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SUMMARY 

    
Petroleum-based plastics have become the workhorse material of the 
modern economy, because of their unrivaled functional properties and 
their low cost. In the last century, their use has increased twenty-fold 
and become ubiquitous. Besides delivering many benefits, plastics of 
petrochemical origin are causing escalating damage to the natural 
environment and human health. The same properties that make plastics 
adapted to innumerable applications, such as durability and resistance, 
make these materials difficult to assimilate from the environment. 
Thus, strategies to reduce plastic pollution should include the 
replacement of petrol-based plastics and additives known to be harmful 
by biobased and biodegradable materials, and by environmentally 
friendly components, together with the reduction of consumption and 
the increase of recycling.  
Biopolymers are ideal candidates to replace plastics of petrochemical 
origin, but they also present some limitations like high manufacturing 
cost and low mechanical tendency.  

In this scenario, the present thesis aims to contribute to 
developing novel bioplastics obtained from different renewable 
sources. The work focused on exploiting polysaccharides, like chitosan 
and amylose, and proteins, specifically derived from byproducts. The 
whole investigation works towards the improvement of such kinds of 
raw materials, blending them, modifying their structures, and adding 
active compounds and fillers to overcome their drawbacks like poor 
strength, water sensitivity, and low thermal stability. Moreover, the 
degradation of some of these novel bioplastics was investigated 
through the soil burial test to confirm their biodegradable nature.  
The last part of the experimental work was carried out at the 
Department of Analytical Chemistry of the Complutense University of 
Madrid, where magnetic nanoparticles were produced and 
functionalized to be mixed as nanofillers into bioplastics and enhance 
their properties. 
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RIASSUNTO 

    
Con il termine plastica si definiscono i polimeri derivanti dalla 
lavorazione del petrolio che, grazie alle loro impareggiabili proprietà 
funzionali e al loro basso costo, sono diventati i materiali per eccellenza 
dell’economia moderna. Nell'ultimo secolo, il loro uso è aumentato di 
circa venti volte rispetto alla metà del secolo scorso, rendendo i polimeri 
sintetici insostituibili nella vita dell'uomo. Oggi un mondo senza plastica 
sembra inimmaginabile, anche se risale solo al 1950 la diffusione della 
loro produzione e del loro uso in quasi tutti i settori, superando qualsiasi 
altra classe di materiali prodotti. 
Tuttavia, le materie plastiche di origine petrolchimica stanno causando 
danni crescenti all'ambiente naturale e alla salute umana. Le stesse 
proprietà che hanno reso le plastiche adatte a innumerevoli 
applicazioni, come la durata e la resistenza, sono responsabili del loro 
difficile smaltimento. 
Oggi si generano circa 400 milioni di tonnellate di rifiuti plastici all'anno 
in tutto il mondo e meno del 10% di essi viene riciclato. La gran parte 
finisce in discarica o disperso nell'ambiente, come è evidente dalla 
formazione del cosiddetto ottavo continente o isola di plastica, il Great 
Pacific Garbage Patch, presente nel mezzo dell'Oceano Pacifico.  
La maggior parte dei rifiuti plastici proviene dal settore degli imballaggi, 
che rappresenta il più grande mercato attuale della plastica, con una 
crescita in accelerazione dovuta al disuso di contenitori riutilizzabili a 
vantaggio del packaging monouso. Esso è responsabile del 45% di 
tutte le plastiche non fibrose che hanno un ciclo di vita inferiore a un 
anno, ovvero che finiscono in discarica nello stesso anno in cui 
vengono prodotte.  
L'unico modo sostenibile per ridurre l'inquinamento da plastica su scala 
globale è ridurre la plastica che entra nell'ambiente naturale. Per 
raggiungere questo obiettivo, è necessario considerare insieme diverse 
strategie: ridurre il consumo generale di plastica, soprattutto quella 
monouso, favorire il suo riciclo e sostituirla con materiali biodegradabili 
che derivano da fonti rinnovabili. Più recentemente l’attenzione è rivolta 
anche alla ricerca di enzimi che degradino le plastiche tradizionali, vista 
la scoperta nel mondo microbico di attività enzimatiche che hanno 
questa capacità. 

 In questo scenario, la presente tesi costituisce un contributo allo 
sviluppo delle bioplastiche, cioè di materiali biodegradabili derivati da 
fonti rinnovabili, come alternativa alle plastiche di origine petrolchimica. 
In questa tesi sono stati condotti e riportati diversi studi sulla loro 
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produzione a partire dalla lavorazione di biopolimeri, polisaccaridi e 
proteine, in presenza di additivi come plastificanti, composti attivi, 
agenti reticolanti e nanofillers.  Tutti i lavori svolti hanno mostrato il 
potenziale dei biopolimeri di essere sfruttati nell'industria delle materie 
plastiche, essendo adatti a una varietà di applicazioni. 
Il primo lavoro riportato si è concentrato sull’uso del chitosano come 
copolimero naturale, che deriva da uno dei polisaccaridi più abbondanti 
sulla terra, la chitina, generalmente recuperata da scarti agro-
alimentari, poiché presente nell’esoscheletro di crostacei, molluschi e 
insetti, nonché nella parete cellulare dei funghi. I film a base di 
chitosano sono stati sviluppati con l'obiettivo di intrappolare al loro 
interno un estratto attivo derivato dalle foglie di olivo essiccate (DOLE), 
che sono un sottoprodotto della coltivazione e della lavorazione delle 
olive. Questo lavoro ha raggiunto con successo l'obiettivo di valorizzare 
tale sottoprodotto, trasformandolo in un prodotto ad alto valore 
aggiunto. Lo studio della resa in polifenoli del DOLE e della sua attività 
antiossidante quando incorporato in film a base di chitosano ha 
confermato la possibilità di utilizzarlo nella formulazione di integratori 
alimentari per l'apporto di composti attivi utili al supporto della dieta 
alimentare. Inoltre, la valutazione dell'attività antimicrobica del DOLE in 
combinazione con il chitosano per la produzione di bioplastiche attive 
ha verificato la loro applicabilità come imballaggi per migliorare la shelf-
life degli alimenti.  Ricoprendo, ad esempio, hamburger di carne in 
sostituzione delle plastiche tradizionali o della carta da forno 
normalmente usate, è stato verificato che i film edibili a base di 
chitosano contenenti il DOLE riuscivano a ritardarne il deterioramento 
dovuto ai comuni contaminanti microbici durante la conservazione. 
Infine, è stato dimostrato che il DOLE esercita un effetto plastificante, 
quindi la sua presenza potrebbe superare la necessità di un 
plastificante aggiuntivo, come il glicerolo, per la produzione delle 
bioplastiche.  
Allo stesso modo è stato riportato in questa tesi che i fil ottenuti da 
proteine derivanti dal sottoprodotto di estrazione dell’olio di semi della 
Nigella sativa, in combinazione con composti attivi presenti nel succo 
d’uva, potrebbero essere utilizzati per l’imballaggio di prodotti 
alimentari. Il panello di N. sativa è un sottoprodotto dell'estrazione 
dell'olio di semi e di solito viene utilizzato come mangime per animali 
grazie al suo alto contenuto di proteine. Il lavoro riportato in questa tesi, 
(svolto in collaborazione con An-Najah National University a Nablus, 
Palestina) ha avuto l’obiettivo di valorizzare questo sottoprodotto, 
sfruttandolo per produrre film edibili e migliorandone le funzionalità con 
composti bioattivi. I risultati ottenuti hanno dimostrato che il succo d'uva 
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non solo agisce come plastificante ma grazie alla sua attività 
antiossidante e antimicrobica è in grado di ritardare il deterioramento di 
cibi, come dimostrato dagli esperimenti condotti con le ciliegie, i cui 
effetti sono stati riportati come rallentamento del cambiamento di 
colore, dell'acidità titolabile e dei solidi totali solubili.  
Ancora nell’ambito dell’active packaging sono stati prodotti film edibili a 
base di pectine incorporando estratti di foglie di olivo e di guava (OLE 
e GLE) (lavoro riportato in questa tesi in collaborazione con An-Najah 
National University a Nablus, Palestina) per ottenere bustine solubili per 
l’imballaggio, dimostrando che l'attività antiossidante degli estratti aiuta 
a ridurre le reazioni di ossidazione degli alimenti durante la loro 
distribuzione e conservazione. 
Nell'ottica degli obiettivi della bioeconomia, ovvero di sfruttare la 
biomassa per la produzione di energia e materiali e di trasformare scarti 
e sottoprodotti in prodotti ad alto valore aggiunto, una parte di questa 
tesi è stata dedicata alla produzione di nuove bioplastiche a partire da 
proteine di semi di argan (APs), estratte dal panello dell olio di argan, e 
da amilosio (AM) ottenuto da piante di orzo mediante la tecnica 
dell’RNA interference dal team guidato dal Prof. Andreas Blennow 
dell’Università di Copenaghen. Le matrici ottenute sono state poi 
modificate attraverso l'aggiunta di un agente reticolante, la 
transglutaminasi microbica (mTGase), capace di catalizzare la 
formazione di legami isopeptidici intra e intermolecolari, al fine di 
migliorare le funzionalità dei film in termini di proprietà meccaniche, 
termiche e di barriera ai gas e al vapore acqueo. Lo studio ha 
confermato il potenziale delle APs di migliorare le prestazioni dei film a 
base di AM, in particolare per quanto riguarda la loro capacità di 
barriera al vapore acqueo e alla CO2, effetto ulteriormente rafforzato 
dall’azione dell’enzima transglutaminasi. Inoltre, i cambiamenti 
nell'estensibilità e nella rigidità dei film a base di AM contenenti APs 
potrebbero renderli adatti ad essere utilizzati come sacchetti 
compostabili. 
Il trattamento con la mTGasi si è dimostrato efficace anche sui film a 
base di proteine ottenute dal panello di semi di canapa, lavoro riportato 
in questa tesi e svolto all’interno del gruppo Biotecnologie Biochimiche 
ed Enzimologia (BBE). La caratterizzazione di tali film edibili ha 
mostrato che la reticolazione indotta dalla transglutaminasi ha dato 
origine a matrici più omogenee, con una maggiore resistenza alla 
trazione e alla termosaldatura e una maggiore idrofobicità. 
Oltre alla loro caratterizzazione in termini di proprietà fisico-chimiche 
necessarie allo studio della loro applicabilità, è stata valutata e riportata 
la capacità di degradazione di alcune delle bioplastiche preparate in 
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questa tesi. In particolare, i film a base di APs-AM non modificati dalla 
mTGasi sono stati sottoposti al test di biodegradazione nel suolo, 
utilizzando tre tipi di terreni con caratteristiche diverse per un periodo 
di 80 giorni. Come controllo sono stati usati campioni della bioplastica 
commerciale Mater-Bi prodotta dalla Novamont. I test hanno 
confermato la degradabilità dei film testati in tutti e tre i terreni nel 
periodo considerato. Sorprendentemente, lo stesso comportamento 
non è stato osservato per i campioni di Mater-Bi, suggerendo che la 
loro degradazione richiede un tempo maggiore in tali terreni o 
condizioni ambientali specifiche. 
Una parte di questa tesi è stata svolta presso il Dipartimento di Chimica 
Analitica dell'Università Complutense di Madrid e si è concentrata sulla 
produzione di nanoparticelle (NPs) da utilizzare come rinforzo delle 
bioplastiche precedentemente prodotte. In particolare, sono state 
prodotte NPs a base di ossido di ferro, successivamente caratterizzate 
e incorporate in film a base di APs-AM. Le nanoparticelle sono state 
preferite alle microparticelle per il loro ampio rapporto superficie/volume 
che fornisce un'estesa area interfacciale matrice-riempitivo che 
influisce sulla mobilità molecolare della struttura e di conseguenza sulle 
proprietà del film. A causa della aggregazione a cui facilmente le 
nanoparticelle ferromagnetiche vanno incontro, si è optato per la loro 
funzionalizzazione e anche le NPs modificate sono testate come 
riempitivo nei film a base di APs-AM. I risultati hanno dimostrato che le 
NPs magnetiche, funzionalizzate o meno, interagiscono con le matrici 
dei film, come confermato dai cambiamenti delle loro proprietà 
termiche. 
Le NPs ferromagnetiche non funzionalizzate aggiunte ai film a base di 
AM hanno aumentato la loro permeabilità al vapore acqueo, 
probabilmente perché interponendosi nella rete compatta formata dalle 
catene di AM hanno facilitato il passaggio delle molecole d’acqua 
attraverso la matrice. Questo effetto è stato osservato in maniera 
minore aggiungendo invece le NPs modificate, poiché la 
funzionalizzazione ha evitato l'aggregazione delle NPs dando origine a 
film con una struttura più omogenea e compatta. Un effetto simile è 
stato osservato quando nanocristalli (CNC) e nanofibre (CNF) di 
cellulosa sono stati utilizzati come fillers in film a base di AM, come 
riportato in un lavoro presente all’interno di questa tesi svolto in 
collaborazione con l’Università di Copenaghen. In presenza di elevate 
concentrazioni di CNC e CNF la permeabilità dei film al vapore acqueo 
presenta valori maggiori, poiché entrambi i tipi di nanofillers 
aumentando la mobilità delle catene AM facilitano il trasferimento delle 
molecole d'acqua attraverso la matrice del biopolimero.  
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L'aggiunta di NPs a film a base di APs-AM ha aumentato la loro stabilità 
termica nella maggior parte dei campioni analizzati. Le interazioni tra le 
NPs e i biopolimeri sono state suggerite dalle curve differenziali e DSC 
per tutti i film considerati, risultando in un effetto termoprotettivo sulla 
componente glicerina nei film a base di AM100 contenenti NPs 
ferromagnetiche funzionalizzate e non, in un aumento della stabilità 
termica dei film misti contenenti NPs ferromagnetiche modificate e in 
un più lieve ma presente miglioramento della stabilità termica nei film a 
base di APs contenenti NPs modificate. 
In questa tesi è stato dimostrato il potenziale dell'utilizzo di polisaccaridi 
e proteine come biopolimeri per la produzione di bioplastiche, quando 
combinati con additivi non tossici ed ecologici, come riportato nei lavori 
sopra descritti. Si potrebbe, dunque, pianificare uno scale-up 
industriale per confermare la possibilità di sostituire con esse le 
plastiche di origine petrolchimica considerando le numerose 
applicazioni per le quali sono risultate essere adatte in termini di 
proprietà fisico-chimiche e di funzionalità aggiuntive. 
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1. INTRODUCTION 

