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RIASSUNTO 
 

La cottura è uno dei metodi più antichi per consumare e conservare i cibi e 
migliorarne il sapore, l’aroma, la consistenza e la palabilità.  Inoltre la cottura può 
inattivare eventuali patogeni, tossine, ed enzimi. Tuttavia, la cottura può procurare 
anche effetti indesiderati come la perdita di nutrienti e  vitamine. Alcuni metodi di 
cottura possono produrre sostanze dannose e composti tossici quali i prodotti della 
reazione di Maillard come il furano, le amine aromatiche, l’acrilammide, l’acroleina, e 
gli isomeri trans degli acidi grassi. Tutti questi composti sono considerati carcinogenici, 
mutagenici, genotossici e teratogenici e sono, dunque, considerati un rischio per la 
salute umana. Nel corso del presente progetto, abbiamo voluto focalizzare l’attenzione 
sull’acrilammide (ACR), un composto altamente solubile in acqua, che ricercatori 
svedesi nel 2002 scoprirono formarsi in alcuni cibi quando venivano trattati a 
temperature di circa 120°C e in condizioni di bassi valori di umidità. La formazione di 
ACR, almeno in parte, è dovuta alla reazione di Maillard in cibi contenenti asparagine 
libere e zuccheri riducenti. Secondo il parere dell’EFSA (European Food Safety 
Authority), l’ACR si forma in diversi cibi cotti al forno o fritti, inclusi la patatine, il pane, 
i biscotti e nel caffè (si produce nei chicchi a seguito del processo di torrefazione). 
L’ACR è prodotta anche durante la combustione delle sigarette essendo presente nel 
fumo delle stesse.  

 
Il rapporto EFSA 2015 riporta che ratti e topi esposti ad ACR mostrano segni di 

intossicazione, un’aumentata incidenza di deformazioni scheletriche, leggero aumento 
di peso, variazioni nell’istologia del sistema nervoso centrale con  conseguenze 
neurocomportamentali. 

  
Nel presente progetto sono stati studiati diversi cibi fritti (patatine, falafel e 

kobbah) con l’obiettivo di mitigare il contenuto in olio e ACR in modo da ottenere cibi 
più salutari. Soluzioni a base idrocolloidale contenenti pectina (PEC), o chitosano (CH) 
o farina di cicerchia (Grass Pea Flour, GPF) modificata mediante l’enzima 
transglutaminasi (TGase), e rinforzate con particelle di silica mesoporosa (MSN) o 
particelle di chitosano (CH-NP), sono state utilizzate per il raggiungimento dei nostri 
obiettivi. Le patatine, prima di essere fritte, sono state suddivise in gruppi e ogni gruppo 
rivestito da una delle seguenti soluzioni contenenti: GPF trattata e non con la TGase; 
CH;  PEC. Quindi nei cibi cotti sono stati valutati la concentrazione di ACR, il contenuto 
in acqua e in olio. Inoltre,  l’assunzione giornaliera (DI) e il margine di esposizione 
(MOE) sono stati calcolati per verificare eventuali variazioni dell’esposizione al rischio 
di assumere ACR come conseguenza dell’applicazione delle soluzioni protettive 
(coatings). I risultati hanno dimostrato che il più alto contenuto in ACR è stato 
osservato nel campione controllo, ovvero non rivestito dalla soluzione idrocolloidale, e 
pari a 2089 µg kgˉ¹. Il ricorso alle soluzioni idrocolloidali è un metodo efficace per 
ridurre la formazione di ACR, ridotta del 48% con soluzioni di PEC, del 38% con 
soluzioni di CH, del 37% con soluzioni contenenti GPF + TGase, e del 31% con 
soluzioni contenenti GPF non trattata con l’enzima. Infatti, il valore del MOE aumenta, 
diventando prossimo ai valori di sicurezza per evitare il rischio carcinogenico. Inoltre 
le soluzioni idrocolloidali sono state efficaci anche nel ridurre l’assorbimento di olio 
durante la cottura. 

