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SUMMARY  

    

The use of petroleum-based plastics in different fields, such as food and 
pharmaceutical sectors, has increased significantly in the last 50 years, 
being the durability of the plastic materials, as well as their outstanding 
features, the main reason of their success. However, their worldwide 
applications led to huge waste-disposal problems and, as a 
consequence, to a dramatic environmental pollution. These issues 
have encouraged innovation and research activities in the field of 
biodegradable plastics, offering alternatives for conventional plastics. 
One potential option to pursue would be to explore agri-food wastes 
and by-products for bioplastic production. Numerous different seeds 
are utilized for edible and non-edible oil extraction and seed by-
products following oil extraction. These by-products are known as seed 
oil cakes (SOCs) and represent roughly 50% of the original seed 
weight. Since SOCs are rich in fibers, proteins and secondary 
metabolites, they are considered as promising candidates to be raw 
material consumed in a biorefinery for the production of bioplastics. In 
this scenario the present thesis provides insights into the production 
and characterization of bioplastics obtained by using the proteins 
extracted from hemp (Cannabis sativa), cardoon (Cynara cardunculus) 
and argan (Argania spinosa L.) SOCs. Different conditions, such as i) 
change in pH, ii) protein amount and iii) plasticizer concentration were 
exploited in order to find the best conditions to develop these protein-
based films. To achieve innovative films with improved features the 
films showing the best characteristics were also modified by adding 
different additives. Hemp proteins (HPs) and cardoon proteins (CPs) 
were preliminarily cross-linked by means of microbial transglutaminase 
(mTGase) and an improvement in both mechanical and barrier 
properties of the derived films was observed. The results obtained from 
wrapping peanuts revealed that films prepared with enzyme-modified 
CPs are able to prolong the shelf life of the oily food. Moreover, 
nanocrystalline cellulose (NC) and the lignin fraction (LF), obtained from 
egagropili and added to the HP-based film forming solutions, enhanced 
the film technological properties. To develop an active bioplastic, 
cardoon leaf extract (CLE) was tested as additive of CP-based films 
and a further enhancement of the mechanical, barrier properties and 
antioxidant activity of the obtained materials was observed. Finally the 
interfacial properties of the SOC proteins and the surface wetting of the 
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obtained bioplastics were studied in the period of stay at the 
Department of Applied Physics of the University of Granada (Spain). 

 

RIASSUNTO  

    

La plastica è diventata parte integrante della vita umana, 
essendo un materiale economico, leggero e durevole, e potendo 
essere facilmente modellata in una varietà di prodotti che trovano uso 
in una vasta gamma di applicazioni. Circa il 4% della produzione 
mondiale di petrolio e gas, risorsa non rinnovabile, viene utilizzato 
come materia prima della plastica e un ulteriore 3-4% viene speso 
per fornire energia per la loro produzione. Vari studi indicano, inoltre, 
che circa l’80% della plastica che viene prodotta torna nell’ambiente 
come rifiuti, e una parte significativa di questi rifiuti viene sversata nei 
mari provocando uno stato di inquinamento delle acque che cresce 
in maniera esponenziale. La lunga esposizione alla luce e all’acqua 
salata porta le differenti plastiche a scomporsi in micro- e nano-
plastiche, che hanno impatti letali sulla vita marina. La plastica è uno 
dei maggiori protagonisti del modello di economia lineare che 
prevede produzione, utilizzo e smaltimento di risorse nell’ambiente. 
Sempre più spazio sta raggiungendo, invece, l’economia circolare 
che rappresenta un modello alternativo e più sostenibile: secondo la 
definizione data dalla Ellen MacArthur Foundation, si parla di 
un’economia progettata per auto-rigenerarsi, in cui i materiali biologici 
sono destinati ad essere reintegrati nell’atmosfera, e quelli tecnici 
devono essere rivalorizzati senza entrare nella biosfera. Le 
bioplastiche svolgono un ruolo chiave nella transizione verso 
un'economia circolare attraverso la sostituzione dei fossili con risorse 
rinnovabili, ed aumentando gli obiettivi di riciclo e l'efficienza nella 
gestione dei rifiuti. Attualmente, le bioplastiche rappresentano circa 
l’1% dei  368 milioni di tonnellate di plastica prodotte ogni anno ma, 
con l'aumento della domanda e l'emergere di materiali, applicazioni e 
prodotti più sofisticati, il mercato delle bioplastiche va via via 
crescendo in modo molto dinamico. In questo lavoro sperimentale ci 
si è focalizzati sulla preparazione di bioplastiche rivolgendo 
l’attenzione verso l’utilizzo di risorse sostenibili, quali alcune proteine 
derivanti da scarti alimentari o da lavorazione industriale. La ricerca, 
infatti, si è incentrata  sulle  proteine contenute nei pannelli di semi 
oleosi (seed oil cakes, SOCs), la cui produzione mondiale è destinata 
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principalmente alla generazione di olio alimentare. L’attività 
sperimentale è stata preceduta da un attento studio della letteratura 
scientifica che ha portato alla stesura di una rivista sintetica 
pubblicata recentemente sulla rivista Trends in Food Science & 
Technology (Mirpoor et al., 2021). I SOC rappresentano circa il 50% 
del peso del seme originario e sono ricchi in fibre, antiossidanti, 
vitamine, minerali nonché acidi grassi mono- e poli-insaturi. Tali 
byproducts industriali sono stati a lungo sotto i riflettori per le loro 
molteplici utilizzazioni, come la produzione di mangimi per animali, oli 
vegetali funzionali, prodotti farmaceutici, biocarburanti e altri usi 
industriali, e tutto ciò ha portato ad un aumento delle aree di 
coltivazione dei semi oleosi. La composizione chimica dei SOC è 
influenzata da diversi fattori, principalmente dalla varietà vegetale e 
dalle condizioni di crescita ma, poiché i SOC sono ricchi di diverse 
molecole bioattive di basso e alto peso molecolare, come polifenoli, 
flavonoidi, proteine e fibre, essi sono stati esplorati soprattutto come 
possibili fonti biologiche in diverse bioraffinerie. In particolare, le 
proteine estratte da SOC, prima o dopo la loro purificazione, 
potrebbero rappresentare una potenziale materia prima per la 
produzione di bioplastiche, in quanto abbondanti, biodegradabili e 
poco costose.  Le colture più diffuse riguardano la soia (Glicina max), 
il cotone (Gossypium hirsutum L.), il girasole (Helianthus annuus), le 
arachidi (Arachis ipogea), ma anche il sesamo (Sesamum indicum), 
la canapa (Cannabis sativa), il cardo (Cynara cardunculus ) e l’argan 
(Argania spinosa). Le proteine estratte da questi ultimi tre SOC, 
ovvero cardo (CP), canapa (HP) e argan (AP) sono state utilizzate in 
questa tesi per la produzione di bioplastiche. In tutti i casi, per 
ottenere i SOC, l’olio è stato estratto dai semi mediante Soxhlet e le 
proteine estratte mediante precipitazione isoelettrica. I film sono stati 
preparati utilizzando il metodo del casting ossia versando le soluzioni 
filmanti (FFS), preparate in presenza di glicerolo (GLY) come 
plasticizzante, in piastre di Petri. Le FFS venivano preliminarmente 
sottoposte a studi di stabilità mediante valutazione della dimensione 
dei colloidi e del potenziale Z, e poi essiccate in una camera climatica 
a temperatura e umidità controllate.  Al fine di poter valutare le 
possibili applicazioni di tali film in campo industriale, le bioplastiche 
preparate in diverse condizioni sperimentali sono state analizzate per 
le loro proprietà meccaniche, di barriera ai gas ed al vapore acqueo 
e di idrofobicità. Le analisi chimico-fisiche delle FFS hanno dimostrato 
che per tutte le proteine considerate il pH 12 era un pH ottimale per 
ottenere soluzioni stabili  dal punto di vista del potenziale Z, e che 
tutte le FFS preparate a tale pH producevano film manipolabili e dotati 
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di buone proprietà tecnologiche in presenza di GLY. Di seguito sono 
riportate le caratteristiche dei film ottenuti in diverse condizioni 
sperimentali da questi 3 tipi di byproduct. Alcune di queste proprietà 
sono state studiate presso il Dipartimento di Fisica Applicata 
dell’Università di Granada in Spagna. I risultati ottenuti incoraggiano 
ulteriori indagini poiché i SOC sembrano una potenziale fonte 
rinnovabile in grado di sostituire, almeno in parte, gli altamente 
inquinanti polimeri derivati dal petrolio. Infatti lo scale-up di questi 
nuovi materiali potrebbe aprire nuovi orizzonti per produrre 
bioplastiche innovative adatte all'imballaggio alimentare e non solo. 
1) Film ottenuti da proteine provenienti da SOC di cardo (CP): la 
concentrazione minima di GLY utile per ottenere film manipolabili 
nelle migliori condizioni sperimentali identificate era del 30% (w/w di 
CP), poiché i film preparati in assenza o in quantità inferiore (10 e 
20%) di plasticizzante si erano dimostrati fragili e non potevano 
essere staccati dalle piastre. I film manipolabili sono stati quindi 
caratterizzati per il loro spessore e per le loro proprietà meccaniche. 
Come previsto, è stato riscontrato che lo spessore del film aumentava 
incrementando la concentrazione delle CP, indipendentemente dalla 
quantità di GLY presente nelle FFS. Al contrario, tutti i parametri che 
caratterizzano le proprietà meccaniche dei film risultarono diversi 
variando sia le concentrazioni di CP che di plasticizzante. Infatti, la 
resistenza alla trazione (TS) ed il modulo di Young (YM) diminuivano 
mentre l’allungamento a rottura (EB) aumentava incrementando le 
quantità di GLY a tutte le concentrazioni di CP utilizzate. Inoltre, è 
stato dimostrato che le CP agivano efficacemente come substrato 
della transglutaminasi microbica (mTGasi, EC.2.3.2.13), un enzima 
capace di catalizzare la formazione di legami isopeptidici, intra- o 
inter-molecolari, tra residui endoproteici di glutammina e lisina. La 
modifica delle CP da parte della mTGasi rafforzava la matrice delle 
bioplastiche ottenute producendo dei materiali con migliorate 
proprietà meccaniche e di barriera ai gas (O2 e CO2) ed al vapore 
acqueo. Il preventivo trattamento delle CP con l’enzima diminuiva, 
inoltre, anche l’idroficilità delle biopastiche ottenute. Inoltre  la 
capacità di sigillatura dei film ottenuti con le CP trattate 
preventivamente con la mTGasi, ed il loro colore verdastro scuro, li 
rende candidati adatti per il confezionamento di diversi tipi di alimenti 
la cui shelf-life puo’ essere negativamente influenzata dalla luce. 
Infatti in questa tesi è stato dimostrato che tali film, quando rinforzati 
mediante mTGasi, erano in grado di prevenire l'ossidazione e 
l'irrancidimento dei lipidi delle arachidi, prolungando la durata di 
conservazione di questo alimento confezionato mediante tale 



 

 5 

packaging. I film di CP sono stati anche funzionalizzati con estratti 
fenolici delle foglie di cardo stesse (CLE). I CLE, che si sono 
dimostrati dotati di proprietà antiossidanti, quando aggiunti alle FFS 
di CP hanno dato origine a materiali con un significativo 
miglioramento di tutte le proprietà testate. I film contenenti CLE 
apparivano più omogenei, e mostravano anche un'attività 
antiossidante più elevata e duratura che conferiva un valore aggiunto 
alle bioplastiche ottenute. 
2) Film ottenuti da proteine provenienti da SOC di canapa (HP): 
il concentrato proteico ottenuto dai SOC di canapa è stato utilizzato 
come possibile fonte di biopolimeri per produrre film biodegradabili a 
diversi valori di pH in assenza o presenza di differenti concentrazioni 
di GLY (utilizzato come plasticizzante). Esperimenti preliminari hanno 
mostrato che solo a pH > 6, ed in presenza di almeno il 30% di GLY, 
è stato possibile ottenere film, di colore giallo/marrone, in grado di 
essere manipolati. Pertanto, le proprietà meccaniche dei film, 
preparati sia a pH 7 che a pH 12 con 400 mg HP, sono state 
determinate in presenza di 30, 40 o 50% GLY. I risultati hanno 
dimostrato che i film a base di HP, preparati a pH 12, avevano valori 
di TS ed EB sempre più elevati e, in particolare, quelli contenenti il 
50% di GLY esibivano migliori prestazioni meccaniche, essendo 
abbastanza resistenti ed estremamente flessibili e plastici. Le 
proprietà meccaniche osservate, diminuendo le concentrazioni di HP 
da 400 a 300 e 200 mg, hanno confermato che i film contenenti 400 
mg di proteine e preparati a pH 12 in presenza del 50% GLY erano i 
materiali più promettenti e degni di ulteriori studi. Anche le HP hanno 
mostrato di agire come substrato della mTGasi. Vale la pena 
precisare che, anche in questo caso, per ottenere film manipolabili, è 
stato necessario aggiungere GLY (almeno il 30%) alle FFS contenenti 
HP reticolate dalla mTGasi. Le proprietà meccaniche di tali film, 
inoltre, erano significativamente influenzate dalla presenza dei legami 
isopeptidici prodotti dalla mTGasi. I film ottenuti con HP sono stati 
analizzati anche per determinare la loro capacità di termosaldatura, 
poiché, come è noto, questa caratteristica è fondamentale per le loro 
potenziali applicazioni industriali  come sistema di confezionamento 
di alimenti. Le analisi effettuate hanno dimostrato che tutti i film 
potevano essere termosaldati e che la forza di sigillatura delle 
pellicole ottenute con le HP trattate con l’enzima era maggiore 
raggiungendo un valore di 30 N/m  usando 20 U/g di enzima. Con tale 
quantità di enzima anche l’idrofilicità dei film risultava diminuita. 
Inoltre, alcuni film sono stati anche rinforzati mediante nanocellulosa 
cristallina (NC) o frazione di lignina (LF) ottenute da egagropili, 
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agglomerati sferici o ovali di colore marrone chiaro e di consistenza 
feltrosa, costituiti da residui fibrosi di piante del genere Posidonia, che 
si accumulano sulle spiagge portate a riva dalle onde e dalle correnti. 
I risultati hanno indicato che la microstruttura di tali materiali,  quando 
preparati in presenza di NC e LF, erano molto omogenei, indicando 
una buona dispersione di questi due additivi nella matrice dei film. 
Pertanto, i biocompositi rafforzati con questi additivi hanno mostrato 
proprietà meccaniche e di barriera migliorate, nonché una maggiore 
capacità di resistenza all’acqua, indicando una possibile utilizzazione 
degli egagropili, finora considerati un rifiuto da eliminare dalle 
spiagge dove si accumulano. 
3) Film ottenuti da proteine provenienti da SOC di argan (AP): per 
il SOC proveniente dall’argan, è stata preliminarmente osservata la 
particolarità che, data la grande quantità di olio presente nei semi di 
questa pianta, il materiale ottenuto dopo l’estrazione di olio ne 
conservava ancora una notevole quantità, evidente anche 
macroscopicamente durante la manipolazione dei film prodotti. La 
minima quantità di proteina per ottenere film manipolabili era di 300 
mg con una concentrazione di GLY pari al 40% (w/w di AP). Tuttavia, 
i risultati ottenuti hanno messo in evidenza che l’uso di 600 mg di AP 
con l’aggiunta del 50% di GLY, consentivano l’ottenimento di una 
bioplastica con proprietà meccaniche superiori e, in particolare, tali 
film esibivano una buona estensibilità (allungamento a rottura pari a 
circa l’80%). Sono stati inoltre valutati sia il loro contenuto d’acqua 
che la loro capacità di assorbirne; tali valori si attestavano 
rispettivamente intorno al 14% e 12%, dati in linea con i risultati 
ottenuti su altri materiali idrocolloidali di origine proteica. Lo studio 
delle proprietà barriera ai gas ed al vapore acqueo ha dimostrato che 
i materiali ottenuti hanno caratteristiche paragonabili ed in alcuni casi 
anche migliori a quelle delle bioplastiche già presenti sul mercato, 
quali Mater-Bi® e Viscofan. Esperimenti condotti presso il 
Dipartimento di Fisica Applicata dell’Università di Granada, volti allo 
studio delle proprietà di superfice e di assorbimento dell’acqua, 
hanno dimostrato che tali materiali hanno la superficie più idrofoba 
degli altri materiali analizzati, e che presentano un maggior angolo di 
contatto dovuto alla presenza di lipidi nel concentrato proteico 
estratto. 
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INTRODUCTION 

