNS sample (55% w/w) and to the efficient reduction of Ag+ 

ions by the phenolic units. In spite of the such lowering of the antioxidant 

activity of AgNP-PNS, it must be noted that the value obtained is still 

comparable to those of the other phenol-rich waste materials from the agri-food 

sector reported in literature. On the other hand, in the case of FRAP assay, both 

PNS and AgNP-PNS exhibited a very low reducing properties toward Fe3+ ions. 

Notably, the obtained results are consistent with the ATR IR spectroscopy, 

showing a lower relative content of phenolic OH groups in AgNP-PNS 

compared to PNS. Indeed, the FRAP assay measures the electron transfer 

capacity of an antioxidant compound, whereas the DPPH assay is a mixed-mode 

assay measuring both electron transfer and a hydrogen atom transfer 

mechanism. Therefore, due to the involvement of the phenolic OH groups in 

AgNP production (Figure 6.3 panel b), a decrease of the hydrogen atom transfer 

capacity of PNS was expected and can be taken as the main reason for the 

differences observed between PNS and AgNP-PNS in the two assays.  

Table 6.1. Antioxidant properties of AgNP-PNS and PNS. Reported are the mean + SD 

values of three experiments. 

Sample EC50 (mg/mL) Trolox eqs (μg/mg of sample) 

AgNP-PNS 5.8 ± 0.5 37 ± 4 

PNS 0.036 ± 0.002 51.7 ± 0.9 
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6.1.4 Photocatalytic properties of AgNP-PNS  

Diverse Ag(0)-doped materials have been reported in literature for their ability 

to accelerate the photodegradation of organic dyes such as Methylene Blue 

(MB). Based on this, several MB photodegradation experiments were performed 

in order to examine the photocatalytic properties of AgNP-PNS. To a 30 mg/mL 

MB solution, 0.4 mg/mL solution of AgNP-PNS were added and irradiated for 

120 min under visible-light using a solar simulator. The decrease of MB was 

periodically monitored by Uv-Vis spectroscopy and the percentage of the MB 

residual amount was calculated. As control experiment, MB degradation was 

also carried out in absence of AgNP-PNS under visible-light irradiation. As 

shown in Figure 6.6, an almost complete consumption of MB was obtained 

within 120 min under visible-light irradiation in the presence of AgNP-PNS, 

whereas only 23 % dye degradation was detected in the absence of the sample. 

Notably, a MB consumption around 58% was also detected in the presence of 

AgNP-PNS without irradiation, suggesting a persistent pro-oxidant activity of 

the sample.  The reactive oxygen species generated through the well-known 

ability of AgNP to induce oxygen reduction may be responsible for the decay of 

MB observed under these conditions. 

Of course, it is not possible to rule out the possibility that the observed effects 

are due to adsorption of MB on the AgNP-PNS surface. Yet, this process has 

been shown to achieve a plateau after 30 minutes, as was actually observed 

when PNS was utilized in place of AgNP-PNS. Using PNS alone, there were no 

appreciable changes in the dye degradation with and without irradiation, 

indicating that AgNPs specifically played a part in the AgNP-PNS sample 

photocatalytic abilities. 

In another series of experiments, the recycling and stability properties of AgNP-

PNS as a photocatalyst were examined. AgNP-PNS continued to operate at a 
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high efficiency in the MB photodegradation studies after three cycles (Figure 6.6 

panel b).  

 

Figure 6.6. MB degradation: (a) photocatalytic properties of AgNP-PNS and controls as 

evaluated in MB photodegradation experiments; (b) recycling properties of AgNP-PNS 

as a photocatalyst. Reported are the mean + SD values of three experiments. 

The XRD patterns of AgNP-PNS before and after three-cycle of operation 

showed that the intensity ratio between the two diffraction peaks didn’t change, 

indicating no changes in the crystal structure and demonstrating its stability 

(Figure 6.7). 
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Figure 6.7. XRD pattern of AgNP-PNS as synthesized (blu line) and after three cycles 

of MB photodegradation (pink line). 

6.1.5 Antibacterial and antibiofilm activity of AgNP-PNS 

As already reported in literature, AgNPs are well known for their ability to 

inhibit   

bacterial growth. On these bases, firstly the ability of AgNP-PNS to inhibit 

bacterial growth of two pathogenic bacterial strains, namely P. aeruginosa 

PAO1 and S. mutans was evaluated. The first bacterial strains are generally 

responsible for bloodstream, soft tissue, urinary tract, surgical sites, and wound 

infections, whereas the second one for dental caries.  

As shown in Figure 6.8, the AgNP-PNS at concentrations ranging from 250 to 

1000 μg/mL (p < 0.01) significantly inhibit bacterial growth after 12 h of 

incubation. A 54% of growth inhibition against P. aeruginosa PAO1 with 

respect to the control (p<0.001) at 24 h was observed.  
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Figure 6.8. AgNP-PNS antibacterial activity against (a) P. aeruginosa (PAO1) and (b) 

S. mutans in liquid medium. Bacterial cultures in absence of AgNP-PNS were used as 

positive controls (CTL). Data were reported as a percentage in comparison with CTRL. 

For each sample, three different experiments were run, and the results were expressed as 

the mean ± SD of the values obtained. Statistically significant variations: ** p<0.01 and 

*** p<0.001 versus 50 μg/mL and 100 μg/mL. 

When AgNP-PNS was tested on agarose beds, a similar antibacterial activity 

against the two bacterial strains was obtained (Figure 6.9). Notably, when the 

culture plates were incubated under light irradiation, a significant higher zone of 

inhibition was observed for AgNP-PNS at all tested doses. At every AgNP-PNS 

dose, the variations in the mean zone of inhibition were substantially different 

from controls (p < 0.05). It is important to note that PNS alone also exhibited 
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antibacterial activity, although its effect was significantly less than that of 

AgNP-PNS. 

 

Figure 6.9. Antibacterial activity of AgNP-PNS by agar diffusion test against P. 

aeruginosa PAO1 (a) not irradiated (IR), (b) irradiated), and S. mutans ((d) not 

irradiated, (e) irradiated). Tables (c) and (f) report the values of antibacterial mean zone 

of inhibition for PAO1 and S. mutans, respectively. Bacterial cultures in absence of 

AgNP-PNS or PNS were used as positive controls (CTL). For each sample, three 

different experiments were conducted, and the results expressed as the mean of the 

values obtained (mean ± SD). 

 

As reported in literature, both PAO1 and S. mutans have the capacity to form 

biofilm, which can be considered as one of the most critical determinants of the 

antibiotic resistance. Therefore, in other experiments, the antibiofilm activity of 

AgNP-PNS was examined at selected times and at concentrations ranging from 

250 to 1000 g/mL. Regardless of the bacterial strain employed, Figure 6.10 

illustrates a substantial decrease (p<0.001) in biofilm development in the 

presence of 1000 g/mL AgNP-PNS. Furthermore, a decrease in PAO1 and S. 

mutans biofilm of around 54±4% and 47±2%, respectively, was found after just 

6 hours of incubation in the presence of the sample.  
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Figure 6.10. Antibiofilm activity of AgNP-PNS. Biofilm formation was evaluated by 

CV assay, after 6, 12 and 24 h of incubation at 37°C in presence of (a) P. aeruginosa 

PAO1, and (b) S. mutans. Biofilm formation was reported as a percentage in comparison 

with the maximum amount of biofilm produced by PAO1 and S. mutans growth (CTL). 

For each sample, three different experiments were run and the results expressed as the 

mean of the values obtained (mean ± SD). Statistically significant variations: ### versus 

250 μg/mL, and 500 μg/mL. 

Although the precise antibiofilm as well as bactericidal mechanisms of AgNPs 

remain still uncertain, it is reasonable to attribute the ability of AgNPs to modify 

the structure and characteristics of the biofilm by stopping bacterial metabolic 

pathways involved in, for example, motility, oxidative stress defense, 
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respiration, and quorum sensing systems. Further experiments will be devoted at 

investigating other issues related to the observed effects e.g. the possible release 

of silver nanoparticles in different solvents using ICPMS analysis or to assess 

the antibacterial activity of AgNPs-PNS possibly released in the medium of cell 

cultures. 

Main Outcomes Of The Study: 

 Pecan Nut Shells a low-cost agri-food by-product were exploited as a rich 

source of phenolic compounds for the in situ synthesis of AgNP-PNS. 

▪ The resulting AgNP-PNS exhibited remarkable antibacterial and 

good antioxidant activity together with an appreciable ability to 

accelerate the photodegradation of organic dyes such as Methylene 

Blue (MB). 
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6.2 Lignin from chestnut shells as a potent reducing agent for the 

preparation of silver nanoparticles and implementation of high 

antioxidant and antibacterial poly (lactic acid) electrospun fibers 

6.2.1 Synthesis of AgNP-CLN following a green procedure  

The lignin recovered from chestnut shells (CLN) as described in the Chapter 5 

was selected for further studies and investigations. Based on the promising 

results described in the previous paragraph, the recovered lignin was used as 

reducing agent for the in situ synthesis of silver nanoparticles, following a 

mechanochemical approach based on the use of a ball mill.  

In particular, as already demonstrated before, this lignin exhibited the highest 

antioxidant activity compared to all the other selected nut shells (pecan, 

pistachio, hazelnut, peanuts) and corresponding lignins. Therefore, presumably 

CLN should be a stronger reducing agent compared to the others.  

Initially, several experiments were devoted to the optimization of the 

experimental conditions, in terms of CLN/AgNO3 ratio, time of all process and 

frequency. The highest content of Ag(0), revealed by X-ray diffraction (XRD) 

analysis, was observed using a 85:15 w/w CLN/AgNO3 ratio for 180 minutes at 

50 Hz. In fact, under these reaction conditions a 8 + 1 % Ag(0) amount was 

calculated. 

6.2.2 Incorporation of AgNP-CLN into poly(lactic acid) 

electrospun fibers containing cellulose nanocrystals or chitosan films 

and evaluation of their antioxidant and antibacterial properties 

The AgNP-CLN prepared as described in the previous paragraph or CLN alone 

were incorporated at 0.7 and 2.1 wt % into D,L-polylactic acid electrospun 

fibers containing various amount of chitosan or cellulose nanocrystals. In Table 

6.2 the main components of each prepared film are reported.  
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Table 6.2. Composition of prepared scaffolds (the ctrl samples are reported in red). 