    
 

1.1 Plastic production and pollution 

 

Nowadays a world without plastic seems unimaginable even if it only 

dates to ~1950 the widespread production and use of synthetic 

polymers [1]. The first truly synthetic resin was invented in 1907 by 

Belgian-born American scientist Leo Baekeland, by reacting phenol and 

formaldehyde at controlled temperatures and pressure. This discovery 

is considered by many as the beginning of a new era, often called the 

Plastics Age, even if it was only after the Second World War that the 

use of synthetic materials became widespread outside of the military. 

The plastic revolution began when PET (polyethylene terephthalate) 

was patented in 1941 by Rex Whinfield and James Tennant Dickinson, 

followed by the discovery of the catalysts to produce the isotactic 

polypropylene, whose paternity is by Giulio Natta and Karl Ziegler, 

which won the Nobel Prize in 1963 [2]. 

The consequent rapid growth in plastics production was extraordinary, 

surpassing any other class of manufactured material and becoming 

involved everywhere in human lives. Global production of synthetic 

polymer resins and fibers grew from 2 Mt to 380 Mt between 1950 and 

2015, making them the workhorse materials of the modern economy 

thanks to the combination of their unrivaled functional properties, such 

as mechanical strength, lightness, flexibility, and durability with their low 

cost of production [3]. These properties are determined by the chemical 

structure of the repeating units, called monomers, forming the long, like-

chains macromolecules, called polymers. Plastics are the final and 

commercial products deriving from the polymerization and processing 

of these building blocks, usually sourced from petroleum [4].  

Among the most high-volume families of synthetic plastics are 

polyethylene (including low density (LDPE), linear low density (LLDPE) 

and high density (HDPE)), polypropylene (PP), polyvinylchloride (PVC), 

polystyrene (solid PS and expandable EPS), polyurethane (PUR) and 

polyethylene terephthalate (PET). They account for around 92 % of all 

plastics ever made. The biggest end use for plastics is represented by 

packaging, which took around 45% of all non-fiber plastics, 

predominantly composed of PE, PP, and PET. It is followed by the 
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building and construction sector which uses ~20% of all non-fiber 

plastics, particularly ~69% of all PVC. Automotive and electric and 

electronic sectors used ~7% and ~4% respectively of plastics resins, 

and finally for medical, leisure, and other applications plastics 

production remains at ~25% (Figure 1).  

 

Figure 1. Global primary plastics production according to industrial use sector 

from 1950 to 2015: global plastics production increased with a compound 

annual growth rate (CAGR) of 8.4% [3].   

Globally around 400 Mt of plastic are generated every year worldwide 

and only a low percentage of the resulting plastic wastes is managed 

adequately, with most of them being incinerated, disposed of into 

landfills, or dispersed into the natural environment [5]. Over 10 Mt of 

plastic are annually released into the aquatic ecosystems, causing 

tremendous damage to ecosystem structures and functions. Most of 

them exist as micro and nanoparticles that float below the sea surface, 

killing thousands of mammals every year and millions of fishes and 

birds, and entering the food chain. It was estimated that the packaging 

sector is responsible for producing the most amount of waste dispersed, 

with around 54% non-fiber plastic product-derived waste against only 

5% of them deriving from the construction sector (Figure 2) [3]. 
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Figure 2. Production lifetime distributions for eight different industrial use 

sectors: plotted as log-normal probability distribution functions (PDF) [3]. 
 

Moreover, conventional plastics produced in 2015 emitted around 1.8 

Giga tons (Gt) of CO2e over their life cycle from production to their end-

of-life (EoL), corresponding to 3.8% of the 47 GtCO2e globally emitted 

that year. The production stage is responsible for most greenhouse 

gases (GHGs) emitted, followed by the conversion stage. The EoL 

stage accounted for 9% of total life-cycle emissions and the incineration 

was the dominant source of GHGs emitted in this stage [1]. Dioxins 

generated from the incinerated waste plastic end up on the crops and 

in the water cycle, thus entering the food chain [6]. 

Thus, solving plastic pollution is one of this century's most crucial 

environmental challenges. This aim can be reached only if different 

strategies are considered and applied together, including reducing the 

global demand for plastic, improving the recycling rate of polymers of 

petrochemical origin, and substituting them with biobased and 

biodegradable materials. 

 

1.2 Bioplastics as alternative to fossil-based plastics 

 

Bioplastics is a large family of polymeric materials which are bio-based, 

biodegradable, or both. In this group there are plastics derived from 

petroleum but that have a biodegradable nature, plastics derived from 

renewable sources but that are not biodegradable, and finally plastics 

that present both the characteristics to be bio-based and biodegradable 

[7]. Deriving from a renewable source means that polymers are directly 

extracted from biomass, produced through a biological process, or that 

monomers are generated from a renewable source and then 

polymerized through a chemical process. The biodegradability property 
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means that these materials can be converted through the enzymatic 

actions of microorganisms into carbon dioxide, methane, water, 

biomass, humic matter, and other natural substances [8].  

All these polymers, defined as bio-based, biodegradable, or both, can 

be classified into two main groups, agropolymers, and biopolyesters: 

the first one includes polymers extracted from biomass, to which belong 

polysaccharides (starch, chitin, cellulose, pectins), lipids and proteins 

of animal origin (casein, whey, gelatin) or plant-derived (gluten, zein, 

soya); the second group consists of polymers obtained from 

microorganisms, such as polyhydroxy-alkanoate (PHA) and 

polyhydroxy-butyrate (PHB), polymers obtained by the polymerization 

of bio-derived monomers such as polylactic acid, and polymers 

obtained from petroleum such as polycaprolactone (PCL), aliphatic and 

aromatic copolyesters [9].  

 
1.3 Agropolymers 

 

Biopolymers as polysaccharides and proteins are ideal candidates for 

the production of bioplastics because they are bio-based and 

biodegradable and involve intra and intermolecular interactions and 

cross-links between the macromolecules, forming a three-dimensional 

semi-rigid network [10]. However, they present some common 

characteristics like hydrophilicity, fast degradation rate, and 

unsatisfactory mechanical properties, especially in wet environments. 

Thus, modifying them to improve their performance in terms of strength, 

water sensitivity, and thermal stability is one of the most important 

challenges in this field of application [11]. Polysaccharides are 

polymeric carbohydrates made up of monosaccharides linked by 

glycosidic bonds. They are synthesized by plants, animals, and 

microorganisms for several biological functions such as storage of 

energy, cellular structure components, and cellular communication. 

They can be synthesized as homopolymers or heteropolymers, 

reaching molecular weights up to millions of Daltons, in linear or 

branched chains. The monomers are various sugars with or without 

substitute groups such as sulfate or phosphate, with anomeric 

configuration and ring size, that can be arranged in different kinds of 

secondary structures. Among the most used polysaccharides in the 

bioplastic industry are cellulose, which is the most widespread 

carbohydrate on earth because it is the main component of cell walls of 
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higher plants; starch, which is one of the most used to date due to its 

low price, as well as its film-forming property, biodegradability, and non-

toxicity; chitin, which is the second abundant polysaccharide in nature 

after cellulose, from which chitosan is produced by deacetylation; 

pectin, which is a heteropolysaccharide mainly present in fruits and 

vegetables, used as food additives due to its gelling ability, and finally 

alginate and carrageenan, both obtained from algae and widely used in 

the food industry as thickeners and stabilizers [12][13][14][15][16]. 