    

1. Introduction 
 

1.1. Plastics and plastic pollution 

The use of petroleum-based plastics in different fields, such as food and 
pharmaceutical sectors, has increased significantly in the last years, 
being the durability of the plastic materials, as well as their outstanding 
features, the main reason of their success. However, their worldwide 
applications led to huge waste-disposal problems and, as a 
consequence, to a dramatic environmental pollution. Every year 300 
million tons of plastic wastes are generated and only less than 10% of 
them are recycled.  The remaining part of plastic materials are disposed 
in landfills and oceans releasing toxic petro-polymers, which are 
swallowed by marine animals killing more than 100,000 of them each 
year (Porta, 2019; Geyer, Jambeck, & Law, 2017). Therefore, the 
replacement of fossil-based packaging materials with the ones based 
on renewable and biodegradable polymeric sources are on the rise 
(Letcher, 2020; Jiang et al., 2020).  

1.2. Bioplastics 

Bioplastics seem an attractive eco-friendly alternative to petroleum-
based plastics since they can be easily degraded by the enzymes 
present in different microorganisms. The main polymers used so far to 
prepare these innovative biomaterials are aliphatic polyesters (e.g. 
polylactic acid and polyhydroxyalkanoates), proteins (e.g. soy proteins, 
collagen, gelatin, zein) and numerous polysaccharides (e.g. cellulose, 
starch, chitin, pectins) obtained from plant or animal feedstocks (Porta, 
2019). 

1.3. Proteins from Seed Oil Cakes (SOCs)  

Numerous different seeds are utilized mainly for edible oil extraction 
and seed by-products following oil extraction, known as seed oil cakes 
(SOCs), represent roughly 50% of the original seed weight. Since SOCs 
are rich in fibers, proteins and secondary metabolites, they are 
considered as promising candidates to be raw material for the 
production of high-value added products such as bioplastics.  
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As the COVID-19 pandemic led to the lockdown at the very beginning 
of the 34th PhD cycle, thus preventing to log into and experimentally 
work in the lab, an extensive study of the existing bibliography about 
the utilizations of SOCs in different sectors was carried out at home by 
using remote connection. This investigation led to the publication of an 
extensive review paper on SOCs from the most cultivated oilseed crops 
all over the world as well as from cardoon (Cynara cardunculus) and 
hemp (Cannabis sativa) that are part of the subject of the present thesis 
(Mirpoor, S. F., Giosafatto, C. V. L., & Porta, R. (2021). Biorefining of 
seed oil cakes as industrial co-streams for production of innovative 
bioplastics. A review. Trends in Food Science & Technology).  

Writing this review also gave some good ideas to work with hemp and 
cardoon SOCs, as well as to focus the attention also on non-
conventional SOCs such as from Argania spinosa, a very popular plant 
for the outstanding properties of the oil contained in its seeds as 
described below. Argania spinosa L. (Sapotaceae family), known as 
Argan, is a plant cultivated in abundance in desert and semi-desert 
regions such as Morocco and the south-west of Algeria. The fruit is 2-4 
cm long and 1.5-3 cm broad, with a sweet-smelling but unpleasantly 
flavoured layer of pulpy pericarp surrounded by a thick and bitter peel. 
This also surrounds the very hard nut which contains one to three small 
oil-rich seeds (Haloui, & Meniai, 2017) (Figure 1). The average oil 
content varies between 3.05% and 3.67% on dry fruit basis. However, 
the average kernel oil content is around 47% (Aithammou et al., 2019) 
but, for the incredibly low  extraction yields (2 to 3.2 kilos of oil per 100 
kilos of dried fruit), this oil is very expensive. Its dietary applications are 
the most important: it is described that such oil prevents cardiovascular 
risks, acts as a choleretic and hepatoprotective agent, as well as it helps 
to prevent hypercholesterolemia and atherosclerosis (El Abbassi et al., 
2014). It is eaten directly and used also for cooking. Other applications 
include its use as a cosmetic product. The SOC resulting from oil 
extraction is generally used to feed animals (Cherki et al., 2006). It has 
been reported that the SOC has high levels (91%) of dry matter (48.4% 
protein, 17.6% fiber, 18.9% fat and ash (3.6%). In addition, it contains 
significant levels of calcium (6.9 g/kg), phosphorus (6.4 g/kg), 
potassium (10.4 g/kg), and magnesium (3.3 g/kg) (Lakram et al., 2019). 
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Figure 1. Argan seeds 

 

1.4. Additives and processing aids for protein-based film 
improvement 
 

1.4.1. Plasticizers 

Protein-based films generally exhibit poor mechanical and water vapor 
(WV) barrier properties, so that their application in food packaging 
sector is still quite limited. Therefore, in order to improve the protein-
based film properties, different preliminary treatments of the protein 
sources, such as gamma-irradiation, heating or cross-linking, have 
been often performed, as well as the protein blending with other 
biopolymers or additives (Xu et al., 2012; Amadori et al., 2015; Haghighi 
et al., 2020; Jiménez-Rosado et al., 2020; Wihodo and Moraru, 2013). 

Plasticizers are added to polymers to reduce brittleness and improve 
the flexibility of the polymer matrix (De Groote et al., 2002). 
Plasticization reduces the relative number of polymer–polymer 
contacts, thereby decreasing the rigidity of the three-dimensional 
structure and allowing the material deformation without rupture 
(Varughese and Tripathy, 1993). Water is considered the most powerful 
‘‘natural’’ plasticizer of hydrocolloid-based films since it is able to reduce 
the glass transition temperature and to increase the free volume of 
biomaterials (Cheng et al., 2006; Karbowiak et al., 2006). Several 
studies have been carried out on the application of different chemical 
plasticizers such as glycerol (GLY), ethylene glycol, diethylene glycol, 
triethylene glycol, tetraethylene glycol, polyethylene glycol and sorbitol 
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(Fitri et al., 2018; Suyatma et al., 2005; Cao et al., 2009; Escamilla-
García et al., 2017). 

1.4.2. Microbial transglutaminase (mTGase) 
  
One of the most extensively used tool to reinforce protein-based films 
is represented by microbial transglutaminase (mTGase; EC.2.3.2.13), 
a calcium independent enzyme responsible for catalysing the formation 
of intermolecular ε-(γ-glutamyl)-lysine cross-links into proteins via an 
acyl transfer reaction (Giosafatto et al., 2020). The transamidation 
reaction occurs either in the same (Figure 2, panel A) or in a different 
polypeptide chain (Figure 2, panel B) between an acyl acceptor 
substrate (ε-amino group of an endoprotein lysine residue) and an acyl 
donor substrate (ɣ-carboxamide group of an endoprotein glutamine 
residue). mTGase is active in a wide range of pH (4-9), resistant 
between 4 and 60°C, commercially available, food grade and useful to 
modify in vitro protein structure and biological properties (Giosafatto et 
al., 2020; Kieliszek and Misiewicz, 2014). 

 
Figure 2: Intramolecular (A) and intermolecular (B) cross-linking reaction catalysed 
by microbial transglutaminase. 

 

1.4.3. Nanocrystalline cellulose (NC) and lignin fraction (LF) from 
egagropili 

Biocomposites containing plant- or wood- based fibers have been 
exploited thus far in an increasing range of items to reinforce plastics, 
since they have several advantages over synthetic additives. Posidonia 
oceanica (PO) is one of the most abundant Mediterranean endemic 



 

11 

 

species, covering 60% of the seabed from 0 to 40 m depth (Den Hartog 
and Kuo, 2007) and about fifty thousand km2 of coastal sandy areas 
(Fornes et al., 2006). Fibre-like leaves of PO that are at the base of 
rhizomes and stems, cluster together very closely and generate these 
characteristic free-floating and brown coloured balls, called “egagropili”. 
Since egagropili represent a problem, first of all for their negative visual 
impact (Balestri et al., 2006), the municipalities are forced to remove 
and dispose them in landfills as municipal wastes with non-negligible 
costs. Therefore, egagropili can be considered as a lignocellulosic 
resource potentially useful to be added to the biodegradable materials 
as a reinforcement additive. 

 
1.4.4. Cardoon leaf extract  

Aiming to further improve food packaging materials, many studies have 
exploited natural additives with antimicrobial and antioxidant activity to 
produce bio-active food packaging (Shojaee-Aliabadi et al., 2013). In 
this regard, the cardoon leaf extract (CLE) is known for its therapeutic 
potential as a diuretic, choleretic, cardiotonic, antidiabetic and anti-
hemorrhoidal agent (Ramos et al., 2017; Velez et al., 2012). Several 
studies have focused on the antioxidant activity of CLE, strictly related 
to the polyphenol fraction, mainly composed of hydroxycinnamic 
derivatives, such as mono- and dicaffeoylquinic acids, and flavonoids, 
such as apigenin and luteolin (Dias et al., 2018; Scavo et al., 2019). 

1.5. Application of cardoon-based bioplastics for peanut 
wrapping 

One of the important legumes that are consumed worldwide are 
peanuts (Arachis hypogea) (Rossi-Márquez et al., 2021) that contain 
approximately 50% oil, mostly composed of unsaturated fatty acids. 
Peanuts are a good source of tocopherols, natural antioxidants soluble 
in lipids. They contribute to the free radical scavenging activity 
protecting against lipid oxidation. However, these antioxidants degrade 
in the presence of oxygen molecules and/or high temperature and, as 
a consequence, the degraded products formed lead to sensory or 
nutritional deterioration (Christopoulos & Tsantili, 2011). Several factors 
can affect the lipid oxidation in peanuts such as storage condition, 
temperature, oxygen, light and humidity (Torres et al., 2014). In this 
context, a suitable packaging able to act as a gas and light barrier might 
help to reduce lipid oxidation rate during peanut storage. 
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1.6. Surface properties and wetting of protein-based bioplastics 

This part of experimental work was carried out at the Department of 
Applied Physics of University of Granada (Spain), under the supervision 
of Prof. Julia Maldonado Valderrama, where experiments related to the 
investigations of the properties of the protein concentrates obtained 
from SOCs were performed. It is well known that proteins can stabilize 
the emulsions since they are amphiphilic molecules able to interact with 
both lipidic and aqueous phases. In this case, there are some important 
factors that should be investigated to determine the physical stability of 
the emulsion stabilized by proteins, such as the interfacial tension, the 
interfacial elasticity and viscosity (Aguilera-Garrido et al., 2021). In fact, 
the reduction in protein interfacial tension as a function of time specifies 
its surface activity (Zhou et al., 2021). During the adsorption into the 
interface film, proteins change their conformations and unfold to the 
more desired energy level. Viscoelastic interfacial films, produced as a 
result of intermolecular interactions, occur among the proteins that are 
adsorbed at the interface (Kim et al., 2005; Lam & Nickerson, 2013). 

The second part of these experiments focused on the characterization 
of the surface of the obtained protein-based films by measuring the 
advancing and receding contact angles of water droplet on the surface 
of the films. Advancing contact angle is the maximum observable 
contact angle, whereas the minimum observable contact angle referred 
to as receding contact angle (Ruiz-Cabello et al., 2011). The contact 
angle depends on several parameters including the technique of 
measurement, the solid surface quality, the liquid purity, the size and 
creation of the liquid–vapor interface (Moraila-Martínez et al., 2012). It 
is reported that the surface heterogeneity or roughness can affect the 
hysteresis contact angles (Eral et al., 2013). In fact, the roughness of a 
hydrophobic surface decreases the ratio between the real solid-liquid 
area and the apparent contact area (Ruiz-Cabello et al., 2018). 

