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SUMMARY

Plastics are inexpensive, lightweight, strong, durable, corrosion-
resistant materials, with high thermal and electrical insulation
properties. The diversity of polymers and the versatility of their
properties are used to make a vast array of products that bring
medical and technological advances, energy savings and numerous
other societal benefits. However, the growing production of
petroleum-based plastics has incurred in disposal issues raising the
concerns of plastic pollution and impact to the environment. These
issues have encouraged innovation and research activities in the
field of bio-plastics, offering alternatives to conventional plastics.
One potential option to pursue would be to explore agri-food wastes
and by-products for bio-plastic production. In this scenario the
present thesis provides insights into the production and
characterization of bio-plastics obtained by using the proteins
contained in milk whey, the main by-product derived from cheese
production. Even though recycled in different ways, too much whey
is wasted in the environment and disposed off illegally.
Consequently, there is a significant interest in finding new
applications to avoid whey water pollution mostly due to its high
content of whey proteins (WPs). In this work we investigated the
possibility to use WPs to prepare bio-plastics with improved
features. Different experimental conditions, such as i) pH
modification, ii) heating treatment, iii) enzymatic treatment, iv)
plasticizer addition, and v) blending with nanoparticles (NPs), were
exploited in order to modify the technological features of WP-based
bio-plastics prepared by casting method. Furthermore, the films
showing the best characteristics were also added with bioactive
molecules from Pecan (Carya illinoinensis) Nut Shell and Thymbra
(Satureja capitata) leaf extracts, both to influence film technological
properties and to confer antioxidant and antimicrobial activity to the
produced bio-plastics. The results reported in the present thesis
suggest a possible use of the obtained WP-based films
functionalized with active biomolecules as new environmentally
friendly candidates for food packaging, by preserving the product
integrity against mechanical damage and reducing the microbial
spoilage.



RIASSUNTO

Le diverse plastiche di origine petrolifera fanno parte, da anni e con
una diffusione sempre maggiore, della nostra quotidianita, poiché
rappresentano materiali leggeri, forti, duraturi e resistenti alla
corrosione. La loro versatilita ed il loro basso costo hanno portato
ad una esagerata produzione annuale che, a livello mondiale,
ammonta oggi ad oltre 335 milioni di tonnellate. Si pud parlare di “eta
della plastica” gia a partire dalla meta del diciannovesimo secolo,
guando fu scoperta la nitrocellulosa, materiale ottenuto mescolando
cotone, acido nitrico ed acido solforico, anche se soltanto nella
seconda meta del ventesimo secolo inizio la vera e propria “plastics
revolution” a seguito della brevettazione del PET (polietilene
tereftalato), comunemente utilizzato per la realizzazione delle
bottiglie di plastica. | decenni successivi hanno visto uno sviluppo
progressivo dei materiali plastici, fino ad arrivare ai cosiddetti tecno-
polimeri che, per le loro caratteristiche di resistenza termica e
meccanica, sono risultati anche superiori a molti metalli speciali.
Sebbene I'uso dei materiali plastici sia aumentato di circa 20 volte
negli ultimi 50 anni, meno del 10% della plastica prodotta ogni anno
viene riciclato, mentre la restante parte finisce in discariche e nei
mari dando origine, nel tempo, ad innumerevoli piccoli petro-polimeri
(le cosidette micro- e nano-plastiche) che alla fine vengono ingeriti
dagli animali marini e dal zooplancton. All'inquinamento di oceani e
suolo sta contribuendo, in maniera sempre crescente, il packaging
utilizzato per preservare le proprieta nutrizionali e organolettiche
degli alimenti. Spesso, pero, il confezionamento alimentare risulta
sproporzionato ed ingiustificato. Pertanto, diventa sempre piu
urgente individuare strategie differenti ed alternative capaci di
ridurre il piu possibile 'impatto ambientale dovuto al packaging. La
ricerca scientifica, multi- e inter-disciplinare, ha tra i propri obiettivi
quello di trovare una valida alternativa alle plastiche tradizionali,
nonché di limitare I'emissione di CO2, evitando l'utilizzo di risorse
non rinnovabili, come i carbon fossili. Tale obiettivo pud essere
raggiunto applicando i principi della “bio-economia circolare” che,
secondo quanto definito dalla Commissione Europea, €
un’economia che promuove il riciclo ed il riutilizzo di prodotti di scarto
per ottenere prodotti ad alto valore aggiunto e minimizzare la
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quantita di rifiuti prodotti. Lo scopo principale di questo lavoro di tesi
e stato quello di produrre nuovi materiali biodegradabili a partire da
uno scarto industriale rappresentato dal siero del latte, responsabile
di un rilevante inquinamento ambientale a causa sia del cospicuo
volume di liquido depositato illegalmente nel suolo e nelle acque che
del suo alto contenuto di sostanze organiche. In particolare, le
molecole rinnovabili prese in esame sono state le proteine del siero
del latte (WPs) ottenute dagli scarti delle industrie casearie. La
frazione proteica del siero & una miscela omogenea di diverse
proteine tra cui, soprattutto, la p-lattoglobulina e I'a-lattoalbumina.
La B-lattoglobulina € la WP piu abbondante del siero e, grazie alle
sue caratteristiche molecolari, € in grado di influenzare fortemente
'aggregazione delle WPs causata dalla temperatura o dai
cambiamenti del pH. Infatti, attraverso trattamenti termici, tale
proteina € capace di auto-assemblarsi in una varieta di strutture
sovramolecolari (esistenti come ottameri, in un range di pH
compreso tra 3.5 e 5.2, e come dimeri tra pH 5.2 e 7.0) mentre, al di
sopra di pH 8.0, la B-lattoglobulina € un monomero con peso
molecolare di circa 18 kDa. Le WPs sono note da tempo per la loro
capacita di produrre film biodegradabili ed edibili, essendo dotati di
una buona estensibilita, una buona resistenza alla trazione, e
perché sono alquanto insapori ed inodori. Diverse condizioni
sperimentali, come i) il cambiamento del pH, ii) il trattamento
termico, iii) il trattamento enzimatico, iv) la diversa concentrazione
di glicerolo (GLY) usato come plasticizzante e v) il “blending” con
diverse nanoparticelle (NPs), sono stati utilizzati nel corso del lavoro
di questa tesi nel tentativo di migliorare le caratteristiche
tecnologiche delle bio-plastiche a base di WPs preparate mediante
il metodo del casting. In particolare, i diversi materiali sono stati
prodotti preparando soluzioni filmanti (FFSs) di WPs sia a pH 7.0
che a 12.0, in presenza del 30, 40 0 50% (w/w di WPs) di GLY usato
come agente plasticizzante. | risultati preliminari ottenuti hanno
dimostrato che la concentrazione minima di GLY per ottenere film
manipolabili preparati a pH 12.0 & del 30%, anche senza un
trattamento termico preliminare (80°C per 25 min) delle proteine,
mentre a pH 7.0 era necessario pretrattare termicamente le FFSs
contenenti almeno il 40% di GLY. Dopo I'analisi della stabilita delle
FFSs mediante misurazioni del potenziale zeta e della dimensione
delle particelle, sono state studiate le proprieta meccaniche dei film
derivati dalle diverse FFSs. I risultati ottenuti hanno dimostrato che
le FFSs trattate a a pH 12.0, non sottoposte a trattamenti termici e
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contenenti il 40 o il 50% di GLY portavano alla produzione di
materiali piu estensibili. Infatti, i film ottenuti hanno mostrato un piu
alto allungamento a rottura e un modulo di Young piu basso, anche
molto piu alto e piu basso, rispettivamente, di quelli osservati con
film ottenuti a pH 7.0 derivati da FFSs trattate termicamente. Ulteriori
esperimenti sono stati effettuati utilizzando una transglutaminasi di
origine microbica (MTG), enzima in grado di catalizzare la
formazione di legami isopeptidici tra glutammina e lisina presenti in
proteine substrato. L'enzima & stato utilizzato in questo lavoro
sperimentale al fine di migliorare ulteriormente le proprieta
tecnologiche delle bio-plastiche a base di WP. La reticolazione
mediata da mTG, ottenuta nelle diverse condizioni sperimentali e
valutata mediante analisi di SDS-PAGE, ha dimostrato che I'enzima
migliorava le proprieta tecnologiche dei film aumentando
l'allungamento a rottura e riducendo il modulo di Young. Anche le
proprieta barriera verso COz e Oz sono apparse migliorate in seguito
ai legami isopeptidici prodotti dalla mTG. Inoltre, & stato esaminata
anche la possibilita di migliorare le caratteristiche dei film a base di
WPs aggiungendo alla matrice polimerica NPs ottenute da
poliidrossialcanoati (PHA), poliesteri biodegradabili termoplastici
sintetizzati da vari generi di batteri (Bacillus, Rhodococcus,
Pseudomonas) attraverso la fermentazione di zuccheri o lipidi. |
risultati ottenuti hanno dimostrato che le proprieta tecnologiche dei
bio-nanocompositi preparati grazie all'utilizzo di NPs prodotte dai
PHA conferivano caratteristiche di maggiore plasticita ai film
migliorandone anche le proprieta barriera nei confronti dei gas. Cio
e stato confermato dall’analisi della microstruttura del materiale
ottenuto mediante microscopia elettronica a scansione che ha
evidenziato una dispersione omogenea delle NPs nella matrice del
film. Infine, i film a base di WPs sono stati esaminati come supporto
per I'incorporazione di molecole bioattive. In particolare, I'attenzione
e stata focalizzata sull’'intrappolamento sia di antiossidanti che di
agenti antimicrobici derivati, rispettivamente, dalle foglie di Thymbra
(Satureja capitata, L.) e dal guscio di noce di Pecan (Carya
illinoinensis, L.). In particolare la Thymbra, una delle pit comuni
piante selvatiche molto diffuse in Palestina, possiede interessanti
proprieta terapeutiche. Infatti, diversi studi hanno dimostrato che
possiede proprieta antibatteriche, antifungine ed antivirali, protegge
da infezioni respiratorie, diarrea e disturbi digestivi. La noce Pecan,
prodotta principalmente negli Stati Uniti e in Messico, ha destato
invece particolare interesse perché il suo guscio rappresenta una
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preziosa fonte di composti fenolici antiossidanti, principalmente
tannini condensati. Queste molecole naturali sono state in grado di
dotare i film a base di WPs di buone proprieta antiossidanti e notevoli
proprieta antimicrobiche contro diversi ceppi batterici responsabili
del deterioramento degli alimenti. In particolare, dalla Thymbra sono
stati ottenuti degli olii essenziali che, in seguito a gas cromatografia
accoppiata a spettrometria di massa (GC-MS). Hanno dimostrato
contenere molecole quali y-terpinene, carvacrolo, p-cimene che
conferivano alle soluzioni filmanti proprietd antimicrobiche nei
confronti di diversi microrganismi sia gram-positivi che gram-negativi
(Salmonella enteriditis, Salmonella enterica e Staphylococcus
aureus). Inoltre, I'estratto acquoso ottenuto dai gusci di noce Pecan
ha dimostrato di poter arricchire i film ottenuti di attivita antimicrobile
verso Enterococcus faecalis and Salmonella enterica, anch’essi
microrganismi responsabili del deterioramente di numerosi alimenti.
| film ottenuti con gli estratti di Pecan hanno mostrato di possedere
anche notevoli proprieta antiossidanti. Tutte le FFSs ottenute
mediante la funzionalizzazione con tali molecole si sono mostrate
stabili dal punto di vista del potenziale zeta e i film da esse derivati
possedevano ottime caratteristiche tecnologiche. Infatti, i film
funzionalizzati con estratti di noce Pecan erano meno flessibili dei
film preparati in loro assenza e mostravano una estensibilita
inferiore, un valore di modulo di Young piu alto ed un aumento
significativo della resistenza alla trazione, tutti effetti probabilmente
dovuti all'interazione delle molecole fenoliche con le WPs. Nel caso
degli oli essenziali di Thymbra, i dati sperimentali hanno evidenziato
che essi portavano ad una riduzione della resistenza alla trazione e
del modulo di Young dei film ottenuti, mentre non sono stati registrati
cambiamenti nel loro allungamento a rottura. In aggiunta, gli additivi
presenti negli scarti di Pecan hanno determinato un ulteriore
miglioramento delle proprieta barriera ai gas. Infine, esperimenti
condotti per indagare la digestione in condizioni fisiologiche dei film
variamente funzionalizzati, ha dimostrato che i materiali preparati
con estratto di Pecan erano ancora digeribili dall’intestino umano,
indicando la possibilita di utilizzare questo materiale per la
realizzazione di film non solo edibili ma anche digeribili. In
conclusione, i risultati ottenuti, nel loro insieme, rafforzano la
convinzione di poter utilizzare film a base di WPs, preparati in
presenza di diversi additivi, come materiali alternativi alle plastiche
di origine petrolchimica per la conservazione degli alimenti e
'estensione della loro shelf-life. Ulteriori studi sullapplicabilita di
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detto materiale per la conservazione di uno specifico prodotto
alimentare dovranno essere effettuati per ottimizzare la funzione di
guesto promettente nuovo packaging attivo.
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1. INTRODUCTION

1.1. Anoverview on bio-plastics

The first plastic material, based on nitrocellulose, was produced in
1845 by Christian Schonbein. For making it, Schonbein mixed
cotton, nitric acid, and sulfuric acid, and successfully obtained the
guncotton, a material showing high flammability and explosive
propertiest. Then, 10 years later, Alexander Parkes was able to
improve nitrocellulose properties through the addition of camphor
and commercialized the new material, known as celluloid, under the
tradename of Parkesine (Figure 1, A)?.

Figure 1: (A) Hair pin made from celluloid used during 1920/1950 (B) Buttons
made from casein 1920/1940

In addition, caseins, proteins occurring in milk, were also used from
the end of 19" century until 1939s to obtain a main raw material to
produce galalith (Greek: milk stone)3, which was used for producing
buttons (Figure 1, B)?, personal decorative items, and also for
insulation materials in electrical installations.

During the second decade of the 20™ century, in the USA, Henry
Ford had the first patent in producing new bio-based materials made
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from wheat, corn, and soybean. Their main application was in
automobile manufacturing, but Ford company was able to find out
several further applications of the materials made from soy oil, such
as paints and lacquers, a substitute for rubber, and for upholstery
fabrics. These early “bio-based plastics” were soon forgotten in the
age of petroleum-based polymers converted to “plastics”,
considered today as the most pollutant factor of our planet. Plastics
have numerous and different applications due to their technical
properties such as hardness, formability, rigidity, elasticity, heat and
chemical resistance*. They are also more economical than many
other materials and for all of these reasons they are the most used
for different industrial applications: packaging, building, automobile
production, electronics, agriculture®. However, plastic materials are
not easily degradable, being, thus, responsible for huge
environmental pollution. Although oil-derived plastics are
considered to be one of the greatest innovations in the last century,
currently their wide use is regarded as a major threat of damage of
the environment. More than 35 million tons of wastes deriving from
different plastic items are produced each year in the world, and only
7% of them are recycled, the remaining waste being deposited in the
landfills or dispersed in the oceans®. Plastics are used in a wide
range of food packaging purposes, including containers, bottles,
drums, trays, boxes, cups and vending packaging, baby products,
and protection coatings. In addition, most plastic-based materials
are used in the food industry to protect food products and prolong
their shelf-life. Hence, from the beginning of 1980 there has been an
increased interest from the food packaging and distribution industry
toward alternative materials, such as the “biodegradable plastics”,
that become a hot focus of research to reduce plastic production. It
Is worthy to mention that the transition from fossil-based economy
to a bio-based economy is an important EU 2020 strategy target®.

Among the various “bio-plastics” proposed thus far, hydrocolloid-
based materials, made of hydrocolloid macromolecules such as
carbohydrates and proteins”®8, are attracting a particular attention.
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Polysaccharides used for edible films or coatings include cellulose,
starch derivatives, pectin, seaweed extracts, exudates gums,
microbial fermentation gums and chitosan, whereas the most used
proteins are represented by soy® and bitter vetch proteinsi®-12,
phaseolin”'314 collagen, gelatin and whey proteins (WPs)®15-18,

1.5. Whey proteins

The growing worldwide attention to waste reduction led to focus on
the recovery of food by-products. Whey is a by-product of the dairy
industry, produced following casein coagulation. The total worldwide
milk whey production is estimated to be more than 180 million
tons/year, the major amount (approximately 70%) coming from the
UE and USA?'°. However, only 50% of this amount is recycled and
converted to high added value products?. Due to the large volume
and the high organic content, the direct disposal of whey in the soil
and water is not eco-friendly and it is forbidden in many countries.
Therefore, an ecofriendly treatment of whey water, when it is not
recycled, is required before its disposal, even because the
occurrence of numerous nutrients can be considered as a potential
resource for the production of further value-added products.
However, large amounts of whey remain generally unutilized, and,
thus, whey still deserves attention from researchers to develop
innovative processes able to provide maximal benefits from this by-
product and to limit its environmental impact. In fact, the excellent
nutritional value and some properties of WPs originating from the
waste stream from the cheese industry (such as solubility in water
and ability to act as emulsifiers) have been exploited for the
production of transparent, flexible, colorless and odorless edible
films with poor moisture barrier, effective aroma barrier and low O2
permeability. In the EU countries, a total of 170 billion Kg of milk was
produced in 2017, 93% of which was commercialized as various
dairy products, including cheese (37%), butter (30%), cream (13%),
fresh milk (11%), acidified milk (4%), milk powder (2%), and other
minor products. Dairy industries produce an average of 2.5 L of
3



wastewater per L of processed milk, as well as about 9-10 L of
cheese whey per kg of cheese produced, resulting in approximately
400 billion L of wastewater per year?!,

Dairy effluents are characterized by a high organic load
representing, at the same time, a severe hazard for the environment
and a huge opportunity as bioenergy source and for production of
different biochemicals. Besides lactose and minerals, milk whey
contains functional proteins (WPs) such as B-lactoglobulin (65%), a-
lactalbumin (25%) and bovine serum albumin (8%) (Figure 2). Other
minor proteins present in the whey are lactoperoxidase, lactoferrin
and immunoglobulins??.
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Figure 2: Structure of the main WPs?

More in particular, R-lactoglobulin and a-lactalbumin are endowed
with different features (solubility, foaming, and gelling properties)?*
making them of interest for different biotechnological applications. It
is known that B-lactoglobulin, upon heating, is capable of self-
assembling into a variety of supramolecular structures, existing as
an octamer between pH 3.5 to 5.2 and as a dimer between pH 5.2
and 7, whereas above pH 8.0, B-lactoglobulin is a monomer with the
molecular weight of 18,277 Da?. In addition, B-lactoglobulin is able
to resist to the denaturation at acidic pH while, at alkaline pH, two
sequential conformational changes occur in its structure (unfolding
of helix and exposing sheet domains), similarly to its denaturation
occurring in the temperature range between 50 and 90°C, followed
by the unfolding of other sheets?®.



WPs have also the ability to give rise to edible bio-plastics endowed
with good technological features?® 26-30, Edible films and coatings
manufactured starting from WP concentrates or isolates have been
studied and developed by different methodologies?®?® and many
additives have been used with the aim to improve the characteristics
of the obtained WP-based materials. The present thesis describes
various experimental attempts performed to further improve the
functional properties of WP-derived bio-plastics.

1.5. Microbial transglutaminase

The enzyme transglutaminase of microbial origin (mTG, protein-
glutamine y-glutamyl transferase, E.C. 2.3.2.13) was one tool
utilized to reinforce WP films, since this enzyme has been
successfully exploited at this aim during the last 15 years?’:9:1031-35,
mTG, a bio-catalyst able to introduce &-(y-glutamyl)-lysine crosslinks
into proteins via an acyl transfer reaction, has been proved to modify
several food proteins and, among the milk proteins, both caseins
and WPs are excellent acyl donor and/or acceptor substrates for
mTG36-28 (Figure 3)%°. The transamidation reaction occurs when the
acyl acceptor is the e-amino group of an endoprotein lysine residue
and the acyl donor is the y-carboxamide group of an endoprotein
glutamine residue present either in the same (Figure 3, panel A) or
in a different (Figure 3, panel B) polypeptide chain. In the first case,
an intra-molecular crosslink is obtained whereas, in the second
case, the reaction product is an inter-molecular crosslink. mTG is
calcium independent®, active in a wide range of pH (4-9)*!, resistant
between 4 and 60°C*2, commercially available*3, food grade** and
useful to modify protein structure and biological properties*®.