Proteins are a group of complex organic macromolecules, consisting of 

combinations of 20 different amino acids linked by a peptide bond [17]. 

Proteins play several important biological roles within the cell and 

usually are classified as globular, membrane, or fibrous. They exist as 

extended chains of amino acid units, which fold into specific structures. 

Each of these repeating units contains two carbon atoms and one 

nitrogen atom differing only in the functional side groups. Their three-

dimensional conformation is due to the formation of covalent and non-

covalent interactions, such as hydrogen bonding, ionic interactions, Van 

der Waals forces, hydrophobic packing, and disulfide bonds. These 

interactions drive the primary structure (the linear chains of amino 

acids) into repeated secondary structures (α-helic and β-sheet), and 

finally into folded complex macromolecules (tertiary structure) and 

clusters of them (quaternary structure).  The pure charge of a protein 

can be both positive or negative depending on the pH of the 

surrounding solution and the corresponding charges on the amino (-

NH2) -terminal group and the carboxyl(-COOH)-terminal group [18] [19]. 

Generally distributed in plants and animals, proteins have been 

considered for many industrial applications because of their versatile 

functionality and their suitable features such as dispersibility, solubility, 

biocompatibility, and biodegradability. They can be recovered as 

byproducts or wastes from the agricultural industry, thus proteins from 

plants such as wheat, gluten, and soy, and animals such as whey, 

casein, and gelatin, have been exploited to produce bioplastics [18]  

Generally, polymers are classified as thermoset, thermoplastic, or 

rubbery: most agropolymers do not have a thermoplastic behavior 

without the addition of additives. Polymer processing usually involves 

the application of heat and pressure to mold polymeric materials into 

the final product with a method depending on their polymeric nature.  

Thermoplastic processing involves melting the polymer and cooling it 

into its final shape. Usually, polymer chains are linked by interactions 
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such as hydrogen bonding, van der Waals, and hydrophobic 

interactions. When energy is supplied these interactions break down 

and the entanglements of polymer chains are disrupted, allowing their 

mobility. Heating hydrophilic polymers such as starch and protein in the 

presence of water means processing them in the same way as 

conventional petrochemical-based thermoplastics [20]. 

Processing agropolymers for bioplastics purposes means breaking the 

intramolecular bonds by using chemical or physical tools and enabling 

the formation of new intermolecular bonds and interactions to stabilize 

the three-dimensional network. Therefore, a typical formulation of an 

agropolymer-based bioplastic includes a plasticizer or a combination of 

plasticizers, additives such as compounds with functional activities, 

preservatives, and bleaching agents, reactive additives to promote 

cross-link among the polymer chains, lubricants such as oil and fatty 

acids, and fillers such as micro and nanoparticles to reinforce the 

polymer-matrix [20]. 

 

1.4 Plasticizers 

 

Agropolymers have low degradation temperatures and when subjected 

to processing can incur degradation because the energy necessary to 

disrupt the entanglement of polymer chains is close to the energy 

sufficient for their degradation. Plasticizers can improve the 

processability of the agropolymers because they can interpose 

themselves between the polymer chains and alter the forces between 

them through two mechanisms, lubrication and increasing in free 

volume [21].  

Water is considered a natural plasticizer because it can form hydrogen 

bonding with polar functional groups of the agropolymers such as 

hydroxyl and amine groups. Some other hydrophilic compounds such 

as polyols, carbohydrates, and amines can interact with polar groups in 

agropolymer chains producing a plasticizing effect. Among them are 

glycerol, sorbitol, saccharose, trimethylene glycol, and polyethylene 

glycol. They are characterized by a polar nature, which makes them 

compatible with the matrix of agropolymers, and small dimensions, 

which allow them to penetrate the macromolecular network [20]. 
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1.5 Bioactive compounds 

Nature has a great abundance and variety of active components as 

different parts of plants, animals, and soils. Recently, interest in the 

consumption of bioactive compounds has grown due to the several 

benefits that have been attributed to them in terms of disease 

prevention [22]. Many studies focused on the extraction and 

characterization of bioactive compounds from different sources and 

their use as natural ingredients in food products. Similarly, the food 

packaging industry is paying attention to them to move from the 

traditional strategy of producing coatings and films “as inert as possible” 

towards active and smart packaging, able to act in prolonging food 

shelf-life, enhancing safety, and ensuring high-quality products [23]. 

Packaging is an effective means of protecting food products from 

external contamination. It can prevent their chemical, physical, and 

biological changes over all their preparation and storage. The use of 

active and functional packaging is one of the strategies to improve food 

shelf life by reducing gas exchange, respiration, and oxidative reactions 

of food products [24].  

Various matrices can be used to incorporate compounds as 

antimicrobial or antioxidant agents, including proteins, lipids, 

polysaccharides, or composites. 

Among the most studied bioactive compounds are phytochemicals, i.e. 

secondary metabolites of plants, such as alkaloids and phenolic 

compounds, for their antimicrobial and antioxidant activities [25]; 

antimicrobial agents produced by microorganisms such as the 

antimicrobial peptides bacteriocins, due to their ability to tolerate high 

temperatures and acidic environment; natural components founds in 

animals, such as lysozyme, also known as muramidase or N-

acetylmuranic hydrolase, for its efficiency against several pathogenic 

bacteria [22].  

Many studies have shown that antimicrobial and antioxidant agents 

when incorporated into edible films and coatings could be effective in 

reducing levels of pathogenic organisms and oxidative reactions 

[26][27]. 
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1.6 Microbial Transglutaminase (mTGase) as reticulating agent 

 

In the last decades, enzymes as biotechnological tools have been 

finding several applications. The use of chemical cross-linking reagents 

is discouraged because of their potential harmfulness and toxicity, even 

for bioplastic production. The use of transglutaminases (protein 

glutamine γ-glutamyltransferase, E.C.2.3.2.13, TGases) has been 

proposed for their capability to catalyze intra and/or intermolecular 

isopeptide bonds between the γ-carboxamide group of glutamines (acyl 

donor) and an ε-amino group of lysine residues (acyl acceptor). The 

reaction occurs when the acyl acceptor is either the ε-amino group of 

an endoprotein lysine or a low molecular mass primary amine, thus 

generating ε-(γ-glutamyl) lysine crosslinks in the first case, and protein-

amine conjugates in the latter. 

As described in the chapter titled Enzyme assisted Food Processing by 
Michela Famiglietti, Seyedeh Fatemeh Mirpoor, C. Valeria L. 
Giosafatto, and Loredana Mariniello (reported in the appendix of this 
thesis) TGases are multi-functional enzymes, expressed ubiquitously in 
living organisms since they are active in all mammalian tissues, in 
invertebrates, plants, yeasts as well as in bacterial cells. Special 
attention should be paid to a microbial TGase, first isolated in 1989 from 
a strain of Streptomyces mobaraensis (formerly classified as 
Streptoverticillium mobaraense). The enzyme is easily purified from the 
microbial culture medium and is a single-chain protein (molecular mass 
~38 kDa, isoelectric point 8.9). Three aminoacidic residues constitute 

the active site of mTGase: cysteine, histidine, and aspartic acid or 
asparagine. mTGase does not require calcium ions for its activation. 
This feature is particularly advantageous for its application since the 
presence of calcium can lead to protein precipitation. This enzyme is 
used for changing the texture and several technological properties of 
protein-rich foods such as legumes, eggs, cereals, fish, etc. Moreover, 
it has various applications in biomedicine and biotechnology. 

Many studies have already been performed to investigate the effect of 

mTGase-catalyzed glutamine-lysine isopeptide bonds on the 

production of protein-based bioplastics. mTGase-prepared films 

exhibit, in most cases, improved characteristics in terms of mechanical, 

barrier, and thermal properties than films prepared in the absence of 

the enzyme. Soy protein-based films prepared in the presence of 

mTGase showed higher mechanical resistance, stronger permeability 

to CO2, water vapor, and O2, and smoother film surface [28].  
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Biodegradable, flexible, and moisture-resistant films were obtained also 
by recycling wastes from fennel or grapefruit albedo and adding to their 
homogenates the bean globular protein phaseolin (Ph), either modified 
or not by the mTGase. Films were subjected to mechanical and barrier 
tests. The results showed that mTGase treatment of the Ph-containing 
fennel or albedo waste homogenates produced films comparable to the 
commercialized films Ecoflex and Mater-Bi® in their mechanical and 
barrier properties [29][30]. Recently Mirpoor et al. investigated the effect 
of mTGase on proteins derived from cardoon oilcake demonstrating 
that in the presence of mTGase, the obtained films showed improved 
properties than the film produced without using the enzyme as a 
crosslinking agent [31]. 
 

 
 
Figure 3. TGase-catalyzed reactions a) deamidation b) crosslinking c) 

ammine incorporation [32].  
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1.7 Nanoparticles as fillers 

 

The prefix “nano” derives from the Greek νανος meaning dwarf [33]: the 

concept of nanotechnology was introduced in 1959 by Reichard 

Feynman during his pioneering lecture at American Physical Society 

meeting [34]. It deals with materials and structures down to one billionth 

of a meter (nanometer) in size and is an interdisciplinary field 

encompassing a whole spectrum of sciences: physics, chemistry, and 

biology as well as engineering [35]. Not only in academia but also in 

industry, the impact of nanoscience is growing as it is extremely 

attractive for multidimensional applications in nutrition, agriculture, 

cosmetics, coatings, energy production, drug delivery, diagnostics, and 

catalysts [36]. 

To date, “top-down” and “bottom-up” approaches are two strategies 

used in nanotechnology: in the first one nanometric structures are 

obtained by size reduction of bulk material, including techniques such 

as photolithography, nano molding, and nanofluidics; in the second 

one, they are fabricated in a controlled manner by thermodynamic 

mechanism from individual atoms or molecules capable of self-

assembling, balancing attraction and repulsion forces between them to 

form more functional supramolecular structures [35]. Different types of 

functional nanostructures can be used as building blocks with new 

functionalities such as nanoemulsions, nanoparticles, and nanofibers 

destined for several applications.  