1.7. Aim of PhD project 

The objective of the present thesis was the development and 
characterization of novel films obtained from proteins contained in by-
products of oil industry, namely SOCs. All the films were obtained  in 
the presence of GLY as plasticizer. Further additives or processing aids 
were preliminarily used to covalently modify the protein structure 
(mTGase) or grafted into the film matrix (NC, LF or CLE) in order to 
reinforce or to render bioactive the films. The mechanical and barrier 
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properties as well as the hydrophobicity of the obtained films were 
investigated. Finally, peanuts were wrapped in the cardoon-based 
bioplastics and the ability of the obtained biomaterials to improve the 
shelf-life and prevent lipid oxidation of food was investigated. Some of 
experimental work was carried out at the Department of Applied 
Physics of University of Granada (Spain), where the interfacial 
properties of the protein concentrates from SOCs were investigated.  
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MATERIALS AND METHODS 

    

2. Materials and methods 

2.1. Materials  

Hemp seeds, purchased from Consorzio Goji Italia (Andria, Italy), were 
a generous gift of prof. Daniele Naviglio. Cardoon seeds were 
recovered in April 2019, from a field experiment made in Sant’Angelo 
dei Lombardi (Avellino, Italy), a hilly area about 700 m above sea level, 
characterized by cold and rainy winters and low-fertility soil. Argan 
seeds were purchased from a local market in Marrakech (Morocco). 
Egagropili sea balls were collected in the sardinian Poetto beach 
(Cagliari, Italy) and stored at 4 °C until used. mTGase from 
Streptoverticillium sp. (Activa WM; specific activity 90 Units/g) was 
supplied by Prodotti Gianni SpA (Milano, Italy). The enzyme solution 
was prepared by dissolving the commercial preparation in distilled 
water at a concentration of 100 mg/mL. Roasted unsalted peanuts 
(Virginia variety) were purchased from a local market in Naples (Italy). 
Cardoon leaves were separated from fresh plants obtained from 
Sant’Angelo dei Lombardi (Avellino, Italy) and stored in vacuum sealed 
plastic bags at −20 °C. Then, 40 g of cut cardoon leaves were placed 
in a filter bag (porosity 100 μm) and CLE was obtained by inserting it 
into the Naviglio® extractor chamber (Lab. model 500 cm3 capacity). 
MaterBi, as well as low density polyethylene (LDPE), were from local 
market shopping bags, (Naples, Italy). All other reagents and solvents 
were of the highest purity from Carlo Erba (Milan, Italy). 

2.2. Protein concentrates from seed oilcakes (SOCs) 

Oil seeds were grinded at a speed of 1000 x g for 3 min in a Knife Mill 
Grindomix GM 200 (Grindomix GM200, Retsch GmbH, Haan, 
Germany) and then defatted for 6 h by using a soxhlet apparatus (3:1, 
v/w hexane:grinded seeds) and, finally, the obtained hemp, cardoon 
and argan seed oilcakes (SOCs) were dried at 50°C in an oven for 2 h. 
Isoelectric-precipitation technique was used for extracting SOC 
proteins according to Dapčević-Hadnađev et al. (2018) with minor 
modifications. SOCs were suspended in water at 1:10 ratio (w/v) and 
1.0 N NaOH was added under constant stirring to adjust the pH to 11. 
After 1 h of stirring, the suspension was centrifuged for 15 min at 5000 

https://www.sciencedirect.com/science/article/pii/S0268005X21005154#bib24
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rpm and the pH of the collected supernatant was adjusted to pH 5.4 
using 1.0 N HCl. Then, the precipitate was separated by another 
centrifugation at 5000 x g for 15 min and the obtained pellet collected 
and dried in an environmental chamber at 25 oC and 45% relative 
humidity (RH). The protein content of the obtained protein concentrate 
powder was determined by the Kjeldahl's method (AACC, 2003) using 
a nitrogen conversion factor of 6.25. 

2.3. NC and LF from egagropili 

Egagropili balls were reshaped to rhizome fibers by hands, then 
washed and rinsed vigorously in distilled water in order to remove sand, 
salts and other soil contaminants, and finally dried in an oven at 80 °C 
for 24 h. The dried egagropili fibers were grinded in a rotary mill 
(Grindomix GM200, Retsch GmbH, Haan, Germany) at a speed of 1000 
x g for 3 min to a 60-mesh sieve size. Cellulose extraction was carried 
out as reported by Ilyas et al., 2018, with some modifications. In the first 
step, 20 g of grinded egagropili fibers were dewaxed by means of 
Soxhlet apparatus with 440 mL of toluene/ethanol (2:1 v/v) during 24 h 
and oven dried overnight at 105 °C. Afterwards, delignification process 
has been carried out by dispersing at 70 °C for 2 h the dewaxed 
egagropili powder in 600 mL of 1.7% sodium chlorite solution brought 
at pH 3.5 by acetic acid. This process was repeated 3 times 
consecutively until the color changed from brown to white/yellowish. 
The resulted bleached fibers, known as holocellulose, were filtered by 
using a filter paper and washed with distilled water until the filtrate 
became neutral. The first filtrate obtained in the delignification step was 
referred as the lignin containing fraction (LF). A quantitative analysis, 
carried out by calculating the dry weight of LF, indicated that 152 mg of 
LF were obtained from 1 g of grinded egagropili powder. To remove 
hemicellulose and residual pectin, the obtained holocellulose was 
treated with 5% potassium hydroxide for 24 h at room temperature 
followed by an exposure for 2 h at 90 °C. Finally, the obtained cellulose 
fraction was filtered and washed several times until pH neutralization, 
and finally dried at 55 °C for 18 h. NC was obtained by sulfuric acid 
hydrolysis of the egagropili cellulose fraction according to the procedure 
described by Sanyang et al., 2016. Acid hydrolysis started by adding 1 
g of cellulose fraction into 10 mL of sulfuric acid solution (65%, w/w) 
and by stirring the reaction mixture at 45 °C for 45 min in order to totally 
hydrolyze the amorphous regions of cellulose. Hydrolysis reaction was 
stopped by diluting ten-times the suspension by cold distilled water, 

https://www.sciencedirect.com/science/article/pii/S0268005X21005154#bib1
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followed by repeated washing of the pellet obtained by centrifugation at 
10,000 x g for 10 min, until the neutral pH was reached. The resulting 
precipitate containing NC was finally freeze-dried and, then, the 
obtained powder was dispersed in distilled water and subjected to 
ultrasonication for 10 min at 400 W to stabilize NC dispersion by 
eliminating its excessive aggregation. The quantitative gravimetric 
determination indicated that 225 mg of NC were obtained from 1 g of 
grinded egagropili powder. The entire extraction process, summarized 
in Figure 3, was monitored by Fourier-transform infrared spectroscopy 
analysis using a model ALPHA spectrometer (Bruker, Leipzig, 
Germany) equipped with an attenuated total reflectance accessory. 

 

Figure 3. Scheme of the extraction procedure of nanocrystalline cellulose (NC) and 
lignin containing fraction (LF) from egagropili. 

2.4. Determination of zeta potential and particle size  

Zeta potential and Z-average values of the FFSs containing the different 
SOC protein concentrates were determined by a Zetasizer Nano-ZSP 
(Malvern®, Worcestershire, UK) equipped with an automatic titrator unit 
(MPT-2) to study the effect of both pH and  additives. The device was 
equipped with a helium-neon laser of 4 mW output power operating at 
the fixed wavelength of 633 nm (wavelength of laser red emission). The 
instrument software programmer calculated the zeta potential through 
the electrophoretic mobility by applying a voltage of 200 mV using the 
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Henry equation. The zeta potential and Z-average were studied in 
triplicate samples immediately after their preparation to prevent 
possible alterations in molecular interaction during their storage 
(Schmid et al., 2015). 

2.5. Two-dimensional polyacrylamide gel electrophoresis (2D 
PAGE) 

2D PAGE was carried out by analyzing 100 μg of protein onto 7-cm IPG 
strips (pH 3–10) previously dissolved in 125 μL of sample rehydration 
buffer (Bio-Rad). 2 mL of mineral oil were added to each strip in order 
to prevent the evaporation during the 24 h protein separation. In the 
second step, protein separation according to molecular mass has been 
carried out by placing the gel horizontally into the precast SDS-PAGE 
gel (12%, Mini-protein gels, Bio-Rad) and performed at a current of 220 
V for 40 min. The gel was finally stained with Coomassie Brilliant Blue 
R250 (Bio-Rad, Segrate, Milan, Italy). 

2.6. Sodium dodecyl sulphate polyacrylamide gel 
electrophoresis (SDS-PAGE)  

The protein pattern of SOC protein concentrates (100 µg protein) 
incubated at 37 °C and pH 7.5 for different times (5, 10, 20, 40, 60 min 
and 2, 4 and 24 h), in the presence of 80 mM Tris-HCl buffer and 
different concentrations of mTGase (0, 5, 10, 20, 40 U/g of protein 
concentrates), was analyzed by 12% SDS-PAGE as described by 
Laemmli (Laemmli, 1970). 25 μL of sample buffer (62.5 mM Tris-HCl, 
pH 6.8, containing 4 % (w/v) SDS, 30 % (v/v) GLY, 10% (v/v) β-
mercaptoethanol, and 0.05 % (w/v) bromophenol blue) was added to 
each sample and all the samples were then heated for 5 min in a boiling 
water bath to inactivate the enzyme. 25 μL of each sample were loaded 
into each well and the electrophoresis was performed at a constant 
voltage (80 V). Subsequently, protein bands were stained with 
Coomassie Brilliant Blue R250 (Bio-Rad, Segrate, Milan, Italy) and, 
then, the gel was placed in destaining solution (acetic acid: methanol: 
water 10: 10: 80 (v/v/v)). Bio-Rad Precision Protein Standards were run 
as molecular weight markers. 

2.7. Protein-based film forming solution (FFS) and film 
preparation 

2.7.1. Preparation of hemp protein (HP)-based FFS  
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Preliminary experiments were carried out to find the best conditions for 
developing HP-based films. HP stock solution (2% w/v) was prepared 
by dissolving the HP concentrate in distilled water and by adding 1 N 
NaOH, under constant stirring at room temperature, until the pH of the 
solution was brought at pH 7 or 12. Finally, different FFSs (25 mL), 
containing 200, 300 or 400 mg of HPs and different concentrations of 
GLY (10-50%, w/w of proteins), were prepared. 

2.7.2. HP-based FFSs prepared in the presence of mTGase  

Some FFSs were prepared in the presence of mTGase as follows:  400 
mg HPs were incubated for 2 h, at 37°C and pH 7.5, in the absence or 
presence of different amounts of mTGase (5, 10, 20, 40 U/g HPs). At 
the end of incubation, the pH was adjusted to pH 12 by 1 N NaOH 
addition and all the samples were heated at 80°C in a water bath for 20 
min to deactivate the enzyme. After cooling of the samples at room 
temperature, 0.2 g GLY were added to 25 mL of FFS to obtain a 
concentration of plasticizer of 50% (w/w of proteins). 

2.7.3. HP-based FFSs prepared in the presence of egagropili-
derived nanocrystalline cellulose or lignin fraction  

FFSs (25 mL), containing 400 mg of HPs and 50% GLY  (w/w protein), 
were prepared at two different pHs  in the presence of  different 
amounts of either NC (2, 4, 6% w/w of proteins), at pH 9, or the 
extensively dialyzed LF (3, 6, 9% w/w of proteins), at pH 12. 

2.7.4. Cardoon protein (CP)-based FFSs preparation 

To find out the best conditions for developing the CP-based films, FFSs 
containing 200, 300 and 400 mg of CPs were prepared at pH 12 in the 
presence of different concentrations of GLY (0, 10, 20, 30, 40, 50%, 
w/w of protein). Further experiments have been conducted with a FFS 
prepared at pH 12 in the presence of 400 mg of CPs and 50% GLY 
(w/w protein). 

2.7.5. CP-based FFSs prepared in the presence of mTGase  

CP-based FFSs were incubated, in the presence of different amounts 
of mTGase (0, 10, 20, 40 U/g CP), at pH 7.5 for 2 h at 37 °C. Then, the 
pH of the reaction mixtures was adjusted to 12 with 1 N NaOH, the 
samples heated at 80 °C in a water bath for 20 min to deactivate the 
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enzyme and, finally, cooled down to room temperature before GLY 
addition (50% w/w protein). 

2.7.6. Bioactive CP-based protein FFS preparation 

CP concentrate was dispersed in distilled water (2% w/v), the pH was 
adjusted to pH 12 by 1 N NaOH and the dispersion was stirred for 2 h 
at room temperature for complete CP dissolution. Then, CLE (16 
mg/mL) was added to the CP solution at different concentrations (15 
and 30% w/w of CPs) and the mixture was stirred for 1 h. GLY was then 
added to obtain a final concentration of 50% (w/w protein) and the 
obtained FFS was stirred for further 30 min. 

2.7.7. Argan protein (AP)-based FFS preparation 

FFSs of AP concentrate were prepared by using 300, 500, 600 and 800 
mg of argan proteins dissolved at pH 12 and added with different 
concentrations of GLY (0, 10, 20, 30, 40, 50%, w/w of protein). 