 
I falafel sono, in Medio Oriente, un cibo di strada. Essi sono fritti e di forma 

sferica. L’impasto è costituito da fave o ceci cotti e speziati. In questo progetto l’enzima 
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TGase (5 o 20U/gr di proteine di ceci) è stato aggiunto all’impasto del falafel per 
studiarne gli effetti. In seguito, i falafel sono stati divisi in due gruppi. I falafel del primo 
gruppo sono stati immersi in una soluzione idrocolloidale a base di PEC e quindi il 
contenuto in ACR, acqua e olio è stato determinato in tutti i falafel. Sono stati condotti 
anche esperimenti per determinare tecnologicamente i parametri (durezza, 
masticabilità, gommosità) tramite TPA (Texture Profile Analysis) e l’analisi sensoriale 
tramite assaggiatori appositamente addestrati in Palestina. Inoltre esperimenti di 
digestione in vitro sono stati condotti per verificare l’influenza dell’enzima sulla velocità 
di digestione. Il contenuto in ACR è risultato ridotto nei falafel al cui impasto è stato 
aggiunto l’enzima (10.8% in presenza di 5U TGase/gr e 34.4% in presenza di 20U 
TGase/gr). Nei falafel rivestiti con la soluzione di PEC, la riduzione in contenuto di ACR 
è risultata essere 59.3%, 65.3% and 84.5%, nei campioni allestiti in assenza di enzima 
e con 5U/g e 20U/g rispettivamente. Tuttavia, la presenza dell’enzima non influenza il 
contenuto in olio, mentre il rivestimento a base di PEC  ne riduce l’assorbimento del 
23.5%. Nessuna differenza riguardo i parametri studiati tramite TPA è stata riscontrata 
fra i controlli e i campioni rivestiti con PEC. Questi ultimi hanno incontrato i gusti degli 
assaggiatori, mentre i falafel preparati in presenza di TGase non sono risultati 
gradevoli. Gli studi di digestione in vitro hanno riportato che la presenza dell’enzima 
non influenza la digeribilità dei falafel. 

 
I kobbah sono un cibo tipico dei paesi del Medio Oriente ma vengono  consumati 

anche in altre nazioni come cibo etnico. I kobbah sono stati preparati secondo la ricetta 
tradizionale e quindi separati in gruppi e immersi in soluzioni differenti prima di essere 
fritti. Il primo gruppo di soluzioni idrocolloidali conteneva solo GPF (campioni 
denominati GPF), GPF trattata con TGase (campioni denominati GPF+TGase) o con 
nanoparticelle a base di mesoporosa (campioni denominati GPF+MSN) o con 
entrambi (campioni denominati GPF+TGase+MSN). Inoltre soluzioni colloidali a base 
di GPF sono state preparate ricorrendo anche ad altre nanoparticelle a base di 
chitosano (CH-NP) (campioni denominati GPF+CH-NP) in assenza e in presenza di 
TGase (campioni denominati GPF+CH-NP+TGase). Il secondo gruppo di soluzioni 
idrocolloidali era base di PEC nanorinforzate con MSN (campioni denominati 
PEC+MSN) o con CH-NP (campioni denominati  PEC+CH-NP). Tutte le soluzioni 
idrocolloidali usate per rivestire i kobbah hanno provocato una riduzione del contenuto 
di ACR e di olio rispetto ai kobbah tradizionali. La percentuale di riduzione maggiore si 
è ottenuta nei kobbah rivestiti da PEC+MSN o PEC+CH-NP. Tuttavia anche nei 
campioni denominati GPF+MSN+TGase e GPF+CH-NP+TGase si è osservata una 
riduzione della concentrazione di ACR (rispettivamente del 41% e del 47.5%) rispetto 
ai campioni rivestiti di soluzioni GPF nanorinforzate allestite in assenza di enzima. I 
risultati indicano che il contenuto in acqua di tutti i kobbah rivestiti da soluzioni 
idrocolloidali risulta aumentato rispetto ai campioni controllo. La presenza di entrambi 
i tipi di nanoparticelle (MSN e CH-NP) è responsabile di questo effetto sia nelle 
soluzioni a base di GPF che di PEC. 

 
Le soluzioni a base di PEC , preparate sia in assenza che in presenza di 

glicerolo, sono state usate per preparare bioplastiche reinforzate con MSN. Lo studio 
dell’ influenza delle nanoparticelle sulle soluzioni filmanti ha dimostrato la riduzione 
delle dimensioni e  nessun effetto sul valore del potenziale Zeta. Lo studio delle 
proprietà meccaniche ha dimostrato che le MSN provocano un modesto aumento della 
resistenza alla trazione mentre inducono un aumento significativo del modulo di 
Young. Tuttavia, il carico a rottura aumenta nei film PEC+MSN preparati in presenza 
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di glicerolo, mentre sia il modulo di Young che la resistenza alla trazione decrescono. 
Inoltre, le nanoparticelle riducono le proprietà dei film di PEC indipendentemente dalla 
presenza di glicerolo, mentre influenzano positivamente la stabilità termica e la   forza 
di adesione. Le bioplastiche con migliori caratteristiche (0.6% di PEC con e senza 3% 
di MSN e contenenti il 30% di glicerolo sono state usate come involucri per proteggere 
campioni di fragole per allungare la shelf-life di questi frutti e conservarne alcune 
proprietà chimico fisiche. I risultati dimostrano che queste bioplastiche possono essere 
impiegate come materiali innovativi per proteggere la frutta. 
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SUMMARY 
 