Scaffold 

name 

PDLLA 

(% m/v) 

Chestnut 

lignin 

(wt %) 

AgNP-

CLN 

(wt %) 

Cellulose 

nanocrystals 

CNC (wt %) 

Chitosan 

(wt %) 

A 14 0.7    

B 14 2.1    

C 14  0.7   

D 14  2.1   

E 14     

F 13 0.7  3  

G 13 2.1  3  

H 13  0.7 3  

I 13  2.1 3  

J 13   3  

K 12 0.7   1 

L 12 2.1   1 

M 12  0.7  1 

N 12  2.1  1 

O 12    1 

 

The average diameter of the prepared fibers was measured. As reported in Table 6.3, 

a general increase in terms of diameter sizes was observed for scaffolds prepared 

using PDLLA/Chitosan or PDLLA/ CNC in the presence of AgNP-CLN (e.g. I vs J 

and N vs O),  whereas in the case of scaffold made of PDLLA alone the diameters 

did not change significantly or slightly decreased (D vs E). 
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Table 6.3. Average fiber diameters of the electrospun scaffolds (the ctrl samples are 

reported in red). [a] Mean value ± standard deviation (n>100 from three different 

images). 

Scaffold name Average fiber 

diameter 
[a] 

(nm) 
A 768 ±262 
B 1196 ±353 
C 1037± 356 
D 1244± 407 
E 1286 ±563 
F 1013 ±328 
G 1090 ±332 
H 665 ±246 
I 1063 ± 343 
J 884 ±363 
K 1342 ±440 
L 775 ± 246 
M 700 ±154 
N 706 ± 299 
O 612 ± 242 

 

Moreover, SEM images for all prepared scaffolds was performed. As 

representative example, the images of the electrospun fibers containing 

PDLLA/CNC with lignin (0.7 and 2.1%) or AgNPs (0.7 or 2.1 %) are reported 

in Figure 6.11. With respect to the control (J), it is possible to note the presence 

of small agglomerates, likely due to lignins or silver nanoparticles.  
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Figure 6.11. SEM images of the prepared electrospun fibers containing PDLLA/CNC 

with/without lignin (0.7 and 2.1%) or AgNPs (0.7 or 2.1 %).  

To assess the therapeutic potential of the thus prepared electrospun fibers, the 

cytotoxic effects towards human mesenchymal stem cells was analyzed. For all 

prepared scaffolds an optimal cytocompatibility on mesenchymal stem cells 

over 120 hours was observed. As representative examples, the SEM imagines of 

the O sample as control and K, L, M, N samples are reported in Figure 6.12. As 

apparent a layer of cells completely covers the electrospun fibers, this is 

especially true for sample N, containing the highest percentage of AgNPs. The 

evidence that even at the highest concentrations of silver nanoparticles the 

prepared fibers exhibited good cytocompatibility is extremely valuable, as it is 

well known that at high level these nanoparticles can become toxic. 
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Figure 6.12. SEM images of mesenchymal stem cells growth on electrospun fibers. 

In addition, the antimicrobial activity on E.coli and S.epidermidis of samples C, 

D, H, I, M and N, those one containing AgNPs, was tested. As illustrated in 

Figure 6.13, the best results were observed for all the samples with the highest 

amount of silver nanoparticles.  

 

Figure 6.13. Antimicrobial activity of electrospun fibers containing AgNPs on (a) E. 

coli and (b) S. epidermidis. The data were reported as a number of viable colonies 

produced by E.coli and S. mutans growth respect to controls (cnt). For each sample, 

three different experiments were performed and the results expressed as the mean of the 

values obtained (mean ± SD).  
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In addition, to assess if the incorporation of CLN into electrospun fiber and/or 

the use of lignin as reducing agent for the synthesis of silver nanoparticles 

affects its excellent antioxidant properties, DPPH and FRAP assay were 

performed.  

In particular, the antioxidant properties of the prepared fibers incorporating the 

highest content of CLN or silver nanoparticles were selected for further 

experiments. Hence, their antioxidant activity was evaluated by DPPH and 

FRAP assay. In the first case, each film was cut into pieces of 1 cm2 total 

surface area and placed in 2, 4, 6 mL of 200 μM DPPH ethanolic solution. The 

DPPH consumption was monitored by Uv-Vis analysis, following the decrease 

of absorbance at 515 nm at selected time over 120 minutes. As expected, the 

highest DPPH consumption was observed using only 2 mL of ethanolic solution. 

As representative example, in Figure 6.14 the DPPH consumption of the sample 

B, containing the 2.1 wt % of CLN, at different volumes is reported. 

 

Figure 6.14. Antioxidant properties of the sample B, determined by dipping a cutting of 

1 cm2 total surface area in 2, 4, 6 mL of 200 μM DPPH ethanolic solution. Reported are 

the mean ± SD values of at least three experiments. 

In Table 6.4 the DPPH consumption of each film using 2 mL of DPPH solution 

is reported. Notably, for all samples containing CLN an almost complete 
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consumption of DPPH within 120 minutes was observed, indicating an effective 

and preserved antioxidant activity of this high molecular weight phenolic 

compounds even after incorporation. On the other hand, in the presence of 

AgNP-CLN an approximate 50% of consumption was observed. This can be 

explained by the lower content of CNL in the AgNP-CNL sample compared to 

CNL alone and to the efficient reduction of Ag+ ions by the phenolic units. As 

reported in Table 6.3, the control fibers such as samples E, I and O exhibited a 

poor but still existing DPPH consumption, probably due to the absorption of 

DPPH. Although this, the consumption observed for controls is significant lower 

respect to the functionalized films, suggesting that almost all the antioxidant 

ability can be related to the presence of CLN or AgNP-CLN. Interestingly, no 

significant difference was observed for the prepared materials containing 

different percentage of chitosan or nanocellulose crystals.  
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Table 6.4. DPPH consumption of 2, 4, 6 mL solution (the ctrl samples are reported in 

red).  

Scaffold 2 mL-DPPH 

Consumption 

(%) 

4 mL-DPPH 

consumption 

(%) 

6 mL-DPPH 

consumption 

(%) 

B (14% PDLLA-2.1% 

chestnut lignin) 

85.2±0.2 62.1±0.7 25.0±3.9 

D (14% PDLLA-2.1% 

AgNPs) 

48.3±2.9 38.0±5.5 46.3±0.1 

E (14% PDLLA) 17.7±4.3 17.5±1.5 4.7±2.3 

G (14% PDLLA- 3% CNC- 

2.1% chestnut lignin) 

89.5±1.2 61.7±1.8 35.0±2.3 

I (14% PDLLA- 3% CNC- 

2.1% AgNPs) 

35.0±1.3 7.4±3.9 8.7±3.8 

J (14% PDLLA- 3% CNC) 57.3±5.5 30.7±1.5 20.4±7.4 

L (14% PDLLA- 1% 

chitosan- 2.1% chestnut 

lignin) 

90.7±1.4 42.7±3.8 27.9±1.4 

N (14% PDLLA- 1% 

chitosan- 2.1% AgNPs) 

62.6±9.8 22.0±1.7 13.7±0.24 

O (14% PDLLA- 1% 

chitosan) 

31.5±1.7 14.8±7.6 13.3±1.7 

 

The same procedure described before was then extended to FRAP assay. In this 

case, the increase of the absorbance at 593 nm was monitored by Uv-Vis 

spectroscopy. As shown in Table 6.5, a good antioxidant activity compared to 

the control film was observed for all samples and in particular for samples L and 

N, likely due to the lower hydrophilicity of PDLLA and CNC in the assay 

medium. The same trend was observed using 4 mL of FRAP solution, whereas 

no absorbance was detected using 6 mL.  
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Table 6.5. FRAP absorbance of 2 mL solution (the ctrl samples are reported in red).  

Scaffold 2 mL-FRAP 

Absorbance 

(U.A) 

4 mL-FRAP 

Absorbance 

(U.A) 

B (14% PDLLA-2.1% chestnut lignin) 0.22±0.04 0.34±0.04 

D (14% PDLLA-2.1% AgNPs) 0.206±0.007 0.151±0.001 

E (14% PDLLA) 0.14±0.01 0.12±0.02 

G (14% PDLLA- 3% CNC- 2.1% chestnut 

lignin) 

0.22±0.02 0.26±0.01 

I (14% PDLLA- 3% CNC- 2.1% AgNPs) 0.25±0.01 0.24±0.04 

J (14% PDLLA- 3% CNC) 0.20±0.02 0.26±0.07 

L (14% PDLLA- 1% chitosan- 2.1% 

chestnut lignin) 

0.26±0.06 0.27±0.09 

N (14% PDLLA- 1% chitosan- 2.1% 

AgNPs) 

0.4±0.2 0.190±0.007 

O (14% PDLLA- 1% chitosan) 0.17±0.02 0.118±0.009 

For both assays, control experiments in only the medium were performed, 

showing a negligible release amount of materials. 

 Main Outcomes Of The Study: 

 The lignin recovered from chestnut shells (CLN) with the aid of DES and 

ball mill (Chapter 5), were employed as efficient reducing agent for the in 

situ synthesis of AgNPs. 

▪ The AgNP-CLN or CLN only were incorporated into electrospun 

fibers, giving rise to valuable materials with interesting antioxidant, 

antibacterial and cytocompatibility compounds. 
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6.3 Electron flow characterization of catechol-graphene composite 

hydrogels for charge storage application  

6.3.1 Structural characterization of catechol-graphene hydrogel 

Recently, the possibility to control the electron flow in aqueous media is 

emerging as one of the main features required for electronic material. As already 

mentioned in the Introduction section, to confer conducting properties, graphene 

is widely incorporate into materials.  

In this scenario, an hydrogel film containing catechol (Cat), graphene (Gr) and 

chitosan (Chit) was assembled on an electrode surface  by  two  

electrofabrication   steps. This part of the thesis work was performed during a 

training period, carried out at Institute for Bioscience and Biotechnology 

Research and Fischell Department of Bioengineering of University of Maryland 

(U.S.A.) under the supervision of Prof. G. Payne and Dr. E. Kim.  