2.7.8. FFS casting 

All the above mentioned FFSs were cast onto 8 cm diameter 
polycarbonate Petri dishes (Figure 4) and allowed to dry in an 
environmental chamber at 25 °C and 45% RH for 24 h. The dried films 
were peeled, intact, from the casting surface and analyzed after their 
conditioning at 53% RH and 25 °C by placing them in a desiccator over 
a saturated solution of Mg(NO3)2·6H2O for 24 h. Finally, each film was 
characterized for their physicochemical, morphological, and biological 
properties. 
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Figure 4. Scheme of film preparation method 

2.8. Film physicochemical and morphological characterization 
 

2.8.1. Mechanical properties of films 

Film thickness was determined randomly in five different locations by 
using a micrometer (IP65 Alpa Exacto) with a precision of 0.001 mm. 
The tensile strength (TS), elongation at break (EB) and Young's 
modulus (YM) of the manufactured films were analyzed by an Instron 
universal testing instrument model no. 5543A (Instron Engineering 
Corp., Norwood, MA, USA). The conditioned films were cut into  strips 
with a width of 10 mm and a length of 60 mm and five specimens of 
each film (1 kN load and 5 mm/min speed) were then tested according 
to the ASTM D882-97 (1997). The film seal strength, evaluated 
according to ASTM E88-07a (ASTM, 2007), was determined  by 
reducing each film into strips of 5 × 2.5 cm, and one strip was placed 
onto another one of the same sample. Then, all the samples were 
placed into an automatic heat sealer (MagicVac®Axolute Mod: 
P0608ED, Italy) and heat-sealed at 100°C for 10 seconds at 0.7 bar. 
The seal strength (N/m), was measured by means of the above 
mentioned dynamometer by dividing the maximum peak force detected 
to the film width. 
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2.8.2. Film hydrophilicity properties 
  

2.8.2.1. Moisture content 

Film moisture content was analyzed according to the method described 
by Zahedi et al., 2018, with slight modifications. The film specimens 
(3×3 cm2) were placed on the aluminum plates and weighed after drying 
at 105 °C for 24 h in an oven. Moisture content of the films was 
evaluated by calculating the difference between the initial and final 
weight of each sample before and after drying using the following 
equation: 

Moisture content= [(Wi-Wd) / Wi] × 100  (1) 

where Wi and Wd represent the weights of the initial and dried film, 
respectively. 

2.8.2.2. Water solubility 

In order to determine the film water solubility, the initial weight (Wi) of 
each film sample (3x3 cm2) was determined after oven drying at 105 ℃ 
for 24 h. The dried samples were then immersed in 30 mL of distilled 
water and stirred in a shaker incubator at 25 °C for 24 h. After that, the 
final weight (Wf) of each sample was obtained by removing and drying 
in oven at 105 °C for another 24 h. Finally, water solubility was 
calculated using the following equation:   

Water solubility (%) = (Wi – Wf) *100/Wi (2) 

2.8.2.3. Swelling ratio 

Film swelling ratio was examined using a gravimetric method as 
reported by Roy and Rhim (2020). Each film sample (3×3 cm2) was pre-
weighed (Wi) and then immersed in 30 mL of distilled water at 25°C for 
1 h. After film surface drying by an absorbent paper, the films were 
finally weighed again (Ws). The swelling ratio was calculated using the 
following equation : 

Swelling ratio = [(Ws-Wi) / Wi] × 100 (3) 

All the above mentioned experiments of film water resistance were 
repeated three times. 
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2.8.2.4. Contact angle 

The surface hydrophobicity of the films was measured using a 
homemade water contact analyzer. The film strips were placed on the 
horizontal stage and, then, 10 µL of distilled water was dropped on the 
film surfaces. The image of water drop was captured using a fixed 
digital microscopic camera after 30 sec. Five measurements were 
reported as the average of the contact angle values. 

2.8.3. Film density 

To determine the density, the film samples were cut (2x2 cm) and their 
weight and thickness at three random places were measured. Density 
of films was calculated as the proportion between the weight and 
volume of each films (thickness x film surface area).  

2.8.4. Film opacity 

Film opacity values were recorded by measuring light transmission 
through the films at a wavelength of 600 nm divided by the film 
thickness (mm), using a UV visible Spectrophotometer (SmartSpec 
3000 Bio-Rad, Segrate, Milan, Italy), according to the method 
previously described by Jahed et al. 2017. Four strips of each film were 
cut (1cm × 4cm) and put in a quartz cuvette and air was considered as 
a blank reference. 

2.8.5. Film scanning electron microscopy (SEM) 

The surface and cross-section microstructure of the films were 
observed by scanning electron microscopy (Nova NanoSem 450-FEI-
Thermo Fisher, Scientific, Waltham, MA, USA). The samples were 
coated with thin layers of gold and platinum using a sputter coater at a 
current of 20 mA for 90 sec and, then, the images were taken at an 
accelerating voltage of 3 kV, (4.4–5.2) mm. 

2.8.6. Film color measurement 

The colour parameters of CP-based films prepared in the absence or 
presence of different concentrations of CLEs were measured using a 
Mightex® HRS series compact CCD spectrometer HRS-VIS-025 
(Mightex, Toronto, ON). All measurements were made at 5 random 
positions of each film. The color parameters, including “L” as well as “a” 
and “b” values, indicate lightness/darkness (0–100), 
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greenness/redness (-60 to +60) and blueness/yellowness (-60 to +60), 
respectively, of the materials tested. The total color difference (ΔE) was 
determined by the following equation: 

ΔE = √(L ∗ − L) 2 + (a ∗ − a) 2 + (b ∗ − b) 2                                    (4) 

where L* (99.94), a* (-1.07) and b* (3.74) were the color parameter 
values of the standard white tile (Bai et al., 2019). 

2.8.7. Film water vapor and gas permeability 

Measurements of film water vapor (WV) and gas (CO2 and O2) 

permeability were performed in duplicate for each film (50% RH, 25 °C 
and 101 kPa for gas permeability; 90% RH, 38 °C and 6 kPa for WV 
permeability) by using a Total Perm apparatus (ExtraSolution s.r.l., 
Pisa, Italy) according to the Standard Methods ASTM D3985-05 (2010), 
ASTM F2476-13 (2013), ASTM F1249-13 (2013). The measurements 
were carried out after conditioning the film specimens for 24 h at 50% 
RH and placing them in the aluminum masks to reduce the film test area 
to 2 cm2. 

2.9. Peanut (Arachis hypogea) packaging by CP-based films 
 

2.9.1. Experimental design of peanut packaging, sampling and 
storage conditions 

Peanut samples (8 g) were divided into four groups and three of them 
were wrapped with three different packaging materials (CP-based and 
mTGase (20U/g of CPs) cross-linked CP-based films, low density 
polyethylene (LDPE). One peanut sample was not packed and kept in 
an open Petri dish as control (Figure 5).  

                             A                                        B 

 

D                                        C 

 

 

Figure 5. Peanut wrapping with cardoon protein (CP)-based films (A), cross-linked 
CP-based film( B) or  LDPE (C); unwrapped peanuts (D) 

 

A B 

C D 
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Each group was replicated 8 times. Experiments were carried out 
during July 2021 in the lab in Naples (Italy), where the room 
temperature was 33±2.5 °C and the RH 65±5 %. After 0, 4, 8, 12, 16, 
20, 24 and 28 days samples were withdrawn from each group to be 
analyzed. 

2.9.2. Peanut peroxide value (PV) 

Peanuts were crushed by mortar and pestle until a creamy texture was 
obtained. Hence, the peanut oil was extracted by using cold hexane in 
the ratio of 1:4 (w/v) peanuts/hexane. After 1 hour of stirring the mixture 
of extracted oil and hexane was removed and the hexane was 
evaporated using rotary evaporator. PV was evaluated according to 
AOAC (1990) and expressed as milliequivalents of active oxygen per 
kg of oil (meqO2/kg). 

2.9.3. Peanut water content  

The unwrapped and wrapped peanut moisture content was determined 
according to AOAC (2010) method. Peanuts were kept in a convection 
oven at 105 °C for 24 h and the water content (WC) was calculated by 
dividing the difference of the weight detected before and after oven 
drying divided by the initial weight of the peanuts after opening the 
peanuts package multiplied by 100. 

 

2.10 OTHER METHODS 

2.10.1. Antioxidant activity 
 

2.10.1.1. 1,1-Diphenyl-2-picrylhydrazyl radical scavenging 
activity of egagropili lignin fraction  

The antioxidant activity measurement of extensively dialyzed LF to 
scavenge 1,1-diphenyl-2-picrylhydrazyl (DPPH) was carried out  
according to Parveen et al. (2019) with some modifications. Methanol 
DPPH solution  (0.005 %, w/v) was prepared and 0.1 mL of LF 
containing different amounts of lignin (0.15 - 0.03 mg) were mixed with 
0.9 mL of methanol DPPH solution and the resulting mixture was 
incubated in the dark at room temperature for different times (5 - 90 
min). Moreover, the antioxidant activity of LF (0.15 mg) was studied 
during 6 months, by adding 0.1 mL of the sample to 0.9 mL of freshly 
prepared DPPH solution and by incubating the aliquots in dark for 90 
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min. Absorbance was recorded at 517 nm using UV/visible 
spectrophotometer (SmartSpec 3000 Bio-Rad, Segrate, Milan, Italy). 1 
mL methanol was used as blank, while 100 µL of water in 900 µL of 
DPPH solution were used as control. 

DPPH radical scavenging activity was calculated by the following 
equation: 

DPPH scavenging activity (%) = (A0 − As)/A0 × 100                      (5) 

Where A0 is the absorbance of the control (methanol DPPH solution), 
and As is the absorbance of the sample. 

2.10.1.2. 1,1-Diphenyl-2-picrylhydrazyl radical scavenging 
activity of protein-based FFSs and films  

The antioxidant activity of the protein-based FFSs and the derived films 
was evaluated by mixing 0.01 mL of FFS in 1 mL of methanol or by 
dissolving 20 mg of film in 1 mL of methanol; 0.1 mL of the two  different 
solutions were mixed with 0.9 mL of DPPH solution (0.005 % (w/v). 
Absorbance of each sample was measured at 517 nm after incubation 
in darkness for 30, 60 and 90 min at room temperature according to the 
Equation 5. 

2.10.2.   Fourier Transform Infrared spectroscopy  

NC and LF was extracted from egagropili as previously described 
(Mirpoor et al. 2020). Fourier Transform Infrared (FT-IR) spectrum was 
recorded for washed and milled egagropilli fibers, holocellulose (after 
LF removal) and cellulose (after hemicellulose removal) at room 
temperature by using FT-IR Nicolet 5700 spectrophotometer (Thermo 
Fisher Scientific, Waltham, MA, USA). Infrared spectra analysis was 
performed using the Omnic software, in the range of 4000–500 cm−1 
with a spectral resolution of 2 cm−1 and by 64 average scan. 

2.10.3.  Phenol, flavonoid and anthocyanin determination 

The total phenolic content was investigated by the Folin-Ciocalteau 
method as described by Velderrain-Rodríguez et al. (2021) with some 
modifications. 0.1 mL of different concentrations of gallic acid solution 
(0.01–0.25 mg/mL) were mixed with 0.75 mL of Folin-Ciocalteau (2 N) 
reagent and 0.65 mL of 7.5% (w/v) Na2CO3 freshly prepared solution to 
develop a calibration curve for quantifying total phenolic content. 
Absorbance of the samples was measured after 30 min at 765 nm using 
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UV/visible Spectrophotometer (SmartSpec 3000 Bio-Rad, Segrate, 
Milan, Italy). 100 μL of sample were mixed with the same reagents and 
incubated for 30 min, as performed for the calibration curve, and the 
absorbance was determined at 765 nm.  

The total flavonoid content was performed by the aluminum chloride 
colorimetric method (Sagar et al., 2020). Two solutions of 3.5 mg/mL of 
NaNO2 (solution A) and of 18.18 mg/mL of NaOH (solution B) were 
prepared and then 0.1mL of either the sample or quercetin solution at 
different concentrations (0.01- 2.5 mg/mL) were added to 0.43 mL of 
solution A followed by 5 min incubation. Then, 30 μL of anhydrous AlCl3 
solution (10%) were added to the mixture and incubated for further 1 
min. Finally, 0.44 mL of solution B were added and the absorbance of 
the samples were measured at 415 nm using UV/visible 
Spectrophotometer (SmartSpec 3000 Bio-Rad, Segrate, Milan, Italy). 
The total flavonoid content was determined from a quercetin calibration 
curve and expressed as mg of quercetin/g of dried sample. 

The total anthocyanin content was measured by pH-differential method 
(Teix´e- Roig et al., 2018). Two different buffers of 0.025 M potassium 
chloride and 0.4 M sodium acetate were prepared at pH 1.0 and 4.5, 
respectively. Sample was mixed with these two different buffers at a 3:1 
buffer/sample ratio and the absorbance was measured at 515 nm and 
700 nm, respectively, while distilled water was used as blank. The 
anthocyanin content (mg of cyanidin-3-gucoside/g of extract), 
expressed as equivalents of cyanidin-3-glucoside, was calculated on 
the base of the following equation: 

Total anthocyanins = [(A515 – A700) pH 1.0 – (A515 – A700) pH 4.5] × MW × 
DF × 1000/ ε × L           (6) 

where MW is the molecular weight of cyanidin-3-glucoside 
(449.2 g/mol), DF is the dilution factor, L is the path length of cell (cm), 
and ε is the molar extinction coefficient for cyanidin-3-glucoside (26900 
L mol−1 cm−1). 

2.10.4.  Light barrier properties 

Light-barrier properties of LF were analyzed by measuring sample 
absorbance at different wavelengths ranging from 200 nm to 800 nm by 
using a Spectrophotometer SmartSpec 3000 Bio-Rad (Segrate, Milan, 
Italy). 
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2.10.5.  1H NMR analysis  

20 mg sample of the LF was dissolved in 600 μL of deuterated water 
(D2O) at pH 12 and the 1H NMR spectrum was recorded at 298 K with 
a Varian Inova 500 spectrometer (HDO δ 4.8 as internal reference). 