WP-based films are generally formed in aqueous solutions in the
presence of different plasticizers and their properties have been
shown to be significantly influenced by the presence of mTG#é, In
particular, the addition of mTG to milk protein-based film forming
solution (FFS) was demonstrated to induce an enhancement in film
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mechanical resistance and a reduction in its deformability. Even the
barrier efficiency toward Oz was found to be markedly improved in
the crosslinked films which showed also a lower permeability to
water vapor (WV)16.17.47,
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Figure 3: Schematic image representing mTG-catalyzed amide bond formation
by intramolecular (A) or intermolecular (B) crosslinking reactions

1.4. Nanoparticles

Besides polysaccharides and proteins, the bio-plastics can be
prepared also by using aliphatic polyesters, e.g. polylactic acid
(PLA) and polyhydroxyalkanoates (PHAS). In particular, PHAs have
attracted research and commercial interests worldwide because
they can be used as biodegradable thermoplastics and because
they can be produced from renewable resources. Therefore, these
polymers possess sustainability and environment-friendly
properties*®. They are a family of bio-polyesters, synthesized as
intracellular products by prokaryotic cells, encompassing gram-
positive and gram-negative eubacteria*®, oxygen-evolving
cyanobacteria®® and even archaeabacteria, often
growing in extreme environments®!. Different PHAs
(polyhydroxybutyrate, PHB; poly-3-hydroxybutyrate-co-hydroxy-
valerate, PHBV; poly-3-hydroxybutyrate-cohydroxyhexanoate,
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PHBHHX) have been exploited for the preparation of nanoparticles
(NPs), able to encapsulate and release various drugs®>-6. Among
the different polymers, PHBHHXx displays peculiar elastic properties,
thus emerging as promising bio-polymeric source for the designing
of bio-nanocomposites with improved flexibility>—°. Different NPs
have been previously exploited for the matrix reinforcement of bio-
plastics, such as the ones prepared from nanocellulose, usually
used to improve the properties of different bio-materials®®. As matter
of fact, cellulose nanostructures have been most usually applied as
reinforcing agents, but they may also be used as matrices in a
variety of materials including films for food packaging applications®?.
As far as WP-based film reinforcement, some efforts have been
made by using porous silica (SiO2) coated titanium (TiO2) NPs
TiO2@@Si02%?, and it was demonstrated that the incorporation of
TiO2@@SiO2 NPs helps to improve WP-based film mechanical
properties. However, the optical properties of the WP films were
dramatically modified following incorporation of these NPs, changing
from a transparent appearance to an opaque one, even though the
embedded NPs contributed effectively to increase the thickness of
films and to alter the contact angle of their surface. Therefore, the
development of high strength, flexible bio-nanocomposites, tuning
of NP properties, as well as their volume fraction and topographic
distribution within the scaffold, still remain significant challenges.
With the aim to decrease the hydrophilicity of WP-based materials
and, consequently, to improve their performance, the possibility to
prepare bio-nanocomposites by blending WP-proteins with NPs
obtained from PHBHHXx has been investigated.

1.5. Thymbra essential oils

Aiming to further improve food packaging materials, many studies
have exploited natural additives with antimicrobial and antioxidant
activity to produce bio-active food packaging®-%®. Interestingly,
essential oils (EOs) extracted from plants and herbs, could be
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interesting natural additives in food packaging applications because
of their antimicrobial and antioxidant properties?”.6366.67. Among
these plants, Satureja capitata, an aromatic plant of the Lamiaceae
family, commonly named “Thymbra” (Figure 4) possesses
interesting features. It is also known in Arabic as “za'atar rumi”,
“za'atar franji” and “za'atar farsi"®® (meaning, "Roman hyssop,"
"European hyssop," and "Persian hyssop," respectively).

Figure 4: Palestinian Satureja capitata plant (Thymbra)

In particular, Thymbra has been used for more than 100 years by
the Palestinians for tea preparation®. Many studies proved that this
plant has a powerful anti-bacterial, antifungals, and antiviral activity
and can protect from coughing, respiratory infection, diarrhea, and
digestive problems’®*, In this project Thymbra essential oils (TEOs)
have been extracted and used in the attempt to confer antioxidant
and/or antimicrobial properties to the produced WP-based bio-
plastics.

1.6. Pecan nut shell- water soluble- extract

Bio-active compounds can be extracted not only as EO by hydro

distillation method but they can be also extracted via solid liquid

extraction method using different solvents (e.g., water, ethanol,
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hexane). Pecan nuts (Figure 5)7? are produced mainly in United
States and Mexico in amounts of ca. 420,000 tons per year’s. The
wasted pecan nut shells (PNSs) represent a valuable source of
antioxidant compounds, mainly condensed, such as prodelphinidin-
type tannins’476,

Figure 5: Carya illinoinensis (Pecan) nuts

The antioxidant properties of extracts from PNS have been largely
explored in the food industry. Water-extractable compounds from
PNSs are able to increase the oxidative stability of margarines
during storage’’, whereas a PNS hydroalcoholic extract (PNSE)
(estimated phenol content: ca. 130 mg gallic acid equivalents/g) has
been reported to act as a thermal and photo-oxidative stabilizer of
polyethylene and polylactic acid’4#7®28°, as well as to confer
significant antioxidant and food stabilization properties to these
polymers’. Moreover, inclusion of PNSE in octenylsuccinate starch
films led to improved water resistance and UV-light barrier
properties compared to control films8. PNS extracts are also
characterized by remarkable antimicrobial properties®?, which opens
new perspectives toward a full exploitation of the applicability of this
material in food field. Indeed, contamination of food samples by
microorganisms is a key issue greatly affecting food preservation
and shelf-life. It has also to be highlighted that the improper use of
conventional antibiotics in food industry is a major issue since it
leads to the rapid rise and spread of resistant foodborne
pathogens®384 These microorganisms can be easily transmitted to
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humans through consumption of fresh and raw foods®. Moreover,
because of side effects caused by the use of chemical agents® and
because of the consequences of physical treatments on food
organoleptic properties, there is an increasing demand for natural
and untreated food products®’. Aqueous and ethanol PNS extracts
have shown antimicrobial activity towards both gram-positive and
gram-negative bacteria. Crude extracts were found to be more
effective than the single phenolic components, which suggests
synergistic effects between the different agents’®7°. Furthermore, a
methanol extract of PNSs showed antifungal activity towards
different plant pathogens®2.

1.7. Aim of PhD project

The hypothesis behind this research project resides in that WPs
might be used as hydrocolloid source for the production of tailored
bio-plastics following their tuning by means of both physico-chemical
and biochemical methods. In fact, this thesis is focused on the
development of novel WP-based bio-plastics ad hoc designed by
exploring the effect of protein heating and pH modification. In
addition, the influence of GLY used as plasticizer, the WP grafting
with polyester-derived NPs, as well as the mTG enzymatic
crosslinking action were also evaluated on the features of the
derived bio-plastics.

Some of the obtained films were also functionalized by the addition
of natural active molecules extracted from Thymbra and Pecan in
order to endow the films with biological properties. All the
information gained might be useful to assess the application in the
next future of the obtained materials for the protection of different
kinds of foods (raw or cooked).
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2. MATERIALS AND METHODS
2.1. Materials

Commercial WP isolate (~90% dry basis protein) was obtained from
BioLine (London, UK), microbial transglutaminase (mTG) 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. Clevenger apparatus was
used to prepare EOs from palestinian Thymbra; glycerol (GLY) was
purchased from Sigma (Steinheim, Germany). All other chemicals
and solvents used in this study were analytical grade commercial
products.

Different microorganisms were used to evaluate antimicrobial
activity. In particular, Staphylococcus aureus, Escherichia coli,
klebsiella pneumoniae, Proteus vulgaris, Enterococcus faecium,
Pseudomonas aeruginosa, and Candida albicans were from the
American Type Culture Collection with the following ATCC codes:
25923, 25922, 13883, 8427, 700221, 9027 and 90028, respectively.
In  addition, the clinical pathogen methicillin-resistant
Staphylococcus aureus (MRSA) was used to evaluate the
antimicrobial activity of TEOs. Salmonella enteriditis 706 RIVM,
Salmonella enterica subsp. enterica serovar Typhimurium (ATCC®
14028), Staphylococcus aureus ATCC 29213 and Enterococcus
faecalis ATCC 29212 were grown in MHB (MHB, Becton Dickinson
Difco, Franklin Lakes, NJ) or on Tryptic Soy Agar (TSA) plates
(Sigma Aldrich, Milan, Italy).
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2.2. Film preparation

2.2.1. Whey protein film preparation

FFSs were prepared by dissolving WP isolate in distilled water (5%
WPs, w/v) and adjusting the pH (to 7 or 12) by 0.1 N NaOH addition.
FFSs were heated or not at 80°C for 25 min under continuous
stirring. After cooling down at room temperature, GLY (30%, 40%,
50%, w/w of WP) was added just before casting 50 mL FFS,
containing 500 mg WPs, into 8 cm diameter Petri dishes. The
derived films were then obtained by drying in a climatic chamber at
25°C and 45% RH for 24 h and analyzed within 48 h.

2.2.2. Transglutaminase-crosslinked films

Preliminary enzymatic assays were carried out in order to
investigate the effect of different concentrations of mTG on WP
modification. In this respect, WPs were preliminary treated for 25
min at 80°C and incubated for 1 and 2 hours with different
concentrations of the enzyme (0, 8, 16, 24, 32 U/g of WPs) at pH
7.5. The extent of enzymatic crosslinking was carried out by means
of sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) as described by Laemmli®. Briefly, 5 uL of sample
buffer (15 mM Tris — HCI, pH 6.8, containing 0.5% w/v SDS, 2.5%
v/iv GLY, 200 mM B-mercaptoethanol and 0.003% w/v bromophenol
blue) were added to 20 pL aliquots of each sample and analyzed by
4-20% SDS-PAGE®. The electrophoresis was performed at
constant voltage (80 V for 2-3 hours) and the proteins were
visualized by Coomassie Brilliant Blue R250 staining. Bio-Rad
precision protein standards were used as molecular weight markers.
SDS-PAGE gel images were acquired using Bio-Rad ChemDoc
Imager. The image analysis was carried out using Image Lab
software (Bio-Rad, version 5.2.1) as described by Romano et al.
(2015)%°,

For the preparation of crosslinked films, the pH of the reaction
mixtures, following the incubation with mTG, was adjusted to pH 12.
GLY (30 and 40%, w/w of WP), used as plasticizer, was finally added
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to prepare the FFSs and films were obtained by casting 500 mg of
WPs and FFS drying in a climatic chamber at 25°C and 45% RH for
24 h and analyzed within 48 h.

2.2.3. Poly-3-hydroxybutyrate-co-hydroxyhexanoate
nanoparticles grafted films

The preparation and characterization of PHBHHX-NPs, described in
the attached published article entitled “Design and characterization
of poly (3-hydroxybutyrate-co-hydroxyhexanoate) nanoparticles and
their grafting in whey protein-based nanocomposites”, was carried
out by lolanda Corrado attending the same PhD cycle. Hence, the
prepared NPs were grafted into WP-based bio-plastics. Briefly,
FFSs were prepared by dissolving WPs (500 mg) in distilled water
and adjusting the pH to 12 by 0.1 N NaOH addition. The derived
solutions were stirred for one hour and, then, aqueous dispersion of
PHBHHx-NPs (1, 2, 4 or 8 %, w/w of WPs) was added under
continuous stirring at 700 rpm for 15 minutes. GLY (40%, w/w of
WPs), used as plasticizer, was finally added, under stirring for 15
min, just before FFS casting. Each FFS (25 mL) was poured into 8
cm diameter polyester Petri dishes and the films were then obtained
by drying all the FFSs at 25°C and 45% RH for 24 hours.

2.2.4. Thymbra essential oil-activated films

The essential oils (EOs) were extracted from the leaves of two
Palestinian varieties of Thymbra: one (TEO1), coming from a local
shop in the city of Nablus, whereas the second one (TEO 2) was
straight harvested from Qabatia city. Hence, Thymbra leaves from
local shop in Nablus were already dried, on the contrary the ones
from Qabatia needed to be dried, procedure that was carried out in
an oven at 30°C for 24 h. Then, the TEOs were extracted from the
dried leaves by steam-distillation for 3 h using a Clevenger type
apparatus according to the method®! described by Dadalioglu and
Evrendilek (2004). CaCl: salt was used to remove any remaining
water, and TEOs, stored in a dark glass bottle at 4°C until use, were
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then analyzed by means of gas chromatography-mass spectrometry
using Shimadzu QP-5000 GC-MS (Japan). GC apparatus was
equipped with a Rtx-5 MS column (30 m long, 0.25 pm thickness
and 0.250 mm inner diameter), whereas helium was used as a
carrier gas at a flow rate of 1 ml/min, and the injector temperature
was 220°C. The oven temperature was programmed from 50°C (1
min hold) to 130°C (5°C/min), then to 250°C (10° C/min) and, finally,
kept isothermally for 15 min (transfer line temperature was 290°C).
For GC-MS detection, an electron ionization system, with detector
volts of 1.7 KV was used. A scan rate of 0.5 sec, and scan speed of
1000 amu/sec was applied, covering a mass range from 38-450
M/Z. The chemical ingredients of the volatile oil were identified by
comparing their mass spectra with the reference spectra found in
the mass spectrometry data center of the National Institute of
Standards and Technology (NIST)%. For film preparation in the
presence of TEOs, WP solution was prepared by dissolving 5 g
proteins in 100 mL distilled water, and adjusting the pH to 12 by 0.1
N NaOH addition then the GLY (50% w/w of WPs) was added. After
1 h stirring, WP solution (10 mL) was used to prepare FFSs
containing or not different concentrations of TEO1 (0.1%; 0.4% and
0.8% v/v). Finally, 25 ml FFSs were casted into 8 cm diameter
polyester Petri dishes. The derived films were then obtained by FFS
drying at 25°C and 45% RH for 24 h and analyzed within 48 h.

2.2.5. Pecan nut shell extract (PNSE)-activated films

PNSE was obtained as previously described’*’. Briefly, PNS (1 g)
was treated with 20 mL of ethanol/water (3:2 v/v) for 30 min in an
ultrasonic bath at room temperature. The mixture was then
centrifuged for 20 min at 8000 g, the supernatant was filtered on
Whatman paper No.2 (GE Healthcare) and ethanol was removed in
a rotary evaporator. The residual solution was then lyophilized to
give PNSE as a red powder in 15% w/w yield. For the preparation of
PNSE solution, 0.5 g of PNSE were added to 10 mL of water. The
suspension was kept in an ultrasonic bath for 30 min and then
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centrifuged at 8000 g for 30 min. The supernatant was removed and
analyzed at 24 h intervals over 1 week by UV-Vis spectroscopy to
check the stability of the components. The pellet was dried by
lyophilization and weighted to determine by difference the amount
of material gone into solution. PNSE concentration in the
supernatant was found to be 30 mg/mL. FFSs were prepared by
dissolving 500 mg of WPs in distiled water and by adding
subsequently 60% of GLY (w/w of WPs). After PNSE addition (final
concentration 9.25 mg/mL), the final pH was brought to pH 12 by
using 0.1 M NaOH. Control samples were prepared as above
replacing PNSE with distilled water. The films were prepared by
pouring FFSs (25 mL) in 9 cm diameter Petri dishes and let them dry
at 25°C (45% RH) for 24 h.

2.3 Film physicochemical characterization

2.3.1. Zeta potential and particle size measurements

1.0 mL of each WP-based FFS was analyzed for zeta potential and
particle size by using a Zetasizer Nano-ZSP (Malvern®,
Worcestershire, UK). The device was equipped with a helium-neon
laser of 4 mW output power with a 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 and using
the Henry equation.

2.3.2. Film forming solution viscosity
FFS viscosity was studied by standard Ostwald capillary viscometer
and specific viscosity values were calculated by the following

equation:
(FFS flow time—water flow time) (1)

specific viscocity = T
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2.3.3 Film thickness
Film thickness was measured with a micrometer model HO62

Metrocontrol Srl (Casoria, Naples, Italy) at five random positions
over the film area. Values are mean + standard deviation (SD) of five
replicates.

2.3.4. Film mechanical properties
Film tensile strength (TS), elongation at break (EB) and Young's

module (YM) were measured by using an Instron Universal Testing
instrument model no. 5543A (Instron Engineering Corp., Norwood,
MA, USA). Film samples were cut, using a 30 sharp scissors, into
10 mm wide and 40 mm length strips equilibrated for 48-72 h at 50%
+ 5% RH and 23 £ 2°C in an environmental chamber. Five
specimens of each film type were tested (1 KN load and 1 mm/5 min
speed), as previously reported®® (ASTM D882-97, 1997).

2.3.5. Film gas and water vapor barrier properties
Film permeability to Oz (ASTM D3985-05, 2010)%, CO2 (ASTM

F2476-13, 2013)*® and WV (ASTM F1249-13, 2013)% was
determined in triplicate for each film by using a TotalPerm apparatus
(Extrasolution s.r.l., Pisa, Italy). Aluminium masks were used to
reduce film test area to 5 cm?, whereas the testing was performed
at 25°C under 50% RH.

2.3.6. Film microstructure
A field emission scanning electron microscope (FE-SEM, FEI Nova

NanoSEM450) was used to study the morphology of the cast films
(cross-section and surface). For cross-section imaging, the films
were previously frozen using liquid nitrogen and then cryo-fractured.
The images were acquired using an incident electron beam energy
between 2 and 5 kV and by collecting secondary electrons with an
ETD or TLD detector. All the samples were gold/palladium coated
by an automatic sputter coater Denton Vacuum — Desk V, before to
be observed.
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2.3.7. Film moisture content and moisture uptake

Film samples (2 cm x 2 cm) were weighed and dried at 105°C in an
oven for 24 h. Analyses in triplicate of each film were carried out and
film moisture content was calculated as:

Film moisture content (%) = (W) x 100 (2)
1

where W1 is the initial weight of the film and W2 is the film weight
after drying at 105°C.

Moisture uptake was measured gravimetrically in triplicate following
the methodology adopted by Sartori and Menegalli®” with slight
modifications. Samples were cut into 20-mm-sided squares, dried at
105°C for 24 h, conditioned at 23 + 2°C into a desiccator (50% RH)
with a saturated Mg(NOs3)2 solution, and then weighed. The moisture

uptake was finally calculated as:
Ws —Wq)

) x 100 (3)

where Ws and W4 are the weight of swollen and dried films,
respectively.

Film moisture uptake (%) = (

2.4. Antimicrobial and antioxidant activity evaluation

2.4.1. Antimicrobial activity of film forming solutions
containing Thymbra leaf extract

TEO antimicrobial activity was evaluated by means of the broth
micro-dilution  method®® against the following different
microorganisms:  Staphylococcus aureus, Escherichia coli,
Pseudomonas aeruginosa, Enterococcus faecium, Klebsiella,
Methicillin-Resistant Staphylococcus aureus (MRSA), and Proteus
vulgaris. Particularly, two-fold dilutions of the antimicrobial agent
were prepared in liquid growth medium and dispensed into a 96-well
micro-titration plate. After that, each well was inoculated with
microbial cells, which were prepared in the same medium after
dilution of the standardized microbial suspension adjusted to 0.5 on
the McFarland scale. After mixing, the 96-well micro-titration plates
were incubated at 37°C for 24 hours. Minimal inhibitory

concentration (MIC) was determined as the lowest antimicrobial
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agent concentration able to prevent the visible growth of
microorganisms.

To test the antimicrobial activity of the obtained FFSs, microbroth
dilution assays, followed by a colony count assay, were carried out.
Briefly, 50 uL of bacterial cells (final concentration, 2 x 108 CFU/mL)
were plated out in 96-well plates. After that, 50 pL of 2-fold serial
dilution of the FFSs were added and upon 24 hours of incubation
100 pL of each sample were plated out on TSA (tryptic soy agar)
Petri dishes. The plates were incubated at 37°C for 24 hours and, at
the end, colony count was performed. FFSs without TEOs were
used as controls and bacterial cells alone were used as positive
controls of growth. The experiments were carried out in triplicate.

2.4.2 Antimicrobial activity of film forming solutions
containing Pecan nut shell extract
Antimicrobial activity of PNSE against Salmonella enterica subsp.

entericamser. Typhimurium (ATCC® 14028) and gram-positive
Enterococcus faecalis (ATCC® 29212) was analyzed by microbroth
dilutions assay®®. MIC values corresponded to the lowest
concentration of extract associated to no detectable bacterial
growth. Bacterial cells were grown on glass coverslips uncoated
(control sample) or coated with FFSs containing or not PNSE in
MHB medium, starting from a culture at a concentration of 2 x 108
CFU/mL, in static conditions at 37 °C for 16 h. Upon incubation, non-
adherent bacteria were removed by gently washing samples with
sterile phosphate buffer saline. Viability of cells attached on the
surface was determined by sample staining with LIVE/DEAD®
BacLight™ Bacterial Viability kit (Molecular Probes ThermoFisher
Scientific, Waltham, MA, USA). Staining was performed according
to manufacturer’s instructions. Images were captured by using a
confocal laser scanning microscope (Zeiss LSM 710, Zeiss,
Germany) and a 63x objective oil immersion system. The area
containing attached bacteria was analyzed by using the Zen Lite 2.3
software package and each experiment was performed in triplicate.
Images are 2.5D projections of biofilm structure obtained by
18



confocal z-stack using Zen Lite 2.3 software. All images were taken
under identical conditions and represented the average of at least
three different acquisition fields. Scale bar corresponded to 10 ym
in all the cases and all images were taken under identical conditions.

2.4.3. Antimicrobial activity of whey protein films containing
either Thymbra essential oil or Pecan nut shell extract
In all the experiments bacteria were inoculated and grown overnight

in MHB at 37°C. Then, bacteria were transferred to a fresh Tryptic
Soy Broth (TSB) tube and grown to mid-logarithmic phase. To
evaluate the antimicrobial activity of the WP films in the absence or
presence of TEO1 or PNSE as bio-active agents, bacterial cells
were diluted in TSB to approximately 2 x 10’ CFU/mL and inoculated
by surface streaking into TSA plates using a swab. A 1.5-cm? square
of each film was placed into the center of the inoculated plate and
pressed to ensure full contact with the agar surface. Plates were
incubated at 37 °C for 24 h and the bacterial growth underneath the
film was evaluated.