Based on consideration of the pH-responsive film-forming ability of chitosan, a 

graphene-chitosan (Gr-Chit) hydrogel was electrodeposited in the presence of a 

slightly acid suspension of graphene. In fact, chitosan is frequently employed to 

co-deposit nanoparticles; in particular when a negative potential is applied on 

the electrode, a locally high pH is generated, allowing chitosan to self-assemble 

into a hydrogel coating due to a decrease of its solubility with entrapping of 

particles suspended, in this specific case graphene. During the second 

electrodeposition step, the Gr-Chit-coated electrode was dipped into a catechol 

solution and a positive potential (relative to catechol E0) was applied, thus 

generating the reactive quinone that could chemically interact with chitosan.  

This mechanism is based on the oxidation and concomitant grafting of catechol 

systems to the Gr-Chit-coated electrode. 

Interestingly, these two step electrofabrication methods allow to prepare 

hydrogel with controlled compositions of the main components. In fact, in the 

first step changes in the deposition time (t) allow to control the graphene 
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content, in the second step the concentration of catechol and the oxidation 

charge qFab allow to control the catechol content. In particular, qFab is the 

number of electrons transferred during this anodic oxidation and serves as a 

measure of the extent of catechol modification.  

Like the related melanin and polydopamine compounds, the complexity of the 

catechol chemistry precludes a complete structural characterisation of the Cat-

Gr-Chit composite hydrogel. Therefore, the chemical structures for the 

oxidatively grafted catechol systems to chitosan can be only proposed (Figure 

6.15) based on the known chemistry of related systems.  

 

 

Figure 6.15. Representative illustration of the electrochemical grafting of catechols into 

chitosan. 

To characterize the microstructure of the composite hydrogels and to confirm 

the proposed chemical reactivity, scanning electron microscopy (SEM) was 

used. As control experiments, a Chit-or Gr-Chit-hydrogel on an electrode 

surface were electrodeposited using a constant current density of 0.6 mA cm−2 

for 3 min. On the other hand, to create the catechol-modified hydrogels (Cat-

Chit or Cat-Gr-Chit), catechol was oxidatively grafted to chitosan by dipping 

coated Chit-or Gr-Chit-hydrogel electrode into 10 mM catechol solution and 

qFab=0.32 C cm-2 was achieved. Subsequently, to remove the adsorbed 
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catechol, the electrofabricated catechol-grafted hydrogels were extensively 

washed with water. As expected, the Chit- and Cat-Chit hydrogels SEM images 

are featureless, while the Gr-Chit and Cat-Gr-Chit hydrogels exhibited 

homogenously dispersed graphene flakes. In addition, for Cat-Gr-Chit hydrogel 

no significant difference was observed compared with Gr-Chit hydrogel. These 

results suggest that the main microstructure of graphene is retained during the 

electrodeposition process (Figure 6.16 panel a). Moreover, Uv-Vis analysis was 

performed. To allow the optical analysis a lower graphene content was 

necessary. To this aim, the electrodeposition of a chitosan solution (1 % w/v) 

containing only 0.2 % w/v   graphene using a transparent gold electrode and 

applying a constant current density (0.6 mA cm−2) for 90 minutes was 

performed. As expected, in the case of Chit-hydrogel coated electrode a very 

low absorbance was observed, whereas Gr-Chit hydrogel showed a monotonic 

broadband  absorbance in the all visible region, likely due to   π–π*  transition  

of  sp2  C=C  bonds  of  graphene. Notably, Cat-Gr-chit hydrogel exhibited the 

highest absorbance as a result of the combined Uv-Vis spectra of Gr-Chit and 

Cat-Chit-hydrogel, prepared as controls (Figure 6.16 panel b). 

 

 

Figure 6.16. Characterization of Cat-Gr-Chit composite hydrogel: (a) SEM images of 

electrofabricated hydrogels on the gold electrode; (b) Uv-Vis spectra and images of 

electrofabricated hydrogels on the transparent gold electrode. 
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To chemical characterize the final material, also Raman and FT-IR spectroscopy 

were carried out, preparing the Gr-Chit and Cat-Gr-Chit hydrogel coated on the 

electrodes as described before for SEM experiment.  As illustrated in Figure 

6.17, the characteristic D-band (≈1334 cm−1) and G-band (1576 cm−1) of 

graphene, attributed to structural defects in the hexagonal sp2 carbon lattice and 

to edge defects respectively, were detected. Notwithstanding that, a slight 

increase of the ID/IG ratio in Cat-Gr-Chit (1.11) compared to the Gr-Chit (1.07) 

was observed, indicating that the second electron deposition process may induce 

local defects in the graphene structure (Figure 6.17 panel a). 

For FT-IR spectroscopy each hydrogel was peeled from the electrode surface 

and suspended in  water.  For the Chit-hydrogel, the characteristic broad peak at 

3000 cm−1 ascribable to OH and NH stretching  vibrations  (Band  1) were 

observed. In the case of the Cat-Chit hydrogel two bands between 1700  and  

1200  cm−1 (Band  2), likely due to the C=C  stretching  vibration were detected 

together with a concomitant decrease  of the peak at  1050  cm−1 (Band  3:  C-O  

stretching  vibration).  In the case of Gr-Chit-hydrogel few characteristic broad 

peaks were observed, while  the  spectrum of Cat-Gr-Chit hydrogel shows the 

increases of peaks between 1680 and 1200 cm−1 (Band 2), in agreement with the 

Cat-Chit-hydrogel.  Additionally, the Band 2/Band 3 ratio is higher in the Cat-

Gr-Chit hydrogel (than the Cat-Chit hydrogel), which may be due to π-π 

interactions between the species produced from catechol and graphene (Figure 

6.17 panel b). 
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Figure 6.17. Characterization of Cat-Gr-Chit composite hydrogel: (a) Raman spectra of 

Gr-Chit and Cat-Gr-Chit hydrogel electrofabricated on a gold electrode; (b) FT-IR 

spectra of electrofabricated hydrogels. 

 

To characterize the electrical properties of the composite hydrogel, 

electrochemical impedance spectroscopy (EIS) was also performed. Although 

EIS measurements are frequently very sensitive, it can be difficult to relate the 

electrical properties observed (such as capacitance and resistance) to the 

underlying molecular-level phenomena (such as reaction and diffusion). As a 

result, various methods were employed for data interpretation. With a 

perturbation amplitude of 5 mV from the open circuit potential, an EIS studies 

using a frequency range of 0.05 Hz to 10 kHz were carried out. 
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Figure 6.18. Characterization of Cat-Gr-Chit composite hydrogel: (a) nyquist plots from 

electrochemical impedance spectroscopy (EIS); (b) real (C′) and imaginary (C″) 

capacitance plots from EIS analysis. 

 

As shown in Figure 6.18, the Nyquist plots offer one method for comparing the 

behaviour of the various hydrogels. The real component (Z′) and imaginary 

portion (Z′′) of impedance for hydrogels without Gr (i.e., Chit and Cat-Chit) are 

about 500 times bigger than hydrogels including Gr, as shown by the left plot of 

Figure 6.18 (i.e., Gr-Chit and Cat-Gr-Chit). The right plot in Figure 6.18 is a 

focus on the low Z′ and Z′′ area and demonstrates that the responses of the two 

hydrogels without Gr are different from those of the hydrogels that include Gr. 

The charge transfer resistance that occurs in the Cat-Gr-Chit hydrogel may be 
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the cause of a little variation between the Gr-Chit and Cat-Gr-Chit hydrogels. 

These results overall suggest that as expected Gr confers conductivity to the 

film. Figure 6.18 panel b shows the frequency-dependent capacitance plot. In 

particular, the real capacitance (C′) approaches the maximum capacitance for 

each film at the lowest frequency (50 mHz) (in the left plot of Figure 6.18 panel 

a). In comparison to hydrogels without Gr, those containing Gr exhibit 300 

times greater C′ capacitance. Additionally, the capacitance of Cat-Gr-Chit is 4.3 

times greater than that of Gr-Chit, likely due to the catechols additional 

contribution to the Gr-Chit. The sharp peak of imaginary capacitance (C′′) at 

frequency (ƒ0) are reported in Figure 6.18.  The relaxation time (τ0) for 

discharging was determined from ƒ0 by using the formula τ0= 1/ƒ0. The electron 

transfer to catechols may be the cause of the delayed response in Cat-Gr-Chit 

(τ0= 1.5 s) compared to Gr-Chit (τ0= 0.2 s). 

Overall, these results confirmed the main conclusion that the electrofabricated 

Cat-Gr-Chit composite hydrogel exhibited both catechol and graphene main 

features.  

6.3.2 Mechanisms for charge-storage and electron-transfer 

without mediators 

6.3.2.1 Electrochemical characterization of conducting catechol 

To further characterize how the conductivity (conferred  by  graphene)  and  

redox  activity  (conferred  by  catechol)  affect  the composite hydrogel 

properties, the electrochemical  behaviour  of  hydrogels  films  prepared  with  

different  compositions were measured. 

Briefly, a thick hydrogel of 25 μm was coated on the electrode by 

electrodeposition of a graphene (0.5%)-chitosan (1%)  solution using a constant 

current of 0.6 mA cm−2 for 3 min. Then the resulting coated electrode was 

dipped into a 10 mm catechol solution and to achieve the oxidative charge 

(qFab) of 0.6 C cm−2 a constant potential (+0.6 V versus Ag/AgCl) was applied.  
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The CVs  of  this  Cat-Gr-Chit  hydrogel-coated  electrode are reported in Figure 

6.19 panel a and compared with  CVs  of  control  hydrogels.  All measurement 

were carried out in 0.1 M phosphate buffer at  pH  7.0.  Briefly, in the CVs of 

the Chit- and  Cat-Chit controls an horizontal flat was detected, indicating a non-

conductive  nature of the hydrogel. On the contrary for the Gr-Chit control 

hydrogel a rectangular shape was observed, suggesting a capacitive hydrogel 

with a significant electrical  double  layer  (EDL) as result of the increase of 

conducting  surface  area due to  the presence of graphene. Notably, the Cat-Gr-

Chit hydrogel exhibited unique features such as 3  reduction  peaks  and  the  

corresponding  3 oxidation peaks, whereas Cat-Chit  hydrogel  shows  no  such  

peaks  in  the  absence  of  Gr. These interesting results indicated that some 

catechols are bound to the conducting surface, i.e. to graphene and electrons can  

be  directly  transferred through graphene from/to  the  conducting  catechols. As 

evident from the CV of Cat-Chit hydrogel, where an horizontal flat lines was 

observed, there was not direct electron transfer  between  catechol  and  the  gold  

electrode. In addition, the very particular shape of the redox peaks could be due 

to the different redox states of catechols or their forms (e.g., monomer or 

oligomers), probably generated during the electro-fabrication process. In Figure 

6.19 panel b, the CV data were expressed as function of time and the charge was 

calculated by integrating the current over time.  