Nanomaterials are designed as the combination of different constituent 

materials, with different physical and chemical properties in which one 

phase has a nanoscale morphology (a dimension of 1-100 nm)  in one 

of their dimension [34]. Polymeric nanocomposites are produced by 

dispersing nanofillers into polymeric matrices: fillers are defined as solid 

particulate material used as reinforcement of a polymer matrix to 

improve its performance. They can be classified as extending or 

functional fillers, if they are only used to increase the bulk volume or if 

they can change the polymers' characteristics such as mechanical, 

thermal, and barrier properties. These functionalities change according 

to the filler composition, size, surface, concentration, shape, and affinity 

with the matrix. They can be categorized into two main groups 

according to their chemical composition: inorganic and organic fillers. 

Belong to the first group are calcium carbonate (Ca2CO3), kaolin 

(hydrous aluminosilicate), Silicon dioxide (SiO2), Titanium dioxide 
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(TiO2), Montmorillonite (MMT); among the second group are carbon-

based nanofillers and natural fillers deriving from chitosan, chitin, lignin 

and cellulose [37]. A further classification of fillers concerns their three-

dimensional geometry. According to their 3D structure, they are divided 

into 4 groups: the spherical nanostructures are considered as 0D 

structures also known as nano-cluster materials or nano-dispersion; the 

1D structures are composites of nanoscale at one dimension, they are 

of tube shape with a length of 100-1000 nm and a thickness of few 

nanometers. The composites of 2D structures are of nano-scale at two 

dimensions and are also known as nano-sheet, while the 3D 

nanostructures are of nano-scale at three dimensions, they can form 

also polycrystalline systems [38]. The size of the nanophase in a 

nanocomposite is remarkably reduced providing a large surface-area-

to-volume ratio and consequently, an extensive matrix/filler interfacial 

area which changes the molecular mobility, the relaxation behavior, and 

consequently its thermal, mechanical, and barrier properties [36][39]. 

Nanocomposite-starch-based films obtained with chitin nano-objects, 

for instance, showed superior mechanical, thermal, and barrier 

properties as compared to those prepared with unfilled thermoplastic 

starch films [40], as well as chitosan nanoparticles obtained by gelation 

method and incorporated into fish gelatin matrix to produce bio-

nanocomposites films significantly improved the performance of the 

films in terms of mechanical and barrier characteristics, in particular a 

considerable increase of the tensile strength and elastic modulus, and 

a significant decrease of the water vapor permeability [41].  Silica 

nanoparticles (nSiO2) even have been reported to improve the tensile 

strength of whey protein/pullulan-based films by increasing the 

cohesivity of the polymer matrix [42], while carbon nanotubes and 

carbon nanofibers have been successfully used to enhance the 

conductivity, thermal, mechanical and gas barrier properties of 

thermoplastic biopolyesters such as polyhydroxybutyrate-co-valerate 

(PHBV) and PCL [43]. 

In addition to reinforcing nanofillers, various types of nanostructures 

have been designed to provide active or smart properties to the system 

such as antimicrobial and antifungal activities, enzyme immobilization, 

biosensing, oxygen scavenging, and drug delivery. Some of them can 

even have multiple overlapping applications. The use of nanomaterials 

in food packaging has received attention due to the possibility of 

designing films with antimicrobial activity that can help control the 
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growth of pathogens and consequently improve the shelf-life of a food 

product. Nanostructures based on silver, titanium dioxide, chitosan, and 

carbon nanotubes (CNTs) have been investigated for their properties 

as growth inhibitors and killing agents against a wide range of 

microorganisms involved in food spoilage. Titanium dioxide (TiO2) was 

studied as a photocatalytic disinfectant material since it promotes 

peroxidation of the polyunsaturated phospholipids of cellular 

membranes of microorganisms. At the same time, chitosan was 

proposed for its capability to interact with the negative charges of the 

microbial cellular membrane, modifying their permeability, and 

eventually causing cell lysis [35]. CNTs have been reported as 

antimicrobial agents for E. Coli since they can cause irreversible cell 

damage.  

Nanocomposites were even investigated as biosensors for smart food 

packaging to detect microorganisms, toxic proteins, heavy metals, and 

degraded products in food and beverage. The nanostructures used, 

even called nanosensors, can reveal environmental changes, such as 

temperature or humidity, levels of oxygen exposure, degradation 

products, or microbial contamination.  Due to these abilities to identify 

the presence of pathogens, chemical compounds, and toxins in food 

products, nanocomposites are promising and less time-consuming 

ways to control the spoilage of food, providing its real-time status of 

freshness. Moreover, because of their metabolism, microorganisms, 

that cause food spoilage, produce gases that can be detected by 

conducting polymer nanocomposites or metal oxides.  Using gas 

sensors able to detect nitrogen compounds, oxygen, carbon dioxide, or 

even carbamate pesticides in fruits and vegetables is another way to 

control food deterioration [44]. 

 

1.8 Objective of the PhD project 

The aim of this project was the production and characterization of novel 
bioplastics obtained from polysaccharides and proteins, destined for 
applications in the bioplastic industry, such as edible films for food 
packaging or new biomaterials for compostable bags. All the films were 
obtained in the presence of glycerol as the plasticizer. Further additives 
were used to produce active packaging (incorporating antimicrobial or 
antioxidant compounds) or to improve the properties of the films by 
modifying the protein structure or adding nanoparticles as fillers. Film 
mechanical, barrier, thermal, and hydrophilic properties were 
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investigated as well as their added functional activities and finally their 
degradation. A part of the experimental work was carried out at the 
Department of Analytical Chemistry of the Complutense University of 
Madrid, in the laboratories of Prof. Reynaldo Villalonga Santana, an 
expert in NPs production and characterization. 
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2. HYDROCOLLOIDS-BASED FILMS TO ENTRAP ANTIMICROBIAL 

AND ANTIOXIDANT COMPOUNDS 

    
In the following paper, chitosan was exploited as a biopolymer to 
produce edible films with antioxidant and antimicrobial activities. 
Specifically, CH-based films were developed incorporating an extract 
derived from dried olive leaves (DOLE), obtained by Naviglio’s 
extractor, to investigate its polyphenols yield and the antioxidant and 
antimicrobial properties of the active films. Olive tree cultivation 
produces a huge amount of byproducts that is usually simply burned. 
Phenolic compounds are already studied for their beneficial effects on 
human health. Some studies reported that phenols isolated from olive 
leaves have been shown to inhibit the growth of different strains of 
microorganisms. Thus, the antimicrobial effect of DOLE-containing 
films against bacterial strains (Salmonella enterica subsp. enterica 
serovar Typhimurium ATCC® 14028, Salmonella enteritidis RIVM 706, 
and Enterococcus faecalis ATCC® 29212) was tested in vitro. The 
DOLE component of the films is effective in inhibiting all the bacteria 
tested in a dose-dependent manner. Thus, it was demonstrated that 
these edible films can act as active bioplastics when used to wrap 
hamburgers in substitution of baking paper, which is normally used. 
Moreover, since the films are edible could be used as supplements to 
reinforce the human diet with polyphenols. The content of this paper is 
summarized in the following graphical abstract.  
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Other studies, reported in the appendix of this thesis demonstrated the 
efficiency of hydrocolloidal-based films containing antioxidant and 
antimicrobial compounds to improve food shelf-life when used as active 
packaging. In the paper Functionality of Films from Nigella sativa 
Defatted Seed Cake Proteins Plasticized with Grape Juice: Use in 
Wrapping Sweet Cherries, Dana Yaseen, Mohammed Sabbah, Asmaa 
Al-Asmar, Mohammad Altamimi, Michela Famiglietti, C. Valeria L. 
Giosafatto and Loredana Mariniello investigated the use of Nigella 
sativa defatted seed cake protein-based films, in combination with 
grape juice, to wrap sweet cherries. 
The study revealed that the grape juice added to proteins from Nigella 

sativa positively affects the physicochemical traits of sweet cherries. 

Films proved to extend the shelf life of fresh sweet cherries, by delaying 

changes in color, titratable acidity, total soluble solids, and pH during 

freezing storage. Moreover, the grape juice exerts a plasticizer effect 

as observed for DOLE in CH-based films. 

Mohammed Sabbah, Asmaa Al-Asmar; Duaa Younis, Fuad Al-Rimawi, 

Michela Famiglietti and Loredana Mariniello in the paper titled 

Production and Characterization of Active Pectin Films with Olive or 

Guava Leaf Extract Used as Soluble Sachets for Chicken Stock Powder 

successfully functionalized pectin films by incorporating Olive and 

Guava Leaf Extract (OLE and GLE) to produce soluble sachets to wrap 

chicken powder. They demonstrated that the improved antioxidant 

activity of the films helps to reduce the oxidation reactions of food during 

distribution and storage, extending its shelf-life. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

38 

 

3. TRANSGLUTAMINASE AS A TOOL TO RETICULATE THE 

PROTEIN COMPONENT OF NOVEL BIOPLASTICS 

    
As reported previously, mTGase has been widely investigated as a 
reticulating agent for the protein component of hydrocolloid-based films, 
blended or not with polysaccharides. In this part of the thesis, argan 
seed proteins (APs) were demonstrated to act as mTGase substrates. 
Thus, engineered amylose (AM) was used to prepare APs-based 
composite films in the absence and the presence of the enzyme. Their 
characteristics were studied and published in the paper by Famiglietti 
et al. reported below and summarized in the following graphical 
abstract. 
 

 
 
Argania spinosa is a plant widespread in arid regions of Northern Africa, 
where it plays a fundamental socio-ecological role. Argan seeds are 
used to obtain a biologically active and edible oil, producing a 
byproduct, the oilcake, that is rich in proteins, fibers, and fats, and is 
generally used as animal feed. Recently, argan oilcakes have been 
attracting attention as a waste to be recovered to obtain high-added-
value products. In this work, APs were chosen to test the performance 
of blended bioplastics with AM, because they have the potential to 
improve the properties of the final product. High-AM-starches present 
attractive features for use as bioplastics, including a higher gel-forming 
capacity, higher thermal stability, and reduced swelling compared to 
normal starch. It has already been demonstrated that pure AM-based 
films provide more suitable properties than normal starch-based films. 
This study showed the performance of the novel blended bioplastics in 
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terms of their mechanical, barrier, and thermal properties; and the effect 
of the enzyme mTGase as a reticulating agent for AP’s component. The 
obtained results contribute to the development of novel sustainable 
bioplastics with improved properties and confirm the possibility of 
valorizing the byproduct, APs, using them as a new raw material. 
APs content seems to influence film elongation at break giving rise to 
less extensible films. In the presence of the enzyme, this property is 
significantly lowered, making these blended films interesting for 
application as bio-shoppers. The presence of APs also influences the 
water vapor permeability in composite films, providing a higher barrier 
effect which notably increases with the mTGase-induced crosslinking.  