2.4.4. Antioxidant properties of whey protein films

The antioxidant properties were evaluated for the films that were
functionalized by PNSE. The experiments were carried out by two
different assays:

1) DPPH assay: 1 cm? film section (corresponding to 28 mg of
material) was added to 10 mL of a 50 or 200 pM ethanol solution of
DPPH (2,2-diphenyl-1-picrylhydrazyl), and the absorbance of the
solution at 515 nm was periodically analyzed over 4 h. Control
experiments were run on films not containing PNSE. Each
experiment was run in triplicate.

2) Ferric reducing/antioxidant power (FRAP) assay: 1 cm? film
section (corresponding to 28 mg of material) was added to 10 mL of
a solution of 1.7 mM FeCls and 0.83 mM 2,4,6-tris(2-pirydyl)-s-
triazine in 0.3 M acetate buffer (pH 3.6). The absorbance of the
solution at 593 nm was periodically measured over 4 h. Control

experiments were run on films not containing PNSE. Each
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experiment was run in triplicate. Results were expressed as Trolox
equivalents.

In separate experiments the release of PNSE from the films in the
FRAP assay medium was evaluated by adding 1 cm? film section
(corresponding to 28 mg of material) to 10 mL of 0.3 M acetate buffer
(pH 3.6) and periodically recording the UV-Vis spectra of the solution
for 4 h. Experiments were run in triplicate.

2.4.5. Film forming solution oral and gastric digestion

FFSs prepared in the absence and presence of PNSE were
subjected to two-phase in vitro digestion, using an adult
mode|®0:98.100.101 which simulated the physiological conditions of the
digestive system at the oral and gastric levels. In particular, 500 L
of each FFS were incubated in 600 pL of simulated salivary fluid
(SSF, 150 mM NaCl, 3 mM urea, pH 6.9) for 5 min by stirring at 170
rpm. Afterwards, the samples (75 pL each) were subjected to gastric
digestion by adding 100 pL of simulated gastric fluid (SGF, 0.15 M
NacCl) the pH of which was adjusted to 2.5 with 6 M HCI,-containing
pepsin at protein/enzyme ratio of 20:1 (w/w). Pepsin reaction was
stopped at 1, 2, 5, 10, 20, 40, 60 min by adding to each sample 40
puL of 0.5 M ammonium bicarbonate. The samples were then
analyzed by SDS-PAGE. Densitometry analysis was performed by
calculating the percentage of the average intensity of the 17-kDa -
lactoglobulin normalized to that of control samples.

2.5. Statistical Analysis

Statistical analysis for all the data was performed by means of IMP
software 5.0 (SAS Institute, Cary, NC, USA). The data were
subjected to analysis of variance, and the means were compared
using the Tukey-Kramer HSD test. Differences were considered to
be significant at p < 0.05.
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3. RESULTS AND DISCUSSION

It was considered crucial to study the production of WP-based films
under different experimental conditions such as: after protein heat
treatment, at different pH, at different concentrations of GLY and,
finally, following mTG-mediated crosslinking of the WP matrix.
Afterwards, the more appropriate conditions have been pursued as
it is possible to infer from the following results.

3.1. Whey protein-based films: influence of pH and glycerol

The pH value has an important role for the protein-based film
formation, as well as for the derived material properties?®. Hence,
1% (w/v) WP solution, heated or not at 80°C for 25 min, has been
prepared at pH 2 in order to perform the titration from pH 2 until pH
12 by adding 1.0, 0.5, and 0.1 N NaOH as titrant solutions under
constant stirring at 25°C by using a Zetasizer Nano-ZSP
(Malvern®,Worcestershire, UK). Zeta potential values, measured at
each pH in triplicate demonstrate that under alkaline pHs the WP
FFSs were quite stable, regardless the heat treatment (Figure 6).
More in particular, they reach zeta potential values lower than -30
mV at pH 12.

30
20

10

Zeta potential

2 4 6 8 10 12
pH

Figure 6: Zeta potential of both unheated (red line) and heated (black line) WPs
(1%, w/v) measured at different pH values.
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Among the various treatments of WPs (such as chemical
modification, alternating electric field, supercritical carbon dioxide or
high hydrostatic pressure treatments, etc.) heat treatment and pH
change of protein solution are the two methods that could have a
broader and easier application on industrial scale. Heat treatment of
WPs leads to protein denaturation and, depending on pH value,
solution composition and ionic strength, several reactions, such as
polymerization or covalent and non-covalent interactions, occur
during protein heating2. As a result of these interactions, WPs are
denatured and the reactions among the exposed free thiol groups
lead to protein aggregation depending on the repulsive and
attractive forces between particles. Hence, the size and the
distribution pattern resulting from WP aggregation depend on pH,
heating temperature and protein concentration9?193, Herein we
investigated the film forming properties of WPs treated or not at 80°C
for 25 min by analyzing different properties of the derived films
obtained at different pH values and concentrations of GLY, used as
plasticizer. Films were prepared by casting, at both pH 7 and 12, WP
FFSs containing 30, 40 or 50% (w/w of WPs) of GLY.

GLY concentrations
0% 10% 20% 30% 40 % 50 %

| XXX X | XX
- x| x x i
XXX X
X% x|

(X =no handleable film formed)

Unheated

Heated

Figure 7: WP (500 mg)-based films cast either at pH 7 or pH 12 following heat
treatment of FFSs containing different concentrations of GLY
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The minimum GLY concentration for obtaining handleable films at
pH 12 was 30%, also without a preliminary heat-treatment of the
proteins, whereas at pH 7 it was necessary to heat-treat the FFSs
containing at least 40% GLY (Figure 7). In the following published
article an insight about the alkaline treatment on film preparation and
on the characterization of the derived materials is reported.
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Abstract: Whey represents the major by-product of cheese industry. One possibility to recycle
the whey wastes is the use of their globular proteins as a polymer source for the production of
biodegradable plastic materials. Whey protein (WP)-based films are usually obtained by protein heat
treatment in the presence of glycerol (GLY) as plasticizer at pH 7, a method which would require
commercially high costing process. In this work we explored the possibility of producing manageable
whey-derived materials without any heat-treatment but under alkaline conditions, The reported
results demonstrated that the casting at pH 12 of the unheated WP film forming solutions (FFSs),
containing either 40% or 50% GLY, led to produce more resistant and fexible materials than the ones
obtained at pH 7. Film opacity was observed significantly increased, being higher in the samples
obtained at alkaline pH without WP heating and with higher GLY concentrations. Finally, moisture
content decreased with the reduction of GLY content, both in heated and unheated WP-based films,
whereas water uptake of the different films prepared at pH 12 did not significantly change.

Keywords: biodegradable matenials; whey: protein-based films

1. Introduction

Whey is produced in huge quantities by the dairy industries during the casein coagulation process.
Whey can be formed from all types (cow, goat, sheep, camel) of milk and, in particular, bovine whey is
the most common whey produced in the western countries, sharing about 85%—95%, of the generating
milk volume and contaming about 55% of the whole milk nutrients [1]. The total worldwide whey
production s estimated to be more than 180 million tonsfvear, the major amount (approximately
70%) coming from EU and USA [1]. Whey is responsible for relevant environmental problems due to
both its large volume and high organic content, and thus its disposal into municipal sewers is almost
everywhere forbidden, On the other hand, land dumping creates sevene pollution concerns for the
eavironment by negatively influencing soil physicochemical characteristics. Therefore, an ecofriendly
treatment of whey, when it is not recycled, is required before its disposal, even because the occurrence
of numerous nutrients in whey is considered as a potential resource for the production of different
value-added products. However, large amounts of whey remain generally unutilized, and thus whey
still deserves attention from researchers to develop further innovative processes able to provide
maximal benefits from this by-product and to limit its environmental pollution impact.

Among the various whey treatments, heating and pH modification are methods that could have a
broader and easier application on industrial scale. Since aggregation depends on the repulsive and
attractive forces between the particles occurring in solution, the size and the distribution pattern of whey
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proteins (WPs) depend on both pH and heating temperature, as well as on protein concentration [2,3].
fi-Lactoglobulin is the major WP of ruminant species, and thus its molecular characteristics strongly
influence WP aggregation caused by temperature or pH changes. Upon healing, it is capable of
self-assembling into a variety of supramolecular structures, existing as an oclamer between pH 3.5 1o
5.2 and as a dimer between pH 5.2 and 7, whereas above pH 8.0, B-lactoglobulin is a monomer with
a molecular weight of 18,277 Da [1]. p-Lactoglobulin is known to resist denaturation at acidie pH
while, at talkaline pH, two sequential conformation changes occur in its structure, e, the unfolding of
a-helix and of exposed f-sheet domains, similarly to its denaturation occurring in the temperature
range 50-90 °C, followed by the unfolding of other f-sheets [5]. Therefore, its tunable structuring
capacity makes g-lactoglobulin, and consequently, whey, a possible interesting source for material
science. [n fact, one possibility to re-use the whey is to turn its protein content into biodegradable/edible
packaging hlms, that can meet consumer demands for sale, convenient, and/or healthy foad products
with prolonged shelf life as well as sustainability awareness [6], Edible films, endowed with a
low environmental impact, have been progressively improved to effechively protect varnous food
products through tailored mechanical and/or barrier properties, as well as a controlled release of active
ingredients [7]. In addition, these materials might replace the petroleum-based plastics, considered
to be a major threat of pollution of the environment because they are not easily degradable. In fact,
more than 35 million tons of wastes deriving (rom different plastic items are produced each year in
the world and only 7% of them are recycled, the remaining waste being deposited in the landhlls or
dispersed in the oceans [B], Therefore, manufacturers are trying (o reduce the apphcation of plastic
materials, mainly for tood packaging, and to develop innovative biodegradable films and coatings 4],

In recent years, edible films obtained from proteins of both plant and animal sources,
and particularly WPs, received increasing attention [10-14]). These materials are usually obtained by
casting and drying of WP’ solutions, since the properties of extruded and molded materials derived from
WPs are still unsatisfactory [15]. In addition, W applicability in significant processes of pharmaceutical
coating has not yet been really described. In fact, their use has been only proposed in oblaining
films targeted as carriers of antimicrobial agents [16] and as a protective barrier to improve food
shell life [17,18], mostly because WP-based films exhibit a poor barrier capacity against water vapor.
Therelore, the present paper reports studies specifically addressed to find out new experimental
conditions to produce whey-derived films potentially useful for a more extensive application. In this
research, the film formang capacity of WPs denatured at high temperatures and/or alkaline pH was
systematically studied even in comparison with other proteins, Several properties of the W-based films
obtamed at different concentrations of both plasticizer (glycerol, GLY) and structuring (poly-y-glutamic
acid, PGA) agents were also analyzed in the attempt to improve their characteristics.

2. Materials and Methods

2.1. Materials

Commercial WP isolate (~%0% dry basis protein} was obtained from BioLine (London, UK), PGA
was purchased from Xi'an Fengzu Biological Technology Co., Ltd, (Xi'an, China), and its molecular
weight (between 29-30 kDa) determined by capillary viscometry according to lrurzun et al. [19].
GLY and all other reagents were purchased from Sigma (Kawasaki, Japan). Bitter vetch and grass pea
seeds were obtained from a local market in Gallichio (Potenza, [taly). Soy protein concentrate was
purchased from Laboratori Bio Line s.c.l. {(Canaro, Roma, Italy).

2.2, Film Preparation

Film forming sofutions (FF5s) were prepared by dissolving WI isolate in distilled water (1%
WPs, wiv) and adjusting the pH (to 7 or 12) by 0.1 N NaOH addition. FFSs wene heated or not at 8¢
2C for 25 min under continuous stirring. After cooling down at room temperature, GLY (307, 40%,
507 wiw of WPs) andfor PGA (200 mg) were added just before casting 50 mL FFS into 8 cm diameter
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polyester Petri dishes. The derived films were then obtained by drying at 25 °C and 45% RH for 48 h
and analyzed within 24 h.

Protein concentrates from bitter vetch and grass pea seeds (containing 70%—80% of proteins
determined by the Kjeldahl's method) were oblained as previousty described [20,21] with some
modifications. The respective flours were suspended in distilled water (107, w/v}, and then the pH
was brought to pH 11 with 0.1 N NaOH. After stirring for 1 h, the suspensions werne centrifuged for
20 min at 15,000 g at 4 °C and the pH of the resulting supernatants was brought to pH 54 with 0.1 N
HCL The obtained precipitates were dried in the climatic chamber at 25 “C and 45% RH. All FFSs were
prepared by dissolving the plant protein concentrates (2 gJ, under stirring for 1 h, in 100 mL of distilled
water alkalinized at pH 12 and containing 30% (iyt) GLY. The pH of some samples was adjusted at pH
7with 0.1 N HCL Finally, 50 mL of the differently diluted FFSs, containing 500 mg protein each, wene
poured in the Petri dishes and allowed to dry in an enviconmental chamber at 25 °C and 45% RH for
45 h. All the obtained films were analyzed within 24 h.

2.3, Zeta-Potential and Particle Size Measurenients

1.0 mL of each WP containing FFS was analyzed for zeta-potential and particle size by using a
Zetasizer Nano-ZSP (Malvern®, Worcestershire, UK), 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
vlectrophoretic mobility by applying a voltage of 200 mV and by using the Henry equation [22].

2.4. Film Mechanical Properties

All dried films were cut into 1 em x 8 con strips using a sharp scissor and conditioned at 25 °C
and 50% RH for 2 h by placing them into a glass chamber over a saturated solution of Mg(NOy)a
before being tested. Film thickness was measured in six different points with a micrometer (Electronic
digatal micrometer (Metrocontrol, Sel, Casoria, Italy; sensitivity 0.001 mm) and film tensile strength
(TS), elongation at break (EB) and Young's modulus (YM) were determined on live specimens of each
sample (5 cm gage length, 1 kN load and 5 mm/min speed) by using an Instron universal testing
mstrument model no. 5543A (Instron Engineering Corp,, Norwood, MA, USA),

2.5. Film Transmittance and Transparency

Each WP film was cut into 1 em x 4 em strip and placed in a quartz cuvette and its whole hight
transmittance and absorbance spectra were obtained by using a Agilent UV-vis spectrophotometer
(Santa Clara, CA, USA) in the range of 200-800 nm with a scan rate of 250 nnmymin. The transparency
analyses were performed as described by Galus and Kadzinska [23] by calculating film opacity
as follows:

Opacity = Agxmm/X (1)
whene Agapm was the absorbance at 600 nm and X was the film thickness (mm).

2.6. Film Moisture Content anid Uptake

Moisture content test was performed by evaluating the mass loss of the lilm sample after 24 h at
105 “C as previously described [23]. Analyses in triplicate of each film were made and film moisture
content was calculated as:

Film moisture content (%) = (W = Wa /Wy x 100 (2)

where W, is the initial weight of the film and W, is the film weight after drving.
Film moisture uptake tests were carried out by a gravimetric method described by Manrich et
al. [24]. The analysis was performed by determining the mass of film samples after drying at 105 °C
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for 24 h and the mass after the samples were put in a conditioning environment at RH 50% (saturated
solution of Mg(NO4),) for other 24 h. The moisture uptake was finally calculated as:

Film moisture uptake (%) = (W, = Wy yW, x 100 (3)
where W, and Wy are the weight of swollen and dried films, respectively.

2.7. Statistical Analysis

All data were analyzed by means of JIMP software 5.0 (SAS Institute, Cary, NC, USA), used tor all
statistical analyses. The data were subjected to analysis of variance, and the means were compared
using the Tukey-Kramer HSD test. Differences were considered to be significant at p < 0.05,

3, Results and Discussion

3.1. Zeta-Potential and Particle Size

Micro- and nano-particle charge can be quantified by measuring their zeta potential, a quantitative
parameter monitoring the particle mobility in an electncal field. Tt is known that FFS pH value
and components may influence the zeta potential of the dissolved or suspended particles. The data
reported in Table 1 indicate that both heated and unheated WP FFSs prepared at pH 7 and 12 werne
quite stable. In particular, zeta-potential values of the FFSs prepared at pH 12 were markedly more
negative (around =36 mV) than those detected with FISs prepared at pH 7 (around =25 mV), with an
average particle size between 400 and 600 nm regardiess of GLY concentrations and heat-treatment.
Therefore, the WP FFSs prepared at pH 12 exhibit a higher stability due to the repulsive forces and,
as consequence, should give rise to a more homogeneous distribution of WP nanoparticles during FFS
drying and, potentially, to films with improved performance.

Table 1. Zeta-potential and Z-average measurements of whey protein (WP) film forming solutions
(FFSs) prepared at pH 7 or 12 and subjected or not to beat treatment.

Whey Peoteln (WP Film Z-Average (dnm) Zeta-Potential (mV)
Farming Selutions (TFSs) =T TEN) TE [ TEE)
+ W GLY. heated 147.1 & 16420 4ipo s M0t -XZoL10" -3as21"
+ 3% GLY N0+ 1674" 6102 £ 565" 216 204" ~ISH 226
+40% GLY, heatesd 1Mos=211" 54267 ~291 +06" ~354228"
« 4% GLY 5226« 10254 5192« J08% -29102% ~359+24%
+ % GLY, heated 3501 = 1384 B9 =197 ~ZNE01" ~32+33%
+ 30% GLY Sle3s Y 5261 223" ~240 04" -¥BhHe20

Values are mean 25D; means followed by different ketters are significantly different from the values mpocted in the
same column (Tukey-Kramer test, p < 0.05)

3.2, Film Mechanical Propertics

After the analyses of the stability of all the WP FFSs prepared under different experimental
conditions, the mechanical properties only of the handleable films obtained wene inveshigated. In mone
detail, TS, EB, and YM of the films derived from the FFSs, heated and unheated, prepared at pH 120
the presence of different amounts of GLY were determined. Conversely, it was possible to evaluate
the mechanical properties only of the films derived from the FFSs heated and prepared at pH 7 in the
presence of 40% or 50% GLY. In fact, very brittle films were obtained under the same experimental
conditions in the presence of 30% GLY, whereas unmanageable sticky materials were obtained with
unheated FFS at the same pH and at all GLY concentrations, The results reported in Table 2 indicate that
the unheated FFSs, prepared at pH 12 and containing 50% GLY, led to obtain more flexible materials,
as demonstrated by the highest EB and the lowest YM detected. In addition, these values were also
much higher and lower, respectively, than those observed with counterpart films obtamed at pH 7
trom heated FFSs in the presence of 50% GLY (Table 3).
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Table 2. Mechanical properties of whey protein (WP) films obtained at pH 12,

WP Films Tensile Strength Elongation at Young's Modulus Thickness
(MPa) Break (") (MPa) (um)
4307 GLY, heated 340 2 090* B3+487 716 +142° 4$+7
+30% GLY 3720617 46+08° 1851 £ 162% 38+4"
+40% GLY, heated 141+ 008 Y 213+ 550 M0274¢ Wean
+40% GLY 2720122 339+ 850 862327 66220
+50% GLY, heated 060+011° 3604 108" 27 +51°¢ B5+5°¢
+50% GLY 1.11+012% 616+ 86° 241247° K3 +2°¢

Values are mean +5D; means followed by different lotters are significantly different from the values weported in the
same column (Tukey-Kramer test, p < (L05).

Table 3. Mechanical properties of whey protein (WP) films obtained at pH 7.

Tensile Strength Elongation al Young's Modulus Thickness
WE Pilms (MPa) Broalk (%) (MPa) (um)
+40% GLY, heated 281 +072* 364074 3NS5+ 6344 9+ 6"
+50% GLY, heated 320+021° 208 +44" 1647 £77.5% 120 £ 352

Values are mean +SD; means followed by different letters are significantly different from the values reported in the
same cotumn (Tukey—Kramer test, p < 0.05)

Among the numerous studies on WP-based films recently reviewed by Zink et al [13], only few
investigations were carried out under experimental conditions similar to those described in the present
paper. It has been reported that (i) films obtained from native W isolates dissolved in water, and
plasticized with 307 GLY, were weaker and less extendible than films obtained with heat-denatured
WPs, and (i1) the pH (in the range 3-8) of the FFS did not influence the mechanical properties of films
made with both native and heat-denatured WPs [25]. The present results, conversely, indicate that
WPs denatured at alkaline pH give rise, in the presence of 50" GLY, to films still resistant (TS more
than 1 MPa) but more stretchable (EB over 60% and a YM of 24.1 MPa) than those previously obtained
at lower pH with heat-denatured WPs and 30% GLY, which exhibited only 8%~15% EB and a YM in
the range of 141472 MPa [25].

Finally, the only way to obtain WP films at pH values lower than 12, without a previous protein
denaturation, needed the presence of further additives to the FFS. Table 4 reports the mechanical
properties of films prepared in the pH range between 6 and 12 with unheated WPs but in the presence
of not only of a plasticizing (GLY) but also of a structuring agent (PGA) [26].

Table 4. Effect of poly-y-glutamic acid (PGA) on the mechanical properties of whey protein (WP} films
prepared at different pHs and containing 50% GLY .