For the Cat-Gr-Chit hydrogel, the total charge 𝑄𝑇𝑜𝑡𝑎𝑙
𝑂𝑥   can be expressed as the 

sum of the double layer 𝑄𝐶𝑜𝑛.𝐷𝐿
𝑂𝑥  and redox oxidative  charge 𝑄𝐶𝑜𝑛.𝑅𝑒𝑑𝑜𝑥

𝑂𝑥   

As illustrated in Figure 6.19 panel b the difference in oxidative charge between 

the Cat-Gr-Chit  and  the  Gr-Chit  hydrogels represents the redox  oxidative  

charge (orange area), whereas the  Gr-Chit  represent the oxidative charge (grey 

area).  

 

𝑄𝑇𝑜𝑡𝑎𝑙
𝑂𝑥 = 𝑄𝐶𝑜𝑛.𝐷𝐿

𝑂𝑥 + 𝑄𝐶𝑜𝑛.𝑅𝑒𝑑𝑜𝑥
𝑂𝑥  
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Figure 6.19. Electrochemical characterization without mediators: (a) cyclic 

voltammograms (CV) of all the 4 composite hydrogel-coated electrodes in phosphate 

buffer (scan rate of 10 mV s−1); (b) current–time plots for Gr-Chit and Cat-Gr-Chit 

composite hydrogel.  

In another series of experiments, the effect on the charge of the graphene and 

catechol content was evaluated. Firstly, Gr-Chit hydrogels with different 

graphene content were electrofabricated by dipping the electrode into chitosan 

(1%) solutions in the presence of different graphene concentration (0, 0.1%, 

0.5%,  1%) and then a constant current of 0.6 mA cm−2 for 3 min was applied.  

As expected, the 𝑄𝐶𝑜𝑛.𝐷𝐿
𝑂𝑥

  increase  with graphene content as result of the 

increase  in  corresponding  double  layer  capacitance and in conductive  

surface  area.  

After these experiments, the same hydrogel-coated electrodes were dipped into a 

catechol (10 mm) solution and a constant potential of +0.6 V was imposed to 

achieve an oxidative charge qFab of  0.32  C  cm−2.  The calculation   of   the   

total   oxidative   charge   𝑄𝑇𝑜𝑡𝑎𝑙
𝑂𝑥  was obtained by CV measurement of the Cat-

Gr-Chit hydrogels and by subtraction from this latter 𝑄𝐶𝑜𝑛.𝐷𝐿
𝑂𝑥 , the conductive  
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oxidative  charge 𝑄𝐶𝑜𝑛.𝑅𝑒𝑑𝑜𝑥
𝑂𝑥 , attributed to catechol was estimated (following 

equation). 

As illustrated in Figure 6.20, in absence of graphene (Gr = 0%) no double layer 

and no redox charge was observed. In the presence of Gr, hydrogels with the 

same catechol content showed a rise of  𝑄𝐶𝑜𝑛.𝑅𝑒𝑑𝑜𝑥
𝑂𝑥  due to an increasing of only 

the  graphene  content.  These findings suggest that although catechols cannot 

directly exchange electrons with the electrode in absence of graphene, these 

redox active molecules confer a redox  conductivity to the film in presence of 

graphene. In addition, focusing the attention on the effect of grafted catechol 

content 5 identical Gr-Chit hydrogel coated electrodes were prepared by 

electrodeposition of chitosan (1%) solution with only  0.5% graphene using a 

cathodic current density of 0.6 mA cm−2 for 3 min. CVs of  the 5 Gr-Chit-

hydrogel coated electrodes  allowed to calculate the 𝑄𝐶𝑜𝑛.𝐷𝐿
𝑂𝑥  for the prepared 5 

coated electrodes. 

Using the same 5  Gr-Chit  hydrogel  coated  electrodes,  the electrodeposition 

of catechol was carried out, dipping the  Gr-Chit coated electrodes into a 10 mm 

catechol solution and imposing  a  positive  voltage  of  +0.6  V  (versus  

Ag/AgCl)  for  selected  times. This allowed to obtain oxidative charge  (qFab)  

values from  0.06  to  ≈0.96  C  cm−2. Subsequently, the 𝑄𝐶𝑜𝑛.𝑅𝑒𝑑𝑜𝑥
𝑂𝑥   was 

calculated as described before for these other electrodes. 

As shown in Figure 6.20 panel b the   conductive   redox   charge increased with 

the increase of qFab. After a while a plateau from 0.6 to 0.96 C cm−2 was 

achieved. This can be related to a limitation in the available  graphene  surface 

area. On the whole, these results highlighted the importance of graphene for the 

double layer charging  and also  for  the  conductive  redox  charging given by 

the catechol molecules.  
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Figure 6.20. Electrochemical characterization without mediators: (a) the effect of 

graphene; (b) the effect of catechol (qFab) on the oxidative charge-transfer mechanisms. 

These results support the main idea of the existence of conducting catechol that 

can directly  transfer  electrons through an interconnected graphene network. 

6.3.2.2 Molecular switching of conducting catechol 

Spectroelectrochemical studies were carried out to evaluate the conductive 

redox electron flow through the Cat-Gr-Chit composite hydrogel and to identify 

redox-state switching of the conducting catechol. In this case, the use of a 

transparent gold electrode and slightly modified electrodeposition condition to 

create a partially-transparent Gr-Chit hydrogel film were necessary. In 

particular, a chitosan solution (1%)  with  a  lower  level  of  graphene  (0.2%)  

was electrodeposited and a cathodic current (0.6 mA cm−2) for 90 minutes was 

applied. In fact, under these circumstances the measurement of the absorbance 

was allowed, creating a thin Gr-Chit hydrogel coated electrode. This latter, to 

generate the Cat-Gr-Chit hydrogel, was then dipped into a 10 mm catechol 

solution and a positive potential (+0.6 V versus Ag/AgCl) was applied, reaching 

a qFab  of  0.3  C  cm−2. For spectroelectrochemical measurements, the resulting 

thin hydrogel coated electrode was dipped into a specific cuvette containing 0.1 

M phosphate buffer at pH 7.  Subsequently, an oscillating potential input was  
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applied  to  the  electrode and the  two  outputs, such as optical absorbance and 

electrical current were simultaneously measured.  

The electrical and optical outputs for the Cat-Gr-Chit versus the control Gr-Chit 

hydrogel lacking catechol are reported in Figure 6.21. As evident, the electrical 

current observed in the case of Cat-Gr-Chit composite hydrogel was higher than 

the  Gr-Chit  hydrogel, in agreement with the higher charge ΔQCat.Gr.Chit =  2.8  ±  

0.06  mC estimated by integrating  the  current  output  over  time  (Q=∫i×  dt) 

respect its control Gr-Chit  film  (ΔQGr.Chit=  1.0  ±  0.01  mC). This can be easily 

explained by the additional redox-based electron transfer mechanism of catechol 

systems. The third output in  Figure 6.21  is  the  optical  absorbance   at 480  

nm, generally attributed to  the  redox  state  of  the  grafted  catechol  moieties 

(note: the absorbance is normalized by subtracting the initial absorbance to 

emphasize its change). An oscillating absorbance output was observed only in 

the case of the Cat-Gr-Chit hydrogel, while the control Gr-Chit  hydrogel  shows  

no  oscillations  in  the  absorbance  output  (ΔAGr.Chit ≈ 0). This can be taken as 

a direct evidence of the redox state of some  catechol  moieties, that can be 

repeatedly  switched  between in their  reduced  (catechol)  and  oxidized  (qui-

none) states by electron transfer through the graphene network. In fact, in 

absence of graphene, i.e. in the case of Cat-Chit-hydrogel, a ΔA value ≈ 0 was 

observed.   

Notably, when the  maximum  (i.e.,  reductive)  charge  (Qmax)  occurred, the 

minimum  absorbance  (Amin, associated with the reduced catechol state) was 

observed, and when the minimum (i.e., oxidative) charge (Qmin) occurred, the  

maximum  absorbance  (Amax,  associated  with  the  oxidized  quinone state) 

was detected. 
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Figure 6.21. Molecular switching without mediators (detect the conducting catechols). 

Time series output curves of the response to cyclically-oscillating input potential in 

buffered solutions without mediators.  

 

Overall these results provide another evidence of the presence of a conducting 

catechols population that can  directly  exchange  electrons  with graphene, able 

to transfer electrons with the electrodes (Figure 6.22).  
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Figure 6.22. Representative scheme for conductive catechol and graphene.  

 

6.3.3 Mechanisms for charge-storage and electron-transfer with 

mediators 

6.3.3.1 Molecular switching of non-conducting catechol 

While the above results provide evidence for a population of conducting 

catechols that can directly exchange electrons with Gr, to evaluate if there are a 

second functional population of catechols that remains redox-active but  cannot  

directly  exchange  electrons  with  Gr  without  mediators, another series of 

experiments were carried out. In particular, a series of spectroelectrochemical 

measurements using hydrogel coated electrodes as described in the previous 

paragraph in presence of two mediators (i.e., diffusible electron shuttles) were 

performed.  

As already described in Chapter 1, the use of mediators allows to transfer 

electron from/to the electrodes to/from non-conducting catechols in redox-

cycling reactions. It must be kept in mind that in the oxidative region, the 

ferrocene dimethanol (Fc) mediator undergoes oxidative redox-cycling, 

switching the non-conducting catechols to their oxidized (e.g., quinone) state. 

On the contrary, in the reductive region, the Ru(NH3)6Cl3 (Ru3+) mediator 
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undergoes reductive redox-cycling, switching the non-conducting catechols to 

their reduced (e.g., catechol) state. In Figure 6.23. the measurements for the Cat-

Gr-Chit hydrogel in presence of the Fc and Ru3+ mediators (0.1 mM each) and 

the same film without mediators are reported. 