2.10.6.  Molecular weight determination by size-exclusion 
chromatography with triple detector array 

Analyses were performed by using a high performance size-exclusion 
chromatography (Viscotek, Malvern, Italy), equipped with a triple 
detector array module (SEC-TDA), that included a refractive index 
detector (RI), a four-bridge viscosimeter (VIS), and a laser detector (LS) 
made of a right-angle light scattering (RALS) and a low-angle light 
scattering (LALS) detector. Runs were performed by injecting, as 
previously described (Tolbert et al., 2014), 0.1 mL of the sample onto 
two gel-permeation columns (TSK-GEL GMPWXL, 7.8 × 30.0 cm, 
Tosoh Bioscience, Italy), equipped with a guard column put in series, 
and by eluting with 0.1 M NaNO3, pH 7.0, at 40 °C for 50 minutes (flow 
rate of 0.6 ml·min-1). Data were acquired by using a OmniSEC software 
program (Viscotek, Malvern, Italy). The instrument was calibrated by 
using a polyethylene oxide (PEO) standard (22 kDa PolyCAL, Viscotek, 
Malvern, Italy) (Tolbert et al., 2014). The values of the average MW of 
the sample component(s), as well as of both sample polidispersity index 
(MW/Mn) and intrinsic viscosity, were determined on the base of all the 
detector signals by applying the equations reported by the manufacturer 
(data from Viscotek) and on the base of the lignin dn∙dc-1 (refractive 
index increment) value (0.1875) reported in literature (data from 
Viscotek). 

2.10.7.  Monosaccharide determination by high 
performance anion-exchange chromatography with pulsed 
amperometric detection  

The monosaccharide composition of egagropili fibers and of LF, 
hollocellulose and cellulose fractions was determined by high 
performance anion-exchange chromatography with pulsed 
amperometric detection (HPAEC-PAD) by improving a previously 
reported method (Rencoret et al., 2020). The samples were hydrolyzed 
by 5 M HCl treatment for 6 h at 100 °C and 600 rpm (Thermomixer 
comfort, Eppendorf, Germany) and then analyzed by using a high-
pressure ion chromatography system (ICS3000; Thermo Fisher 
Scientific, Italy), equipped with an anion exchange column (Carbopac 
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PA1; Thermo Fisher Scientific, Italy) and a pulsed amperometric 
detector. Runs were performed by eluting in gradient conditions with 1 
to 4 mM NaOH and 100 mM NaOH containing 20 mM sodium acetate 
at a flow rate of 1 mL/min for 41 min. The identity of each 
monosaccharide peak was determined on the base of the elution times 
by comparison with standard solutions of different monosaccharides. 
Calibration curves of the monosaccharide standards were built in the 
range from 0.002 to 0.008 g/L (for fucose, galactose, glucosamine, 

glucose), from 0.02 to 0.08 g/L (for arabinose, rhamnose, xylose), and 

from 0.2 to 0.8 g/L (for glucuronic acid) after their acid hydrolysis 
performed at 2.5 mg/mL as described above. The percentage of 
representativity of each monosaccharide was calculated according to 
the following formula:  

%X = %[X(g/L)/(ΣXn(g/L)*100]                                                 (7) 

where X is the single monosaccharide, whereas the total carbohydrate 
content percentage with respect to the dry weight of the samples was 
calculated according to the following formula:  

%carbohydrate content = %[ ΣXn (g)/(dry weight (g)*100]       (8) 

2.10.8.    Gas chromatography–mass spectrometry 

The sample was prepared by dissolving 1 mg of CLE obtained by 
Naviglio® method in 1 mL of diethyl ether and  gas chromatography–
mass spectrometry (GC-MS) analysis was carried out by a Shimazu 
gas chromatograph. The gas chromatograph was equipped with a 30 
m x 0.25 mm fused-silica capillary column (SLB5ms) coated with 0.25 
µm film of poly(5% phenyl, 95% dimethyl siloxane). The temperature 
was monitored from 50°C to 280°C.  

The mass spectrometer was set to scan 33-700 m/z. Samples were 
injected (1µL) with a splitting ratio 1:20 and the injector temperature 
was set to 280 °C. The temperature of the column oven was initially at 
50 °C and was held for 2 min at 50 oC after the injection, followed by 
the temperature ramping at 8 °C/min up to 250 °C, and 250-280 °C at 
3 °C/min. The total run time was 63.33 minute (Mathe et al., 2004). 
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2.10.9.  Interfacial characterisation 
 

2.10.9.1.  Preparation of SOC protein solutions 

SOC proteins were dissolved in ultrapure water produced through a 
purification Milli-Q water system (0.054 μS). The prepared solutions 
were stirred for 6 h at 500 rpm and the pH adjusted to either pH 10 or 
12 by using 1 N NaOH. The solutions were kept overnight at 4 °C and 
the day after kept at room temperature before analysis. Solutions at 
different protein concentrations (0.002, 0.02, 0.1, 0.2, 2 and 20 mg/mL) 
were prepared at both pH 10 and 12 by using all SOC protein 
concentrates. Glass wares were washed extensively by isopropanol, 
deionized water and ultrapure water (Del Castillo-Santaella et al., 
2014). All the solutions were prepared in triplicate. 

2.10.9.2. Interfacial tension 

Interfacial tension and dilatational rheology of water solutions of 
proteins were measured by OCTOPUS, a pendant drop tensiometer 
designed at the University of Granada (patent ES 2 153 296 B1/WO 
2012/080536 A, ES) as described previously by Maldonado-
Valderrama et al. (2015). This system was composed of 4 basic 
subsystems: an illumination system, image acquisition, a flow controller 
and an antivibration system. The illumination system consisted of a light 
source and a diffusor that was utilized to have an uniform illumination 
of the drop. 

Digital images were captured with a resolution of 1280 × 1024 pixels 
with 256 gray scales by a video camera CCD (Pixelink®) connected to 
an optical microscope (Edmund Optics®). The drop was formed by 
pumping a specified drop volume with a constant speed into a Teflon 
tip through a micro-injector. In order to prevent any vibration during the 
experiment, all the system was placed on an antivibratory table ‘Kinetic 
System Inc. Vibraplane’. All the experiments carried out with this 
equipment were controlled by DINATEN© and CONTACTO©, 
computer softwares that were developed at the University of Granada. 
Axisymmetric Drop Shape Analysis (ADSA) of the experimental drop 
profiles obtained from the DINATEN© that processed the digitized 
images of pendant drops was carried out on the base of the following 
Young-Laplace capillarity equation ( Ruiz-Álvarez, et al., 2022):  
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ΔP= γ (
1

𝑅1
 + 

1

𝑅2
)                                                  (9) 

where ΔP is the pressure difference, R1 and R2 are the two principal 
radii of curvature of the drop and γ is the surface tension of the liquid 
surrounded by the surface active substance. The adsorption process 
was performed at a constant interfacial area of 27 mm2 for 1700s and 
the drop volume was adjusted to 14 mL. The outputs of the programme 
are the drop volume V, the interfacial tension γ, and the interfacial area 
A. 

2.10.9.3. Dilatational viscoelasticity analysis 

Dilatational rheology measurements were performed at the end of the 
adsorption process. In this regard, a periodic turbulence was created 
by oscillations applied to the interfacial surface and the response of the 
surface tension to a triangular area deformation was recorded. The 
dilatational viscoelastic modulus is a complex quantity consisting of two 
parts, a real and an imaginary part that were calculated according to 
the following equation: 

E=E′ + iE′′ = εd + if ηd                                          (10) 

where (E) is the dilatational viscoelastic modulus and (E′) is the real part 
or the storage modulus which is the elasticity of the interfacial layer (εd). 
The imaginary part or loss component equivalent to the viscosity of the 
interfacial layer (ηd) and ‘if’ is the angular frequency of the applied 
oscillation. The dilatational viscoelastic modulus (E) was measured 
during 100 sec by applying 10 cycles to the drop (each of them takes 
10 sec) at 0.1 Hz frequency and at amplitude values of less than 5% to 
remain in the linear viscoelastic range and prevent extreme turbulence 
of the interfacial layer (Tian et al., 2021; Maldonado-Valderrama et al., 
2014). The DINATEN© software recorded the images obtained from the 
experiment that was the response of interfacial tension to the area 
deformation. The software CONTACTO® calculated the interfacial 
dilatational modulus (E) by using all the outputs that this software 
provided (Maldonado-Valderrama et al., 2013). 

2.10.9.4. Desorption profile 

Reversibility and desorption profile of the protein concentrates were 
studied by the OCTOPUS, that is an upgraded version of pendant drop 
instrument, designed in UGR (Maldonado-Valderrama et al., 2015). 
OCTOPUS was equipped with a multi-exchange that had two micro-
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injection systems (PSD/3 syringe pumps, Hamilton Company) and each 
of them were connected to 8 channels. These syringes that worked 
independently, exchanged the subphase of the drop completely by 
water at the same pH that the stock solution of protein concentrate was 
prepared. In this subphase exchange step, the drop volume and the 
surface area were constant. Similarly to the surface tension 
measurements, all the experiments were monitored by the DINATEN© 
software. 

2.10.10. Solid surface characterization 
 

2.10.10.1.  Surface preparation 

In order to prepare the samples for the surface characterization, the 
protein-based bioplastics were cut to circle pieces (2 cm diameter) and 
a hole of 1 mm diameter was formed in the middle of the circle pieces 
by a syringe. Later, the film circles were attached perfectly to the plastic 
discs (PDMS) with the same dimension using a two face tape. Before 
each experiment, the plastic discs were cleaned ultrasonically in a 70% 
ethanol solution for 10 min and then rinsed by Milli-Q. 

2.10.10.2.  Contact angle measurements 

Advancing and receding contact angles were measured by using the 
experimental set-up previously described by Montes Ruiz-Cabello et al. 
(2011). The experiments were carried out by increasing or decreasing 
the volume of a sessile drops (70µL) by injecting/suctioning Milli-Q 
water, at a flow rate of 5 µL/s, through the hole that was formed in the 
middle of the surface of each sample  with a microinjector (Hamilton 
ML500). To measure the advancing and receding contact angles, the 
side view drop images were captured and the contact angle was 
calculated from Axisymmetric Drop Shape Analysis- Profile (ADSA-P) 
(Moraila-Martínez et al., 2012). The software outputs were contact 
angle, contact radius, area, volume and surface tension. The 
experiments were carried out at 25 oC and 40–55% RH. Each 
measurement on each protein-based film was repeated five times on 
different parts of the same film. 

2.10.10.3.  Roughness measurements 

Film surface roughness was investigated using a white light confocal 
microscope (PLµ, Sensofar©-Tech S.L.). In order to fix the films and 
prevent their probable movement, the films were attached to glass 
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slides by a two face tape. The roughness of the air-side dried films was 
analyzed. The topographies were collected using an objective of 20x 
magnification. The topographies were taken 5 times for each sample 
from different parts of the film surface. 

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. All treatments were analyzed 
in triplicate. 
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RESULTS AND DISCUSSION 

    

3. Results and discussion 

It seemed crucial to preliminarily study the production of films by using 
different SOC protein concentrates under different experimental 
conditions, such as different protein amounts, pH values and GLY 
concentrations. Afterwards, several additives were tested in order to 
improve the features of the selected films. 

3.1. Developing HP-based films: effect of mTGase-induced 
protein cross-linking 
 

Proteins obtained from wastes of vegetable origin are potential 
candidates for producing biodegradable/edible plastics. Among the 
various oilseed plants, special attention should be given to the hemp 
(Cannabis sativa L.), a multipurpose, sustainable, and low 

environmental impact crop belonging to the Cannabaceae family and 
containing low levels of Δ9-tetrahydrocannabinol (THC, <0.1–1%), that 
is cultivated for producing textiles, food, paper, biofuel, medicine and 
hygiene products (Fike, 2016). However, protein-based films generally 
exhibit poor mechanical and WV barrier properties and, thus, in order 
to improve these properties, HPs were enzymatically cross-linked by 
different amounts of mTGase before FFS drying. The morphological 
characterization of the obtained films demonstrated that mTGase 
treatment was effective to produce more homogeneous and smoother 
materials with improved properties, being more resistant, still flexible 
and exhibiting a higher heat-sealing strength. In addition, the enzymatic 
treatment of HPs gave rise to bioplastics with a higher gas and WV 
permeability (WVP) and a greater hydrophobicity. All these results are 
described in the published paper reported in the appendix of this thesis 
(Mirpoor, S. F., Giosafatto, C. V. L., Di Girolamo, R., Famiglietti, M., & 
Porta, R. (2022). Hemp (Cannabis sativa) seed oilcake as a promising 
by-product for developing protein-based films: Effect of 
transglutaminase-induced crosslinking. Food Packaging and Shelf 
Life, 31, 100779. 
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3.2. HP-based films grafted with NC and LF extracted from 
egagropili 

NC and LF were isolated in good yield from egagropili, better known as 
sea balls, and used as reinforcement additives of the HP-based film 
matrix. Film microstructure analysis indicated a good interaction of the 
two additives tested, as both were properly dispersed in the protein film 
matrix. The improved mechanical and barrier properties, as well as the 
weakened water trapping ability, exhibited by the grafted biocomposites 
suggest a potential use of egagropili as a valuable renewable source 
for reinforcing agents of protein-based films as described in the 
published article reported in the appendix of the present thesis (Mirpoor, 
S. F., Giosafatto, C.V.L., Di Pierro, P., Di Girolamo, R., Regalado-
González, C., & Porta, R., 2020. Valorisation of Posidonia oceanica 
Sea Balls (Egagropili) as a Potential Source of Reinforcement Agents 
in Protein-Based Biocomposites. Polymers, 12(12), 2788.  

3.3. Characterization of LF and investigation of antioxidant 
activity of HP-based film grafted with LF 

LF extracted from egagropili was extensively dialyzed and 
characterized by FT-IR, NMR analyses, antioxidant activity, phenolic 
content and light barrier properties. LF, containing a lignin/carbohydrate 
complex exhibiting a remarkable and stable antioxidant activity, was 
demonstrated to be  incorporated into HP-based films from which it was 
easily released over time, as it was described in the published paper 
reported in the appendix of the thesis (Mirpoor, S. F., Restaino, O. F., 
Schiraldi, C., Giosafatto, C.V.L., Ruffo, F., & Porta, R., 2021. 
Lignin/Carbohydrate Complex Isolated from Posidonia oceanica Sea 
Balls (Egagropili): Characterization and Antioxidant Reinforcement of 
Protein-Based Films. International Journal of Molecular 
Sciences, 22(17), 9147. 