X Tensile Strength Elongation at Young's Modulus Thickness
Fam-Addiive (MPa) Break (%) (MPa) (um)
None, pH 6 ND ND ND ND
PGA, pH 6 005+ 0017 14+03° 149.0 = 21.4° 550
None, pH 8 ND ND ND ND
PGA, pH 8 131 £ 060" 21+04° 1558+ 2277 7048°
None, pH 10 ND ND ND ND
PGA, pH 10 090 +0.20° 182067 1241 2 2283 73+12b
None, pH 12 111 010" 616+ 86" 2412470 81250
PCA, pH 12 1n+01® 31+08° 1049+ 284 a8+ 11°¢

* All filmy forming solutions (FFSs) prepared in the absence of glyoorol (GLY) did not give rise to handkablo filoms.
Values are mean =5D; means followed by different letters are significantly different from the values seported in the
same column (Tukey-Kramer test, p < 0.05); ND, not detectable values because of the unhandleable materiaks formed.
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However, the feature to give rise to plasticized films at pH 12 but notat pH 7, perfectly manipulable.
and thus suitable to be studied, seems to be quite specific of WPs. In fact, other protein-based films,
such as those derived from bitter vetch, grass pea, and soy seed proteins, were easily oblained at both
pH values, in the presence of only 30% GLY, and their mechanical propertics also investigated (Table 5).

Table 5. Mechanical properties of glycerol (GLY)-plasticized films obtained at pH 7 and 12 from plant

protein sources,
Film Protein Tensile Strength Elongation at Young's Modulus Thickness
Source (MPa) Break (%) (MPa) {um)
Bitter vetch, pH7 173+027° 656+ 1477 615+ 150% L A
Bitter vetch, pH 12 201 £ 0287 879 +190% 4791007 W20?
Grass pea, pH7 859+ 041" 683 +302% 4830 £ 620" 1M +94
Grass pea, pH 12 408 +0.39¢ B0 +126" 4180 = 440b N7 £10°
Soy, pH7 1.59 4 0367 1053 £ 17.7 874 £196° 8227+
Soy, pH 12 11.40 & 1.804 168 +87% 5748 £ 433" 3a3b

Values are mean 25D; means followed by diffesent letters are significantly diffecent from the values sepoeted in the
samwe cobumm (Tukey—Kramer test, p < 0.05),

3.3. Film Transparency

Since the appearance of the coated products plays an important role in consumer acceptability,
the opacity of the obtained WP films was evaluated by measuring light transmission through the films
at a wavelength of 600 nm [23]. Table 6 clearly indicates that only slight differences were detected
between the films prepared at pH 12 and pH 7. Nevertheless, opacity was observed to significantly
change, being higher in the lilms obtained at pH 12 without FFS heating and, when FFS was heated,
at higher GLY concentrations. The opacity values detected, which resulted from the same order of
magnitude of those of films prepared by Galus and Kandiska at pH 7 from a heated WP isolate |27],
were also compared with ones exhibited by traditional commercial plastics such as cellulose tnacetate
and polypropylene, which resulted more and much less transparent, respectively, than the WP films,

Table 6, Opacity of whey protein (WPp-based films oblained under different experimental conditions.

Whey Protein (WP) Films Opacity (A p/mm)
+30% GLY, heated, pH 12 118 + 0,64 %
+30°% GLY, pH 12 265 001"
+40rs GLY, heated, pH 12 123 £005°
+40 GLY, pH 12 207 £ 02540
+50% GLY, heated, pH 12 1.57 £ 01340
+50° GLY, pH 12 220208120
+40% GLY, beated, pH 7 166 + 0,01 *F
+50% GLY, heated, pH 7 127 £0m?
Polypropylene * 32,02 4335
Cellulose triacetate * 0.54 = 0.09

* Valuas from Giosatatto ot al. [21] Values are mean =S0; means followed by different letters are significantly
different from the other values (Tukey-Kramer fest, p < 0.05)

It is warthy Lo note that no differences were observed among the absorbance and transmittance
profiles obtaned analyzing the various films prepared at different GLY concentrations and pH values,
as well as with heated or unheated WTs. A typical film obtained from an FFS prepared at pH 12 and
containing unheated WFs and 0% GLY is shown in Figuree 1, together with its whole transmittance
and absorbance spectra, Furthermore, the Jow transmittance of all the films at UV wavelengths should
be considered a further interesting feature of the WP-based materials, being potentially able to prevent
possible physicochemical alterations of coated/wrapped foods or drugs,
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Figure L Film obtained at pH 12 with unheated whey proteins (WPs) in the presence of 50% glycerol

(GLY) (a) and its whole transmittance (A) and absorbance (B) spectra (b).
3.4. Film Moisture Content and Moisture Uptake

The prepared WP films were also analyzed for moisture content and moisture uptake, as these
features are important for food packaging applications, particularly when the water activity is high or
when the film should act as a food protective barrier [25]. In fact, a high moisture content of the coating
material considerably limits its use for packaging foods. The results reported in Table 7 showed that
the moisture content of the films prepared at pH 12 decreased when the FFS was previously heated,
as well as when the amount of GLY was lower in both heated and unheated samples, Conversely,
film water uptake did not seem to significantly change in all films cast at pH 12, Finally, the moisture
uptake values were found significantly lower when the films were prepared at pH 7.

Table 7. Moisture content and uptake of whey-protein (WP)-based films obtained under different
experimental conditions.

Whey Protein (WP) Film Moisture Content (") Moisture Uptake (")
+30% GLY, heated, pH 12 1524 = 1.324 1331 £ 1.00%
+30% GLY, pH 12 2035+ 1.20% 15.05 +0.73 7
+40% GLY, heated, pH 12 1839 £ 1.94% 1570 £ 0.04°
+40% GLY, pH 12 2565+ 0,69 ° 1598 +2.10°
+50°% GLY, heated, pH 12 18.93 +3.30° 14.90 + 066 *
+50% GLY, pH 12 20,50 + 2304 16,56 +0.77 *
+40% GLY, heated, pH7 2143 £ 032% 912+ 085"%
+50% GLY, heated, pH 7 3327 £ 050 901 072"

Vahnn!mn155;nmshlbwzdbydi&-mﬂk&ums@ﬁﬁmnﬂydi&mthmhvﬂmnw¢hdhh
waerwe cobumn (Tubkey—Keamor test, p < 0.05)

4. Conclusions

Since it is known that denaturation and aggregation of WPs are pH dependent. with strong
alkalis producing rod-like microstructures able to form fine-stranded fiber-like matrices, the possibility
of obtaining GLY-plasticized materials by using WP isolate treated at pH 12 without heating was
mvestigated and demonstrated. Conversely, at pH 7, it was necessary not only to previously heat at
80 °C for 25 min the WP-containing FFS, but also to increase to at least 40% the GLY concentration
to obtamn handleable films, The developed expenmental conditions allowed the production of
hydrocolloid films with higher flexibility with respect to the WP-based films so far obtained at pH 7
following FFS heat treatment, probably because WPs denatured under alkaline conditions form small
primary aggregates able to combine into large clusters [29].
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3.2. Preparation and characterization of transglutaminase-
crosslinked whey protein films

Further experiments were focused on the use of the enzyme mTG
to improve the technological properties of WP-based bioplastics.
mTG is an enzyme able to catalyze the formation of intra- and
intermolecular isopeptide bonds between endoprotein glutamine
(GIn) and lysine (Lys) residues®*. Several preliminary experiments
were carried out to study the best conditions to produce mTG
crosslinked WP-based bioplastics. The extent of mTG-mediated
crosslinking was assessed by means of SDS-PAGE analysis on the
basis of the decrease of a-lactaloumin (Mr ~ 14.2 kDa) and [-
lactoglobulin (Mr ~ 17.4 kDa) protein bands and the concomitant
increase of both high molecular weight polymer formation and dark
smearing. It is worthy to note that the only treatment of WPs, under
alkaline conditions (pH 12), leading to protein denaturation, was not
sufficient for WPs to act as an effective mTG substrate.

mTG concentration (U/g of WPs)

Figure 8: SDS-PAGE of (1%, w/v) WP-containing FFSs, previously treated under
alkaline pH with different concentrations of mTG (U/g of WPs)

In fact, the results shown in Figure 8 demonstrated that WPs were
barely crosslinked by mTG. Hence, WP heat pre-treatment,
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performed for 1 h at 80°C, was crucial as it allowed to expose Gin
and/or Lys endoprotein reactive residues to the enzyme. The results
obtained under these experimental conditions demonstrated that the
incubation of heat-treated WPs at pH 7.0 for 2 h in the presence of
mTG was effective in modifying both [-lactoglobulin and a-
lactoalbumin (Figure 9).

mTG concentration (U/g of WPs)

ity

1hr incubation 2hr incubation

Figure 9: SDS-PAGE of 1% (w/v) heat-treated WPs incubated with different
concentrations of mTG (U/g of WPs)

Following mTG modification, the pH was adjusted to pH 12 since,
as reported in Abdalrazeq et al.?5, the alkaline pH led to obtain
handleable, transparent and more flexible films. GLY (40%, w/w of
WP) used as plasticizer was finally added and films were obtained
by casting the obtained WP-based FFSs. Preliminary
characterization of FFSs was carried out, including the measuring of
the FFS stability and particle size (Table 1) and, then, the derived
films were prepared and characterized for their mechanical features
(Table 2). Zeta potential measurements (Table 1) indicated that the
FFSs, either incubated or not with mTG, were quite stable, whereas
the mean patrticle size was affected by the enzyme addition being
higher for the samples enzymatically treated, likely as a
consequence of the formation of protein isopeptide bonds. Our
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results are in agreement with the results reported by Giosafatto et al
2018'%4, even though WP-FFSs were more stable than grass pea
proteins studied by these authors.

Table 1: Zeta potential and mean particle size of WP (1%, w/w) FFSs containing
different concentrations (U/g of WPs) of mTG in the presence of 30% GLY*

WP FFSs Z- average {-potential

{d.mn) {mVv)
-mTG 171+ 7% -338:25*
+8 U/g mTG 268+11° -3882x14°
+16 U/g mTG 263417 % 305218 "
+24 U/g mTG 1827 ¢  -418228"

+32 U/g mTG 233¢12¢ -331%22°

*Values are mean +SD; the different letters indicate significant differences from the values reported
in the same column (Tukey-Kramer test, p < 0.05).

As far as film characterization, as it is possible to see from Table 2,
the mTG containing materials showed an increase in film thickness
likely due to an increase of the free volume inside the matrix caused
by the isopeptide bond formation catalyzed by the enzyme.
Mechanical properties analyses showed that mTG slightly enhanced
the EB and reduced the YM, indicating that the enzyme was able to
produce more flexible and less stiff films (Table 2).

Table 2: Mechanical properties of films obtained with WPs (500 mg) in the
presence of 30% GLY and different concentrations (U/g of WPs) of mTG*

Elongation at Young's

Break Modulus Thickness
(MPa) (um)
-mTG 24:06* 104+49° 164.7 £ 484 * 112 £ 28 *°

+8U/g mTG 11£02°Y 16.7+5.2%° 3392 50" 92+ 6"
+16 U/g mTG 08:202° 19.1+6.1%° 257+ 45"Y 150+18 *
+24U/gmTG 08:0.2° 27.6+89°¢ 266+ 48" 122+ 8 *
+32U/gmTG 09:0.1" 17.9+33" 286+ 63" 156+ 14 ©

*Values are mean £SD; the different letters indicate significant differences from the values reported
in the same column (Tukey-Kramer test, p < 0.05).
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From the results reported above it was possible to state that 24 U/g
was the best concentration of enzyme since a reduction of
mechanical properties was observed when a higher amount (32 U/g)
was exploited (Table 2). In addition, from a macroscopically point of
view, all the films, either untreated or treated with 24 U/g of enzyme,
were very similar appearing in both cases transparent and
heandleable (Figure 10).

-mTG +mTG

Figure 10: WP (500 mg)-based films prepared in the absence (left) and presence
(right) of 24 U/ g mTG

Furthermore, the results of the viscosity test are, showed in Figure
11, indicate that a significantly increased value was obtained with
the WP FFS containing 24 U/g mTG. These data confirm the protein
polymerization due to the formation of intermolecular isopeptide
bonds between endo-protein Gln and Lys residues.

b

i

Specific viscosity

mTG +24 Ufg mTG

Figure 11: Viscosity of heat-denatured WP (1%, w/w) FFSs prepared either in
the absence or presence of 24 U/g of mTG, Values are mean +SD; the different
letters indicate significant differences from the values reported in the same
column (Tukey-Kramer test, p < 0.05).
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Further experiments were carried out by using 24 U/g of mTG and
by increasing GLY concentration up to 40%. The results reported in
Table 3 show that the films prepared under these experimental
conditions had an increased resistance and extensibility.

Table 3: Mechanical properties of WP (500 mg)-based films obtained in the
presence of 40% GLY after FFS treatment with 24 U/g mTG*

Tensile Elongation Young's Thick
Film strength at break Modulus [": l‘:r -
(MPa) (%) (MPa) g
- mTG | 1.4+02° | 343+3.9%| 292:49° | 79+2%
+ mTG {24L.|,-"g:l 2.2+0.1° 498+ 530 S0E+260 Fi+1d

*Values are mean +SD; the different letters indicate significant differences from the values reported
in the same column (Tukey-Kramer test, p < 0.05).

It was proved that mTG pretreatment of WPs had a slight but
significant effect also on the moisture content and uptake of the WP-
based films (Table 4), likely due to the more homogenous and tighter
structure created by mTG-catalyzed isopeptide bonds in the WP
matrix.

Looking for customers acceptability, film transparency was also
investigated. mTG treatment was also shown to significantly
improve the transparency of the produced bioplastics, as
demonstrated by the reduction of the film opacity (Table 4).

Finally, since CO2, Oz and WV permeability properties are important
parameters for assessing an industrial application of biodegradable
materials, the barrier effects of the prepared films were investigated.
The results summarized in Table 4 show that mTG strongly
increased CO2 and Oz barrier properties of the mTG-crosslinked
films, whereas WV permeability was not affected at all by the
enzyme treatment. Following studying the above described
variables affecting the formation and properties of WP-based films,
the developing of additional WP-based bioplastics has been carried
out using different strategies and additives in the attempt to further
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improve the biological as well as the physico-chemical features of
the WP-based biodegradable materials.

Table 4: Functional properties of films obtained with heated WPs (500 mg) cast
at pH 12 in the presence of 40% GLY and containing 24 U/g of mTG*

Permeability
Moisture Moisture Opacity
Film content uptake co, wv o,
(%) (%) lem® mm m?day?! kPal)
-mTG 22.1+092 12.2+09* | 1.9+06" | 0.90+0.06* | 0.04+£0.01* | 0.26 £0.02*
+ 2 UfegmTG | 188+1.00 | 10642050 [ 1.2+01% | 0.14+0.02% | 0.04+0.01% | 0.02+0.01"

*Values are mean +SD; the different letters indicate significant differences from the values reported
in the same column (Tukey-Kramer test, p < 0.05).

3.3. Whey protein-based film grafted with poly
hydroxybutyrate-co-hydroxyhexanoate) nanoparticles

(3-

More recently, much attention has been given to the production of
biopolymer composites where at least one of their components has
nanometric dimensions (1-100 nm)%. Such nano-reinforcement is
due to NPs of different chemical nature added to a variety of
biopolymers with the aim to obtain nanocomposites with improved
mechanical and other chemico-physical properties. In this context,
we have focused on NPs derived from the aliphatic polyesters PHAs
(PHBHHX), since one of the purposes of the present project was to
produce WP-based films grafted with PHA NPs (PHBHHx). This
experimental part was carried out in collaboration with Dr. lolanda
Corrado, attending the same 33 Ph.D. cycle, who focused on the
preparation and characterization of the PHA-NPs. The results
obtained by using PHBHHx demonstrated that this strategy was able
to enhance some properties of the WP-based films as it is possible
to see in the following published article.
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1. Introduction

The redesigning of plastic materials under a “green perspective” is,
nowadays, necessary to address the issue of plastic pollution as well as of
shortening of fossil resources. In the bioplastics scenario, materials
derived from natural bio-based polymers (i.e. polysaccharides, proteins)
or produced by bacteria from renewable resources (ie. poly-
hydroxyalkanoates, PHA) play a key role, due to their renewable origin
and biodegradability features. In particular, the formulation of new
biobased composites based on the combination of different classes of
biopolymers represents an area of increasing interest for numerous
application fields (Li, Yang, & Loh, 2016; Raza, Abid, & Banat, 2018;
Zhang, Shishatskaya, Volova, da Silva, & Chen, 2018).

PHAs are a family of polyesters accumulated by various bacteria
as carbon and energy storage under stressful conditions. Due to their
intrinsic  biodegradability and d biocompatibility
(Elmowafy et al., 2019; Koller, 2018), PHA found a range of ap-
plications, from food packaging to biomedical sectors. The spectrum
of properties displayed by PHA-derived materials is very close to

rated
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that of conventional petro-plastics, and is dependent on their
monomer structure and relative content, which influence the phys-
icochemical parameters of the biopolymers as well as their kinetics
of biodegradation (Chanprateep, Buasri, Muangwong, & Utiswan-
nakul, 2010). In the last decade, different PHAs (poly-
hydroxybutyrate, PHB; poly-3-hydroxybutyrate-co-hydroxyvalerate,
PHBV;  poly-3-hydroxybutyrate-co-hydroxyhexanoate, PHBHHXx)
have been exploited for the preparation of nanoparticles (NPs), able
to encapsulate and release various drugs (Kalia, 2019; Kiliay et al.,
2011; Murueva, Shishatskaya, Kuzmina, Volova, & Sinskey, 2013;
Naureen et al., 2015; Sandoval, Rivera, Barrera-Rivera, & Marti-
nez-Richa, 2010; Shrivastav, Kim, & Kim, 2013). Among the
different polymers, PHBHHx displays peculiar elastic properties,
thus emerging as promising biopolymeric source for the designing of
nanocomposites with improved flexibility (Raza er al.. 2018; M,
Vastano et al., 2017; Vastano, Corrado, Sannia, Solaiman, & Pez-
zella, 2019).

However, despite their potential, the effective exploitation of PHA-
based materials is still hindered by their high production costs.

Received 23 April 2020; Received in revised form 9 July 2020; Accepted 10 July 2020

Available online 15 July 2020
0268-005X/© 2020 Elsevier Ltd. All rights reserved.

39



L Corrado et al

Consequently. sustainable strategies for PHA production are based on
the use of waste materials as starting feedstock for microbial fermen-
tation and are considered even more effective if integrated in a bio-
refinery concept (Kumar & Kim, 2018; Nugroho Prasetyo et al., 2010;
Vastano et al., 2019). In this regard, an engineered Escherichia coli strain
able to produce PHBHHx (40:60 M ratio) was developed (Vastano et al.,
2017) and its ability to accumulate the biopolymer through the valor-
isation of waste materials was recently demonstrated (Vastano et al.,
2019).

Another class of renewable biomacromolecules that deserves a spe-
cial attention is represented by proteins derived from agro-food by-
products as they are quite abundant and their recovery might contribute
to waste reduction. In particular, it is important to mention proteins
present in the whey, a by-product of dairy industries produced in huge
amounts following milk casein coagulation. The total worldwide whey
production is estimated to be more than 180 million tons/year, the
major amount (approximately 70%) coming from the EU and USA
(Yadav et al., 2015). Only 50% of whey is recycled and converted into
high added value produects (Mollea, Marmo, & Bosco. 201 3). For both
the large volume and the high organic content the direct disposal of
whey is not environmental friendly and it is virtually forbidden all over
the world. The great majority of whey proteins (WPs) is represented by
f-lactoglobulin and g-lactalbumin, endowed with different features such
as solubility, foaming, and gelling ability (Norwood, Croguennec, Le
Floch-Fouéré, Schuck, & Jeanter, 2018) suitable for several biotechno-
logical applications. In particular, it was recently found out that under
alkaline conditions these proteins have the ability to give rise to prom-
ising edible bioplastic materials (Abdalrazeq et al., 2019). However,
WP-based films, like all the hydrocolloid films, suffer from limitations in
barrier and mechanical features, often requiring additives to improve
resistance to moisture transfer as well as to enhance their flexibility
(Ramos et al., 2012). Many authors investigated the possibility to
improve the features of WP-based films by blending them with poly-
saccharides. Addition of polysaccharides has a significant effect on the
physical properties of protein-based edible films (Cietla, Salmieri, &
Lacroix, 2006). In this respect, Di Pierro et al. (2013) (Di Pierro et al.,
2013) examined the behaviour of pectin and thermally denatured WPs
at various protein,/polysaccharide ratios and at various pH values. The
same authors also investigated the effect of the addition of chitosan to
WP-formulations, in erder not only to enhance the film technological
properties but also to confer antimicrobial activity to the derived bio-
plastics thus extending fresh dairy product shelf-life (Di Pierro, Sor-
rentino, Mariniello, Gicsafatto, & Porta, 2011). Moreover, further
investigations have been focused on the use of different NPs, such as the
ones prepared by nanocellulose, usually used to improve the properties
of diverse biomaterials (Sharif Hossain, Uddin, Veectil, & Fawzi, 2018).
As matter of fact, cellulose nanostructures have been most usually
applied as reinforcing phases, but they may also be used as matrices fora
variety of materials including films for food packaging applications
(Azeredo, Rosa, & Marttoso, 2017). As far as WP-based films reinforce-
ment some efforts have been made by using porous silica (510,) coated
titania (TiOa) NPs (TiOa2@@5i0,) (Kadam et al., 2013), and it was
demonstrated that the incorporation of TiO,@@5i0; NPs helps to
improve WP-based film mechanical properties. However, the optical
properties of the WP films were dramatically modified following
incorporation of these NPs, changing from a transparent appearance to
an opaque one, even though the embedded NPs contributed effectively
to increase the thickness of films and to alter the contact angle of their
surface, Therefore, the development of high strength, flexible
nano-biocomposites controlling nanoparticle properties, their volume
fraction and their topographic distribution within the scaffold sdll re-
mains a significant challenge.