mTGase was successfully used as a reticulating agent to modify 
protein-based films also in the paper titled Hemp (Cannabis sativa) 
seed oilcake as a promising by-product for developing protein-based 
films: Effect of transglutaminase-induced crosslinking reported in the 
appendix of this thesis. In this work, Seyedeh Fatemeh Mirpoor, C. 
Valeria L. Giosafatto, Rocco Di Girolamo, Michela Famiglietti, and 
Raffaele Porta investigated protein concentrates from hemp seed 
oilcake as a potential waste-derived source for bioplastic production. 
They obtained hemp protein-based films at different protein and 
glycerol concentrations and different pH. Furthermore, since hemp 
proteins (HP) were demonstrated to act as substrates of mTGase, they 
have been used as raw material to obtain films after enzyme treatment. 
Film characterization showed that mTGase treatment was effective in 
producing more homogenous and smoother films, influencing positively 
even their resistance and their heat-sealing strength without reducing 
their flexibility. In addition, mTGase-induced crosslinking originated 
bioplastics with a higher gas permeability and a greater hydrophobicity. 
These results suggest the possibility of exploiting the mTGase-
crosslinked hemp proteins for different applications in the bioplastic 
industry.
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4. EVALUATION OF THE DEGRADATION OF ARGAN SEEDS 

PROTEINS-AMYLOSE-BASED FILMS IN SOIL 

    
4.1 Degradation of bioplastics 

Bioplastics can be considered biodegradable if microorganisms like 
bacteria and fungi can absorb and metabolize them as a source of 
energy.  This results in a significant change in the chemical structure of 
the materials leading to the formation of carbon dioxide, water, 
inorganic compounds, methane, and biomass. This process consists, 
firstly, of the degradation of long polymeric chains into oligomers, 
dimers, and monomers because of the action of water, temperature, 
and sunlight. Subsequently, these small units can pass through the cell 
walls of microorganisms and be used as substrates for their 
biochemical processes [1]. Extracellular and intracellular depolymerase 
are responsible for the microbial degradation of bioplastics. 
Extracellular enzymes break down the longer chains into shorter 
molecules that are then completely transformed inside the cell by 
intracellular enzymes. The degradation can occur aerobically or 
anaerobically: more than 90 microorganisms responsible for the 
catabolism of bioplastics are already known including aerobes, 
anaerobes, photosynthetic bacteria, and archaebacteria present in 
different environments. The degradation of bioplastics depends on 
numerous conditions, the most important being their chemical structure 
and the environment in which they are disposed of. Factors influencing 
the degradation of biopolymer chains can be divided into biotic and 
abiotic and include microbiota (it depends on the specific environment), 
UV radiation, temperature, oxidation, humidity, and mechanical forces 
[2].  
Factors enabling the degradation of bioplastics related to their chemical 
structures are chemical bonds, crystallinity, and the surface-to-volume 
ratio. Polymer chains are made up of monomers linked by chemical 
reactions forming covalent bonds, which can consist of carbon-carbon-
bonds only or carbon-heteroatoms like nitrogen, oxygen, or 
phosphorous besides hydrogen atoms. Carbon-carbon bonds are 
strong and not easy to be broken. For this reason, polymers with a high 
content of carbon-carbon bonds undergo a slower breakdown process 
than polymers that contain heteroatoms. Therefore, polymers with 
higher amorphous fractions are more accessible to degradation than 
polymers highly crystalline because the polymer chains are less 
entangled in the amorphous region. Also, a high surface-to-volume ratio 
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promotes degradation because the enzymatic processes take place 
only at the surface of the polymer and therefore the fragmentation into 
micro and nanoparticles increases the surface-to-volume ratio 
potentially enhancing the enzymatic breakdown [3]. 
The degradation of bioplastics varies in different environments such as 
soil, water, and compost. Soil contains a wide variety of 
microorganisms, which makes the degradation of bioplastic more 
feasible than in other environments such as water and air. The main 
species in the soil that can use bioplastics as carbon sources are 
Actinobacteria species, including mainly Streptomyces and 
Amycolatopsis.  
Even Bacillus sp., Pseudomonas sp., and Burkholderia sp. have been 
also identified as soil-isolated species capable of degrading bioplastics 
along with some species of fungi such as Aspergillus, Fusarium, and 
Penicillium. Besides the microbiota, environmental factors such as 
temperature, moisture, and acidic nature affect the degradation of 
bioplastic. A study reported the field tests for some biodegradable 
plastic films burying them into soil to demonstrate degradation rate by 
measuring the changes in weights and other physical properties. 
Starch-based bioplastics blended with PCL were found to reduce 
weight faster than the PHB, PLA, and polybutylene-succinate-co-
adipate (PBSA). Starch-based plastic films lost weight within one week, 
whereas PLA maintained its weight the longest (about 12 weeks) [4]. 
Some studies reported that bioplastic-composted soil enhances the 
soil's fertility and potent crop yield. Generally, the soil microbiota is 
enriched after the decomposition of biopolymers, it was reported that 
PHA films increase the soil bacterial population more than PLA-based 
films. Normally, proteins-based films are more suitable for bacteria 
growth due to their high content both in carbon and nitrogen. 
Bioplastics degradation in aquatic environments seems to be slower 
compared to soil degradation. Probably factors such as low 
temperature, nutrient levels, and microbe population density negatively 
affect the process. Bacteria responsible for the catabolism of bioplastics 
in aquatic environments, such as river water and seawater include 
Bacillus sp., Pseudomonas sp., Enterobacter sp. The aquatic microbial 
population, however, does not have the same composition in all aquatic 
environments and this changes the degradation rate of bioplastics. 
Moreover, differences were also found in the same habitats: sea 
sediments may have a favorable effect on biodegradation, but the 
highest biodegradation rate was found at the water-sediment interface 
[2][3].  
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In this chapter, hydrocolloid-based bioplastics made up of argan 
seeds proteins and amylose (prepared as explained in the previous 
chapter) were subjected to the burial test to evaluate their degradation 
in soil as described in the following paragraph. 
 

4.2 Degradability of APs-AM-based films and Mater-bi by soil 

burial test  

 
Soil burial degradation tests[5] were carried out sandwiching the films 
between two layers of three different soils, collected at a depth of 10-
30 cm, from i) soil A: forest soil under mature holm oak trees (Quercus 
ilex L.), at the Royal Park of Portici (Naples, Campania, Italy); ii) soil B: 
from an agricultural area located at Castel Volturno (60 km north of 
Naples, Campania, Italy; iii) soil C: from the agricultural area of Piana 
del Sele, an area of 700 km2 crossed by the river Sele in the province 
of Salerno, Campania, Italy. These three different tested soils have 
been found characterized by different physicochemical properties 
(Table 7).  
Soil A was a loamy textured, sub-neutral, and poorly calcareous soil of 
volcanic origin, with a good content of organic C and available P and 
optimal C/N ratio. Soil B was a poorly calcareous flood soil with a sandy 
clay loam texture and alkaline pH (8.7), showing the highest CEC (due 
to the high clay content) and the lowest P availability (due to its 
alkalinity). Soil C was a loamy and alkaline (pH=8.5) flood soil, with a 

great occurrence of carbonates and the highest contents of total N and 
available P [6] [7]. 
 
  

Soil Properties 
 

Soil A Soil B Soil C 

Sand g kg-1 

 
466±27 513±21 390±15 

Silt g kg-1 

 
349±21 244±15 388±18 

Clay g kg-1 

 
185±12 243±9 222±13 

pH (in H2O) 
 

7.2±0.1 8.7±0.1 8.5±0.2 

Carbonates g kg-1 

 
35.9±1.6 24.1±1.1 75.0±2.8 

Organic carbon g  
kg-1 

21.0±0.6 10.5±0.4 12.5±0.5 
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Total N g kg-1 

 
1.9±0.1 1.3±0.1 2.4±0.3 

C/N ratio 
 

11.3 8.0 8.9 

Available P mg kg-1 

 
28.5±0.9 12.0±0.6 57.0±1.2 

CEC cmol (+) kg-1 

 
19.7±0.5 24.1±0.7 21.6±0.8 

Table 1. Physicochemical properties of three different soils used for the 
degradation test: soil A from the Parco Gussone of Portici (Naples), soil B from 
the agricultural area of Castel Volturno (Naples), and soil C from the 
agricultural area of Piana del Sele (Salerno). CEC, Cation Exchange Capacity; 
cmol: centimole. (Data from [6],[7] for Soil A and Soil B, unpublished data by 
Adamo P. for Soil C). 
  

4.2.1 Methods 

According to Mantia et al. [5] tests were conducted at room temperature 
and RH. Film portions of 2 cm x 2 cm were cut. Specimens of the film 

were weighted and sandwiched between two layers of soil to have the 
film at 4 cm of depth and moistened every day with 100 mL of water. 
Film samples were removed after regular intervals, brushed softly, and 
weighed. The degree of degradation was evaluated by weight loss 
using the following equation: 
 

WL (%) = (Wi-Wt) / Wi x 100 

 
Where Wi is the initial weight of the sample and Wt is the weight after 
the established time. 
SEM analyses of APs-AM-based films before and after degradation 
under soil conditions were performed using field emission scanning 
electron microscopy (SEM) (Nova NanoSem 450-FEI-Thermo Fisher, 
Scientific, Waltham, MA, USA). 
The films were cryo-fractured in liquid nitrogen and then the samples 
were coated with a thin layer of Au-Pd using a vacuum sputter coater. 
They were observed at a magnification of 10000x with an accelerating 
voltage of 3 kV by using an ETD detector. 
 
 

4.2.2 Results 

Degradation of AM100-based films, APs100-based films, blended films, 
and commercial Mater-Bi was studied in these soils over a period of 80 
days (Figures 1-2). From the visual images of all the samples, it can be 
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observed that AM100-based films, APs100-based films, and blended 
films lost their integrity, highlighting the degradation process. This result 
was confirmed by the microscopic morphology of the films observed by 
SEM (Figures 4-5-6-7), revealing rough and eroded surfaces, with 
porous pits visible in their cross-sections. The degradation process 
does not seem to affect Mater-Bi samples during the time considered, 
as confirmed by the weight loss analysis reported in Figure 3.  The 
obtained results during the time of degradation showed a weight loss of 
the films of ~30% for AM100-based films, ~25% for APs100-based films, 

and ~20% for blended films (APs50-AM50) (Figure 3). No significant 

differences were observed among the weight losses of the same 
sample in the different soils. Sample degradation depends on different 
factors such as soil microbiota, organic matter, and water availability. 
Probably the higher content of organic matter in soil A and its overall 
better fertility balances the lower content in available water with respect 
to soils B and C, which showed a higher occurrence of clay minerals,  
in the degradation of bioplastics. Further investigation will be carried out 
to clarify the differences among the microbiota of the three soils and 
clarify their role in the degradation process. 
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Figure 1. The appearance of AM100-based films and APs100-based films 
before degradation (t0) and after 80 days (t80) in Soils A, B, and C. 
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Figure 2. The appearance of APs50-AM50-based films and Mater-Bi films 
before degradation (t0) and after 80 days (t80) in Soils A, B and C. 
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Figure 3. Average weight loss values (%) over 80 days for AM100-based films 
(a), APs100-based films (b), APs50-AM50-based films (c), and Mater-Bi (d). 
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Figure 4. SEM micrographs of AM100-based film surfaces (s) and cross-
sections (cs) before degradation (t0) and in Soils A, B, and C, after 80 days 
(t80). 
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Figure 5. SEM micrographs of APs100-based film surfaces (s) and cross-
sections (cs) before degradation (t0) and in Soils A, B, and C, after 80 days 
(t80). 
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Figure 6. SEM micrographs of APs50-AM50-based films surface (s) cross-
section (cs) before degradation (t0) and in Soils A, B, and C after 80 days (t80). 
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Figure 7. SEM micrographs of Mater-Bi surfaces (s) and cross-section (cs) 
before degradation (t0) and in Soils A, B, and C after 80 days (t80). 
 