The first set of output curves in Figure 6.23 shows the electrical current. When 

the Cat-Gr-Chit composite hydrogel was probed in the presence of both 

mediators, a larger current compared to the same hydrogel in absence of 

mediators was observed. This amplification can be taken as an evidence of the 

existence of  a  second non-conducting catechol population, requiring the 

presence of mediators to induce their  redox-switching. Consistent with these 

results, also the oscillating QCat-Gr-Chit composite hydrogel was higher in presence 

of mediator respect with the same hydrogel in  absence of mediators or Gr-Chit 

hydrogel with mediators.  

The third set of output curves is the optical absorbance associated with the 

catechol  moieties  redox  state. A semi-quantitative indicator of the catechol 

moieties redox-state switching is the amplitude of the oscillating optical 

absorbance output (A). As expected, no absorbance was observed in the case of 

the Gr-Chit film, due to absence of the catechols. On the other hand, the Cat-Gr-

Chit   film in presence of mediators exhibited a significant higher absorbance 

0.05±0.003 compared to the same film probed without mediators 0.015±0.002. 

These values maybe suggest that this Cat-Gr-Chit  hydrogel is composed by  1/3  

of  the  redox-active  conducting catechols  and  2/3 of non-conducting  

catechols approximately.  
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Figure 6.23. Molecular switching with mediators (detect the non-conducting catechols). 

Time series output curves of the response to cyclically oscillating input potential in 

buffered solutions (PB) without or with mediators (0.1 mM ferrocene dimethanol [Fc] 

and 0.1 mM ruthenium hexamine chloride [Ru3+]). 

 

To further examine the responses of the conducting and non-conducting 

catechols, dynamic analysis of the Cat-Gr-Chit hydrogel in the presence and 

absence of mediators using various scan rates were carried out.   
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As shown in Figure 6.24, an increase of the scan rates is associated to a decrease 

of the oscillating electrical  output  (ΔQ)  and  optical  output (ΔA) at 480 nm. In 

Figure 6.24 panel b the ΔA is plotted in function of ΔQ. Notably, a linear 

correlation was observed, indicating that the electrons transferred  to/from  the  

hydrogel  are  associated  with  the switch  of  the  redox  state  of  the  catechols 

systems. This slope seems to be the same with o without mediators, suggesting 

that the same number of electrons is required to switch the conducting and non-

conducting catechols.  

In addition, as illustrated in Figure 6.24 panel b, the addition of catechol to the 

Gr-Chit film further increase ΔQ  in  a  scan-rate  dependent  manner, in 

agreement with  the  addition  of  a  redox  capacitance.  

This redox capacitance is connected to the conducting catechols, when the Cat-

Gr-Chit film was investigated without mediators. On the contrary, probably the 

redox capacitance includes both the conducting and non-conducting catechols 

when the Cat-Gr-Chit hydrogel was investigated with mediators. Importantly, 

mediators are required to switch the non-conducting catechols to allow 

significantly more electrons to be transferred to/from the hydrogel and 

corresponding increases in ΔQ and ΔA (480 nm). 
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Figure 6.24. Molecular switching with mediators (detect the non-conducting catechols). 

(a) Dynamic analysis of the electrical and optical outputs as a function of scan rate (e.g., 

frequency); (b) cross-correlation illustrates the importance redox-state switching of the 

catechol (measured as ΔA) to the ability to transfer electrons into/from the composite 

(measured as ΔQ). 

6.3.3.2 Electrochemical characterization of non-conducting 

catechol 

In another series of experiments, CVs measurement were carried out with or 

without Fc (E0,Fc=+0.25  V versus  Ag/AgCl)  and  Ru3+  (E0,Ru3+=−0.2  V  versus  

Ag/AgCl)  mediators. In the case of Gr-Chit hydrogel, small changes were 

observed with or without mediators, as result of their poor effect on the 

graphene conducting mechanism.  On the contrary the Cat-Gr-Chit hydrogel 
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exhibited significant differences in presence of mediators, necessary to access to 

the redox-non-conducting catechols. Comparing the CVs of Cat-Gr-Chit 

hydrogel tested  with or without  mediators (Figure 6.25), three main 

observations from the CVs can be done:  

i) in presence of mediators a large current peak was observed, consistent 

with the requirement for diffusible mediators to  allow  the  non-

conducting catechols to exchange electrons, and also illustrates the role 

of the mediators as voltage gates to allow electron flow to/from the non-

conducting catechol population; 

ii) the currents peak in presence of mediators was amplified:  the  

mediators  can  transferred electrons from/to the  non-conducting  

catechol  population; 

iii) Fc-oxidation (but not Fc-reduction) was amplified and Ru3+- reduction 

(but not Ru3+-oxidation) was amplified, features previously reported  for  

redox-active  but  non-conducting films in bioelectronics applications. 

 

 

Figure 6.25. Electrochemical characterization with mediators. Cyclic voltammograms 

(CV) of graphene-containing composites when probed with or without mediators (0.1 

mM Fc, 0.1  mM Ru3+; scan rate of 10 mV s−1). 
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Additionally, to   estimate   the   relative   contributions   of   the three   electron   

transfer mechanisms, the integration of the current over time to calculate the 

charge was performed. Firstly, the Gr-Chit hydrogel was probed to evaluate the 

double layer charge conferred by graphene 𝑄𝐶𝑜𝑛.𝐷𝐿
𝑂𝑥 . Subsequently, the Cat-Gr-

Chit hydrogel without mediators  was probed to estimate the  conductive  redox  

charge  conferred  by  the  conducting  catechol 𝑄𝐶𝑜𝑛.𝑅𝑒𝑑𝑜𝑥
𝑂𝑥 , whereas when the 

Cat-Gr-Chit film was probed with mediators, the  non-conducting  catechol’s 

𝑄𝑁𝑜𝑛.𝐶𝑜𝑛−𝑅𝑒𝑑𝑜𝑥
𝑂𝑥  charged was estimated. The 𝑄𝑇𝑜𝑡𝑎𝑙

𝑂𝑥  is the sum of all these 

contributions. 

Using the same  thick  hydrogels  prepared as described before, the content of 

graphene and catechol systems were modified. Notably, the results shown in 

Figure 6.26 indicated that when the graphene content in the hydrogel increased, 

both  the  double  layer  charge  and  the  conductive  redox  charge  increased, 

whereas no difference for the  non-conductive  redox  charge was observed. In 

contrast, when the catechol content increased, no changes was observed for the 

conducting double layer  charge,  while  both  the  conductive  redox  charge  

and  non-conductive  redox charge increased. Notably, as evidente from Figure 

6.26 panel b, increasing the catechol content, the non-conductive redox charge 

increased, whereas the conductive redox charge achieved a plateau, as result of a 

limitation in the graphene content. These   results   indicate   that   the   ability of 

the mediators to  access  the  non-conducting  catechol  population leads to a 

large increase in electron exchange in the hydrogel.  

𝑄𝑇𝑜𝑡𝑎𝑙
𝑂𝑥 = 𝑄𝐶𝑜𝑛.𝐷𝐿

𝑂𝑥 + 𝑄𝐶𝑜𝑛.𝑅𝑒𝑑𝑜𝑥
𝑂𝑥 + 𝑄𝑁𝑜𝑛.𝐶𝑜𝑛−𝑅𝑒𝑑𝑜𝑥

𝑂𝑥  
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Figure 6.26. a) The effect of graphene on the oxidative charge-transfer mechanisms; b) 

the effect of catechol (qFab) on the oxidative charge-transfer mechanisms. 

Different scan  rates  from  2  to  1000  mVs−1 on these thick  hydrogels without 

mediators were applied. In addition, by dividing the output charge (Q) by the 

electrode surface area and scan rate as shown in the following equation, the CV 

data was transformed into area capacitances, allowing a comparison of the 

responses from various CVs using the same y-axis scale. 

 

The Gr-Chit hydrogel shape of CVs curves is largely independent  on  the  scan  

rate, as result of  an  EDL  capacitance, while in the case of Cat-Gr-Chit  

hydrogel  exhibited changes in function of scan rate due to the contributions  

from  both  graphene double  layer  capacitance  and  the  conducting-catechols  

redox  capacitance. Finally, the Cat-Gr-Chit hydrogel were probed with 

mediators, which includes all three electron transfer mechanisms. These latter 

plots show that the total capacitance decreases with increasing scan rate which is 

consistent with a redox capacitance mechanism.  

Additionally, to get more information, the peak current (ip) was plotted versus 

the scan rate.  
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Figure 6.27. Dynamic analysis in which output currents are converted to area 

capacitance values (C, F cm−2: CVs performed from 2 to 1000 mV s−1). 

As evident from the graph in Figure 6.27, the follow equations show a  power-

law  dependence  with  the  exponent  (b)  providing  mechanistic  insights: b  

approaches  1  for  surface-controlled  electrochemical  processes, and 0.5 for 

diffusion-controlled processes. 

Notably, as shown Figure 6.28. in absence of mediator for the Gr-Chit hydrogel, 

b approaches to 1(0.96), supporting the main hypothesis that the electron-

transfer is associated with the  surface  controlled  double  layer  formation  (i.e.,  

the  capacitive  charge), while in the case of Cat-Gr-Chit  hydrogel  without  

mediators the exponent b decreases to 0.82, indicating that maybe an additional 

surface-controlled  redox  reaction  of  conducting  catechol is present. 

Interestingly, the lowest b value was obtained in the case of Cat-Gr-Chit probed  

in  the  presence  of  mediators  (b =  0.65),  supporting the  hypothesis  that  

mediator  diffusion  is  required  for  electron-transfer  of  the  non-conducting  

catechol.  
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Figure 6.28. Dynamic analysis of oxidation peak currents as a function of the scan rate 

and related linear equations. 

Overall, these findings provide evidence that the Cat-Gr-Chit probed the 

presence of a second non-conductive catechol populations. Specifically, it can 

be supposed that these “non-conducting” catechols are covalently grafted to the 

chitosan matrix but do not form the associations with Gr, not allowing a direct 

electron transfer (Figure 6.29). 