3.4. Developing active CP-based films 

CLE was added to the CP-based FFSs and the characterization of the 
derived films showed a significant improvement of all the properties, 
both technological and biological,  of the manufactured materials. Film 
microstructure observed by SEM revealed a good compatibility of CPs 
and CLE, showing a uniform distribution of the leaf extract components 
throughout the film network that reflected, in turn, an improvement of 
the mechanical and barrier properties of the obtained material. In 
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addition, the CLE containing films exhibited higher hydrophobicity, as 
indicated by the contact angle measurement and by the evaluation of 
water solubility and swelling degree experiments. Finally, CLE-
containing films showed a marked antioxidant activity, as reported in 
the published article reported in the appendix of the thesis (Mirpoor, S. 
F., Varriale, S., Porta, R., Naviglio, D., Spennato, M., Gardossi, L., 
Giosafatto, C.V.L., & Pezzella, C., 2022. A biorefinery approach for the 
conversion of Cynara cardunculus biomass to active films. Food 
Hydrocolloids, 122, 107099. 

3.5. Development and characterization of argan AP-based films 

3.5.1. Protein characterization of argan seed oilcake 

Argan seeds are a good source of proteins, accounting for about 50% 
of the oilcake composition. Therefore, a preliminary study was carried 
out on APs to qualitatively and quantitatively characterize them after 
partial oil removal from the argan seeds by means of a Soxhlet 
apparatus using n-hexane. Protein determination was carried out using 
the Kjeldhal method on the AP concentrate obtained by treating the 
defatted argan seed flour under acidic/alkaline protein extraction. The 
results have shown that samples containing 55% of protein were 
achieved following this kind of extraction. In addition, a protein profile 
was obtained by SDS-PAGE (Figure 6) showing that the extracted APs 
had molecular masses ranging from 15 to 30 kDa. 
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Figure 6. SDS-PAGE (12%) of different amounts of protein extracted from argan 
seeds  

The data reported in Figure 7 show that APs were positively charged in 
the acidic pH range, since the detected zeta potential was found to 
progressively increase from a value of about -35.00 mV at pH 12 to a  
0 mV value under pH 5.0, as a result of the gradual deprotonation of 
carboxyl groups and protonation of the amino groups occurring in the 
lateral chains of each protein present in the sample.  

 

Figure 7. Titration of proteins extracted from argan seed oilcakes 



 

37 

 

As far as the AP particle size, it also varied during the sample titration. 

In fact, at pH ≤ 6 high molecular mass protein species were present in 

the solution, likely because the isoelectric point of APs was between pH 
5 and 6 where the zeta potential value was around 0 mV.  

3.5.2. Zeta potential and particle size of argan protein AP-based 
FFSs 

In order to evaluate the stability of FFSs containing different 
concentrations of APs and GLY, measurements of zeta potential and 
Z-average were carried out.  

Table 1. Zeta potential, Z-average and polydispersity Index values of FFSs prepared 
with increasing amounts of argan proteins (AP) in the presence of different 
concentrations of GLY.Different small letters (a-g) indicate significant differences 
among the values reported in each column (p < 0.05). 
 

AP 
(mg) 

GLY 
concentration  

(%) 

Zeta 
potential  

(mV) 

Z - Average  
(nm) 

Polydispersity 
index 

300 
30 -34.80 ± 1.90a 409.90 ± 42.10d 0.75 ± 0.02b,c 
40 -30.00 ± 2.00a 519.30 ± 45.40c 0.78 ± 0.06b,c 
50 -34.00 ± 2.00a 726.00 ± 10.20a    0.90 ± 0.08a 

500 
30 -36.20 ± 4.90a 302.20 ± 11.50e 0.69 ± 0.07d,e 
40 -34.80 ± 3.70a 320.40 ± 14.60e    0.52 ± 0.02f 
50 -35.30 ± 3.60a 394.50 ± 13.50e 0.58 ± 0.02f,g 

600 
30 -35.90 ± 5.80a   327.40 ± 4.60e 0.65 ± 0.02e,f 
40 -35.60 ± 5.70a 338.80 ± 14.80e 0.66 ± 0.01d,e 
50 -34.90 ± 5.00a 579.00 ± 17.00b 0.76 ± 0.08b,c 

800 
30 -20.30 ± 1.30a 495.50 ± 10.70c 0.78 ± 0.02b,c 
40 -20.80 ± 0.90a 488.20 ± 25.90c 0.75 ± 0.05b,c 
50 -20.30 ± 0.04a 590.00 ± 41.00b    0.81 ± 0.09b 

 

The data reported in Table 1 indicate that FFSs prepared with APs were 
markedly stable, as the zeta potential values were always lower than -
20 mV at all GLY concentrations even at higher protein concentrations.   
The drop down in Zeta potential recorded for FFSs prepared with 800 
mg of AP is due to the high protein concentration that, in turn, may 
cause the precipitation of the macromolecules, thus, affecting the 
stability of the system. 

Moreover, the FFS particle size measurements indicated Z-average 
values, between about 300 and 700 nm, that increased by increasing 
the GLY concentration. Finally, FFSs showed polydispersity index 



 

38 

 

values between 0.5 and 0.8, indicating that particles in solution 
occurred in a non-uniform size. 

3.5.3. Evaluation of casting conditions of AP-containing FFSs  

The development of AP-based films started with the identification of the 
best GLY and protein concentrations to prepare the FFSs for casting 
and drying. In this regard FFSs (25 mL) containing 300 mg of APs and 
different concentrations of GLY (0-50% w/w of AP) were prepared at 
pH 12. This AP amount was chosen because it was the minimum 
concentration necessary to obtain peelable and handleable films. All 
FFSs were casted in Petri dishes and placed in the climatic chamber 
for 24 hours at 25 °C and 45% RH. It was observed that the minimum 
GLY concentration needed to obtain a peelable and handleable film by 
using 300 mg of AP was 40% (Figure 8). In addition, some films were 
also prepared by using 500, 600 and 800 mg of APs in the presence of  
30, 40 and 50% GLY. The obtained results demonstrated that also 
under these experimental conditions it was possible to obtain 
homogeneous and manipulable films by adding at least 30% GLY. 

 

 

 

 

 

Figure 8. Films obtained at pH 12 by using 300 mg argan proteins in the presence 
of different concentrations of glycerol (GLY) 

3.5.4. Film mechanical properties 

Figure 9 shows the mechanical properties of AP-based films prepared 
under different experimental conditions (Figure 9). It is worthy to note 
that, among all the films prepared with different concentrations of APs 
and GLY, the film prepared by using 600 mg of APs and 50% of GLY 
seemed to have the highest EB value. The influence of GLY on EB has 
been previously reported by Farahnaky et al. 2013. Conversely, both 
TS and YM were found to decrease by increasing GLY concentration, 
a lower YM indicating a reduced stiffness and a lower TS being related 
to a poor resistance.  

GLY (%) 0 10 20 30 40 50 
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Figure 9. Mechanical properties of argan protein (AP)-based films. Different small 
letters (a-h) indicate significant differences among the values reported (p < 0.05). 

3.5.5. Film water content (WC) and uptake 

AP-based films were also analysed for WC and water uptake, as these 
features are important for food packaging applications, particularly 
when the water activity is high or when the film is manufactured as a 
food protective barrier (Vejdan et al., 2016). In fact, a high water content 
of the coating material considerably limits its use for packaging foods. 
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The results reported in Table 2 show that both WC and water uptake 
do not seem to significantly change in all films, thus suggesting that 
neither the amount of APs nor the amount of GLY added can affect 
these properties for this kind of material. 

Table 2. Water content (WC) and water uptake of argan protein (AP)-based films 
prepared with different amounts of APs and concentrations of glycerol (GLY). Different 
small letters (a-d) indicate significant differences among the values reported (p < 
0.05). 

APs (mg) GLY (%) 
WC 
(%) 

Water uptake 
(%) 

500 
30 10.03 ± 0.31d 9.16 ± 0.12b 
40  10.48 ± 0.28c,d 9.77 ± 1.34b 
50  10.12 ± 2.77c,d 9.22 ± 1.01b 

600 
30  12.11 ± 0.31b,c 12.74 ± 1.32a 
40  12.62 ± 0.29b,c 12.02 ± 0.97a 
50 14.20 ± 0.70a 12.23 ± 1.46a 

800 
30    11.43 ± 0.43b,c,d 12.99 ± 0.25a 
40  12.66 ± 1.18a,b 13.57 ± 1.06a 
50  12.10 ± 0.30b,c 12.21 ± 0.41a 

3.5.6. Film barrier properties, antioxidant activity and opacity 

The ability of AP-based films to act as barrier towards WV and gases 
(CO2 and O2) has been studied (Table 3) and compared to that 
exhibited by two commercial bioplastics, namely  Mater Bi®, based on 
the polysaccharide starch, and Viscofan®, based on the protein gelatin. 
As far as WVP, the AP-based films seemed to be less permeable to 
WV than Mater Bi®, while they showed a barrier behaviour similar to 
that exhibited by Viscofan®. On the other hand, the values of  
permeability toward CO2 and O2 were lower than those exhibited by the 
two commercial plastics. I n addition in Table 3, the antioxidant activity 
as well as the opacity of the AP films are reported. The opacity values 
(2.6 ± 0.56 mm-1) of the AP-based films were quite lower than those of 
CP-based films (14.89±0.17) and similar to the ones of HP-based film 
(2.39±0.27). Finally, AP-based films were found to possess a significant 
antioxidant activity (12.37 ± 1.33) suggesting their potential application 
in protecting foods from oxidation. 
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Table 3. Barrier properties, antioxidant activity and opacity of the films manufactured 
with 600 mg APs and 50% (w/w of APs) GLY. Different small letters (a-c) indicate 
significant differences among the values reported (p < 0.05). 

 WVP CO2 O2 
Antioxidant 

activity 
Opacity 

 cm3 mm m-2 d-1 kPa-1 (%) mm-1 

AP film 7.52±0.62b 0.46±0.08c 0.02±0.001b 12.37±1.33 2.6±0.56 

Mater Bi® 15.5±1.24a 1.45±0.12b 0.72±0.16a ----- ----- 

Viscofan® 4.96±0.63c 3.71±0.16a 0.03±0.01b ----- ----- 
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CONCLUSIONS 

    

4. Conclusions 

Petroleum based plastic are non-degradable and their wide spread 
application over the past few decades has caused serious 
environmental pollution. Hence, the development of protein-based films 
is receiving an increasing attention for their possible industrial 
application as alternatives to oil-derived polymers. In this regard, the 
residues of oilseed crops, known as SOCs, are extremely rich in 
valuable ingredients, such as proteins, fiber and various bioactive 
compounds, that are by-products mostly consumed so far as animal 
feed supplementation, food additives or fertilizers. Therefore, the 
relatively high protein content and their inexpensive cost make SOCs 
an adequate source to develop novel bioplastic materials. In this work 
HPs, CPs and APs, obtained from the respective SOCs were used as 
renewable resources to prepare innovative biodegradable and edible 
films. Preliminary experiments have been carried out to find the best 
conditions for developing hydrocolloidal films and the obtained results 
suggested that pH 12 was the best pH to produce manipulable 
materials with all the proteins tested. In addition, it was found out that 
the best protein concentration for developing samples to be studied was 
400 mg for HP- and CP-based films, and 600 mg for AP-based films. 
All the films were produced in the presence of glycerol (GLY) used as 
plasticizer and it was found out that the best material performances 
were obtained with 50% (w/w of protein) of GLY. In order to improve the 
film properties, HP-based films were reinforced by the protein 
preliminary treatment with microbial transglutaminase (mTGase) or by 
adding to the FFSs either nanocellulose (NC) or lignin fraction (LF) 
extracted from egagropili, brown colored balls free-floating in the sea-
waters derived from fibre-like leaves of rhizomes and stems of 
Posidonia Oceanica. In fact, improved mechanical and/or barrier 
properties, as well as the weakened water trapping ability were 
exhibited by these two biotechnological processes.  
Furthermore, it was also focused the attention on the cardoon leaf 
extract (CLE) in order to use them to functionalize CP-based films. CLE 
was demonstrated to be endowed with antioxidant properties and, when 
added to CP-based FFS, gave rise to materials with a significant 
improvement of all the tested properties. In fact, CLE-containing films 
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appeared smoother and more homogenous, and showed also a higher 
and lasting antioxidant activity that conferred a higher value to the 
obtained bio-plastics. Furthermore, also CPs were demonstrated to 
effectively act in vitro as acyl donor and acceptor substrates for 
mTGase, and the heat-sealing ability exhibited by the enzyme-
crosslinked CP films, as well as their dark greenish color, suggested 
them as suitable candidates for wrapping peanuts, preventing lipid 
oxidation and rancidity and prolonging their shelf life.  
The third SOC protein concentrate object of this study was that derived 
from argan seeds. Among all the films prepared with different 
concentrations of APs and GLY, those prepared by using 600 mg of 
APs and 50% of GLY showed to exhibit a particularly high extensibility 
property. Moreover, as far as WVP, the AP-based films showed to be 
less permeable to WV than Mater Bi® with a behavior similar to that 
exhibited by Viscofan®, whereas the values of  permeability toward CO2 
and O2 were lower than those exhibited by the two commercial plastics.  
Finally, AP-based films were found to possess also a significant 
antioxidant activity, suggesting their potential application in protecting 
foods from oxidation. 
The last part of the experimental work was performed at the University 
of Granada (Spain) and was focused on the interfacial properties and 
surface characterization of the HP, CP and AP-based bioplastics. The 
obtained results demonstrated that APs had the highest and CPs the 
lowest surface elasticity features, and that APs was irreversibly 
adsorbed. Furthermore, the surface characterization indicated that APs 
possessed the most hydrophobic surface and the highest advancing 
contact angle, probably as a consequence of the high lipid content of 
the extracted protein concentrate . 
In conclusion, for what stated above, an early transition to renewable 
sources, as those represented by hemp, cardoon and argan SOCs, for 
preparing eco-friendly bioplastics  might be a timely, valuable and 
innovative milestone at least for some specific sectors of food 
packaging industry. Obviously, the film with the best characteristics will 
be chosen on the basis of the kind of food product the material will be 
applied for. An industrial scale up will be necessary after feedback from 
companies working in the specific sector. Furthermore, in the next 
future feasibility studies together with the risk for consumers will have 
to be undoubtedly evaluated. 