4.2.3 Conclusions 

The performed tests have underlined that the novel bioplastics can 
degrade easily in the soils used. On the contrary, Mater-Bi was shown 
to follow a slower degradation process. SEM images confirmed what 
was evaluated by the burial test. It could be assessed that the novel 
bioplastics can be defined as compostable since obeys the definition 
described by the European label EN13432.   
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5. IRON OXIDE-BASED MAGNETIC NANOPARTICLES (NPs) 

TO REINFORCE ARGAN SEEDS PROTEINS-AMYLOSE-

BASED FILMS 

    
5.1 Iron oxide-based magnetic NPs 

Among the different types of nano and microparticles, iron oxide 

particles (IOs) have been attracting attention for their ease of synthesis, 

low cost, high reactivity, biocompatibility, low toxicity, and sustainability. 

Recently, they are playing an important role in different applicative fields 

such as electrochemical and gas sensing, energy storage, catalysis, 

wastewater treatment, cancer therapy, and other biomedical 

treatments, as well as for applications such as coatings, sorbents, and 

semiconductors [1][2]. Iron is the most widespread metal on Earth and 

is characterized by high reactivity, easy oxidation, and naturally 

magnetic properties. Several crystalline forms of iron oxide (IO) are 

known such as hematite (Fe2O3) (with 70mass% of iron), magnetite 

(Fe3O4) (with 72mass% of iron), and wüsite (FeO) (with 78 mass% of 

iron). Each one of these has different crystallographic phases as a 

result of their synthesis processes, and depending on this their particles 

find application in different fields. Iron ores can be identified by their 

color: hematite is reddish-brown, magnetite is black and maghemite 

presents a light brown color. Magnetite and maghemite are widespread 

in the environment, but they are thermodynamically less stable than 

hematite, considered as the more stable, in the presence of oxygen: at 

near room temperature magnetite very slowly oxidizes to maghemite 

and at higher temperatures transforms into hematite [3].  
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Figure 1. A) Crystal structure of (a) α-Fe2O3, (b) Fe3O4, and (c) γ-Fe2O3. B) 

Scheme of the phase transformation of magnetite, maghemite, and hematite 

[3]. 

Among the methods of preparation of IOs are co-precipitation, thermal 

decomposition, sol-gel method, hydrothermal/solvothermal method, 

microwave assisted-method, electron spinning, electron beam 

lithography, and pulsed laser ablation. Depending on the synthesis 

method and synthesis parameters different characteristics such as high 

phase purity, good stability, size and morphology, ferromagnetic 

properties, and absorption of toxic pollution can be obtained [4][5][6][7]. 

The high ratio of surface area to volume and the magnetic dipole-dipole 

attraction between particles lead to the agglomeration of pure IOs, 

negatively affecting their application. Different strategies have been 

developed to prevent this effect such as enclosing NPs in a matrix or 

support material, encapsulating them in macromolecules like starch, 

chitosan, or inorganic coatings like silver, silica, or carbon, or modifying 

their surface with reactive functional ligands such as small organic and 

inorganic particles, polymers, and graphene structures [3]. 

Coatings IOs with inorganic materials not only solve the problem of 

agglomeration but also improve their stability. Silanes have been used 

to modify many surfaces, for their excellent reactivity towards silicon 

and oxide surfaces, and for their ability to react with several functional 

groups. The surface modification of IOs through the grafting of 

aminopropylsilane groups (–O)3Si–CH2–CH2–CH2–NH2, for instance, 

because of the active groups of -NH2, can easily connect to bioligands 

such as proteins and enzymes [8].  
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Figure 2. Scheme of the simplified silanization reaction of APTES on the 

magnetite surface [8]. 

 
5.2  Methods 

 

5.2.1 Solvothermal method to synthesize iron oxide-based 

NPs 

 
The solvothermal method refers to a method in which water or organic 
solvents are used as a reaction environment in a specially sealed 
reactor within elevated pressure and high-temperature reaction 
conditions. This method has many advantages: first, the magnetic 
properties of magnetic particles can be improved in a high-temperature 
environment; the components’ volatilization is reduced, and the purity 
of the final product is improved; it has simple operation and cheap raw 
materials and finally it has low toxicity [9][10].  
In this project magnetic NPs based on Fe3O4 were prepared using 
FeCl3 6H2O as the source of iron ions, CH3COONa as an alkali source 
and a structure-directive agent, and ethylene glycol as a high-boiling-
point solvent and as reducing agent. 
Ethylene glycol is first oxidized under heating to generate 
glycolaldehyde; Fe[Ac]3 and Fe[Ac]2 are formed by the reaction of Ac- 
and Fe3+ (Fe2+); Fe(OH)3 and Fe(OH)2 are formed by the hydrolytic and 
alcoholysis process of Fe[Ac]3 and Fe[Ac]2; finally, Fe3O4 primary IOs 
are generated via the dehydration of these products.  
All the reagents used were purchased by Sigma-Aldrich Company 
(St.Louis, MO, USA). 
2.7 g of FeCl3 6H2O and 7.2 g of CH3COONa were dissolved in 100 mL 
of ethylene glycol and stirred for 1 h. Then the solution was poured into 
a hydrothermal autoclave reactor in a muffle furnace at 200°C for 8 h. 
Using a magnet IOs were separated from the supernatant and washed 
several times with water and EtOH. Finally, IOs were dried at 60°C. 

 
5.2.2 Ferrofluid preparation 

To avoid their aggregation IOs were suspended in Trisodium citrate (0.3 
M) in the hydrothermal autoclave reactor at 90°C for 30 min under 
stirring. Then the IOs were separated again from the supernatant using 
a magnet and were washed 2-3 times with H2O. Finally, they were 
suspended in 20 mL of H2O to have a final concentration of 2 % (w/v). 
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5.2.3 Functionalization of IOs with APTES ((3-aminopropyl) 

triethoxysilane)  

10 mL of ferrofluid were added to a solution of CH3OH and APTES and 
stirred for 3 h. Then particles were separated and washed three times 
with H2O and finally suspended again in 10 mL of H2O to have a final 
concentration of 20 mg/mL.  
 

5.2.4 NPs characterization: SEM Microscopy and ATR - FT-IR  

The NPs electron microscope images were obtained with a JEOL JSM 
7600F instrument. Samples were observed at a magnification of 5000x 
and 50000x with an accelerating voltage of 15 kV. 
Fourier Transform Infrared (FT-IR) spectra of the samples were 
obtained using a Bruker Alpha FT-IR spectrometer with a Diamond 
Crystal ATR (Attenuated Total Reflection) accessory. The spectrometer 
runs Opus 7.8 software. 
The ATR - FT-IR spectrum of each sample was recorded in the range 
of 4000–400 cm­1 with at least 20 scans and a resolution of 4 cm-1 and 

processed using the OPUS software. 

 
5.2.5 Preparation of APs-AM FFSs with magnetic NPs 

Different FFSs were prepared with different ratios of AM-APs (100/0–
50/50–0/100 % (w/w)) using H2O as a solvent to have a final 
concentration of 10 mg/mL and glycerol as plasticizer with a 
concentration of 50% (w/w). Fe3O4 NPs and Fe3O4-APTES NPs were 
added with a concentration of 1 % (w/w) (with respect to the total mass). 
AM was gelatinized by heating it in a graphite-bath at 150°C for 1 h 
using a hydrothermal autoclave reactor. APs were solubilized in H2O 
adjusting the pH to 12 with NaOH 1M and stirring the solution for 1 h. 
FFSs were obtained by mixing AM after gelatinization and APs after 
solubilization in the correct ratios. 
 

5.2.6 Preparation of APs-AM-based films with magnetic NPs 

Film preparation was carried out as described by Famiglietti et al. and 
reported above (Chapter 3). FFSs were poured into polypropylene Petri 
dishes (9 cm in diameter) and dried in an oven at 50°C for ~28 h. After 
that, the films were stored in a desiccator at room temperature to 
balance the moisture content before the subsequent analyses.  
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5.2.7 Film moisture content and solubility 

Film moisture content and solubility were determined according to the 
method described by Famiglietti et al. and reported above (Chapter 3). 
The analysis was performed in duplicate on samples of 2 cm2. The 
moisture content was determined by calculating the difference between 
the initial and the final weight of the samples using the following 
equation: 

 
Moisture content (%) = [(Wi-Wd)/Wi] x100 

 
5.2.8 Film swelling ratio 

Film swelling ratio were determined as described by Famiglietti et al. 
and reported above (Chapter 3). The analysis was carried out in 
duplicate. Film swelling ratio was calculated using the following 
equation: 

 
Swelling ratio (%) = [(Ws-Wi)/Wi] x100 

 
5.2.9 Film Water Vapor Permeability 

Film barrier permeability to water vapor was analyzed using a 
MultiPerm apparatus (ExtraSolution s.r.l, Pisa, Italy) according to the 
Standard Methods (ASTM F1249-13 (2013)). Each sample is loaded 
within the instrument, where it constitutes a separate septum between 
two semi-chambers. The process is carried out while maintaining the 
chamber at a fixed temperature (25 °C) and monitoring continuously the 
relative humidity (50%), the flow, and other variables that can alter the 
permeation of the sample. Aluminum masks were used to reduce the 
film test area to 2 cm2, and the analyses were performed in duplicate. 

 
5.2.10 Film Thermogravimetric analysis (TGA) and Differential 

Scanning Calorimetry (DSC)  

Thermogravimetric analyses (TGA/DSC) were performed with the TA 
instruments DSC SDT Q600 Thermogravimetric Analyzer (TGA) and 
Differential Scanning Calorimeter (DSC), which provides simultaneous 
measurement of weight change (TGA) and true differential heat flow 
(DSC) on the same sample. 
Each sample was heated from 25°C to 1000 °C at a rate of 10°C/min. 
 