With the aim to decrease the hydrophilicity of WP-based materials
and, consequently. to improve their performance, the possibility to
prepare nano-biocomposites by blending WP-proteins with NPs ob-
tained from PHBHHx has been studied. In this paper, the optimal
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formulation of PHBHHx-NPs into the whey protein film martrix was
explored and the technological properties of the derived films
investigated.

2. Material and methods

2.1. Marterials

Commercial WP izolate (—90% dry basis protein) was obtained from
BioLine (New Zealand), Glycerol (GLY) and all other reagents were of
analytical grade and they were purchased from Sigma (Steinheim,
Germany ).

2.2, Recombinant production of PHBHHx

For PHBHHx production, recombinant Escherichia coli strain, LipoB,
was cultured in an Eppendorf NewBrunswick. BioFlo/CelliGen®115
according to (Vastano et al, 2017). LipeB strain was grown in
Luria-Bertani (LB) broth at 37 °C, supplemented with ampicillin (100 pg
mL™"). After 12 h, the pre-inoculum was transferred in M9 medium at
ODgogne of 0.1. The composition of M9 medium is as follows (for 1 L):
100 mL M9 salt [10x]; 0.1 mL of CaCly [1 mol L™']; 5 mL of Glucose
[40%]; 2 mL of Mg504 [1 mel L._l]. Composition of M9 salt [10x] for 1 L
[pH 7.4] is as follows: 60 g Na,HPO,; 30 g KH,PO4; 5 g NaCl; 10 g
NH4CL The media were completed after sterilization with the carbon
source and other components were prepared in a concentrated solution.
A stock solution [20 g L™'] of yeast extract was autoclaved and then
added to complete mediumat2 g L™ ' M9 was supplemented with 0.01
mM of FeSO4. Sodium octancate was prepared in a stock solution of 40
[z L™'] and sterilized by filtering. This additional carbon source was
added to the cultures (0.1 w/v) as extra-volume. Induction of protein
expression was performed after 5 h from the inoculum with 0.5 mM
IPTG (isopropyl-§-1-p-thiogalactopyraneside). Cultures were carried out
for additional 48 h. At the end of the batch fermentation, cells were
recovered by centrifugation and solvent extracted with chloroform by
using Soxhlet apparatus (100 mL for gram of lyophilized cells). The
dissolved biopolymer was then precipitated by the dropwise addition of
cold methanol (10 vol). The pelymer was collected by cenwifugation
(5500 g, 30 min at 4 °C), recovered using fresh chloroform and dried
under a Ny flux at 2] *C. The purified polymer was stored at 4 °C until
further use.

2.3, Synthesis of PHBHHx-NPs

Synthesis of PHBHHx-NPs was carried out using solvent evaporation
protocol. Briefly, polymer was dissolved in chloroform ar different
concentrations and was then added to 5 mL of aqueous solution of so-
dium dodecyl sulphate (SDS) (4.44 mg/mL). The mixture was stirred at
room temperature for an hour on a magnetic stirring plate, resulting in
monodisperse chloroform droplets containing the dissolved polymer,
separated from water by the SDS. Sonication (Sonopuls HD 2070; with
standard horn) was then used (40% amplitude, 5 s pulse, § min) to
emulsify the droplets and form the PHBHHx-NPs. Chloroform was
removed by evaporation leaving the emulsion at room temperature
under stirring for 24 h. Residual chloroform was removed in a rotary
evaporator under partial vacuum at RT. NPs were recovered by centri-
fugatien (5500 g, 10", 4 °C), resuspended in 10 mL of distilled water and
filoated using sterile filter paper disk (0.45 pm). Different organic:
aqueous phase ratios, and SDS to PHBHHx mass ratios were assessed
(see Results and discussion). The yield of recovered NPs was calculated
as: Y = Mp*100/Mup, where Myp is the mass of recovered NPs, and Mp
the amount of polymer used for their preparation.

2.4, Film preparation

Film forming solutions (FFSs) were prepared by dissolving WP
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isolate (500 mg) in 25 mL distilled water and adjusting the pH to 12 by
0.1 N NaOH addition. The derived solutions were stirred for 1 h and,
then, aqueous dispersion of PHEHHx-NPs (1, 2, 4 or 8%, w/w of WPs)
was added under continued stirring at 700 rpm for 15 min. GLY (40%,
w/w of WPs), used as a plasticizer, was finally added, under continued
stirring for 15 min, just before casting. Each FFS (25 mL) was poured
into & em diameter polyester Petri dishes and the films were then ob-
tained by drying all the FFSs at 25 °C and 45% RH for 24 h.

2.5, Zeta potential and particle size measurements

PHBHHx-NPs dispersion (0.1 mg/mL) in water and 1.0 mL of each
WP-based FFSs were analysed for zeta potential and particle size by
using a Zetasizer Nano-Z5P (Malvern®, Worcestershire, UK). The device
was equipped with a helium-neon laser of 4 mW output power with a
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 and using
the Henry equation.

2.6. Film mechanical properties

All dried films were cut into 1 cm = 8 cm strips by using a sharp
scissor, conditioned at 257 C and 50% RH for 24 h by placing them into a
glass chamber over a saturated selution of Mg(NOs): before being
tested. Film thickness was measured in six different points with a
micrometer (Electronic digital micrometer, DC-516, sensitivity 0.001
mm) and film tensile strength (TS), elongation at break (EB) and
Young's modulus (YM) were determined on five specimens of each
sample (5 cm gage length, 1 kN load and 5 mm/min speed) by using an
Instron universal testing instrument model no. 5543 A (Instron Engi-
neering Corp., Norwood, MA, USA).

2.7. Film permeability

Gas (CO; and O) and water vapor permeability (WWP) was deter-
mined using a modification of ASTM Standard Method D 3985-8126
with MultiPerm apparatus (ExtraSolutions s.r.L, Pisa, Italy). The sam-
ples, duplicates of each film, were conditioned for 2 day at 50% RH
before measurement. Aluminum masks were used to reduce film test
area to 5 em®. The testing was performed at 25 °C under 50% RH.

2.8, Film ransparency

The opacity of each sample was investigated as described by Shev-
kani et al. (2015) (Shevkani & Singh, 2015). This methed is based on the
measurement of absorbance at 600 nm (spectrophotomer UV/Vis
SmartSpec 3000 Bio-Rad, Segrate, Milan, ltaly) divided by the thickness
(mm}). All the samples were cut into pieces of 1 em < 3 cm and they were
let adhere perfectly to the wall of the cuverte. For studying the trans-
mittance, film strips (1 cm * 4 cm) were placed in a quartz cuvette and
their whole light transmittance was obtained by using an Agilent UV-vis
spectrophotometer (Santa Clara, CA, USA) in the range of 200-800 nm
with a scan rate of 250 nm/min.

2.9. Scanning electron microscopy (SEM)

A field emission scanning electron microscope (FE-SEM, FEI Nova
NanoSEM450) was used to study the morphology of both films (cross-
section and surface) and PHBEHHx-NPs. For cross section imaging, the
films were previously frozen using liquid nitrogen and then cryo-
fractured. To investigate the PHBHHx samples, a droplet of NPs (sus-
pension in water) was deposited on carbon stickers on aluminum stubs
and then dried at room temperature. The images were acquired using an
incident electron beam energy between 2 and 5 kV and by collecting
secondary electrons (SE) with an ETD or TLD detector.
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2.10. Transmission electron microscopy (TEM)

Samples for TEM analysis were prepared by placing a drop of a water
dispersion of the PHBHHx-NPs on a carbon-coated copper TEM grid and
allowing the solvent to evaporate. TEM images were collected using a
FEI TECNAI G2 S-twin apparatus operating at 120 kV (LaBg source).

2.11. Statistical analysis

The results were analysed statistically using the JMP software 5.0
(SAS Institute, Cary, NG, USA). Arithmetic means and mean square er-
rors were caleulated in all eases. Data are referred to experiments carried
out in triplicate, both for NPs preparation and film characterization.
Significant differences in average values were tested using the Tukey-
Kramer HSD test (significance level: P < 0.03).

3. Results and discussion
3.1. Characterization of PHBHHx-NPs

PHBHHx-NPs were prepared using the solvent evaporation tech-
nique, by dispersing a polymer solution in the aqueous phase containing
SDS as surfactant. The effect of different parameters on the Z-average
size, polydispersity index (Pdl) and zeta potential of PHBHHx-NPs was
assessed (Table 1). Taking the SDS concentration invariable, the poly-
mer amount was reduced from 50 to 5 mg mL', keeping constant the
volume of the organic phase (0.25 mlL). This allowed to explore a SDS&:
PHBEHHx mass ratio, ranging from 1.8 to 17.6 mg of surfactant for mg of
polymer (Table 1, trials A-D). The highest polymer concentration
resulted into the greatest particle size (trial A). The increase of the SDS&:
PHBHHx mass ratio corresponds to a decrease into particle size down to
82 nm (Trial D), while the Pdl is almost comparable (Trials B-D) and
indicative of very monodisperse NPs. In all the tested conditions,
PHBHHx-NPs revealed a good stability, with zeta potential values < -30
mV. An increase in the NPz recovery efficiency was also observed
increasing the SDS: PHBHHx ratio. Another variable explored in
PHBHHx-NPs preparation, was the erganic: aqueous phase ratio. The
effect of this parameter was tested, keeping constant the volume of the
aqueous phase and increasing the organic one from 0.5 te 2.5 mL
(Table 1, Trials E-G). In these conditions, the same amount of PHBHHx
(12.5 mg) was used, leaving constant the SDS: PHBHHx mass ratio.
However, particle size was almost unaffected by decreasing the solvent
ratios, achieving a diameter of about 110 nm, whilst the Pdl slightly
increased from trials E to G (remaining always < 0.2), thus indicating a
homogeneous particle dispersion. All these conditions produced stable
NPs, as revealed by their zeta potential values.

In the preparation of NPs via solvent evaporation, the surfactant
plays a crucial role in term of size distribution of the formed NPs. The
ionic surfactant forms a repulsive barrier around the droplet in the form
of an electrical double layer, thus avoiding coalescence phenomena.
Usually, an increase in surfactant concentration makes the particles size
to decrease down to a minimum value over which the particles start to
increase again (Komaiko & MecClements, 2015), probably because of the
large increase in viscosity that makes emulsification difficult (Jaouani,
Tabka, & Penninckx, 2006; Saberi, Fang, & McClements, 2013; Tebaldi,
Maia, Poletto, de Andrade, & Soares, 2019). In trials A to D, a decrease in
particle size was observed with increasing SDS: PHBHHx ratio. This
result derives from the combination of two effects: i) a higher amount of
surfactant is available to surround polymer particles; ii) a lower polymer
concentration reduces the viscosity of the organic phase, thus increasing
the stirring efficiency. Similarly, Radu et al. (Radu et al., 2019) have
shown that an increase in polyvinyl alechel to PHBHV ratio causes a
progressive reduction inte particle size up to an equilibrium, under
‘which smaller particles could not be obtained. The increase in organ-
ic/aquecus phase volume ratio was reported to cause a decrease in poly
(lactic-co-glycolic acid) NP size prepared by emulsification-solvent
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Table 1
Effect of SDS/PHBHHx mase ratio and aqueous/organic (A/0) phase volume ratio on Z-average size, polydispersity index (Pdl) and zeta potential during PHBHHx-NPz
production.
Values are mean + SD; the diffe letters indi significant diffe from the values reported in the same column (Tukey-Kramer test, p < 0.05).
Trial  PHBHHx Organicsolution  Polymer concentration SDS/PHBHHx A/O phase Z-average size Pdl Zeta potential Method
(mg) (mL) (mg mL~") mass ratio (mL) (d.nm) (mV) efficiency (%)
A 125 0.25 s0 18 20 127 0153 -30* 59.8%
B 65 0.25 25 35 20 99" o1ss -s3° 71.3%
c 25 0.25 10 8.9 20 90" 0.191 —40° 79.4%
D 1.25 0.25 s 17.6 X 82° 0195 —44* 20.5%
E 125 05 25 18 10 123" 0.128 -3 57.6%
F 1.25 1 125 18 5 u7 0148 -62° 55.8%
G 1.25 25 5 18 2 133* 0.184 -s0B* 67.8%

evaporation technique (Mainardes & Evangelista. 2005; Poletto et al.,
2008). In this case, the coalescence of droplets is prevented by a greater
amount of organic phase available for diffusion in the forming emulsion.
The conditions explored in our study (trials E-D) did not lead to the same
effect. On the other hand, another study demonstrated that the diameter
of poly (lactic-co-glycolic acid) nanoparticles prepared with the same
method was not influenced by increasing volumes of organic phase
(Budhian, Siegel, & Winey, 2007), indicating that the solvent effect is
finely dependent on the applied experimental conditions.

Taken together, the results in Table | indicate that condition D as-
sures the smallest particle size (in the nano-range) together with a good
stability and high recovery efficiency. In addition, these NPs formed a
stable colloidal suspension in water which could be stored at RT for at
least 7 days without aggregation. The NPs derived from condition D
were further characterized by SEM and TEM analyses. Images in Fig. |
indicate that PHBHHx-NPs derived from condition D were regular and
spherical in shape (Fig. 1). Furthermore, their di ed

Villalonga-Santana, Garcia-Almendarez, & Porta, 2018), with a more
pronounced effect observed at the highest concentration of NPs tested
(Table 2). Then, the FFSs were cast and the derived films characterized.
It is worthy to point out that all the films analysed in this study were
prepared under alkaline conditions (pH 12.0) without any preliminary
WP heat treatment, an experimental condition that allowed to obtain
handleable, transparent as well as flexible films (Abdalrazeq et al..
2019).

3.2.1. Film mechanical properties

Mechanical properties of both WP films and WP/PHBHHx-NPs
composite films were determined by calculating the stress-strain
curves. The data reported in Table 3 show that PHBHHx-NPs have a
significant plasticizing effect on the WP-based films, as indicated by the
marked decrease of YM and concurrent increase of EB observed by
increasing the NP amount into the film matrix. On the other hand, a

ificant TS reduction was detected only at the highest concentration

from SEM and TEM images are in accordance with those obtained by Z-
average size measurements. In particular, SEM images (Fig. 1A and B)
show the presence of aggregated polymeric nanoparticles whereas TEM
image, reported in Fig. 1C, highlights the presence of isolated NPs with
an average diameter of 60-90 nm.

3.2, Characterization of WP/PHHB-NPs composites

PHBHHx-NPs were tested as nanofillers in the preparation of WP-
based films. To this aim, PHBHHx-NPs were added to WP containing
FFSs, plasticised with 40% (w/w) glycerol at different concentrations
(from 1 to 8%, w/w of WPs), and then mechanically stirred for 15 min.
The FFSs prepared either in the absence or presence of different amounts
of NPs, were analysed for their zeta potential and particle size, resulting
into the formation of stable solutions with zeta potential values between

30.1 and 33.7 mV (Table 2). The addition of PHBHHx-NPs led to a
significant reduction in the particle size (Fermnandez-Bats, Di Pierro

of NPs tested, thus indicating that PHBHHx-NPs concentrations up to 4%
made the films grafted with NPs more extensible without loss of their
original resistance. Similar results were obtained by using zinc oxide
NPs incorporated into pectin/alginate edible films (Ngo. Dang, Tran, &
Rachtanapun, 2018).

Table 2

Effect of different concentrations of PHBHHx-NPs on WP FFS zeta potential and
Z-average size.

Values are mean = SD; the different letters indicate significant differences from
the values reported in the same column (Tukey-Kramer test, p < 0.05).

PHBHHx addition Z-average size (d.nm) Zeta potential (mV)
none 2448+ 433" -320+59"
+ 1% 1241.0 £ 46.4 7 -326+30"
+ 2% -30.1+ 47"
+ 4% -30.1+24"
+ 8% -337+ 46"

Fig. 1. SEM (A and B) and TEM (C) images of PHBHHx-NPz (2.10 Yand 2.70 * mg/mL, respectively).

PHBHHx-NPs were prepared under the experimental condition D described in Table |1; SEM images were ob
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Table 3

Effect of different concentrations of PHBHHx-NPs on the thickness and me-
chanical propertics of WP-based films.

(TS, tensile strength; EB, elongation at break; YM, Young's modulus). Values are
mean =+ 5D; the different letters indicate significant differences from the values
reported in the same column (Tukey-Kramer test, p < 0.05).

Food Hydrocolloids 110 (2021) 106167

(A600 am/mm = 2.1 + 0.3). Fig. 2 also shows that the presence of NPs
inside the WP biopolymer matrix conferred to the film a higher visible
and UV barrier property as indicated by the lower light transmission in
the range between 200 and 280 nm and 350 and 800 nm, respectively
(Leceta, Guerrero, & De La Gaba, 2013). Itis worthy to highlight that the
pre ion of lipid oxidation induced by UV is a further requirement in

Film TS(MPa)  EB (%) YM (MPa) Thickness
(pmm)
wP 31+£08 88+1.1% 1041+129 85+4*
. b

WP+1% PHBHHx 33+05 73+25* 1304+132 83+3°
-NPs . e

WP-+2% PHBHHx 3.0+£02 10122 109.1+82% 7137
NPs . . .

WP-+4% PHBHHx 32+02 166+ 783+34% 72+1%
-NPs A os®

'WP-+8% PHBHHx 20+02 240+34 285+68° 67 +5%
-NPs . <

Finally, also the film thickness was observed to decrease significantly
in parallel with the increasing amount of NPs inside the matrix, and also
this result is in strict agreement with previous data obtained by ana-
lysing a different nanocomposite film constituted by a starch-based
matrix containing TiO2 NPs (Goudarzi, Shahabi-Ghahfarrokhi, &
Babaei-Ghazvini, 2017).

3.2.2. Film permeability

Water vapor (WV) and O, and CO, permeabilities are important bio-
material features for their use in various industrial sectors, especially in
food packaging. The data reported in Table 4 demonstrate that the
presence of PHBHHx-NPs inside the film matrix significantly increased
only the O; barrier property of the WP-based films. It is well known that
the addition of iso-di 1 or el d nanoparticles in a matrix

food packaging (Leceta et al., 2013).

3.2.4. Film morphology

SEM micrographs of both surface and cross-section of film samples
prepared in the absence and presence of PHBHHx-NPs are shown in
Fig. 3, The images show a smooth surface without any fracture in the WP
film prepared without NPs (panel A of Fig. 3). In addition, also the film
cross-section appears quite smooth (Fig. 3, panel A’) despite the pres-
ence of some holes, probably due to non-protein colloidal particles, such
as fat globule membranes, deriving from the whey (Brooker, 1985).
Conversely, as expected, PHBHHx-NPs created rougher structures
(white spots) on the surface of the WP film (panel B of Fig. 3), which
tend to migrate through the film with a reasonable dispersion (panel B’
of Fig. 3).

4. Conclusions

PHBHH-NPs were produced, characterized and used as nanofillers to
obtain WP bio-nanocomposite films under different experimental con-
ditions. The addition of PHBHHx-NPs to WP-based FFSs resulted in a
plasticizing effect on the biobased material, producing a resistant but
more extensible biomaterial. Moreover, the presence of PHBHHx-NPs
inside the matrix enhanced the film barrier property towards O, lett-
ing to envisage a possible application of this novel material in food
packaging, especially suitable for the products requiring preservation
from oxidative reactions. This is the first report in which PHA-NPs are

generally induces a variation of gas (02, CO,) permeability that Iy,
but not always, decreases with the addition of fillers with high-aspect
ratio. However, the final barrier properties are not easy to predict
since they are the result of the combination of many variables such as
filler/matrix affinity, filler aspect-ratio and the related tortuosity effect,
filler orientation and agglomeration (Wolf, Angellier-Coussy, Gontard,
Doghieri, & Guillard, 2018). Itis worth to highlight that O, permeability
is one of the most important properties of a packaging material as it is
the main factor of organoleptic and nutritional quality degradation of
food during storage throughout the oxidation of lipids, proteins, vita-
mins, pigments and various aroma compounds.

3.2.3. Film transparency
Film transparency is also a crucial parameter specifically influencing
the appearance of a product and its acceptance by consumers. Films with
low transparency are not generally suitable for food packaging appli-
cations especially when they are prepared as a see-through packaging
material and used to enhance product visibility. Therefore, analyses of
the opacity of the prepa.ned nanocomposite films was carried out by
ing light t at a wa ngth of 600 nm (Galus &
Kadzmml 2016). As shown in Fig. 2 the obm.l.ned WP-based films are
quite transparent (Agoo nm/mm = 1.8 + 0.1), and they did not signifi-
cantly change this property when they were grafted with PHBHHx-NPs

Table 4

Barrier properties of WP-based films
(w/w protein) PHBHHx-NPs.