  



 

44 

 

REFERENCES 

    

5. References 

AACC. (2003). Approved methods of AACC. St. Paul, MN, USA: The 
Association. Available at: 
https://methods.aaccnet.org/default.aspx. (Accessed 5 May 
2021). 

Aguilera-Garrido, A., del Castillo-Santaella, T., Yang, Y., Galisteo-
Gonz´alez, F., G´alvez- Ruiz, M. J., Molina-Bolívar, J. A., et al. 
(2021). Applications of serum albumins in delivery systems: 
Differences in interfacial behaviour and interacting abilities with 
polysaccharides. Advances in Colloid and Interface Science, 
290, 102365 . 

Aithammou, R., Harrouni, C., Aboudlou, L., Hallouti, A., Mlouk, M., 
Elasbahani, A., & Daoud, S. (2019). Effect of clones, year of 
harvest and geographical origin of fruits on quality and chemical 
composition of Argan oil. Food Chemistry, 297, 124749 . 

Amadori, S., Torricelli, P., Rubini, K., Fini, M., Panzavolta, S., & Bigi, A. 
(2015). Effect of sterilization and crosslinking on gelatin films. 
Journal of Materials Science: Materials in Medicine, 26(2), 69 . 

AOAC. (1990). Official Methods of Analysis of the Association of Official 
Analytical Chemists, 15th edn (edited by K. Helrich). Arlington, 
VA: Association of Official Analytical Chemists 

AOAC. (2010). Official methods of analysis of the AOAC. Gaithersburg, 
MD: AOAC International. 

ASTM D3985-05 (2010). Standard test method for oxygen gas 
transmission rate through plastic film and sheeting using a 
colorimetric sensor; West Conshohocken, PA, USA  . 

ASTM D882-97 (1997). Standard test method for tensile properties of 
thin plastic sheeting; Philadelphia, PA, USA  . 

ASTM E88-07a (2007). Standard test method for seal strength of 
flexible barrier materials. F88-07. Annual book of  American 
standard testing method (pp.768-777); Philadelphia, PA  : 



 

45 

 

ASTM F1249-13 (2013). Standard test method for water vapor 
transmission rate through plastic film and sheeting using a 
modulated infrared sensor; West Conshohocken, PA, USA  . 

ASTM F2476-13 (2013). Standard test method for the determination of 
carbon dioxide gas transmission rate through barrier materials 
using an infrared detector; West Conshohocken, PA, USA  . 

Bai, R., Zhang, X., Yong, H., Wang, X., Liu, Y., & Liu, J. (2019). 
Development and characterization of antioxidant active 
packaging and intelligent Al 3+ -sensing films based on 
carboxymethyl chitosan and quercetin. International Journal of 
Biological Macromolecules, 126, 1074–1084. 
https://doi.org/10.1016/j.ijbiomac.2018.12.264 

Bakkalbaşı, E., Yılmaz, Ö. M., Javidipour, I., & Artık, N. (2012). Effects 
of packaging materials, storage conditions and variety on 
oxidative stability of shelled walnuts. LWT-Food Science and 
Technology, 46(1), 203-209 . 

Balestri, E., Vallerini, F., & Lardicci, C. (2006). A qualitative and 
quantitative assessment of the reproductive litter from Posidonia 
oceanica accumulated on a sand beach following a storm. 
Estuarine, Coastal and Shelf Science, 66(1-2), 30-34 . 

Cao, N., Yang, X., & Fu, Y. (2009). Effects of various plasticizers on 
mechanical and water vapor barrier properties of gelatin films. 
Food Hydrocolloids, 23(3), 729-735 . 

Cheng, L. H., Karim, A. A., & Seow, C. C. (2006). Effects of water‐
glycerol and water‐sorbitol interactions on the physical 
properties of konjac glucomannan films. Journal of Food 
Science, 71(2), E62-E67 . 

Cherki, M., Berrougui, H., Drissi, A., Adlouni, A., & Khalil, A. (2006). 
Argan oil: which benefits on cardiovascular diseases?. 
Pharmacological Research, 54(1), 1-5 . 

Christopoulos, M. V., & Tsantili, E. (2011). Effects of temperature and 
packaging atmosphere on total antioxidants and colour of walnut 
(Juglans regia L.) kernels during storage. Scientia Horticulturae, 
131, 49e57 . 

Dapˇcevi´c-Hadnađev, T., Hadnađev, M., Lazaridou, A., Moschakis, T., 
& Biliaderis, C. G. (2018). Hempseed meal protein isolates 



 

46 

 

prepared by different isolation techniques. Part II. gelation 
properties at different ionic strengths. Food Hydrocolloids, 81, 
481–489. https://doi.org/10.1016/j.foodhyd.2018.03.022 

De Groote, P. H., Devaux, J., & Godard, P. (2002). Effect of 
benzenesulfonamide plasticizers on the glass‐transition 
temperature of semicrystalline polydodecamide. Journal of 
Polymer Science Part B: Polymer Physics, 40(19), 2208-2218 . 

Del Castillo-Santaella, T., Cebri´an, R., Maqueda, M., G´alvez-Ruiz, M. 
J., & Maldonado- Valderrama, J. (2018). Assessing in vitro 
digestibility of food biopreservative AS-48. Food Chemistry, 246, 
249–257. https://doi.org/10.1016/j.foodchem.2017.10.149 

Del Castillo-Santaella, T., Sanmartín, E., Cabrerizo-Vílchez, M. A., 
Arboleya, J. C., & Maldonado-Valderrama, J. (2014). Improved 
digestibility of β-lactoglobulin by pulsed light processing: A 
dilatational and shear study. Soft Matter, 10(48), 9702–9714. 
https://doi.org/10.1039/c4sm01667j . 

Delahaije, R. J. B. M., Gruppen, H., Giuseppin, M. L. F., & Wierenga, 
P. A. (2014). Quantitative description of the parameters affecting 
the adsorption behaviour of globular proteins. Colloids and 
Surfaces B: Biointerfaces, 123, 199–206 . 

Den Hartog, C., & Kuo, J. (2007). Taxonomy and biogeography of 
seagrasses. In Seagrasses : biology, ecologyand conservation 
(pp. 1-23). Springer, Dordrecht . 

Dias, M. I., Barros, L., Barreira, J. C. M., Alves, M. J., Barracosa, P., & 
Ferreira, I. C. F. R. (2018). Phenolic profile and bioactivity of 
cardoon (Cynara cardunculus L.) inflorescence parts: Selecting 
the best genotype for food applications. Food Chemistry, 
268(March), 196–202. 
https://doi.org/10.1016/j.foodchem.2018.06.081 

El Abbassi, A., Khalid, N., Zbakh, H., & Ahmad, A. (2014). 
Physicochemical characteristics, nutritional properties, and 
health benefits of argan oil: A review. Critical Reviews in Food 
Science and Nutrition, 54(11), 1401-1414 . 

Eral, H. B., t Mannetje, D. J. C. M., & Oh, J. M. (2013). Contact angle 
hysteresis: a review of fundamentals and applications. Colloid 
and Polymer Science, 291(2), 247-260 . 



 

47 

 

Escamilla-García, M., Calderón-Domínguez, G., Chanona-Pérez, J. J., 
Mendoza-Madrigal, A. G., Di Pierro, P., García-Almendárez, B. 
E., ... & Regalado-González, C. (2017). Physical, structural, 
barrier, and antifungal characterization of chitosan–zein edible 
films with added essential oils. International Journal of Molecular 
Sciences, 18(11), 2370 . 

Fan, Y., Peng, G., Pang, X., Wen, Z., & Yi, J. (2021). Physicochemical, 
emulsifying, and interfacial properties of different whey protein 
aggregates obtained by thermal treatment. LWT, 111904 . 

Faradilla, R. F., Lee, G., Roberts, J., Martens, P., Stenzel, M., & Arcot, 
J. (2018). Effect of glycerol, nanoclay and graphene oxide on 
physicochemical properties of biodegradable nanocellulose 
plastic sourced from banana pseudo-stem. Cellulose, 25(1), 
399-416 . 

Farahnaky, A., Saberi, B., & Majzoobi, M. (2013). Effect of glycerol on 
physical and mechanical properties of wheat starch edible films. 
Journal of Texture Studies, 44(3), 176-186 . 

Fike, J. (2016). Industrial hemp: renewed opportunities for an ancient 
crop. Critical Reviews in Plant Sciences, 35, 406–424 . 

Fornes, A., Basterretxea, G., Orfila, A., Jordi, A., Álvarez, A., & Tintoré, 
J. (2006). Mapping Posidonia oceanica from IKONOS. ISPRS 
Journal of Photogrammetry and Remote Sensing, 60(5), 315-
322 . 

Geyer, R., Jambeck, J. R., & Law, K. L. (2017). Production, use, and 
fate of all plastics ever made. Science Advances, 3(7), 
e1700782 . 

Giosafatto, C. V. L., Fusco, A., Al-Asmar, A., & Mariniello, L. (2020). 
Microbial transglutaminase as a tool to improve the features of 
hydrocolloid-based bioplastics. International Journal of 
Molecular Sciences, 21(10), 3656.  

Gonzalez-Gutierrez, J., Partal, P., Garcia-Morales, M., & Gallegos, C. 
(2010). Development of highly-transparent protein/starch-based 
bioplastics. Bioresource technology, 101(6), 2007-2013. 

Haghighi, H., Leugoue, S. K., Pfeifer, F., Siesler, H. W., Licciardello, F., 
Fava, P., & Pulvirenti, A. (2020). Development of antimicrobial 
films based on chitosan-polyvinyl alcohol blend enriched with 



 

48 

 

ethyl lauroyl arginate (LAE) for food packaging applications. 
Food Hydrocolloids, 100, 105419 . 

Haloui, I., & Meniai, A. H. (2017). Supercritical CO2 extraction of 
essential oil from Algerian Argan (Argania spinosa L.) seeds and 
yield optimization. International Journal of Hydrogen Energy, 
42(17), 12912-12919 . 

Ilyas, R. A., Sapuan, S. M., & Ishak, M. R. (2018). Isolation and 
characterization of nanocrystalline cellulose from sugar palm 
fibres (Arenga Pinnata). Carbohydrate Polymers, 181, 1038-
1051 . 

Jagadeesh, D., Kumar, B. P., Sudhakara, P., Prasad, C. V., Rajulu, A. 
V., & Song, J. I. (2013). Preparation and properties of propylene 
glycol plasticized wheat protein isolate novel green films. Journal 
of Polymers and the Environment, 21(4), 930-936 . 

Jahed, E., Khaledabad, M. A., Bari, M. R., & Almasi, H. (2017). Effect 
of cellulose and lignocellulose nanofibers on the properties of 
Origanum vulgare ssp. gracile essential oil-loaded chitosan 
films. Reactive and Functional Polymers, 117, 70-80 . 

Jiang, S., Zou, L., Hou, Y., Qian, F., Tuo, Y., Wu, X., Zhu, X., & Mu, G. 
(2020). The influence of the addition of transglutaminase at 
different phase on the film and film forming characteristics of 
whey protein concentrate-carboxymethyl chitosan composite 
films. Food Packaging and Shelf Life, 25, 100546 . 

Jiménez-Rosado, M., Bouroudian, E., Perez-Puyana, V., Guerrero, A., 
& Romero, A. (2020). Evaluation of different strengthening 
methods in the mechanical and functional properties of soy 
protein-based bioplastics. Journal of Cleaner Production, 262, 
121517 . 

Karbowiak, T., Hervet, H., Léger, L., Champion, D., Debeaufort, F., & 
Voilley, A. (2006). Effect of plasticizers (water and glycerol) on 
the diffusion of a small molecule in iota-carrageenan biopolymer 
films for edible coating application. Biomacromolecules, 7(6), 
2011-2019 . 

Kieliszek, M., & Misiewicz, A. (2014). Microbial transglutaminase and 
its application in the food industry. A review. Folia 
Microbiologica, 59(3), 241-250 . 



 

49 

 

Kim, D. A., Cornec, M., & Narsimhan, G. (2005). Effect of thermal 
treatment on interfacial properties of beta-lactoglobulin. Journal 
of Colloid and Interface Science, 285(1), 100–109. 
https://doi.org/10.1016/j.jcis.2004.10.044 

Laemmli, U. K. (1970). Cleavage of structural proteins during the 
assembly of the head of bacteriophage T4. Nature, 227(5259), 
680-685 . 

Lakram, N., Moutik, S., MERCHA, I., EL HAJ, E. M., KABBOUR, R., 
DOUAIK, A., ... & NACIRI, M. (2019). Effects of the inclusion of 
detoxified argan press cake in the diet of dairy goats on milk 
production and milk quality. Turkish Journal of Veterinary and 
Animal Sciences, 43(3), 323-333 . 

Lam, R. S. H., & Nickerson, M. T. (2013). The effect of pH and heat pre-
treatments on the physicochemical and emulsifying properties of 
β-lactoglobulin. Food Biophysics, 9(1), 20–28. 
https://doi.org/10.1007/s11483-013-9313-4 

Letcher, T.M. (ed.) (2020). Plastic Waste and Recycling: Environmental 
Impact, Societal Issues, Academic Press, pp. 1-664, 
doi.org/10.1016/B978-0-12-817880-5.00004-9 . 

li Zhai, J., Day, L., Aguilar, M. I., & Wooster, T. J. (2013). Protein folding 
at emulsion oil / water interfaces. Current Opinion in Colloid & 
Interface Science, 18(4), 257-271 . 