 



 

80 

 

5.2.11 Statistical analysis 

SPSS19 (Version 19, SPSS Inc., Chicago, IL, USA) software was used 
for all statistical analyses. One-way analysis of variance (ANOVA) and 
Duncan’s multiple range tests (p < 0.05) were used to determine the 
significant difference among the samples. 
 

5.3  Results 

 

5.3.1 SEM microscopy and ATR - FT-IR of magnetic NPs 

SEM analyses were performed at different magnifications (5000x, 

50000x) for both Fe3O4 NPs and Fe3O4 NPs functionalized with APTES. 

 
     (a) 

 
 
 
 
 
 
 
( 
 

     (b) 

 
 
 
 
 
 
 
 
 
 
 
Figure 3. (a) Fe3O4 NPs, (b) Fe3O4-APTES NPs at magnification of 5000x and 

50000x. 

 
IR spectra of Fe3O4 NPs: the peak at 536 cm-1 corresponds to the 
vibration of Fe-O bonds. The peaks at 3422 cm-1 and 3399 cm-1 can be 
attributed to the stretching vibration of O-H bonds of the hydroxyl 
groups on the surface of the magnetic NPs, that overlap the N-H bonds 
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in Fe3O4-APTES NPs spectra. The peaks at 1636 cm-1 and 1620 cm-1 
are possibly associated with the bending vibration of O-H bonds [11]. 
 

 
  
Figure 4. IR spectra of Fe3O4 NPs and Fe3O4-APTES NPs. 
 

5.3.2 Characterization of AM-APs-based films reinforced with 

ferromagnetic NPs 

 
 
 
Figure 5. The appearance of APs-AM-based films reinforced with Iron oxide-
based NPs: a) AM100-based film - Fe3O4 NPs b) APs100-based films - Fe3O4 

NPs c) APs50-AM50-based film - Fe3O4 NPs d) AM100-based film - Fe3O4-
APTES NPs e) APs100-based film - Fe3O4-APTES NPs f) APs50-AM50-
based film - Fe3O4-APTES NPs. 
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5.3.3 Film moisture content, water solubility, and swelling 

ratio 

Moisture content values observed were not significantly different 
among AM-APs-based films reinforced or not with magnetic NPs for 
both Fe3O4 NPs and Fe3O4-APTES NPs. The differences noted were 
related to the different concentrations of AM and APs as described by 
Famiglietti et al. and reported above (Chapter 3). Water solubility values 
and swelling ratio were not reported as significantly different for AM-
based films reinforced with NPs compared to the films without them. 
The presence of NPs seems to affect them in APs-based films, as 
reported in Figure 6: specifically, APs-based films reinforced with Fe3O4 
NPs showed values of solubility and swelling ratio significantly higher 
than both APs-based films without NPs and with Fe3O4-APTES NPs.  
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Figure 6. Moisture content, water solubility, and swelling ratio of AM100-
based films, APs100-based films, and blended films (APs50-AM50) mixed 
with Fe3O4 NPs and Fe3O4-APTES NPs or without NPs. Different small letters 
(a–e) indicate significant differences among the values reported in each bar 
(p < 0.05). The analysis was carried out in triplicate.  
 

5.3.4 Film Water Vapor Permeability (WVP) 

Film WVP depends on crystallinity, hydrophilic groups, intricate 
pathways formed within the films, and the compactness of the matrix. 
Tortuosity is a vital parameter that affects film WVP. For these reasons 
some authors found that mixing NPs into the film matrices could have 
different effects on WVP depending on their concentrations, their 
homogenous dispersion, and the interactions between them and the 
film matrices. When NPs concentrations are higher the structures can 
be less compact due to the NPs aggregation and water molecules may 
easily pass through the films [12].  
This result was observed adding cellulose nanocrystals (CNC) and 
nanofibers (CNF) as reinforcement to AM-based composite bioplastics 
[13], in which elevation of both CNC and CNF concentrations led to 
diminished barrier performance against WV as observed in the study 
reported in the appendix of this thesis A Comparison of Cellulose 
Nanocrystals and Nanofibers as Reinforcements to Amylose-Based 
Composite Bioplastics by Marwa Faisal, Marija Žmiri´c, Ngoc Quynh 
Nhu Kim, Sander Bruun, Loredana Mariniello, Michela Famiglietti, 
Heloisa N. Bordallo, Jacob Judas Kain Kirkensgaard, Bodil Jørgensen, 
Peter Ulvskov, Kim Henrik Hebelstrup and Andreas Blennow.  
The same effect was observed by adding Fe3O4 NPs at a concentration 
of 1% (w/w) in AM-based films, probably due to the break of the 
entanglement of AM-chains caused by NPs aggregation. When Fe3O4 

NPs are functionalized with APTES, the film WV barrier results higher 
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probably because the functionalization avoids their aggregation. APs-
based films and blended films obtained by adding both unfunctionalized 
Fe3O4 NPs and functionalized Fe3O4-APTES were not affected by this 
effect, since they showed values of WVP similar to the films obtained 
without NPs, indicating that the interaction between NPs and film matrix 
does not create inhomogeneity in the film structures.  
 

APs-AM ratio 
 

WVP 
(g mm/m2d kPa) 

0-100 
 

8.68±0.36c 

50-50 
 

3.27±0.31d,e 

100-0 
 

2.89±0.13d,e 

0-100 - Fe3O4 

 
23.86±1.08a 

50-50 - Fe3O4 

 
2.63±1.78d,e 

100-0 - Fe3O4 

 
2.99±1.29d,e 

0-100 - Fe3O4-APTES 
 

16.41±0.92b 

50-50 - Fe3O4-APTES 
 

4.96±0.54d 

100-0 - Fe3O4-APTES 
 

1.13±0.005e 

 
Table 1. Water vapor permeability of AM100-based films, APs100-based 
films, and blended films (APs50-AM50) mixed with Fe3O4 NPs and Fe3O4-
APTES NPs or without NPs. Different small letters (a–e) indicate significant 
differences among the values reported in each column (p < 0.05). The analysis 
was carried out in duplicate. 
 

5.3.5 Thermogravimetric analyses (TGA/DSC) 

The TGA, the differential thermogravimetric (DTG), and the DSC curves 
obtained are reported in Figure 7-8-9. AM100-based films (Figure 7a): 
from 30 °C up to 100 °C, the sample lost about 10–15% of its weight, 
which was attributed to the free and bound water molecules in the films. 
The second mass loss process was observed in the range of 100 ºC – 
200 °C with a maximum rate of thermal transformation at 157 ºC (curve 
blue). This process should be mainly associated with the thermal 
degradation of glycerol [4]. The third thermal transformation was 
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observed between 250 ºC and 400 °C, with a maximum rate of thermal 
transformation at 317 ºC, probably associated with the pyrolysis of AM. 
This last thermal transformation was confirmed by DSC, where a clear 
endothermal peak centered at 317 ºC was observed, which is ascribed 
to the decomposition of AM. The shoulder endothermal peak at 283 ºC 
in DSC could be associated with the gelatinization of AM [15]. 
AM100-based film with Fe3O4  NPs (Figure 7b): this composite material 
showed a similar thermogravimetric pattern to those without Fe3O4 NPs 
because a primary loss of adsorbed water was observed at 
temperatures below 100 °C, while a second mass loss with a maximum 
rate of thermal transformation at 174 ºC corresponding to pyrolysis of 
glycerol was revealed, suggesting a thermoprotective effect of NPs on 
this component. The composite material showed a third thermal 
transformation with a maximum rate at 313 ºC associated with the 
pyrolysis of AM. Interestingly, the maximum gelatinization rate of AM 
was observed at a higher temperature of 302 ºC, suggesting interaction 
with NPs affected the intermolecular interaction of polysaccharide 
chains.  
AM100-based film with Fe3O4-APTES NPs (Figure 7c): the film 
prepared with APTES-modified magnetic NPs also showed a first 
thermal desorption of water at temperatures below 100 °C, and a 
second mass loss with a maximum rate at 182 ºC corresponding to the 
thermal transformation of glycerol. This increase in the thermal stability 
of glycerol could be associated with a higher interaction with the 
magnetic NPs through the formation of hydrogen bonds between the 
pedant primary amino groups in the nanomaterial and the hydroxyl 
groups in the polyalcohol. Amino-modified NPs seem to interact more 
efficiently with AM chains, as can be assumed by the higher 
temperature for the maximum rate of pyrolysis (318 ºC) and the 
absence of the gelatinization phase transition previously observed in 
DSC for the other films.  
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(a) 

 
(b) 

 
 



 

87 

 

 
(c) 

Figure 7. TGA-DSC curves of (a) AM100-based films, b) AM100-based films 
reinforced with Fe3O4 NPs, and c) AM100-based films reinforced with Fe3O4-
APTES NPs. 
 
APs100-based film (Figure 8a): the first thermal transformation 
observed between 50 ºC and 100 °C is ascribed to the heat-induced 
desorption of adsorbed water molecules. Secondly, depolymerization 
and decomposition of low molecular weight proteins, as well as 
pyrolysis of glycerol was observed between 171 ºC and 243 ºC, with a 
maximum rate of thermal transformation at 196 ºC. Progressive 
pyrolysis of hemicellulose and lignin [16] was further observed between 
243 ºC and 482 ºC, through different, consecutive, and overlapped 
thermal processes, as revealed by the multiple peaks in the differential 
curve as well as in the DSC pattern. Complete incineration of the 
residual material was observed at temperatures higher than 800 ºC, 
which could be associated with the decomposition of inorganic 
components in the raw material, as reported by Mirpoor et al [17].  
APs100-based films with Fe3O4 NPs and Fe3O4-APTES NPs (Figure 8b 
and c): no significant difference in the thermogravimetric pattern of 
APs100-based films was observed after mixing with raw and APTES-
modified NPs. However, changes in the patterns of the differential 
curves and shifting of the peaks associated with the maximum rates for 
thermal transformations, as well as variations in the DSC curve 
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revealed that the interaction of APs with the nanomaterials affected its 
thermal stability. In special, thermal stability seems to be slightly 
increased in the presence of APTES-modified NPs. 

 
(a) 

 
(b) 
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(c) 

 
Figure 8. TGA-DSC curves of (a) APs100-based films, (b) APs100-based 
films reinforced with Fe3O4, NPs, and (c) APs100-based films reinforced with 
Fe3O4-APTES NPs. 
 