Values are mean =+ SD; the different lettere indicate cignificant differences from
the values reported in the came column (Tukey-Kramer test, p < 0.05).

d in the ab or of 4%

Film Permeability (cm® mm m~= day~' kPa~ ')

CO2 02 wv
wp 0.45 + 0.01* 0.89 + 0.02" 0.36 + 0.02*
‘WP-+4% PHBHHXx -NPs 0.37 + 0.03* 0.55 + 0.01" 0.34+ 0.01*

fully used to imp the properties of the protein-based films by
achieving the d of a hydrophobic biopolymer into an aqueous
FFS. Although this process might open the way to design further smart
biomaterials through the incorporation of bio-active molecules into the
NPs used, further studies are needed to assess the potential n..ks of the
films grafted with PHBHHx-NPs for both and

safety.
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2. Images of WP-based films 1 in the ab or
PHBHHx-NPz (A) and their whole transmittance spectra (B).

of 4%
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(B) of 436 PHBHHx-NP:z and of the respective cryo-fractured crocs-

Fig. 3. SEM images of the surface of WP-based films prepared in the ab:
sections (A’ and B'). Insetz in A’ and B’ chow details at higher magnification.
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3.4. Bioactive whey protein-based films incorporated with
Thymbra essential oil

3.4.1. Chemical composition of Thymbra essential oils
characterized by means of GC-MS

There are many variables affecting the percentage yield of EO
extraction, including: temperature and relative humidity conditions,
soil, plant genetics, geographic origin maturity degree and organ,
extract distillation time and, finally, pressure and temperature of
distillation®1:106.197 - TEQ1 percentage yield was 2.36% whereas
TEOZ2 yield was 3.07%.

Following TEO extraction, different components have been
identified using GC-MS. As shown in Table 5, the major identified
volatiles compounds in TEO1 were y-terpinene, carvacrol, p-
cymene with the following percentages 38.95%, 22.96%, and
19.53%, respectively.
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Table 5: Chemical composition of two samples from TEOs

Component TEO 1 (%) TEO 2 (%)
a-Phellandrene 1.65 3.16
5-3-Carene 1.48 1.44
Camphene 0.36 0.36
B-Pinene 0.41 0.36
a-Pinene 1.10
a- Terpinolene 7.19 0.26
p-Cymene 18.53
Ortho-Cymene - 0.48
y-Terpinene 38.95 57.81
J-Limonene 0.69
a-Terpinenol 0.05 4.31
Anisole 0.67 -
Thymol 1.07 0.95
Carvacol 22.96 232
Caryophyllene 2.63 4.40
Linalool - 1.06
Endo-Borneol - 0.20
a- Humulene - 0.14
y — Elemene - 0.10
Total identified 98.74 98.26
Others 1.26 1.74

As far as TEOZ2 the Carvacol percentage was in the same range as
found in TEO1, whereas y-terpinene content was higher, being
present with a percentage of 57.81%, and no p-cymene was
detected.

3.4.2. Antimicrobial activity of TEO1 and TEO2

TEO antimicrobial activities were investigated against the following
microorganisms:  Staphylococcus aureus, Escherichia coli,
Pseudomonas aeruginosa, Enterococcus faecium, Klebsiella,
Methicillin-Resistant Staphylococcus aureus (MRSA), and Proteus
vulgaris. Table 6 shows MIC values of the two TEOSs, revealing
powerful antimicrobial activity against both gram positive and gram-
negative bacteria. More in details, TEO1 showed stronger inhibition
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effect than TEO2 against all the studied microorganisms. It is worthy
to note that the investigated Palestinian TEOs showed stronger
antimicrobial activity compared with those of the TEOs extracted
from Turkish Thymbra previously analyzed by Baydar et al. (2004)7°.
In fact, the Turkish Thymbra EO inhibited the microorganism growth
at concentrations of <1/100 (v/v), whereas the Palestinian TEOs
showed an antimicrobial effect at concentrations at least <1/800
(TEO1) or <1/400 (TEO2) (V/v).

Table 6: MICi00 values showed by TEOs extracted from dried leaves of Thymbra
against different microorganisms

ATCC Clinical ATCC
ATTCCH ATCC 25923 25022 ATCC 13883 | ATCC B427 | ATCC 700221 | ATCC 9027 P s0028
Staphylococcus | Escherichia| klebsiella | Profeus | Emterococcus | Pseudomonas Candida
i aureus coll prevmoniae | vuigarls faecium aeruginosa N albicans
MIC o of TEO 1 11600 11800 11800 11600 180 11600 11800 180
MIC s of TEO2' 11800 1800 11400 1/800 1400 1800 1400 1400
|

3.4.3. Characterization of film forming solution containing
TEO1

The patrticle size and zeta potential values of WP-based FFSs added
with TEO1 indicate a significant reduction in the particle size,
probably due to formation of emulsions in the presence of TEO1,
and that FFS stability decreased by increasing TEO1 concentration
(Figure 12).
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TEQ concentration (%)

Figure 12: Zeta potential and Z-average measurements of WP-based FFSs
prepared in the presence of different concentration of TEO1 (v/v). Values are
mean = SD

Interestingly, FFSs containing WP alone showed a slight
antimicrobial activity towards all the strains tested. Surprisingly, the
FFSs containing the lowest concentration of TEO1 (0.1 %) was able
to completely inhibit bacterial growth of the gram-negative bacteria
Salmonella enteriditis 706 RIVM, Salmonella enterica subsp.
enterica serovar Typhimurium (ATCC® 14028) and also the gram-
positive Staphylococcus aureus ATCC 29213 (Figure 13, A, B, C).
On the contrary, the FFS containing higher concentrations of TEO1
(0.2 %) was able to completely inhibit the growth of Enterococcus
faecalis ATCC 29212 (Figure 13, D).
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Figure 13: (MIC1g0) of the TEO1-containing FFS towards Salmonella enteriditis
706 RIVM (A), Salmonella enterica subsp. enterica serovar Typhimurium
(ATCC® 14028) (B), Staphylococcus aureus ATCC 29213 (C), Enterococcus
faecalis ATCC 29212 (D). The graphs report the colony count for each strain.

The experiments were carried out in triplicate.

3.4.4. Characterization of whey protein films containing TEO1

3.4.4.1. Opacity, thickness and mechanical properties

The transparency of TEO1 containing films was affected by the oil
volume fraction and droplet size distribution in the film forming
emulsions, as well as by the droplet rearrangement during
drying!©8199 Moreover, the evaporation of the solvent during the film
dryness causes a change in the emulsion structure (i.e. creaming,
aggregation and/or coalescence), which have an important role in
determining the film optical properties'®. Figure 14 shows a
decreased film transparency by increasing TEO1 concentration.
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WP TEQ 04 EQ

Figure 14: Opacity of WP (500 mg)-based films prepared either in the absence
or presence of different concentrations of TEO1 (v/v). Values are mean * SD;
different letters indicate significant differences of the values (Tukey-Kramer test,
p < 0.05).

These findings are in agreement with the results reported by Galus
et al. (2016)1°® who prepared and characterized WP-based films
containing rapeseed oil. Figure 15 indicates that no differences were
observed among the thickness of the films prepared in the presence
of different TEO1 concentrations. Moreover, the mechanical
properties of TEO1-containing films showed a progressive decrease
in film TS by increasing TEO1 concentrations, whereas a significant
increase in the EB was observed only at the highest TEO1 amount
present in the FFS. Finally, a marked decrease in the film YM value
was also detected at the highest TEO1 concentration used (Figure
15). All these data clearly demonstrate an increased plasticizing
effect triggered by TEO1 addition to the WP-based FFSs.
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Figure 15: Mechanical properties of WP (500 mg)-based films either
incorporated or not with different amounts of TEO1. Values are mean * SD;
means followed by different letters indicate significant differences of the values
(Tukey-Kramer test, p < 0.05).

3.4.4.2. Moisture content and uptake

Moisture content of WP films progressively decreased following
addition of increasing concentrations of TEO1 into the originating
FFSs (Table 7). It is worthy to note that even at very low
concentrations (0.1%), TEOl1 was effective to reduce the film
moisture content. These results are in agreement with the previous
study reported by Galus et al. (2016)*°® who worked on WP-based
materials containing rapeseed oil. On the other hand, slight even
though not statistically significant increases of moisture uptake were
also observed. Similar results have been reported by Salarbashi et
al, 2013*%, who investigated the moisture uptake of soluble soybean
polysaccharide films incorporated with Zataria multiflora Boiss
(Shirazi thyme).
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Table 7: Moisture content and uptake of WP (500 mg)-based films prepared
either in the absence or presence of different concentrations of TEO1*.

Film Moisture content | Moisture uptake
(%) (%e)
Control sample 22314+26 0 11.3£209¢2
+0.1% (viv) TEOI 203£1.8 b 11.7£2.5¢%
+0.4% (viv) TEOI 185+ 1.4ab 12.1+£1.12
+ 0.8 % (v'v) TEOI 17.5£0.7 * 133082

*Values are mean + SD; means followed by different letters are significantly different from the values
reported in the same column (Tukey-Kramer test, p < 0.05).

3.4.4.3. Antimicrobial activity

Finally, the antimicrobial activity of the WP-based films prepared
with or without TEO1 was assayed towards Salmonella enteriditis
706 RIVM, Salmonella enterica subsp. enterica serovar
Typhimurium (ATCC® 14028), Staphylococcus aureus ATCC
29213 and Enterococcus faecalis ATCC 29212 strains by placing
small square (1.5 cm x 1.5 cm) from each film into the inoculated
plate in full contact with the agar surface!!?. After 24 h at 37°C it was
observed that the WP film itself was unable to inhibit the bacterial
growth (Figure 16). On the contrary, the films containing TEO1 at
the highest concentration tested (0.8%) showed a strong
antimicrobial activity towards Salmonella enteriditis 706 RIVM,
Salmonella enterica subsp. enterica serovar Typhimurium (ATCC®
14028) as well as against Staphylococcus aureus ATCC 29213.
Interestingly, it was possible to observe also a zone of inhibition
surrounding the films activated with TEO1, suggesting the ability of
TEO1 to diffuse from the film into the agar matrix. Furthermore, no
antimicrobial activity of the films was observed against
Enterococcus faecalis ATCC 29212, even at the highest
concentration of the TEO1 tested.
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Salmonella entenditis RIVM 706 Staphylococcus aureus ATCC 29213
WP+ 0.4% TEO WP+ 0.8% TEO

Salmonella typhimuriurm ATCC 14028 Enterococcus faecalis ATCC 29212

WP+ 0.4% TEO

Figure 16: Antimicrobial effect of TEO1 containing films on Salmonella
enteriditis 706 RIVM, Salmonella enterica subsp. enterica serovar
Typhimurium (ATCC® 14028), Staphylococcus aureus ATCC 29213 and
Enterococcus faecalis ATCC 29212 foodborne pathogenic bacteria. Films
were tested either alone (left side) or upon bio-activation with different TEO1
amounts (right side). Antimicrobial effects were evaluated by analysing the
growth of bacterial cells in direct contact with films. The experiments were
carried out in triplicate.

WP+ 0.8% TEO

3.5. Bioactive whey protein-based films incorporated with
Pecan nut shell extract
The development of an active packaging based on WP-based films

functionalized with PNSE was also pursued. To this purpose, FFSs
containing WPs, PNSE and GLY were prepared and characterized
and corresponding films were produced by casting. Zeta potential
measurements revealed that FFSs were stable and the particle size
was reduced following addition of PNSE, probably as a result of
tannins-WPs interactions. The obtained films were handleable and
homogeneous, and PNSE was able to improve their mechanical and
barrier properties. Moreover, PNSE-containing films were found to
inhibit the growth of the foodborne bacteria Enterococcus faecalis
and Salmonella enterica subsp. enterica ser. Typhimurium. Ferric
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reducing/antioxidant power assay clearly highlighted the ability of
PNSE to confer antioxidant properties to the films. Finally, simulated
digestion experiments of the manufactured films showed a
significant reduction of the proteolysis rate in the presence of PNSE,
although 40% of the protein was digested after 60 min incubation.
Overall, these results put the basis for a possible use of PNSE
functionalized WP films as new environmentally friendly candidates
for packaging to increase food product shelf-life.

The detailed description of the obtained results is reported in the
following manuscript that has been submitted to Food Packaging
and Shelf-Life journal and it is just accepted.
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protein-based films functionalized with Pecan (Carya illinoinensis) nut
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1. Introduction Khvwaldia, Ferez, Banon, Desobry, & Hardy, 2004) to obtain edible films

The warld production of whey Is estimated to be around 100 million
toas/year, and its disposal rep its a problem of considesable envi-
ronmental impact as it Is characterized by a high organic content, which
makes it impossible to spill into municipal sewers or in the ground
(Yaday et al., 2015; Zhou, Hua, Huang, & Xu, 2019). On the other hand,
whey represents not oaly a source of numercus nutrients, but also a
pocential resouree to produce added value compounds (Ganlu & Cogae,
2017). Therefore, in recent years the search for possible applications of
this waste has risen 3 consicdlerable interest. Whey is a proteinaceous
matertal, whose maln components are |-lactoglobulln (3.03 g/L) and
wlactoalbumin (1.02 g/L) (Marshall, 2004), which are able, uncler
specific condidons (Abdaimazeq e al. 2019 Comado & al, 202);
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endowed with good technological properties for food applications.
Functionalization of milk whey proteins (WP)-based flms with natural
and sustainably produced antioxidant and/or antimicrobial additives
has also received considerable attention in recent years, prompted also
by the increasing need for green approaches o novel functional mate-
tials (Xu ec al, 2021). In this coatext, waste products from agri-food
industries represent an easily accessible source of phenolic com-
pounds, which apart from thelr uoe as food supplements or as additives
in functional foods, have become increasingly attractive also from a
technalogical point of view, due 1o their possible exploitation in mate-
rlals sclence, e.g. In sctive packaging (Balasuodean, Sunilous, & Sam-
nsn, 20063 Heo Othanan, Joudy, & Bhat, 2020; Moccia, Agustin -Salazar
Agustin-Salazar et al, 2020; Panzells stal | 2020), A noticeable example
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Is represented by Pecan put shell (PNS), which s produced malnly In
United Stares and Mexico [n amounts of ca. 420,000 tons per year (ot
Santos, Zabos, Muzntl, & Tres, 2020), PNS represents a valuable source
of andoxidant phenolic  compounds, mainly condensed,
prodeiphinidin-type tannins (Agurun-Saiazar, Gamez-Meza, Medl
na-Juarez, Malinconico, & Cerrarl, 2017; Moccia, Agustin-Salazar e¢ al.,
2020; Pinhelro do Prade et al, 2017). The antioxidant propertes of
extracts from PNS have been largely explored in the food industry,
Water-extractable compounds from PNS are able 1o increase the oxida-
tive stability of margarines during storage (Ribeiro, de Brino Policapd,
Dal Bo, Barberra, & Black, 2017), whereas a PNS hydroalcobolic extract
(PNSE) (estimated phenol content ca. 130 mg gallic acid equivalents/g)
has been repocted to act as a thermal and photo-osidative stabilizer of
polyethylene amxl polylactic acid (Agustin-Salazar ot al. 2018, 2017;
Alvarez Chaver et al., 2017; Sanchez- Acozea et al, 2019), as well as to
confer significant anrioxidant and food stabilization properties to these
polymers (Moccia, Agusiio Salazar et al | 2020). Mareovet, inclusion of
PNSE In octeny! succinate starch films led to improved water resistance
and UV-light barrier properties compared to control filnw (Leon Bejar
ano, Durmus, Ovando Martioez, & Simued, 2020). PNS extracts are also
characterized by remarkable amntimicrobial properties (Caxambu et al,
2016), which open new perspectives toward a full exploitation of the
applicability of this material In food field. Indeed, contamination of food
samples by microorganisms ks a key issue greatly affecting food preses-
vation and shelf-life. It has also to be highlighted that the improper use
of conventional antiblotics in food Industry Is a major Isswe since it leads
o the rapid rise and spread of resistant foodborme pathogens (VoD
mott e al, 2007 White, Zhao, Slages, Wagner, & McDermott, 2002),
These microorganizms can be easily wamsmined o humans through
consumption of fresh and raw foods (Antunes, Novals, & Pelxe, 2020).
Moreover, because of side effects caused by the use of chemical agencs
(Kinderieres & Horton, 1990; Sulmng ec al, 2014) and because of the
conssqquences of physical meatments on food organocleptic properties
(Jolu, 2007), there & an increxing demand for patural and untrearsd
food samiples (Plsoschl enal | 20118). Aqueous and ethanolic PNS extracts
have shown antimicroblal actvity towards both Gram-positve anl
Gram-pegative bacteria. Crude extracts wera found to be more effective
than the single phenolk components, which suggests synergistic effects
berween the different components (Alvarez-Parrilla, Uirea-Lopes, & de
la Resa, 20185 Pioheiro do Prado et al., 2014), Furthermore, 3 meth-
anolic exmract of PNS showed anrifungal activity cowands plant patho-
genic fungi (Osoric e al, 2010)

Based on all these observations, this work was directed towards the
preparation and characterization of WP -based edible flms functional
tzed with PNSE for poasible application in food packaging. It has been
indeed reported thar the addition of crosslinking agents into film
forming solutions might improve the mechanical properties of protein-
based adible filnw, Acwally, low molecular weight phenolic com-
pounls present in PNSE, such as gallic acid, chlorogenic acid and p-
bydroxybenzoic acid, could covalently react further to oxidation with
amino or thiol residues in proteins. On the other hand, it ks expected that
alo conxiensed tanning, which have been reported as the main phenclic
constituents of PNSE, could strangly Interact with proteins through e.g.
bydrogen bonds. This would results not ouly in an enhancement of film
technological properties, but also In imparting antioxilant as well as
antimicrobial properties to the protein film (Ou, Wang, Tang, Huang, &
Jackaon, 200%; Pinheiro do Prado et al, 201 4). In this paper, the films
were characterized for thels mwechanical as well a5 gas (CO; andd O3) and
warer vapor barvier properties. In addition, their antimicrobial and
antioxidant features together with the gastric digestibility under pliys-
Iological conditions were evaluated.
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2. Materials and methods

2.1, Marerfals

2,2-Diphenyl-1-plarylbydrazyl (DPPH), iron (Il1) chloride (97 %),
2,4,6-tris( 2-plrydyl )-s-triazine (98 %) (+)-6-hydroxy-2,5,7.0-tetra-
methylchromane-2-carboxylic acld (Trolox) (97 %), glycerol and the
other reagents were purchased from Sigma-Alklrich, laly. WP were
purchased from Bioline (London UK}, PNS was provided by Productora
de Nuez 5.P.R. de R.1L (Mexico).

2.2. Bacterial strains and growth conditions

Gram negative Salmonclla enterica subsp. enterica ver. Typhimurium
(ATCCE® 14028) and Gram-positive Enl faccalis (ATCCE
29212) were obtained fram ATCC (USA). Bacteria were grown in Muller-
Hinton Broth (MHB) at 37 °C over-night Afterwards, cells were diluted
In fresh nvedivem and grown for 3 b ar 37 *C until mid-log phase (Baso
otal, 2N\

2.3. Preparation of PNSE and of PNSE solution

PNSE was obtained as previously described (Agustin-Salazay ef al
2017; Moccla, Agustin-Salazar ec al. 2020), Briefly, PNS (1 @) was
weared with 2 « 10 ml of ethanol/water (64 v/v) for 30 min In an
wirasonde bath at room emperarure, The mixoure was then centrifuged
for 20 min at 7763 g, the supernacant was filtered on Whamman paper
No, 2 (GE Healthcare) and echanol was removed [n a rocary evaporator.
The resldual solution was then lyophilized to give PNSE as a red powder
10 15 % w/w ylell. For the preparation of PNSE solution. 0.5 g of PNSE
were added o 10 mL of water. The suspension was taken in an ultrasonic
bath for 30 min and then centrifuged ac 6793 g for 30 min. The super-
natant was removed and analyzed at 24 h intervals over | week by
UV-vis spectroscopy to check solution stability, The precipitase was
dried by Iyophilizacion and weighted to determine by difference the
amount of material which had gooe Into solution. PNSE concentration In
the supernatant was found 1o be 30 mg/ml. This zolution was then used
for incorporation into WP,

2.4, Film forming solution (FFS) preparation and characterization

FFS was prepared by dissolving 500 mg of WP in 25 mL of distilled
water. Subsequently 60 % of glycesol (w/w In respect to proteins) was
adkled. After addition of the PNSE solution (8 ml, containing 240 mg of
PNSE), the pH was brought to 12 by using 0.1 M NaOH. A FPS without
PNSE was prepared as a blank. 1.0 ml of each FPS was analyzed for Zeta-
potential and particie size by wsing a Zetasizer Nano-2SP (Malvern®,
Worcestershire, UK) (Abdalrazeq e al, 2019).