Liu, Y., Liu, Y., Xu, Z., Shan, M., Ge, X., Zhang, Y., Shao, S., Huang, 
L., Wang, W & Lu, F. (2019). Effects of Bacillus subtilis 
transglutaminase treatment on the functional properties of whey 
protein. LWT, 116, 108559 . 

Maldonado-Valderrama, J., Martín-Rodriguez, A., G´alvez-Ruiz, M. J., 
Miller, R., Langevin, D., & Cabrerizo-Vílchez, M. A. (2008). 
Foams and emulsions of β-casein examined by interfacial 
rheology. Colloids and Surfaces A: Physicochemical and 
Engineering Aspects, 323(1–3), 116–122. 
https://doi.org/10.1016/j. colsurfa.2007.11.003 

Maldonado-Valderrama, J., Muros-Cobos, J. L., Holgado-Terriza, J. A., 
& Cabrerizo-Vílchez, M. A. (2014). Bile salts at the air–water 
interface: adsorption and desorption. Colloids and Surfaces B: 
Biointerfaces, 120, 176-183 . 



 

50 

 

Maldonado-Valderrama, J., Terriza, J. A. H., Torcello-G´omez, A., & 
Cabrerizo- Vílchez, M. A. (2013). In vitro digestion of interfacial 
protein structures. Soft Matter, 9(4), 1043–1053. 
https://doi.org/10.1039/c2sm26843d 

Maldonado-Valderrama, J., Torcello-G´omez, A., Del Castillo-
Santaella, T., Holgado- Terriza, J. A., & Cabrerizo-Vílchez, M. A. 
(2015). Subphase exchange experiments with the pendant drop 
technique. Advances in Colloid and Interface Science, 222, 488–
501. https://doi.org/10.1016/j.cis.2014.08.002 

Martín, M. P., Nepote, V., & Grosso, N. R. (2016). Chemical, sensory, 
and microbiological stability of stored raw peanuts packaged in 
polypropylene ventilated bags and high barrier plastic bags. 
LWT-Food Science and Technology, 68, 174-182 . 

Mathe, C., Culioli, G., Archier, P., & Vieillescazes, C. (2004). 
Characterization of archaeological frankincense by gas 
chromatography-mass spectrometry. Journal of 
Chromatography A, 1023(2), 277–285. 
https://doi.org/10.1016/j.chroma.2003.10.016 

Mirpoor, S. F., Giosafatto, C. V. L., Di Pierro, P., Di Girolamo, R., 
Regalado-González, C., & Porta, R. (2020). Valorisation of 
Posidonia oceanica Sea Balls (Egagropili) as a Potential Source 
of Reinforcement Agents in Protein-Based Biocomposites. 
Polymers, 12(12), 2788 . 

Montes Ruiz-Cabello, F. J., Rodríguez-Valverde, M. A., & Cabrerizo-
Vílchez, M. A. (2011). Comparison of the relaxation of sessile 
drops driven by harmonic and stochastic mechanical excitations. 
Langmuir, 27(14), 8748-8752 . 

Moraila-Martínez, C. L., Ruiz-Cabello, F. J. M., Cabrerizo-Vílchez, M. 
A., & Rodríguez-Valverde, M. A. (2012). The effect of contact 
line dynamics and drop formation on measured values of 
receding contact angle at very low capillary numbers. Colloids 
and Surfaces A: Physicochemical and Engineering Aspects, 
404, 63-69 . 

Neumann, A. W., & Good, R. J. (1972). Thermodynamics of contact 
angles. I. Heterogeneous solid surfaces. Journal of Colloid and 
Interface Science, 38(2), 341-358 . 



 

51 

 

Ortega-Toro, R., Jiménez, A., Talens, P., & Chiralt, A. (2014). 
Properties of starch–hydroxypropyl methylcellulose based films 
obtained by compression molding. Carbohydrate Polymers, 109, 
155-165 . 

Padial-Domínguez, M., Espejo-Carpio, F. J., García-Moreno, P. J., 
Jacobsen, C., & Guadix, E. M. (2020). Protein derived 
emulsifiers with antioxidant activity for stabilization of omega-3 
emulsions. Food Chemistry, 329(May), 127148 . 

Parveen, S., Chaudhury, P., Dasmahapatra, U., & Dasgupta, S. (2019). 
Biodegradable protein films from gallic acid and the cataractous 
eye protein isolate. International Journal of Biological 
Macromolecules, 139, 12-20 . 

Porta, R. (2019). The plastics sunset and the bio-plastics sunrise. 
Coatings, 9, 526. doi: 10.3390/coatings9080526 . 

Porta, R., Di Pierro, P., Rossi-Marquez, G., Mariniello, L., Kadivar, M., 
& Arabestani, A. (2015). Microstructure and properties of bitter 
vetch (Vicia ervilia) protein films reinforced by microbial 
transglutaminase. Food Hydrocolloids, 50, 102-107 . 

Ramos, P. A. B., Guerra, Â. R., Guerreiro, O., Santos, S. A. O., Oliveira, 
H., Freire, C. S. R., Silvestre, A. J.D., Duarte, M. F. (2017). 
Antiproliferative effects of cynara cardunculus L. Var. altilis (DC) 
lipophilic extracts. International Journal of Molecular Sciences, 
18(1). https://doi.org/10.3390/ijms18010063 

Rencoret, J., Marques, G., Serrano, O., Kaal, J., Martínez, A. T., del 
Río, J. C., & Gutiérrez, A. (2020). Deciphering the unique 
structure and acylation pattern of Posidonia oceanica lignin. 
ACS Sustainable Chemistry & Engineering, 8(33), 12521-12533 . 

Rossi-Márquez, G., Helguera, M., Briones, M., Dávalos-Saucedo, C. 
A., & Di Pierro, P. (2021). Edible Coating from Enzymatically 
Reticulated Whey Protein-Pectin to Improve Shelf Life on 
Roasted Peanuts. Coatings, 11(3), 329 . 

Roy, S., & Rhim, J. W. (2020). Preparation of carbohydrate-based 
functional composite films incorporated with curcumin. Food 
Hydrocolloids, 98, 105302 . 

Ruiz-Álvarez, J. M., del Castillo-Santaella, T., Maldonado-Valderrama, 
J., Guadix, A., Guadix, E. M., & García-Moreno, P. J. (2022). pH 



 

52 

 

influences the interfacial properties of blue whiting (M. 
poutassou) and whey protein hydrolysates determining the 
physical stability of fish oil-in-water emulsions. Food 
Hydrocolloids, 122, 107075 . 

Ruiz-Cabello, F. M., Ibañez-Ibañez, P., Paz-Gomez, G., Cabrerizo-
Vilchez, M., & Rodriguez-Valverde, M. A. (2018). Fabrication of 
superhydrophobic metal surfaces for anti-icing applications. 
JoVE (Journal of Visualized Experiments), (138), e57635 . 

Ruiz-Cabello, F. M., Rodríguez-Valverde, M. A., & Cabrerizo-Vilchez, 
M. A. (2011). Contact angle hysteresis on polymer surfaces: an 
experimental study. Journal of Adhesion Science and 
Technology, 25(16), 2039-2049 . 

Sagar, N. A., Pareek, S., & Gonzalez-Aguilar, G. A. (2020). 
Quantification of flavonoids, total phenols and antioxidant 
properties of onion skin: a comparative study of fifteen Indian 
cultivars. Journal of Food Science and Technology, 57(7), 2423-
2432 . 

Sanyang, M. L., Sapuan, S. M., Jawaid, M., Ishak, M. R., & Sahari, J. 
(2016). Effect of sugar palm-derived cellulose reinforcement on 
the mechanical and water barrier properties of sugar palm starch 
biocomposite films. BioResources, 11(2), 4134-4145 . 

Scavo, A., Pandino, G., Restuccia, C., Parafati, L., Cirvilleri, G., & 
Mauromicale, G. (2019). Antimicrobial activity of cultivated 
cardoon (Cynara cardunculus L. var. altilis DC.) leaf extracts 
against bacterial species of agricultural and food interest. 
Industrial Crops and Products, 129(December 2018), 206–211 . 

Schmid, M., Reichert, K., Hammann, F., & Stäbler, A. (2015). Storage 
time-dependent alteration of molecular interaction–property 
relationships of whey protein isolate-based films and coatings. 
Journal of Materials Science, 50(12), 4396-4404 . 

Shi, X., Davis, J. P., Xia, Z., Sandeep, K. P., Sanders, T. H., & Dean, 
L. O. (2017). Characterization of peanuts after dry roasting, oil 
roasting, and blister frying. LWT, 75, 520-528 

Shojaee-Aliabadi, S., Hosseini, H., Mohammadifar, M. A., Mohammadi, 
A., Ghasemlou, M., Ojagh, S. M., Hosseini, S.M., & Khaksar, R. 
(2013). Characterization of antioxidant-antimicrobial κ-



 

53 

 

carrageenan films containing Satureja hortensis essential oil. 
International Journal of Biological Macromolecules, 52, 116-124 . 

Sorde, K. L., & Ananthanarayan, L. (2019). Effect of transglutaminase 
treatment on properties of coconut protein-guar gum composite 
film. LWT, 115, 108422 . 

Suyatma, N. E., Tighzert, L., Copinet, A., & Coma, V. (2005). Effects of 
hydrophilic plasticizers on mechanical, thermal, and surface 
properties of chitosan films. Journal of Agricultural and Food 
Chemistry, 53(10), 3950-3957 . 

Teixé-Roig, J., Oms-Oliu, G., Velderrain-Rodríguez, G. R., Odriozola-
Serrano, I., & Martín-Belloso, O. (2018). The effect of sodium 
carboxymethylcellulose on the stability and bioaccessibility of 
anthocyanin water-in-oil-in-water emulsions. Food and 
Bioprocess Technology, 11(12), 2229-2241 . 

Tian, Y., Taha, A., Zhang, P., Zhang, Z., Hu, H., & Pan, S. (2021). 
Effects of protein concentration, pH, and NaCl concentration on 
the physicochemical, interfacial, and emulsifying properties of β-
conglycinin. Food Hydrocolloids, 118, 106784. 

Tolbert, A., Akinosho, H., Khunsupat, R., Naskar, A. K., & Ragauskas, 
A. J. (2014). Characterization and analysis of the molecular 
weight of lignin for biorefining studies. Biofuels, Bioproducts and 
Biorefining, 8(6), 836-856 . 

Torres, A. M., Barros, G. G., Palacios, S. A., Chulze, S. N., & Battilani, 
P. (2014). Review on pre- and post-harvest management of 
peanuts to minimize aflatoxin contamination. Food Research 
International, 62, 11e19 . 

Torres, A. M., Barros, G. G., Palacios, S. A., Chulze, S. N., & Battilani, 
P. (2014). Review on pre-and post-harvest management of 
peanuts to minimize aflatoxin contamination. Food Research 
International, 62, 11-19 . 

Varughese, S., & Tripathy, D. K. (1993). Effect of plasticizer type and 
concentration on the dynamic mechanical properties of 
epoxidized natural rubber vulcanizates. Journal of Elastomers & 
Plastics, 25(4), 343-357 . 

Vejdan, A., Ojagh, S. M., Adeli, A., & Abdollahi, M. (2016). Effect of 
TiO2 nanoparticles on the physico-mechanical and ultraviolet 



 

54 

 

light barrier properties of fish gelatin/agar bilayer film. LWT-Food 
Science and Technology, 71, 88-95 . 

Velderrain-Rodríguez, G. R., Salvia-Trujillo, L., González-Aguilar, G. 
A., & Martín-Belloso, O. (2021). Interfacial activity of phenolic-
rich extracts from avocado fruit waste: Influence on the colloidal 
and oxidative stability of emulsions and nanoemulsions. 
Innovative Food Science & Emerging Technologies, 69, 102665 . 

Velez, Z., Campinho, M. A., Guerra, Â. R., García, L., Ramos, P., 
Guerreiro, O., Felício, L., Schmitt, F., Duarte, M. (2012). 
Biological characterization of cynara cardunculus l. Methanolic 
extracts: Antioxidant, anti-proliferative, anti-migratory and anti-
angiogenic activities. Agriculture (Switzerland), 2(4), 472–492. 
https://doi.org/10.3390/agriculture2040472 

Wan, Z., Yang, X., & Sagis, L. M. C. (2016). Contribution of long fibrils 
and peptides to surface and foaming behavior of soy protein fibril 
system. Langmuir, 32(32), 8092–8101 . 

Wihodo, M., & Moraru, C.I. (2013). Physical and chemical methods 
used to enhance the structure and mechanical properties of 
protein films: A review. Journal of Food Engineering, 114, 292–
302 . 

Xu, W., Liu, B., Yang, H., Liu, K., Jia, S., & Chen, F. (2012). Effect of γ-
irradiation on the physicochemical properties of mixed soy 
protein isolate/starch material. African Journal of Biotechnology, 
11(28), 7238-7246 . 

Zahedi, Y., Fathi-Achachlouei, B., & Yousefi, A. R. (2018). Physical and 
mechanical properties of hybrid montmorillonite/zinc oxide 
reinforced carboxymethyl cellulose nanocomposites. 
International Journal of Biological Macromolecules, 108, 863-
873 . 

Zhou, B., Tobin, J. T., Drusch, S., & Hogan, S. A. (2021). Dynamic 
adsorption and interfacial rheology of whey protein isolate at oil-
water interfaces: Effects of protein concentration, pH and heat 
treatment. Food Hydrocolloids, 116, 106640 . 

  



 

55 

 

APPENDIX 
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3. Microscopic methodologies for life and material science (Dr. 
Angelo Arciello, Dr. Rocco di Girolamo, Dr. Fabio 
Borbone),2019 
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5. Carbohydrate active enzymes for biorefineris (Prof. Marco 
Moracci, Dr. Andrea Strazzulli), 2019 
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7. Matlab fundamentals (Agostino De Marco - Stefano 
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