 

Figure 6.29. Representative scheme of the three main mechanism for the Cat-Gr-Chit 

hydrogel. 
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presence of graphene in the prepared hydrogel could affect the redox switching 

properties of catechols. Therefore, to evaluate the repeatability of switching over   

10   cycles, an   oscillating   input   potential   was applied to this film.   

In the case of the Cat-Gr-Chit hydrogel   with   mediators, the electrical  output  

(ΔQ=  4.09  mC  ±  0.12)  and  optical  output  (ΔA at 480 nm =  0.051±0.0036)  

remained  relatively  constant  over  10  cycles.  The same was observed in the 

case of the Cat-Gr-Chit hydrogel probed without  mediators.  This steady output 

indicates that the catechol  moieties  (both  conducting  and  non-conducting)  

can  be  repeatedly  switched. Then, a potential between -0.6 and +0.6 V was 

imposed. Repeatable response of both electrical and optical outputs for the Cat-

Gr-Chit hydrogel (higher in presence of mediators) switching the redox-state 

was observed. When the step potential was maintained for 5 min, the absorbance 

remained stable (Figure 6.30). Based on these findings, it can be concluded that 

the redox states of both the conducting and non-conducting populations of 

catechol can be repeatedly switched.  

 

Figure 6.30. Stability of redox state switching. a) repeatable switching of catechol 

redox-states with and without mediators as measured from the optical output from multi-

cycle CV measurements (scan rate of 10 mV s−1). b) stability measurements of the 

reduced and oxidized redox-states of the catechol when a step potential was imposed. 
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As reported in the following scheme the incorporation of graphene within  the  

hydrogel  conferred  charge-storage  through  a  double  layer  and  electron-

transfer  through  a  metal-like  conductivity  mechanism. Two catechol 

population were proved to exist. One population, the  “conducting  catechols”,  

is  believed  to  be  in  intimate  contact with graphene and can directly exchange 

electrons with graphene, allowing   charge-storage   through   a   redox   

mechanism  and  can  undergo  direct  electron-transfer  with  the  graphene.  

The second population,  the  “non-conducting  catechols”,  is  believed  to  be  

grafted  to  the  chitosan  but  physically  separated  from  graphene  and  thus  

precluding  direct  electron  exchange  as  previously  demonstrated  with  the  

catechol-grafted  chitosan, allowing the charge-storage  through  a  redox  

mechanism  but  require  mediators  (diffusible  electron  shuttles)  to  allow  

electron-exchange (Figure 6.31).  

 

 

Figure 6.31. Representative scheme for the three-mechanism underlying the electron 

flow of the Cat-Gr-Chit hydrogels. 
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Main Outcomes Of The Study: 

 A chitosan hydrogel incorporating graphene and catechol was 

electrofabricated, showing synergistic properties. 

▪ The electron flow of the hydrogel was fully characterized by 

spectroelectrochemical reverse engineering approach.  
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6.4 Experimental section 

Materials and Methods. Commercial-grade reagents and solvents were used 

without further purification, except where otherwise indicated. Poly-D,L-lactic 

acid (PDLLA, molecular weight: 126 kDa) was obtained from FormFutura, 

cellulose nanocrystals (CNCs, 88%) were purchased from CelluForce. 

1,1,1,3,3,3-hexafluoro-2-propanol (HFP) was obtained from Iris Biotech 

GMBH. Chitosan (CS, molecular weight: 50-190 kDa, deacetylation ≥ 75%) 

was obtained from Sigma Aldrich. Ru(NH3)6Cl6 (Ru3+), catechol and Ferrocene 

dimethanol (Fc) were purchased from Alfa Chemistry. PNS was supplied by the 

Productora de Nuez S.P.R de R.I. (Mexico). Graphene (N002-PDR) was 

purchased from Angstron Materials. All reagents and solvents used were of 

analytical grade (Sigma-Aldrich). Pseudomonas aeruginosa PAO1 (ATCC® 

BAA-47), Streptococcus mutans (ATCC® 25175), E.coli were obtained from 

the American Type Culture Collection (ATCC) via a local distributor (LGC 

Standards S.r.l). Luria–Bertani (LB) agar, nutrient agar and BacTiter-Glo™ 

Microbial Cell Viability Assay Reagent were purchased from Promega. X’Pert 

Pro diffractometer, equipped with a PIXCel 1D detector, under CuKα radiation 

was used for XRD analysis of AgNP-PNS. Powder spectra were collected under 

ambient conditions in the range 5-80 °2θ, with a step size of 0.013 °2θ and 

counting time of 20 seconds per step. The PANalytical High-Score package, 

equipped with the ICDD PDF 2 database, was used to identify the crystalline 

phases in the samples. The amount of AgNP in the samples was evaluated by the 

RIR/Rietveld method (Chipera and Bish, 2013): a weighted amount (10% w/w) 

of corundum (NIST Standard Reference Material 676a) was added to each 

sample, the mixture was carefully homogenized, and the diffraction spectrum 

was acquired. Then, the relative mass percentage of corundum, Ag, and AgCl if 

present were calculated by a quantitative analysis carried out using the MAUD 

software. The results were rescaled accounting for the actual amount of 

corundum, obtaining the absolute weight percentage of each phase as the mean 
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value from three different samples. The structural information of each phase was 

acquired from the Crystallography Open Database (Crystallography Open 

Database, 2020). 

ATR-FTIR spectra were recorded on the solid samples using a Nicolet 5700 

Thermo Fisher Scientific instrument. Spectra were recorded as an average of 

128 scans in the range 4000-450 cm-1 (resolution of 4 cm-1). Background spectra 

were recorded each time and then subtracted from the sample spectra. 

For SEM, TEM, and DLS characterization, 10 mg of sample was suspended in 3 

mL of distilled water. The mixture was sonicated in a Labsonic Falc LBS1-0,6 

ultrasonic bath for 30 min, then allowed to settle for another 30 min. The 

obtained supernatant was analyzed by TEM (FEI Tecnai G2 Spirit Twin device), 

SEM (FEI Quanta 200 FEG, 10-30 kV acceleration voltage, secondary electron 

detector) and DLS (Malvern NanoSizer ZS, 25 °C, with a wavelength of 633 nm 

and detection of backscattered light at an angle of 173°). 

SEM images were acquired with a voltage of 20 kV and different 

magnifications, after gold sputter-coating on a Philips, FEI ESEM XL30 

instrument. The diameter of the fibers was evaluated using ImageJ software 

supplied with the DiameterJ plug-in. 

The images of Cat-Chit-Gr-hydrogel samples were obtained using a scanning 

electron microscope (SEM, SU-70). Uv-Vis spectroscopy (Evolution 60 

spectrophotometer, Thermo Fisher Scientific), Raman spectroscopy (inVia 

Raman Microscopy, Renishaw Inc), and FourierTransform infrared 

spectroscopy (FT-IR, VERTEX 70 FT-IR, Bruker) were used to chemical 

characterized the prepared hydrogels. 

A CHI6273C electrochemical analyzer (CH Instruments) was used for 

performing chrono-coulometry (CC, applying qFab), cyclic voltammetry (CV) 

and electrochemical impedance spectroscopy (EIS). A standard gold electrode 

was purchased from CH Instruments (Austin, TX) Instrumentation 

Electrochemical analysis. a DC power supply (2400 Sourcemeter, Keithley) was 
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used for the electrodeposition of chitosan (Chit) or graphene-chitosan (Gr-Chit) 

hydrogels. 

AgNP-PNS were characterized by XRD, SEM, TEM, DLS and ATR-FTIR 

spectroscopy.  

PNS milling and sieving. After being dried in an oven at 50 °C for 16 h, PNS 

were finely minced in a grinding mill (Retsch RM 200) for 15 min. 15 g of the 

sample thus obtained was then placed into a vibratory sieve shaker (Retsch AS 

200), obtaining a material with homogeneous particle size distribution (75-125 

μm). 

Preparation of AgNP-PNS by the wet-chemical approach. To 20 mL of a 10 

mM AgNO3 water solution, 200 mg of PNS were added to 20 mL and stirred at 

room temperature for 24 h. Subsequently, the mixture was centrifuged (7000 

rpm, 30 min), and the precipitate was washed three times with water. The final 

material was then lyophilized (yield of 75 % w/w).  

Preparation of AgNP-PNS by the mechanochemical approach. PNS were 

extensively dried in a vacuum oven at 60 °C for 16 h. PNS in the presence of 

AgNO3 85:15 w/w ratio, respectively, were introduced into a vibratory ball mill 

(Retsch EMAX model) at 60 Hz for 90 min. To scale up the process, 10 g of 

sample constituted of 85:15 w/w PNS/AgNO3 ratio were milled into a planetary 

ball mill (Fritsch Pulverisette 7 model) at 800 rpm for 30, 90, 120 and 180 min. 

In other experiments, a 55:45 w/w PNS/AgNO3 ratio was used, with a milling 

time of 180 min, selected as the optimal experimental conditions to prepare the 

AgNP-PNS sample. 

Preparation of AgNP-CLN. Lignin from chestnut shells was recovered as 

described before (see Chapter 5). 140 mg of lignin were added into a ball mill 

(Fritsch Pulverisette 23) with 25 mg of AgNO3 (15 % w/w) at 50 osc/s. After 

180 minutes, the recovered samples were washed three times with 50 mL of 

water and centrifuged to recover as precipitate AgNP-CLN.  
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Electrospinning. Polymer solution in the ratio percentages listed in Table 6.2 

were prepared as follows. For scaffold P (E), PDLLA (280.0 mg) was dissolved 

in HFP (2.0 mL) and kept under magnetic stirring overnight at 310 K. For 

scaffolds PL01 (A) and PL03 (B), chestnut lignin (2.0 and 6.0 mg, respectively) 

was suspended in HFP (2.0 mL), sonicated and left stirring at room temperature 

for 2 hours. Successively, PDLLA (280.0 mg) was added and all components 

were kept under magnetic stirring overnight at 310 K. For scaffolds PA01 (C) 

and PA03 (D), AgNPs (2.0 and 6.0 mg, respectively) were suspended in HFP 

(2.0 mL), sonicated and left stirring at room temperature for 2 hours. 

Successively, PDLLA (280.0 mg) was added and the polymer solution was kept 

under magnetic stirring overnight at 310 K. 