2.5. Fllm preparation and technological propertycharaceerizarion

The films were prepared by casting method as follows: e FPSs were
poured ln 9 cm Jdlameter Petri dishies and then allowed o dry at 25 'C
(45 % relative humidicy) for 24 b,

The obeained flms were cut lato | » 8 cm surips and kept at 25 °C,
with relative humidity of 50 %, for 24 h in a glass chamber containing
saturated Mg(NO;): before being tested. The chickness of the strips was
measured in 6 dJifferent polnrts with a micromecer (Electronic digial
micrometer - Metocontrol sil, Casorla Italy - sensitivity 0.001 mm),
while the tensile strength (TS), elongation at break (EB) and Young's
modulus (YM) were obtalned on 5 strips of each sample by means of
Instron Universal Testing Instrument model No. 5543A (Instron Engi-
meering Corp., Norwood, MA, USA) using 5 am gage length, 1 kN load
and 5 mmy/min speed,

The measurement of film gas permeabllicy towands CO,, HyO vapor
axl O; was carried out in triplicate at 25 *C and 50 % relative humidity,
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using the MultiPerms permeabilimeter (Extra Solution s.r.1, Pisa, Iraly).
Aluminium mashs were used with the aim of reducing the area of the
film tested to 5 cnt’,

2.6. Anvioxidant properties of the films

licfmm(mmpmm»mmdmmN)
was added to 10 mL of a 50 or 200 pM ethanotic solution of DPPH, and
the absorbance of the solution at 515 nm was perfodically analyzed over
4 h. Connol experiments wege run on fllnss not containing PNSE. Each
experiment was run in wiplicate.

2.6.1. Ferric reducing/anrioxidant power (FRAP) assay

1 cm® fillm section (correspanding 1 28 mg of material) was added 1o
10 mL of a 3olution of 1,7 mM FeCly and 0.03 mM 2.4,6 tris(2- plrydyl) -
triazine In 0.3 M acetate butfer (pH 3.6). The absorbance of the solution
at 593 nm was perfodically measured over 4 h, Conrtrol experiments
were run on films not contalning PNSE. Each experlment was run in
triplicate. Results were expressed as Trolox equivalena.

In separate experiments: the release of PNSE from the flms in the
FRAP aszay medium was evaluated by adding 1 eny’ flm section (cor-
responding to 28 mg of material) to 10 mL of 0.3 M acetate buffer (pH
3.6) and periodically recording te UV-vis spectra of the solution for 4 h.
Experiments were run in miplicate.

2.7, Antimicrobial activity assays

Antimicrobial activity of PNSE was analyzed by the microbroth di-
lutions assay (Goglione et al, 2017) In particular, the assay was per-
formed in Difco Nutriear Broth (Becton-Dickenson, Pranklin Lakes, NJ,
USA) using a bacterial noculum of 2 « 10" CFU/mL and testng
Increasing concentrations of PNSE (0-15 mg/mL). Determinsd minl-
mum inhibitory concentration (MIC;0s) values corvespord to the lowest
concentration of extract associatedd to no detectable bacterial growth.

The antimicrobial activity of the films was tested according to a
previously described procedure (Sabbaki o1 al, 201 V). Growth inhibition
undernaath the film in full contact with the agar surtace was evaluated.
All experiments were run [n wiplicase,

2.5, Bvoluation of the effectiveness of FRS in prevenring bacterial cells
dhesion by confocal laser <anning microscopy

Bacterial cells were grown oa glass coverslips, unfunctionalized
(control sanpie) or functionakized with PPSs containing or not PNSE in
0.5 « MHB medium, starting from a culture ar a concentration of 2 « 10°
CFU/ml, in statlc conditions ar 37 “C for 16 h. Upon incubation, non-
adheren: bacteria were removed by gentdy washing samples with ster-
ile phosphate buffer saline (PBS). Viability of cells attached on the
surface was determined by sample stining with LIVE/DEADS Bac-
Light'™ Bacterlal Viabilicy kit (Molecular Probes ThermoFisher Sclenti-
fic, Waltham, MA. USA), Staining was performed according o
manufacturer's lnstructions. Images were caprured by using a confocal
laser scanning microscope (Zeiss LSM 710, Zeiss, Germany) and a 63«
objective ofl immerzion system. The area containing attached bacteria
was analyzed by using the Zen Lite 2.3 software package. Each experi-
mwent waz performed in triplicaze, Images are 2.5D projections of biofilm
structure obtained by coafocal 2-stack using Zen Lite 2.3 software. All
Images were taken under ldentical condirions and represent the average
of at least three different acquisition Heids. Scale bar corresponds to 10
pm o all the cases. All images were taken under [dentical conditions.

2.9, FRS oral and gastric digestion

PPS prepared in the ab axl p of PNSE were subjected 1o
two-phiase In viro digestion, using an adult medel (Glossfano e al,

2012; Ramana, Glosatarm, Masl, & Mariniello, 2015 Shani-Levi e al,,
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Table 1

MiCyo0 values of PNSE 33 foodb pathop
o MICy,, (g
ml)
Sodmanelle ennrica subep ensron ser. Typhimisiam ATCCE 73
14028
Brterococcas feerafiz ATCCE 292)2 188

2017) which simulates the physiological conditicas of the digestive
systemn at the oral and gastric Jevel, In particular, 500 pL of each FFS
were incubated in 600 yL of simulated salivary fuid (SSF, 150 mM NaCl,
3 mM wea, pH 6.9) for & min at 170 rpm. Afterwards, the samples were
subjected 10 gastric digestion in 100 L of simulated gasule thad (SGF,
0.15 M NaCl, pH 2.5) placed in 1.5 mL microcentrifuge tubes and
Incubared ar 37 "C. Heace, 75 pL of FFS previously Incubated with SSF,
whose pH was adjusted to 2.5 with 6 M HCL were added, togecher with
pepsin, to each tube containing SGF to start the gastric digestion reac-
tion. A pepsin to protein ratio of 2001 w/w was used. At 1, 2, 5, 10, 20,
40, 60 min intervals, 40 pL of 0.5 M ammcaium bicarbonate were added
o each tube to stop the pepsin reaction. The samples were then analyzed
by SDSPAGE. Briefly, 5 pL of sample buffer (15 mM Tris -HCL pH 6.8,
contalolng 0.5 3% w/v SDS, 2.5 % v/v glycerol, 200 mM p-mercapioe-
thanol and 0.003 % w/v bromophenol bive) were added to 20 yl all-
quots of each sample subjected to oral and gasuic digestion anl
analyzed by 4-20 % SDS-PAGE (Lasnunll, 1970). The elecarophoresis
was performed a1 constant voltage (80 V for 2- 3 hours) and the proteing
were visuallzed by Coomastie Brilliant Blue R250 staining. Bio-Rad
precision protein standands were ussd as moleculsr welght markees,
SDS-PAGE gei Images were acquired using Bio-Rad ChembDoc Images.
The lmage analysis was cauried out using Image Lab software (Blo-Rad,

jon %$.2.1) as described by Ronsano ot al. (2015}, Densitometric an
alyses wese perfornied by calculating the percentage of the average in.
tensity of the 17.kDa [Mlactoglobulin nommalized to that of coatrol
samples.

2.10. Seatistical analyses

All dama were analyzed by means of JMP software 5.0 (SAS Institure,
Cary, NC, USA). Statistical analyses were performed by using ANOVA
(film technological property analyses) and Student’s r-test (antioxidant
assaye). The data were subjected to analysis of variance, and the means
were compared using the Tukey-Framer HSD test. Differences were
considered to be significant at p < 0.05,

3. Results and discussion

3.1. Preparation of PNSE solution

To obrain the functionalized WP-bassd films, an aqueous solution of
PNSE was firstly prepared. Given the limited solubility in water of PNSE,
the highest achievable concentration was 30 mg/ml. The solution was
found to be stable at room tomperature ac ieast over | week a3 deser-
mined by periodical UV-vis analyses, indicating no variation in its ab.
sorpclon spectra.

3.2, Antimicrobial acdvity of PNSE

To assess the effectiveness of PNSE In preveating food contamination
an spollage, [ts ancimicroblal actvity was tested on the Gram-pegative
foodborme pathogen Salmonella enrerfca subsp. enrerfen ser. Typhlmi-
rism (ATCCE 14028) and on the Gram-pozitive bacterium Enterococcus
foecalis (ATCCE 29212). Interestingly, PNSE at a concentration of 7.5
mg/mL was found to be able to complecely inhibit the growth of Saf-
moveila enterica subsp. enterica ser. Typhimurium (ATCCE 14028). The
extrace was found to be even more active on Barerococcus faccolls
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Table 2
Average particle size, polydicp index and Zeca-p | of PFS prepared in
the aluwace 3ad peesence of PNSE
Gample Average particle sise twh Teta i
() dex {(mv)
WF 7032+ 406" er=o1" ¥9+206"
wr/ 0874 38" ossooat -3 L0r*

NER

Yard &

Values are mean + Means folk ] by tihe same Jetters are
noc signifexnty Jditferent (Tukey-Krxmer test, p < 0.05)
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(ATCCE 29212), belng its MIC, oy value as low a5 1.85 mg/mL (Table 1),
Determined MIC; o values were found to be comparable to those pre-
viousty reported! in the literature (Yemmireddy, Cason. Mosim, &
Adhiloui 2020).

3.3. WP/PNSE-based FFS preparacion and charocterisarion of their
phyzicochemical properties

The pozsibility of using PNSE to prepare WP-based active bicplastics
was then tested. To this aim, FPS plasticized with glycerol in the pres.
ence of abeence of PNSE (30 % w/w) were prepared under alkaline
cooditions as previously reported (Abdalrazeq e al. 2019% Corrado

g

Thickness (um)
§ & &

)

e

WP/PNSE

wp WP/PNSE
b

1
0 -

° ===
WP WP/PNSE

Flig. 2. Effect of PNSE on the thick and mech 1 prop

of WP-based films (EB, elongation at break; YM, Young's medul

wp WP/PNSE

TS, senzile strength). Values are

mean :Svdlﬁemlmmdnmmkmdlﬁemb«m&\dmm«!m&emdﬁ(?ukummmp 0.08)
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Fig. 3. Bamer properties of WP-based films prepared in the ab orp

berween the values reparted in the tame plog (Tukey-Keamer test, p < 0.05)

et al, 2021) andanalyzed for the Zeta-potential and particle size to
verify the solution stabillty. In particular, Zeta-poteatial is a quantitative
parameter related to the mobility of particles in an electric field, A good
stabiliry is given by the presence of electrossatic repulsions between the
particies, which avoids uncontrolled aggregations of colloids in solution
(Sabbob et al, 2017). As reparted in Table 2, the Zeta-potential value of
the PNSE-functionalized FPS, though sliphtly lower than that of the
blank sample, still falls within the stability range (about ~27 mV), As far
as particle size Is concerned, it is worthy to note that it was halved for the
FFS prepared with PNSE. This is likely due to the fact that the poly-
phbenol containing extract might reduce the inter-particte interactions of
WP, In agreement with previously reported data Indicating that 1) the
formation of polyphenal-protedn conjugates may reduce the extent of
aggregadon (Czublaski & Dwiechi, 2017) and that &) the size of the
particles varies with the protein: polyphenol ratio (Slebert & Lynu,
2000), The polydispersion index was quite low for both samples. This
index, which was appeoxinately 0.7 in tye control sample, decreased to
0.5 In the sample prepared in the presence of PNSE, Indicating that the
particle size in the functionalized FFS was more uniform.

3.4. Fibn preparadion

WP-basex! filma were produced using the solvent casting rechnique,
according to the protocol described In Abdalimzeg &1 ol (2019), The

selected percentage of glycerol (60 % w/w with respect to the protein
content) was adequate to obtain film: capable to be handied and

Salmonella Tvphimurium
ATCC* 14028

WP/PNSE

Fig. 4. Anumicrobial setiviey of WP filess fupctionalized with PNSE. The antiasicrobéal actrvity of the Blms preg:
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of PNSE. Values are mean = SD; dafferent letress ind sagoaft i £
tlexible. The films prepared in the pr e of PNSE shy |an i

puzpie red color (Flg. 1),

2.5, Fiim characterivarion

5.1, Mechanical properties
The mechanical properties determined for the obtained flms are
reposted in Fig. z.ﬁlmdudmulm-m-ddgnlﬁmdy(p-‘ OoS)tn
the p of the t, inagr with pr For
example, Peng, Wi, awd L (20) 3)) showed that chitosan films incor
porated with tea polyphencls had higher thickness probably because in
the presence of polyphenols the inter-molecular interactions (fncluding
hydrogen bonding and hydrophoble force) Increassed (Zhang, Yaog
Tang. Hu, & Tou, 2000). In paricular, polyphenols may act as cross-
llnkeuolmmwn;meﬂhnmmmmmddu
macroscopically in higher thick Inp
wh&hmlhmhpbmlkmuhmﬁ(\to«n
Aquatin Salazas et al, 2020), are known to strongly interact with peo-
teins (Camo, Amires, Clhiralt, & Gonrales Martines, 2020; Girasd
Teferm, & Awlka, 2019 Moccla, Plsclszll e al., 2020; Zeller, Relnlarnit,
Robe, Sulllvan, & Panke-Bulsse, 2020), On the other hand, the films
functionalized with PNSE were less tlexible than the conwol opes,
showlng o lower EB and a higher YM value, However, a significanc In-
crease In TS was observed as a result of PNSE Incorporadon. These ob-
servations were in agreement with those reported by Hu, Yuan, Han, 10
ani! Song (2019) who evidenced that in gelatin based edible filns the

Enterococcus foecals

ATCC® 29212

wp WP/PNSE

{
b

d io the sb

of PNSE was

o 1o che p

tested by evaluating the growth of both Saimanelle evterica sobsp. entrrica ser, Typhimurmm ATCC® 14026 and Enserococcus feecalis ATCCE 29212 under the Blms in

irect contact with agas surface.
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Fig. 5. Confocal lazer scanning macroscopy analvses of bactersai cells adhesion on functionalized coverzlips. The effects of FI'S were evaluated on the artachment of

Salmaonelle enterica so

control vernwe ceated samples and WP ys WE/PNSE amgple

crosslinking between the amino group of the proteins and the phenolic

compooents of Ginkgo biloba extract ephanced film stiffness, by

increasing the TS and lowering the EB, Similar rv—ulr' were also obtained

in the studies carrled out by Hoque, Banjal I Jpran (2011) In

which polyphenols affected the EB values of prorein nlms Incorporated
vith different plant extracss.

3.5.2. Warer vapor and gas barrier properties

The barrber properties of the WP-basad films towards waler vapor,
CO: and O3 were also determined. As shown In Fiy. 3, the permeability
1o wates vapor and (o the two types of gases of the film functionalized
with PNSE was found to be significantly lower (p < 0.05) compared to
the unfunctionalized one, These results are important for a potential use
of these mazerials In the food sector, since, to keep food frech, the water
vapor permeability { WVP) value shouk! be maintained as low a3 possible
(Naidu & Job 120). In addition, a higher O basrier property ks
stwrongly advisable as oxygen Is responsible, for example, for the
rancidity of farry acids (Peslman o 2014) In addition, the reduced
COs parmeability can make these active bloplastics sultable as candl-
dates 1o protect soee specific foods from decarbonation (Doag (20165
[ddutah, Hassan, & Moo O) The decreaze of water vapor ausl gx
penneabilities, as reported by other authors for flms containing
phenolic extracty (Sun ¢ 19), may be attributed to the increased
film thickness.

3.5.3. Antimicrobial activity of WI/PNSE films
The antimicroblal effects of WP-based films were tested on Salmo-
nelle enterica subsp. enterica ser, Typhimurium (ATCCE 14028) and on
Enrerococcus faecalis (ATCCE® 29212), as previously describad (Sabtah
1L, 2019). After 24 h at 37 °C, bacterial cells growth was found to be
Inhibited caly in the presence of PNSE. Indesd, a strong inhibition of

bsp, eaterica ser, Typhimurium [ATCCE 14020) (upper panel) and Enterococcus faecalis (ATCC® 29212) (lower panel) bacterial cells. Images
were taben under identieal conditions in ar lesst theee ndependent experiments, Seale bat 10 . *'p < 0.01, **'p

Q001 of “**'p < 0.0001 were obeained for

bacterial growth of both bactesial straing wis observed in the area in
direct contact with the film containing PNSE (Vig. 1) Almost no colonies
are detectex] under the film in the presence of PNSE, whereas numerous
bacterial colonles are present under the film in the case of the control
(Fig. 4). Observed resules might be explalned by assuming thar antimi-
crobial substances are not refeased by the film and do pot diffuse into the
medivm, but they act oaly on bacterial cells at direct contact with the
film by inhibiting their growth. Only a sight Inhibiton of bacterial
growth was, instead, obeerved [n e cxe of unfunctionalized films
(Fig, 4). Basad on observations reported in the lirerature, we can hy-
pothesize that PNSE antimicrobial activity might be meliated by
oxidation of microbial cell membeanes, complexation with essential
metal ions, or inhibition of urrxnlluhr oenzymes (Scalbert, 1991;

serrana, Puupponen-Pimid, Daver, Aura, & SsumCailao, 2009)

3.5.4. Bvaiuarion of the offecrivencss of WI/PNSE FFS in proventing
bacterial cells adhesion

In order o further investigate the anrimicroblal actviry of the films
functionalized with PNSE, confocal laser scanning microscopy analyses
were curried out. To cthis purpose, both Salmonela enrerica subsp.
enterica ser. Typhimutium (ATCCE® 14025) and Enterococcus faccalis
(ATCCE 29212) were grown on glass coverslips coated with FPS pre
parel in the absence or in the presence of PNSE. The presence of PNSE
enhanced FPSz antibacterial activity ln the case of both bacterial straing
(Fig. b)), Indeed, it should be noticed that the presence of PNSE de
termines a reduction of biofilm biovolume in the case of both stains
under test. Belng both bacterial stralns able to form blofilm, cbtalned
data suggest that WP/PNSE FFS are able to prevent biofilm attachment
by Inhibiting cell adhesion. A similar behaviour has been described In
the literacure for chitosan flms functionalized with antiblotics (Soir
)10). Interestingly, this
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Fig. 6. Fe®" reducing activity of the WP and WP/PNSE films. Mean = 5D values
of three experiments are repocted.

activity might be assoclared o specific active ingredients from PNSE,
such as tannins, since it has been reported that condensed tanning from
the Brazilian medicinal plant Moyrocarpa moniliformés are able to act as
antd-adhesive substances, boch in solutlon and as Immobilized on a
surface, against a range of Gram-positive bacteria (Treniin et al . 2015).
These results Indicate thar FPSs contalnlng PNSE might be suitable to be
applied in the control and prevention of bacterial contaminations (Saith
et al, 2010).

Peod Pockaging and Shelf Life 20 (2021) 100710

3.5.5. Antioxidanr propertics of WP/PNSE films

The antioxidant properties of the films were initially evaluated by
the DPPH assay, which did not Indicate any reducing properties foe the
PNSE-functonalized films. On the coatrary, encouraging results were
obtained in the FRAP assay (Fig. 6), which clearly highlighted the abilicy
of PNSE to knspart significant antioxidant properties to the filn, exhib-
iting a Trolox equivalent value 2.4 times higher than that of the control
film ar 4 h (0.6 = 0.1 pg/mg compared 10 0.27 + 0.02 yg/mg). The
antioxidant activity observed for the control film in this assay can be
atribared to sone WP amino acids able to act as electron donors (5
padlo, Lopes-Caballern, Gamez Guillen, Maurl, & Moatera, 2012). The
rked diffe the results obéained in the DPPH and FRAP
assays can be lnterpreted on the basis of the higher affinicy of the
protein-based film for the agueous medium used in the second assay
compared 1o the arganic solvent in which the DPPH assay was per.
formed. This probably allowed a higher permeability and, hence, 3 more
effective interaction of PNSE with the solution. thus resulting in more
efficient reducing properties. The abilicy of phenolic compoutls, such as
caffeic acid and epigallocatechin gallate (Je Moraiz ec 2l 2020) a3 well
as proanthocyanidine (Clien et al, 2021), to impart efficient reducing
properties to WP in the FRAP assays has been recently reported, whereas
less has been done on WP films. Actually, some studies described the
efficient reducing properties of functionalized WP films in the DPPH
assay (Andrade er al, 2021; Carvaiho et al, 2019; Chollakugp et al,
2020), whereas only a small of papers ) Tesults
from the FRAP assay (Sermano-Cruz,  Villasueva-Carvajal,

I
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Fig. 7. UV-wiz spectia of the solutions of the WP Bling (s 0.3 M acetate butfer (pH 3.6) recordad at differest times. (A) WP film, (B) WP/PNSE film, (C) Comaparison of

the specera of dve WP and WP/PNSE film solutions ar 4 h,
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Fig. 0. Panel A: SDS.PAGE (4.20 %) of aral (60 min) and gastric digestion (140 min) of FFS based on either WP alone or an WP/PNSE Panel I Densitometric

ysiz of [-lactogiob petfo § by wsing the software kmage lab,
Morales-Rosales, Ramirez-Divila, & Dominguez-Lopez, 2013; Zulhuma,
Fauze, & Hasba 2010). In any case, an efficient interaction between
the sodvent and the polymer marrix appears to be crucial for the films to
exhibis efficient antoxidant properuies (Chollakup = ol 2020)

To vesily whsether the antioxidant properties of the functiomalized
flm are asociated to a rel of PNSE. further experi were pes
formed by immersing the film in 0.3 M acetate bufler (pH 3.6) under the
same conditions used in the FRAP assay. The solution was periodically
analyzed by UV-vis spectrascopy in comparison with a sofution of the
control film. The results shown In Fig. 7A indicated a significant rejease
of WP ()gqay 206 nim) from the control film, reaching a plateau after 2 b,
Nozably, a remarkable lower absorprion was decectad n the case of the
PNSE-functionalized film (Fiy. 7B), suggesting a kind of waterprooting
action of PNSE preventing protein ieaching, in agreement with the re-
sults of the water g bility meas The strong similarity be-
tween the UV-vis absorption spectra of WP and PNSE (Mocoa,
Agustin Salarar ec sl 2020) did not allow, however, to artribute the
absorbance at around 260 nm to one or another species in the case of the
functionalized film. In any case, the amount of released material from
thiz latter reached a maximum after 15 min (Fig. /B), likely az a

coasequence of a rapld solubllization of the material localized on the
film surface, whereas a progressive Increase In the amount of reduced
Fe** was observed over 4 h (Flg. &), thus ruling out the possibiliry thar
the antioxidant properties exhibited by the functiosalized films are
mainly due to migration of PNSE in the FRAP solutica. In any case,
asmsuming that the absorption at 280 nm & due to WP, the lower ab-
sorption observed in the case of WP/PNSE compared to WP (0.24
0.92, respectively) (Flz. 7C) would indicate a lower release of WP in the
solution, thus confirming that the ctannin components in PNSE
contribute to relnforce the WP structure (Fig 2). The strong Interaction
of condensed mnnins with WP has been also recently reported in the
literatare (Fredre ot al . 2010),

3.5.6. Oral and gastric digesnidility

1n order to verify whether fnctionalized FFS were digested by the
buman body in view of a possible application for the preparation of
edible coatings, experiments mimicking oral and gastric digestion of FFS
uncler physiological conditions (2012, Glesafatio et al,, 2014 Shani Lavi
et al, 2017) were performed. The in vigo digestion methods have the
advantage of being less expensive, less laborious, and free from ethical
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restrictions (Shani Levi et al, 201 7), It is worth to peint out that only
few papers addresse] the digestion under physiclogical conditions of
films based on WP. For example, some authors (Sarkar, Zhang, Mumay,
funsell. & Boxal, 2017) described emulsions with an ofl-water interface
consisting of a composite layer of WP Isolate and cellulose nanocryssals
and demonstrated thas the presence of the nanocrystals decreased the
proteolysis of the proteins.