AM50-APs50-based films (Figure 9a): films prepared by mixing AM and 
APs showed the initial thermal desorption of water molecules up to 100 
°C. From 142 ºC to 512 ºC several overlapped thermal transformations 
are observed, associated with pyrolysis of glycerol and the polymeric 
components of the natural materials, as previously commented.  
APs50-AM50-based films reinforced with Fe3O4 NPs and Fe3O4-
APTES NPs (Figure 9b and c):  although these composite materials 
showed a similar thermogravimetric pattern to those without NPs, the 
complexity of the differential and DSC curved suggested strong 
interactions between the nanomaterials and the natural polymers 
contained in the raw materials. Such interactions seem to slightly 
increase the thermal stability of the film containing APTES-modified 
NPs. 
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(a) 

 
(b) 
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(c) 

 
Figure 9. TGA-DSC curves of (a) APs50-AM50-based films, (b) APs50-AM50-
based films reinforced with Fe3O4 NPs, and (c) APs50-AM50-based films 
reinforced with Fe3O4-APTES NPs. 
 
 

5.4 Conclusions 

Iron-oxide-based NPs were produced, characterized, and then used as 
nanofillers in APs-AM-based films to boost their functionalities. Thermal 
and hydrophilic properties were investigated as well as water vapor 
barrier capability. Further studies will be carried out to study NPs effect 
on film mechanical and gas barrier (CO2-O2) properties. Magnetic NPs 
were chosen for their ease of synthesis, low cost, low toxicity, and 
environmental compatibility. 
Once produced, Fe3O4 NPs were functionalized to improve their 
stability and avoid their aggregation, and both types of NPs were mixed 
with the APs-AM-based FFSs. The presence of NPs in AM-based films 
increased the WVP probably because NPs broke the entanglement of 
AM-chains. Thermal analyses showed that both Fe3O4 NPs and 
APTES-modified NPs exert a thermoprotective effect on glycerol in 
AM100-based films. Specifically, the formation of hydrogen bonds 
between the pedant primary amino groups of functionalized NPs and 
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the hydroxyl groups in the polyalcohol could explain the increase in the 
thermal stability of glycerol. Moreover, changes in the temperature of 
the maximum gelatinization rate of AM for both Fe3O4 NPs containing 
films and APTES-modified NPs containing films suggested the 
formation of interactions with NPs that affected the intermolecular 
network of AM.  
Even in the case of blended films strong interactions between NPs and 
polymer matrices were observed, potentially increasing the stability of 
Fe3O4-APTES-containing films. Finally, thermal stability seems to be 
slightly increased in the presence of APTES-modified NPs in APs100-
based films. 
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6. CONCLUSIONS 

    
Nowadays about 400 Mt of plastic waste are generated every year, and 
this amount is expected to grow dramatically over decades. Most of the 
attention has been focused on the effects of plastic pollution on marine 
ecosystems but also the tremendous impacts of plastics in terrestrial 
and freshwater ecosystems are now evident, increasing concern for 
human health. The only sustainable way to reduce plastic pollution at a 
global scale is to reduce plastic entering the natural environment. To 
reach this aim, different strategies should be considered together: 
reduce the consumption of plastic, especially single-use plastic, 
improve their recycling, and substitute them with bio-based and 
biodegradable materials. In this scenario, the present thesis constitutes 
a contribution to the development of bioplastics, i.e. biodegradable 
materials derived from renewable sources, as an alternative to 
petroleum-based plastics. Different studies were carried out and 
reported in this thesis about their production from the manipulation and 
the processing of different biopolymers, polysaccharides, and proteins, 
in the presence of several additives like plasticizers, active compounds, 
reticulating agents, and nanofillers.  All the performed works showed 
the potential for the manipulated biopolymers to be exploited in the 
bioplastic industry, being suitable for a variety of applications. 
Specifically, chitosan was considered as a natural copolymer derived 
from one of the most abundant polysaccharides on earth, chitin, hence 
obtained from renewable sources. CH-based films were developed to 
incorporate an active extract derived from dried olive leaves (DOLE), a 
byproduct of olive cultivation and processing. This work successfully 
achieved the aim of valorizing this byproduct, transforming it into a high-
added value product. Investigating the polyphenols’ yield of DOLE and 
its antioxidant activity when incorporated into CH-based films verified 
the possibility of using it as a supplement for the delivery of active 
compounds useful to boost the human diet. Moreover, the evaluation of 
the antimicrobial activity of DOLE in combination with CH made CH-
based films containing DOLE suitable for active packaging to improve 
food shelf-life and wrapping, for instance, meat hamburgers to delay 
their spoilage due to common microbial contaminants during storage. 
Finally, it was demonstrated that DOLE exerts a plasticizer effect, 
hence its presence could overcome the necessity of an additional 
plasticizer, such as glycerol, for bioplastic production. In the same way, 
it was reported in this thesis that films obtained from mixed grape juice 
to Nigella sativa defatted seed cake-protein-based films could be used 
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as active packaging to wrap sweet cherries and prolong their shelf life. 
N. sativa defatted cake is a byproduct of seed oil extraction and usually 
is used as animal feed due to its high content of proteins. This work 
aimed to valorize this byproduct exploiting it to produce edible films and 
improving their functionality by using grape juice. The obtained results 
showed that grape juice acts as a plasticizer and adds very promising 
functionalities to the films thanks to its antioxidant and antimicrobial 
activity. Thus, the films were used successfully to wrap sweet cherries, 
delaying their spoilage as confirmed by the slowing down of their 
change in color, titratable acidity, and total soluble solids. Similarly, 
pectin-based films were obtained incorporating Olive and Guava Leaf 
Extract (OLE and GLE) (work reported in this thesis in collaboration with 
the An-Najah National University of Nablus) to produce soluble sachets 
to wrap chicken powder demonstrating that the antioxidant activity of 
the extracts helps to reduce the oxidation reactions of food during its 
distribution and storage. 
Still with a view to the aims of bioeconomy, i.e. discovering new sources 
to produce energy and materials and to transform wastes into high-
added value products a part of this thesis was dedicated to the 
production of novel bioplastics, made up of argan seed proteins (APs), 
extracted from argan oil cake, and amylose (AM) obtained from barley 
plants. Moreover, the addition of a reticulating agent such as microbial 
transglutaminase (mTGase) was tested to verify its contribution to the 
development of the films. The study confirmed the potential of APs to 
improve the performance of AM-based films in terms of some 
properties, specifically their barrier capability to water vapor and CO2, 

results strengthened by the presence of mTGase. Furthermore, 
changes in the extensibility and rigidity of the AM-based films containing 
APs could make them suitable for application as compostable bags. 
mTGase treatment was demonstrated to be effective even on protein-
based films obtained from hemp seed oilcake. Film characterization 
showed that mTGase-induced crosslinking originated more 
homogenous and smoother films, with higher resistance and heat-
sealing strength as well as greater hydrophobicity. 
Besides the useful properties of the obtained bioplastics in applications, 
even their degradation was evaluated to confirm their biodegradable 
nature. Specifically, APs-AM-based films not modified by mTGase were 
subjected to the burial test method in three soils having different 
characteristics over 80 days and the commercial Mater-Bi was used as 
control. The tests confirmed the biodegradability of the tested films for 
all the samples in all three soils over the period considered. Surprisingly 
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this behaviour was not observed for Mater-Bi samples suggesting that 
their degradation takes more time or needs specific conditions.  
The last part of this thesis was in part performed at the Department of 
Analytical Chemistry of the Complutense University of Madrid and 
focused on the production of nanofillers to use as reinforcement of the 
obtained bioplastics. Specifically, iron oxide-based NPs were produced, 
characterized, and incorporated into APs-AM-based films. Nanofillers 
were preferable to microfillers thanks to their large surface-area-to-
volume ratio that provides an extensive matrix-filler interfacial area 
affecting the molecular mobility of the structure and consequently film 
properties. The work showed that magnetic NPs functionalized or did 
not interact with the film matrices as confirmed by changes in their 
thermal properties.  
Fe3O4 NPs mixed with AM-based films increased their WVP, probably 
because they broke the entanglement of AM-chains, but this effect was 
reduced by adding Fe3O4-APTES NPs since the functionalization 
avoided NPs aggregation originating more homogeneous and compact 
film structures. A similar effect was observed when cellulose 
nanocrystals (CNC) and nanofibers (CNF) were used as nanofillers in 
AM-based films as reported in a work in this thesis. High concentrations 
of both CNC and CNF increased film WVP since they increased AM-
chains mobility easing the transition of water molecules through the 
matrices.  
The addition of NPs to APs-AM-based films increased their thermal 
stability in most of the analyzed samples as observed by thermal 
analyses. Interactions between NPs and polymer matrices were 
suggested from the differential and DSC curves for all the films 
considered, resulting in a thermoprotective effect on glycerol 
component in AM100-based films containing Fe3O4 NPs and APTES-
modified NPs, in an increasing of the thermal stability for blended films 
containing Fe3O4-APTES NPs and in its more slightly improvement in 
APs100-based films containing APTES-modified NPs.   
All these works demonstrated the great potential of using 
polysaccharides and proteins as biopolymers for bioplastics production, 
mixing them with eco-friendly additives and thus exploiting them in 
several applications. Now an industrial scale-up could be planned to 
confirm the possibility of substituting plastics of petrochemical origin 
with them. 
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UNIVERSITY COOPERATION IN THE NEW CHALLENGES FOR 

SUSTAINABLE DEVELOPMENT 
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• Trends in Biotechnology: the SIB group perspectives Naples 23-

24 June 2022 
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• IUBMB FEBS PABMB The Biochemistry Global Summit 

Lisbon; 9-14 JULY 2022 
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• XVI FISV Congress 3R: Research, Resilience, Reprise 

Portici (Naples); 14-16 SEPTEMBER 2022 
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• Meeting Sezione SIB Campania Napoli, 26 ottobre 2022 
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• BIOPROSYS JOINT MEETING From basic understanding of 

cell networks to their modulation and engineering for health 

and industrial applications 18-19 MAY 2023 
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• EUROPEAN CONGRESS ON BIOPOLYMERS AND BIOPLASTICS 

16-17 NOVEMBER, ROME 
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7.3 EXPERIENCES IN FOREIGN LABORATORIES 
 

• 01/06/2023-31/10/2023 Visiting period at Nanosensors and 

Nanomachines group at the Faculty of Chemistry, Department of 

Analytical Chemistry, Complutense University of Madrid under the 

supervision of Professor Reynaldo Villalonga 
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7.4 HONOURS AND AWARDS 
 
 

• Meeting Sezione SIB Campania Napoli, 26 ottobre  

Novel hydrocolloid-based bioplastics from argan oilcake and 

amylose  

Michela Famiglietti, Domenico Zannini, Rosa Turco, Loredana 

Mariniello  

Premio Best Poster Award 

 
 
 

• 01/06/2023 - 31/10/2023 

Grant from the ITALIAN SOCIETY OF BIOCHEMISTRY AND 

MOLECULAR BIOLOGY (SIB) for research staying abroad as 

financial support for short periods 

 