For scaffolds PN (J), CNCs (8.2 mg) have been suspended in HFP (2.0 mL), 

sonicated and left stirring at room temperature for 2 hours. Successively, 

PDLLA (260.0 mg) was added and all kept under magnetic stirring overnight at 

310 K. For scaffolds PNL01 (F) and PNL03 (G), chestnut lignin (2.0 and 6.0 

mg, respectively) was suspended in HFP (2.0 mL), sonicated and left stirring at 

room temperature for 2 hours. Afterward, CNCs (8.2 mg) were added and the 

suspension was left stirring at room temperature for 2 hours further. 

Successively, PDLLA (260.0 mg) was added and all kept under magnetic 

stirring overnight at 310 K. 

For scaffolds PNA01 (H) and PNA03 (I), AgNPs (2.0 and 6.0 mg, respectively) 

were suspended in HFP (2.0 mL), sonicated and left stirring at room temperature 

for 2 hours. Afterward, CNCs (8.2 mg) were added and the suspension was left 

stirring at room temperature for further 2 hours. Successively, PDLLA (260.0 

mg) was added and all components kept under magnetic stirring overnight at 

310 K. 

For scaffold PC (O), CS (2.4 mg) has been suspended in HFP (2.0 mL), 

sonicated and left stirring at room temperature for 2 hours. Successively, 

PDLLA (260.0 mg) was added and all components were kept under magnetic 
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stirring overnight at 310 K. For scaffolds PCL01 (K) and PCL03 (L), chestnut 

lignin (2.0 and 6.0 mg, respectively) was suspended in HFP (2.0 mL), sonicated 

and left stirring at room temperature for 2 hours. Afterward, CS (2.4 mg) was 

added and the suspension was left stirring at room temperature for further 2 

hours. Successively, PDLLA (260.0 mg) was added and all components kept 

under magnetic stirring overnight at 310 K. For scaffolds PCA01 (M) and 

PCA03 (N), AgNPs (2.0 and 6.0 mg, respectively) were suspended in HFP (2.0 

mL), sonicated and left stirring at room temperature for 2 hours. Afterward, CS 

(2.4 mg) was added and the suspension was left stirring at room temperature for 

2 hours further. Successively, PDLLA (260.0 mg) was added and all kept under 

magnetic stirring overnight at 310 K. 

A Linari Engineering Gamma-High Voltage generator electrospinning system 

was used for the preparation of electrospin fibers. The polymer mixtures were 

loaded into a 10 mL glass syringe with an 18 G stainless-steel needle and then 

electrospun at 19 kV with a flow rate of 1.0 mL/h of the pump. The target was a 

round copper plate having 90 mm diameter coated with aluminium foils and the 

distance between the collector and the needle was set to 19 cm. 

Antioxidant properties of AgNP-PNS 

To a 200 μM DPPH ethanolic solution, AgNP-PNS or PNS (0.025-7.5 mg/mL) 

were added. After 10 min under stirring at room temperature, the absorbance at 

515 nm was measured by Uv-Vis spectrophotometer. FRAP solution was 

prepared mixing 20 mM FeCl3, 10 mM 2,4,6-tris(2-pirydyl)-s-triazine, and 0.3 

M acetate buffer (pH 3.6) in a 1:1:10 v/v/v ratio. AgNP-PNS or PNS (0.03-0.15 

mg/mL) were added to FRAP solution and stirred for 10 min at room 

temperature. The absorbance at 593 nm was measured. All the experiments were 

run in triplicate. 

Antioxidant activity of the electrospun fibers. Electrospun fibers sections of 

ca. 1 cm2 total surface area (corresponding to 7 mg of material) were deposited 

on the bottom of a vial containing 2,4 and 6 mL of a 200 μM ethanolic solution 
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of DPPH. A blank sample without the films was also prepared. The absorbance 

of each solution at 515 nm was periodically analysed. Experiments were run in 

triplicate. The same procedure was then applied for FRAP solution containing 

1.7 mM FeCl3 and 0.83 mM TPTZ in 0.3 M acetate buffer (pH 3.6) and the 

absorbance of each solution at 593 nm was periodically analysed. Experiments 

were run in triplicate. 

Photocatalytic properties of AgNP-PNS 

In a 60 mm cell-culture dish 10 mL of a methylene blue (MB) solution (30 

mg/mL) in water was placed in presence of AgNP-PNS (4 mg). The suspension 

was irradiated with the aid of a solar simulator (Thermo Oriel 66902 model) at 

60 W, with a UV-cutoff filter (λ > 400 nm) for 120 min. The MB absorbance 

was measured every 30 minutes by Uv-Vis spectroscopy, withdrawning 2 mL of 

the mixture and carefully replacing in the cell culture dish. Different control 

experiments were carried out: i) using PNS in place of AgNP-PNS; ii) in 

absence of AgNP-PNS;  iii) in the dark. Each experiment was run in triplicate.  

For the recycling of AgNP-PNS at the end of each experiment, the resulting 

mixture was centrifuged, washed extensively with water and lyophilized. 

Finally, AgNP-PNS were recovered and reused in the photodegradation 

experiment as above. 

Antibacterial Activity of AgNP-PNS 

Thermo Fisher Scientific, Waltham, Massachusetts, USA, provided the 

trypticase soy broth agar and trypticase soy yeast extract agar, which were used 

for the 18-hour cultures of P. aeruginosa PAO1 (ATCC® BAA-47) and S. 

mutans (ATCC® 25175), respectively. Then, one colony was reconstituted in 

liquid broth medium (5 mL), and it was incubated at 37 °C and 200 rpm for an 

overnight period. By observing the optical density (OD) at 600 nm of bacterial 

suspensions cultivated in the presence of the sample, AgNP-capacity PNS's to 

limit bacterial growth was determined. A 96-well polystyrene plate was used, 
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and AgNP-PNS was added at various concentrations (50, 100, 250, 500, and 

1000 g/mL) in the presence of 200 L of liquid broth. 

Then, the plates were incubated at 37 °C and 200 rpm in a microplate reader 

with bacteria injected at 0.5 MacFarland standard turbidity (about 1.5 108 

CFU/mL) (Cytation 3, AHSI). Negative controls included liquid medium broth 

devoid of bacteria, whereas positive controls included 200 L of PAO1 (1.5 108 

CFU/mL) or S. mutans (1.5 108 CFU/mL). The OD at 600 nm was measured at 

predetermined intervals (6 hours, 12 hours, and 24 hours). The tests were carried 

out three times. For the agar diffusion procedure, a solid broth medium 

measuring 10 mm by 150 mm was covered with 100 L of bacterial suspension 

containing around 1.5 108 CFU/mL and left to dry for about 10 minutes. 

Agar bacterial plates were aseptically loaded with discs containing 250, 500, and 

1000 g/mL of AgNP-PNS or 1000 g/mL of PNS. The discs were then incubated 

at 37 °C overnight either in the dark or with light illumination using a desk lamp 

fitted with an 11 W, 806 lumen, E27 ID60 LED bulb (Jedi Lighting). As a 

negative control, liquid medium broth devoid of microorganisms was utilized. 

The sizes of the inhibitory zones were measured at the conclusion of the 

incubation period. The tests were carried out three times. 

Biofilm growth inhibition by AgNP-PNS 

Biofilm was created, with a few alterations, as stated in [316]. In a 48-well 

polystyrene plate, various doses of AgNP-PNS (250, 500, and 1000 g/mL) were 

added in the presence of 750 L PAO1 or a suspension of S. mutans (1 107 

CFU/mL) or both. For 6, 12, and 24 hours, the cultures were incubated statically 

at 37 °C in a humid environment in order to develop a mature biofilm. As a 

negative control, liquid medium broth devoid of bacteria was utilized; as a 

positive control, 750 L of PAO1 (1 107 CFU/mL) and S. mutans (1 107 

CFU/mL) were employed. 

The crystal violet (CV) test was used to measure the amount of surface-adhered 

biofilm [317].  Each well was carefully cleaned with sterile phosphate buffered 
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saline (PBS) before being allowed to air dry for 30 minutes. Then, a 0.1% w/v 

CV solution was applied to each well. Excess solution was drained after 30 

minutes, and any remaining stain was washed off with PBS. The pigmented 

biofilms were dissolved in 96% ethanol and measured using a microplate reader 

to measure the OD at 570 nm (Cytation 3, AHSI). The tests were carried out in 

triplicate. 

Catechol-graphene based hydrogel preparation for a spectro-

electrochemical experiment. A transparent gold electrode (r = 0.2 cm) was 

dipped into a chitosan solution (1 % w/v) with/without a 0.2 % w/v graphene 

(low content) to obtain a Chit o Chit-Gr coeated electrode, respectively. 

Subsequently, a constant current density (0.6 mAcm-2) was applied for 90 

seconds. Then the coated electrode was immersed into 10 mM catechol solution 

(0.1 M phosphate buffer, pH 7.0) and a constant potential (0.6 V vs Ag/AgCl) 

was applied to reach the qFab of 0.3 Ccm-2. To remove the adsorbed not grafted 

catechol, the final electrode was extensively washed with water.  Chit or Gr-

Chit-hydrogel were electrodeposited on a standard gold electrode (r = 0.1 cm) or 

a gold coated silicon wafer (A = 1 cm2). With this aim the electrode was 

immersed into a chitosan solution (1 w/v%) with various graphene contents 

using a constant current density of 0.6 mAcm-2 for 3 min. Then, the Chit or Gr-

Chit hydrogel coated electrode was dipped in 10 mM catechol solution and 

different catechol contents were electrodeposited using various qFab (Ccm-2). 

To remove the adsorbed catechol not grafted to the chitosan, the final electrode 

was extensively washed with water.  After that, for SEM measurement, the 

hydrogel-coated electrode was freeze-dried. For FT-IR measurement, the 

hydrogel was suspended in water and dipped into 0.1 M NaOH. After 12 hours 

the hydrogel was peeled off from the electrode.  

Spectroelectrochemical measurement of catechol-graphene based hydrogel. 