FFS with or without PNSE were first incubated with & simulated
sallvary fiquid to mimic the oral digestion. Afterwards, the samples were
subjected to gastric digestion by beinging the pH to 2.5, and by addition
of both pepsin and a simulated gastric liquid prepared under physio-
logical conditions. The samples were then incubated for different times
and amalyzed by SDS.PAGE (4-20 %) (Flg. ©), Interestingly, alkaline
treatment of WPs (Abdalmazeq ot al. (2019} seems to imprave digestion
(Fig. 9) In comparison to WPs not previously treated (Mackis &
Maoclerzanka, 2010). The loss of the tghtdy packed swucture of
p-actoglobulin and «-lactoatbumin at alkaline pH thar makes the hy-
drophobic residues more exposed t the medium and avallable for
digestion with pepsin may likely account for this obeervadon (Ouwu-
lata, lsobe, Tomasuls, & Cooks, 2006). Data In Fig. 0 show thar the FFS
incorporating with PNSE were digested to a lower extent with respect to
the control sample. This result is ln agreement with the one reported by
He et 2l (2020) showing a reduced digestibility of WP isolate in the
presence of curcumin extract, Densitomedic analyses of the protein
band relative o p-lactoglobulin characterized by a molecular mass of
17,4 kDa showed that the protein is digested faster in the system pre-
pared in the absence of PNSE. This might be due to the formacion of
complexes with phenolic compounds thas affects the secondary structure
of the proteln, thus Influeacing susceptibilicy to pepeln (Coubladkl &
Dwlsckl, 2017; Gluand & Awlka, 2020), Another interpretation for the
decrease of the digestibllity of the extract-contalning FFS would invoke
the Inhiblrory activity of the proteases by proanthocyanidins present ln
the pecan nuts {Vazques Flores ef al, 2010). In any case, after about 60
min incubation, 40 % of the proteins present ins the PNSE-based FPS was
digested (Fig. 9B), indicating thar films functionalized with PNSE may
be considered for developing of novel edible packsging systems,

4. Conclusions

The potential of WP-based FPS as sustainable macerial for food
packaging has been recently increasingly appreciated. In this work a
further valorization of this material was explored by incorporation into
the FFS aml the derived films of an extract obtwined from an abundant
waste derived from pecan nut production (PNSE). The functionalized
films were stiff (YM value equal to 250 MPa) and mechanically resistant
(TS value equal to 8 MPa), exhibiting an increased thickness (90 pm) and
adecreased EB (30 %), as a result of a substantal nteraction of the PNSE
condensed tannins with the protein component. Also the barrier prop-
ertles towards water vapor and CO; and Oy gases were Improved by
inclusion of PNSE. The mechanical fearures together with the water
vapor and gas batrier properties are of paramount inportance to iden:
tify the capacity of the bio-based films as packaging materials for pro-
tecting different foodstuffs Notably, PNSE imparted the WP based filims
good antioxidant (0.6 pg of Trolox/mg of sample in the FRAP assay) and
remarkable antimuicrobial properties against Enterococcus faecalis and
the food pathogen bacterial strain Salmonelia enterica sabsp, enrerica ser.
Typhimurium. Fimally, although the interaction between proteins and
pheoolic compouns reduced the rate of digestion, the WP/PNSE-based
FFS was still digestible by the human gut, and hence the possibility to
use this material for the Implemencation of edible films remalns a viable
option. All these obssrvations coaflem the possibility to explolt WP/
PNSE-based films as an advantageous and eco-friendly alremarive for
food preservation and shelf-life extension. Of course, further studies on
the applicabiliry of WP iunctiopalized with PNSE in preserving a specific
food product should be carried out to optimize the function of this active
packaging.
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4.  CONCLUSIONS

In the present thesis heating tat 80°C for 25 min and alkaline pH
treatment were employed in order to assess the effect of these
experimental conditions on the derived materials. Hence, films were
prepared by casting WP FFSs, at both pH 7 and 12, containing 30,
40 or 50% (w/w of WPs) GLY. The minimum GLY concentration for
obtaining handleable films at pH 12 was 30%, also without a
preliminary heat-treatment of the proteins, whereas at pH 7 it was
necessary to heat-treat the FFS containing at least 40% GLY. After
analyses of the stability of FFSs by zeta-potential and particle size
measurements, the mechanical properties of the derived films were
investigated. The obtained results demonstrated that the films
obtained at pH 12 from FFSs unheated and containing either 40 or
50% GLY led to obtain more flexible bioplastics. In fact, these films
exhibited the highest EB and the lowest YM, also much higher and
lower, respectively, than those observed with counterpart films
obtained at pH 7 from heated FFSs. Further experiments were
focused on the use of mTG, a microbial enzyme able to catalyze the
formation of isopeptide bonds between endoprotein glutamine and
lysine residues. The enzyme was exploited in order to further
improve the technological properties of WP-based bioplastics. The
extent of mTG-mediated crosslinking, assessed by SDS-PAGE
analysis, has proved to improve the technological properties of the
films by enhancing the EB and reducing the YM. Also, the barrier
properties towards CO2 and O: resulted increased following the
mTG-catalysed crosslinking. In addition, in this study for the first time
WPs were blended with NPs obtained from PHAs. The technological
properties of the derived bio-nanocomposites demonstrated that
PHA-NPs conferred plasticity features to the films by also improving
the film gas barrier properties. This was confirmed by the material
microstructure that evidenced a homogeneous dispersion of NPs
into the film matrix. WP-based films were finally used as support for
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the incorporation of bioactive molecules. In particular, attention was
focused on the entrapment into selected films of both antioxidants
and antimicrobial agents from leaves of Thymbra and from nut shell
of Pecan, respectively. These natural molecules were able to endow
WP based films with good antioxidant and remarkable antimicrobial
properties against different food spoilage bacterial strains. Besides
the natural additives were also able to influence film technological
properties, being the materials prepared in the presence of Pecan
extract less extensible and more mechanical resistant, whereas the
EOs from Thymbra reduced film mechanical resistance without
changing the extensibility. In addition, experiments carried out to
investigate the digestion under physiological conditions of such
functionalized films, demonstrated that the films prepared with
Pecan extract were still digestible by the human gut, and, hence, the
possibility to use this material for the implementation of edible films
remains a viable option. All these observations confirm the
possibility to exploit WP-based films, prepared in the presence of
different additives, as an advantageous and eco-friendly alternative
to the traditional plastic polymers for food preservation and shelf-life
extension.

The scale up of these new materials on industrial scale might open
new horizons to produce tailored one time or short-term use items
suitable for food packaging. For example, they could be useful to
protect and extend the shelf-life of different kind of foods (both raw
and cooked) to reduce moisture adsorption. For example, the
transparent mTG-crosslinked can be used to protect some milk-
based foods in which is important to see through the package. On
the other hand, a possible protection from photooxidation of
photosensitive compounds contained in various food products might
be obtained by using the PNSE-based purple red color. More in
general, these findings encourage further investigations since WPs
seem a potential renewable bio-source capable to partially
substitute the highly pollutant petroleum-derived polymers, the
production of which is continuing to exponentially increase. In fact,
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from an environmental and economic point of view, it is worthy to
note that petroleum is becoming significantly expensive and a
progressively limited resource expected to decline over the next few
decades. Therefore, an early transition to renewable sources, such
as that represented by WPs, might be a valuable milestone for some
specific sectors of food packaging industry.
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Whey, the liquid obtained from the acld or proteolytic milk clotting, is responsible for relevant environmental
Issues due to its both large volume and high organic content. Bovine whey, the most common one produced
in the western countries, shares about 85-95% of the originating milk volume and contains about 55% of the
whole milk nutrients. The use of whey proteins (WPs) to prepare biodegradable packaging materials is an
attractive recycling possibllity of such by-product of the dairy industries. More recently, much attention has
been given to the production of biopolymer composites where nanoparticles (NPs) of different chemical
nature were shown to Improve the properties of blodegradable materials. In this work the attention was
focused on NPs derived from polyhydroxyaltkanostes (PHAs), & class of biopolymers produced by bacteria
from renewable sources (1). The experimental conditions for PHA-NPs preparation were set up and the
obtained NPs were characterized by Transmission Electron Microscopy and Scanning Electron Microscopy.
Dynamic light scattering analyses show that PHA-NPs are stable, exhibiting a I-potential value of about -40
mV and a Z-average size of 80 nm. Also the WP/PHA film forming solutions, prepared at pH 12 to obtain
handleable, transparent and more flexible bionanocomposite films (2), resulted stable. The mechanical
properties of the derived blended bioplastics indicate that the addition of PHA-NPs to WPs enhances film
elongation at break and decreases its Young”'s modulus, producing more extensible materials,

1. Raza et ol. (2018). Polyhydroxyalkanoates: properties and chemical modification approaches for their
functionalization, Biotechnol Prog. 34:29-41.

2. Abdalrazeq et al. (2019). Glycerok-plasticized films obtained from whey proteins denatured st alkaline pH.
Coatings 9: 322-330,
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Abstract

Milk whey (MW), the liquid obtained from the acid or proteolytic milk clotting, is
responsible for relevant environmental problems due to its both large volume and high
organic content. Hence, the use of MW proteins (MWPs) as biopolymer source to prepare
biodegradable/edible packaging materials is an attractive MW recycling possibility. In
this work we investigated the film forming properties of MWPs, thermally denatured at
80°C for 25 min at pH 7, following treatment with microbial transglutaminase (mTG,
E.C. 2.3.2.13), an enzyme able to catalyze the formation of isopeptide bonds between
endoprotein Gln and Lys. After incubation with different amounts of enzyme (8, 16 and
24 U/gr of MWPs), the pH of the film forming solutions (FFS) was adjusted to 12 as we
found out that at this pH handleable and transparent films were obtained. Finally, 40%
glycerol (w/w protein), used as plasticizer, was added to FFSs and films were prepared by
casting 1% of MWPs. Under these experimental conditions, it was proved by SDSPAGE
that MWPs acted as mTG substrates and, through  potential measurements, it was also
assessed the physico-chemical stability of the FFSs. Mechanical properties analyses
indicated that the microbial enzyme enhanced the elongation at break and reduced the
Young's modulus, showing that mTG was able to produce more flexible and less rigid
films. Additional experiments, based on blending with different nanoparticles, aliphatic
polyesters and anionic polymers are being carried out to further improve the
performances of the cross-linked MWP-based bioplastics reported.

Keywords: milk whey proteins. biodegradable materials, microbial transglutaminase,
mechanical properties.
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Milk whey (MW) represents the major by-product of cheese industry. One possibility to
recycle the MW wastes is the use of their giobular proteins (MWPs) as a polymer source
for the production of biodegradable plastic matenals. MWP-based films are usually
obtained by protein heat treatment in the presence of glycerol (GLY) as plasticizer at pH
7 [1]. a method which would require commercially high costing process. Since it is known
that denaturation and aggregation of MWPs are pH dependent, with strong alkalis
producing rod-like microstructures able to forms fine-stranded fiber-like matrices, it was
exploited the possibility to produce manageable MW-derived materials without any heat-
treatment but under alkaline conditions. Our results demonstrated that the casting at pH
12 of the unheataed MWP film forming solutions, containing either 40 or 50% GLY, led to
produce more resistant and flexible films than the ones obtained at pH 7. Film opacity
was observed significantly increased, being higher in the samples obtained at alkaline pH
without MWP heating and with higher GLY concentrations. The developed experimental
conditions allowed to produce hydrocolloid films with improved properties probably
because MWPs denatured under alkaline conditions form small primary aggregates able
to combine into large clusters [2). Finally, also moisture content was observed to decrease
with the reduction of GLY content, both in heated and unheated MWP-based films,
whereas water uptake of the different films prepared at pH 12 did not significantly change.

Roforences
1. Galus, S.. Kadznska, J. Moisture sensitivity optical mechanical and structural properties of whey
protein-based edble films incorporated with rapeseed od. Food Technol, Biotechnol. 2016, 54, 78-
89, Do 10.17113M b.54.01,16.3889
2. Beyanl, CM., McClements, D.J. Optimwzing preparabon conditions for heal-Genatured whey
profein solutions 1o be used as cold-gelling ingredients. Alr. J. Food Sci. 2000, 65, 259-263, Doi
10.1111/},1365-2621.2000.tb 15980 x
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Introduction
Grass pea is a very popular crop in many Astan and African countnes where it s grown either for
stockfeed or human consumption. It is characterized by a lol of advantageous biological as well

as agronomic features such as resistance to drought, high grain-yielding capacity and high protein
content of its seeds, Thus, nowadays, this legume is rightly considerad as one of the most promising
sources of starch and proteins,

Objective

Our aim was to characterize grass pea flour following treatment with microbial transghutaminase
(TG). an enzyme catalyzing Intra and/or intermoleoular isopeptide bonds between glitamines and
lysines inlo proteins.

Methodology

The impact of the TG modification on microstructure by means of Scanning Electron Microscopy
was explored. Protein digestibility was assessed by caming out in vitro digestion experiments fol-
lowing physiological condiions. Finally starch digestibility as well as expected glycemic index (eGl)
ol grass pea llour was evaluated by using an enzymalic assay kit and by taking into accoun! the
rapidly digestible starch and slowly digestible starch, important parameters used also for calculating
the eGl.

Main findings

Results demonstrated that grass pea flour proteins act as effective substrate of TG, Morostructural
results showaed that the addition of TG produced a more compact structure fikely due to TG-cata-
lysed heteropolymers. Nutritional properties such as slowly digestible starch and expected glycemio
index values followed the order: grass pea flour ncubated In the absence of TG grass pea flour
incubated in the presence of TG > raw flour. The TG catalyzed heteropolymers wese easily digested
as demonstrated by in vitro oral and gastric digestion,

Conclusion

TG-modified grass pea flour can be consldered as a new source of starch and protens, as it pos-
sasses nutnibonal properties that make this legume an Inexpensive food source sultable for for feed-
ing a large spactrum of population.

Key words
Estimated glyocemic index, food structure, grass pea flour. in vitro digestion, ransglutaminase,
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The dairy industry gives rise to considerable quantities of milk whey (MW) that, because of
its high organic content, cannot be discharged directly and, thus, should be treated with additional
costs for the manufacturing companies. One possible MW recycle is the use of its protein content
(~65% B-lactoglobulin, ~25% a-lactalbumin and ~8% bovine serum albumin) as biopolymer
source for production of biodegradable/edible films, coatings or wrappings. In the present study
MW proteins (MWPs), following heat denaturation and solubilization at different pHs, were
exploited to prepare film forming solutions containing different concentrations of uncharged
and/or ionic plasticizers. These new formulations gave rise to stable systems, as demonstrated
by {-potential measurements and, by casting, to manipulable, resistant and flexible films with
features comparable to the ones of various commercial biomaterials. Further experiments, based
on enzymatic MWP crosslinking and/or blending with different nanoparticles, are being carried
out to further improve the performances of the obtained MWP-based edible films. (Supp. by Ital.
Min. For. Aff & Int. Coop.; 1V Progr. Quadro Coop. ltalia/Messico).

88



» Memberships

01/02/2018 — Present
Junior Member in Italian Society of Biochemistry and Molecular Biology

> Honours and Awards

12/10/2019- 26/10/2019

e Awards — Green Talent 2019-

(BMBF): Every year, the German
Federal Ministry of Education and Research (BMBF) hosts
the prestigious Green Talents — International Forum for High
Potentials in Sustainable Development to promote the
international exchange of innovative green ideas from
various fields of research. | was one of the 25 winners
among 837 applicants. During two weeks | visited many
universities and research institutes including:

1. Research Center for Atrtificial Intelligence (DFKI),
Saarbricken.

2. The United Nations University (UNU), Bonn.
3. RWTH Aachen University, Aachen.

4. Wuppertal Institute for Climate, Environment and Energy,
Wuppertal.

5. Germanwatch, Bonn.
6. Covestro, Disseldorf.

7. The IfBB — Institute for Bioplastics and Biocomposites,
Hannover.

8. Fraunhofer Institute for Process Engineering and
Packaging, Giggenhauser Str. 35, 85354 Freising,

9. Federal Ministry of Education and Research (BMBF), Berlin.

89



03/12/2019
« Grant from Italian Society of Biological Chemistry (SIB) to
participate in the Enzyme Discovery and Engineering for
Biotechnological, Monte Sant 'Angelo, University of Naples
Federico I, Napoli, Italy.

18/09/2018
e Grant to participate in the (FISV) conference 2018 — Italian
Society of Biological Chemistry (SIB), Roma, Italy

13/09/2019 — 13/12/2019
e Scholarship for research activity — Italian Ministry of Foreign
Affairs and International Cooperation Entitled. “Nano
reinforced edible films to be used in food packaging".
University of Naples “Federico II”

01/10/2020-1/12/2020
« Scholarship for research activity — Italian Ministry of Foreign
Affairs and International Cooperation Entitled. "Preparation
and characterization of edible materials containing
nanoparticles activated with essential oils. University of
Naples “Federico II”

» Conferences

e November 5" 2020, Online forum and partnering on
biopolymers 2020, Bayern Innovativ GmbH, Germany

e 15t- 2¢d October 2020, IFIB 2020 International Online Forum
on Industrial Biotechnology and Bioeconomy, Italy

e 18M-20™ September 2019, SIB 2019_60th Congress (Lecce,
Italy)

e 17™-20™ June 2019, 9th Edition of the Shelf-Life International
Meeting (SLIM 2019), in "Federico Il University " (Naples,

Italy)

e 2nd- 4t of April 2019: 6th International Conference on food
Digestion, Granada conference center, (Granada, Spain)

90



15th- 29t March 2019: 1st Coatings and Interfaces Web
Conference (CIWC 2019)

18- 215t September 2018: XV Congress of the ltalian
Federation of Life Sciences (FISV), in "Sapienza University"
(Rome, Italy)

Workshops

Il Industrial Biotechnology: BiolD&A Biotechnology ldentity
and Application, 28 October 2019. Sala Azzurra, Monte Sant
" Angelo, University of Naples Federico II, Napoli, Italy.

Scientific communication, 25 October 2019, Federal ministry
of education and research, Berlin (Germany)

2° Workshop BIO/10 for SIB society , 17 May 2019, Aula
Magna del Complesso delle Biotecnologie, Napoli (Italy)

NanoBioMedicin, 22 March 2019, Conference Room CNR,
Napoli (Italy)

After your PhD what?, 18-21 February 2019, Sala Azzuro,
University of Naples Federico II, Napoli, Italy.

7" February 2019 Speaker in "Migrant women in university
and research"”,
Link: https://agenda.infn.it/event/18142/contributions/84943/

Schools

Enzyme Discovery and Engineering for Biotechnological
Applications, 3-5 December 2019, Monte Sant ' Angelo,
University of Naples Federico Il, Napoli, Italy.
https://astrobio2020.wixsite.com/edenbiotech2019

14t -15% May 2018: Transferable Skills Spring School,
University of Naples Federico II, Napoli, Italy

25™ October 2019, scientific communication workshop,
Berlin, Germany

91


https://agenda.infn.it/event/18142/contributions/84943/
https://astrobio2020.wixsite.com/edenbiotech2019

92



“Wdanar Abdalraze
; i

2018 -2021

93