On a transparent gold electrode, a thin hydrogel film was electrodeposited. This 

latter was placed into a cuvette, filled with the phosphate buffer solution (0.1 M, 
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pH 7.0) in presence or in absence of 0.1 mM Fc and 0.1 mM Ru3+. As a counter 

electrode, a platinum wire was used, while as reference electrode a Ag/AgCl 

was used. All three electrodes were connected to an electrochemical analyzer. 

The optical absorbance was followed at selected times by a Uv-Vis 

spectrophotometer. Simultaneously, the optical (absorbance) and 

electrochemical (current) output responses were individually recorded over time.  

Electrochemical measurement of catechol-graphene based hydrogel. A thick 

hydrogel film was electrodeposited on a standard gold electrode. As a counter 

electrode, a platinum wire was used, while as reference electrode a Ag/AgCl 

was used. All three electrodes were connected to an electrochemical analyzer 

and placed into an electrochemical cell containing the phosphate buffer solution 

(0.1 M, pH 7.0) in presence or in absence of 0.1 mM Fc and 0.1 mM Ru3+ Air 

was excluded by purging N2 during the experiment. A frequency range from 

0.05 Hz to 10 kHz with a perturbation amplitude of 5 mV from the open circuit 

potential was used for the ElS measurement. 

Mass measurement of composite hydrogel. To measure the mass of 

electrofabricated composite hydrogel, a quartz crystal microbalance (QCM) 

(CHI420, CH instruments, Inc., Austin, TX.) was used. The composite hydrogel 

was electrofabricated on a 8 MHz resonating, gold-coated crystal (working area: 

0.205 cm2). In an ex-situ QCM experiment, the initial frequency (f0) of a dried 

crystal was measured in the air. Subsequently, on the gold crystal the composite 

hydrogel was electrofabricated.  To remove the water in the hydrogel the 

composite-hydrogel coated crystal was dried in the air for 2 hours. Then, the 

frequency (f1) of the dried hydrogelcoated crystal was measured. f was 

calculated as the difference between f0 and f1, used to estimate the mass change 

with a mass sensitivity of 1.34 ngHz-1. 
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7 Conclusions 

 

The focus of this PhD thesis is represented by phenols and polyphenols, 

providing the main reactive unit in complex systems and biopolymers. These 

compounds have been finding increasing applications not only as food 

supplements, but also as additives for the implementation of functional 

materials. Notably, the use of green chemistry methodologies including solvent 

free conditions and mechanochemistry for functionalization or activation of 

phenolic compounds or their extraction from an easily accessible and low-cost 

sources, i.e. agri-food wastes, represented the central strategy applied in this 

thesis to improve their activities for various applications. 

Among natural phenolic compounds, growing interest has been devoted to 

eumelanin, a family of heterogeneous and polymeric catechol pigments, 

ubiquitously found in nature, characterized by complex molecular and 

supramolecular structure with a wide spectrum of interesting properties such as 

antioxidant, photoprotective or redox activity. Thanks to their ability to give rise 

to multiple interactions including covalent and hydrogen bonding, cation-π and 

aromatic interactions, or binding of various metals, these pigments can be 

exploited for various applications. However, the poor solubility of melanin has 

so far limited the full characterization of their properties, that may hold the key 

of their biological role, and represents the major limitation in an electrochemical 

analysis, making difficult the exchange of electrons with the electrode surface. 

To overcome this limitation, recently an alternative top-down method, that 

hinges on an electrochemical reverse-engineering methodology, using soluble 

mediators (redox active species that can diffuse freely in solution), was 

developed. This innovative approach was applied to the synthetic model 

pigments obtained from an enzymatic promoted oxidation of DHI and DHICA 

monomers, probing their excellent redox and antioxidant active properties, 
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especially in the case of DHICA melanins. In addition, spectroelectrochemical 

analysis, allowing the simultaneous measurement of optical and electrochemical 

properties, highlighted the possibility to tune the redox properties of these 

pigments exploiting their metal binding abilities.  

Furthermore, the possibility to use hexamethylenediamine (HMDA) to impart 

film forming ability to natural polymers including eumelanins has been recently 

explored with the aim to broaden the potential of polydopamine (PDA)-based 

films overcoming their inherent limitations. The detailed mechanism by which 

HMDA can mediate film deposition by catechol polymerization had remained so 

far little understood. In this context, the studies carried out in this PhD project 

led to deposition of a film from DHICA derivatives promoted by HMDA. This 

was yellowish in color, uniform and homogenous on different materials, and 

characterized by a moderate hydrophobicity. The main film components were 

shown to consist of dimers and small oligomers along with HMDA and 

monomeric MeDHICA, but no covalent conjugation products were observed. 

The proposed film deposition process is the spontaneous assembly of self-

organized networks held together primarily by electrostatic interactions of 

deprotonated MeDHICA (anion species) and HMDA as the di-cation form. 

Along this research line are also the studies aimed at developing new melanin 

precursors and melanins thereof. Nowadays, significant efforts have been 

devoted to the search of natural or naturally-derived products as functional 

ingredients of dermocosmetic formulations, in order to satisfy the increasing 

demand from consumers for products that might ensure high activity even at low 

doses without showing health risks. To this aim, a new type of amide/diamide 

melanin precursors were synthetized in satisfactory good yields. In contrast to 

the melanin obtained from other synthetic DHICA melanin derivatives, the 

DHICA amide melanins showed an absorption in the Uv-Vis region even higher 

than DHICA melanin and proved to be more active against radical and light-

induced lipid peroxidation, indicating the potential of this pigment in preventing 
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the degradation of unsaturated fatty acid components of triglycerides and 

membrane phospholipids associated to inflammatory conditions and skin ageing.   

Hyperpigmentary disorders due to melanin overproduction or accumulation are 

among the most common skin disorders. Melasma and lentigo are two main 

examples of such disorders, but many other skin dyschromia phenomena caused 

by inflammatory reactions, or abnormal melanocyte activity are known. 

Tyrosinase is one of the key factor and enzyme related to these disorders. 

Therefore, the inhibition of this enzyme represents a straightforward strategy to 

regulate and control these syndromes. 

Within this context, a green protocol based on eco-friendly solvent for the 

extraction of phenolic compounds from agri-food by-products after proper 

mechanical pre-treatment was developed, showing promising activity as in vitro 

inhibitors of tyrosinase. As an alternative strategy, a completely different 

approach, based on an ad hoc synthesis of an amide derivative of caffeic acid 

conjugated with dihydrolipoic acid, was implemented. Also in this case, 

promising results were obtained. 

Among the possible uses of these phenolic compounds or their polymers, the 

extraction from agri-food by-products, chemical modification or incorporation 

in biopolymers are appealing strategies to exploit their properties for biomedical 

applications. Based on these considerations, selected phenolic acids such as 

caffeic acid, chlorogenic acid and gallic acid or extracts from different agri-food 

by-products were reacted with denatured soy or whey proteins, giving rise to 

materials with remarkable underwater resistance and mechanical properties 

together with optimal antioxidant and antibacterial activity, of interest for the 

development of surgical glues and wound treatment devices.  

In this frame, the wide distribution of phenolic compounds in agri-food by-

products has focused intense research work on the development and 

optimization of extraction methodologies. The conventional extraction protocols 

involve long extraction times, high costs, and use of organic solvents with 
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inherent drawbacks such as low boiling points, flammability, toxicity, and non-

biodegradability. To overcome these limitations efforts have devoted to the 

development of recovery methods using low environmental impact solvents, 

such as deep eutectic solvent, showing strong extraction qualities, together with 

low cost and minimal environmental impact. In addition, to achieve a more 

efficient recovery and a more reproducible extraction procedure, the use of 

mechanical treatments, including a ball or a planetary mill grinding has been 

evaluated.  

The research activity of the PhD project has led to the implementation a green 

procedure based on DES combined with proper mechanical pre-treatment for the 

recovery of lignin from shells of edible nuts. The developed approach allowed 

an efficient recovery and extraction in good yields of lignin-rich samples, 

characterized by great antioxidant properties, comparable or even higher than 

those reported in literature for other phenolic rich samples from the agri-food 

sector. Secondly, a sequential conventional/DES based extraction method for the 

recovery of low and high molecular weight phenolic compounds from agri-food 

by-products, including defatted spent coffee ground (dSCG) and pomegranate 

peels and seeds, was developed, allowing a rational and full exploitation of these 

agri-food by-products.  

Another research topic presented in this thesis concerns the exploitation of 

polyphenols as organic components to be combined with inorganic materials to 

broaden the range of their properties.  

Firstly, Pecan Nut Shells (PNS) as a source of phenolic compounds and as an 

efficient and low-cost agri-food by-product, were used for the in-situ synthesis 

of silver nanoparticles AgNP, AgNP-PNS. In particular, a mechanochemical, 

green and scalable approach was used to create multifunctional AgNPs. The 

developed method looks appropriate for large-scale implementation of 

antimicrobial devices for healthcare applications, such as in bone tissue 
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engineering as a topical antibacterial agent or wound dressing material with 

antibiotic action, as well as for uses in catalysis. 

In addition, due to the encouraging results of the AgNP-PNS, the same approach 

was extended to other phenolic compounds. In particular, the lignin recovered 

from chestnut shells (CLN) using DES with the aid of a ball mill, were 

employed as efficient reducing agent for the in-situ synthesis of AgNPs. The 

final AgNP-CLN were then incorporated into electrospun fibers, giving rise to 

valuable materials with interesting antioxidant, antibacterial activity and good 

cytocompatibility. Finally, a composite hydrogel film composed of graphene 

and catechol was electrofabricated, offering synergistic properties due to the 

presence of the well-known conductor graphene with catechol systems. A full 

characterization of the electron flow of the final materials was carried out using 

also in this case an electrochemical analysis.  

Overall, the present PhD thesis provides significant contributions of the diverse 

functional materials that can be prepared from phenolic building blocks, 

bridging the most intriguing fields nowadays studied. Herein, the intrinsic 

properties of phenolic compounds were fully exploited, giving rise to materials 

retaining the unique properties of phenolic compounds, such as redox potentials, 

metal binding, antioxidant activity, polymerization and Uv-Vis absorbance. In 

addition, materials prepared combining phenolic compounds with inorganic 

materials such as silver nanoparticles or graphene hold many of their useful 

properties with synergistic effects in applications ranging from photocatalysis to 

biomedicine, making them a distinct class of structural motifs for the preparation 

of functional materials. 
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