Food heating or cooking is one of the oldest method for food treatment that can 
be used to increase the food shelf-life and improve the palatability, aroma, taste, 
appearance and texture into the final product. Moreover, cooking provides safe food 
to the consumer by inactivation of pathogenic organisms/microorganisms, toxins, or 
enzymes. However, heating of foods might also have undesirable consequences, e.g., 
the loss of nutrients and vitamins. Thermal treatment of food also produces harmful 
substances and toxic compounds like Maillard reaction products, furan, heterocyclic 
amines, acrylamide, acrolein, and trans fatty acids. These compounds are considered 
as carcinogenic, mutagenic, genotoxic, and teratogenic and are a concern for human 
health. 

During this project we focused on acrylamide (ACR), a compound highly soluble 
in water, about which heightened concerns regarding its exposure arose in 2002 when 
Swedish researchers discovered its formation in certain foods, when they were 
prepared at temperatures above 120ºC, and in the presence of low moisture. Its 
formation, at least in part, is due to the Maillard reaction in foods rich in free 
asparagines and reducing sugars. According to the European Food Safety Authority 
(EFSA), ACR forms in numerous baked and/or fried foods rich in free asparagine, 
including French fries, potato crisps, breads, biscuits, and coffee (roasted beans). ACR 
is also known to be present in cigarette smoke. The EFSA report in 2015 mentioned 
that rats and mice exposed to ACR have shown some signs of developmental toxicity, 
increased incidence of skeletal variations, slightly impaired body weight gain, 
histological changes in the central nervous system, and some neurobehavioral effects. 
Different fried foods (French fries, falafel and kobbah) were studied during this project 
to reduce ACR and oil content, with the aim of producing healthier fried foods. 
Hydrocolloid coatings were containing pectin (PEC), chitosan (CH), or grass pea flour 
(GPF) enzymatically crosslinked by means of transglutaminase (TGase) or reinforced 
with mesoporous silica nanoparticles (MSN) or chitosan nanoparticles (CH-NP), were 
used to achieve the objectives. In French fries, GPF treated or not by TGase, CH, and 
PEC hydrocolloid coating solutions were used to coat the potatoes before frying. ACR, 
water retention as well as oil content were evaluated. In addition, the Daily Intake (DI) 
and Margin of Exposure (MOE) were calculated to estimate variations in risk 
assessment by applying coating solutions before frying. Our results showed that the 
highest ACR content was detected in the control sample, reaching a value of 2089 µg 
kgˉ¹. Hydrocolloid coating solutions were demonstrated to be an effective way to 
reduce ACR formation, with the percentage of ACR reduction equal to 48% for PEC, 
38% for CH, 37% for GPF + TGase, and 31% for GPF, respectively. The MOE value 
for coated French fries increased, resulting higher safety level to diminish carcinogenic 
risk. Moreover, the tailored coatings were effective in reducing oil uptake.   

Falafel is traditional street food in Middle Eastern. It is a deep fried ball made of 
spiced fava beans and/or chickpeas. In this project TGase (5 or 20U/g of chickpea 
proteins) was added on falafel dough and the effect of the enzyme was investigated. 
Afterwards, the resulted falafel balls were either treated or not by dipping them into 
PEC coating solution. ACR, oil and water content were, hence, evaluated. Texture 
profile analyses (TPA) and sensory evaluation performed by trained Palestinian 
panellists were carried out. Moreover, in vitro gastric digestion experiments were also 
performed to study the effect of the enzyme and coatings on falafel digestibility. The 
ACR content was reduced by 10.8% and by 34.4% in the samples prepared with 5 and 
20U TGase/g, respectively. In PEC-coated samples, the reduction of ACR was equal 
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to 59.3%, 65.3% and 84.5%, in falafel balls prepared either without TGase or 
containing 5U or 20U of the enzyme, respectively.  However, TGase treatment did not 
affect oil content, while the PEC coating reduced oil uptake by 23.5%. No difference 
was observed between the control sample and the one dipped in PEC in regard to TPA 
while these properties changed in samples prepared with the enzyme. Panellists 
accepted falafel coated by PEC solution, ever better than the traditional ones, while a 
negative score was obtained by TGase-containing falafel. The digestion studies 
demonstrated that the falafel prepared in the presence of TGase was efficiently 
digested in the in vitro gastric environment. 

Kobbah is a food typical in Middle Eastern countries but also used as an ethnic 
dish. It was prepared according to traditional recipe and then dipped using different 
solutions. The first set of dipping solutions was GPF-based and containing only GPF 
(GPF samples) reinforced by means of TGase (GPF+TGase samples) and/or by 
means of mesoporous nanoparticles (MSN) (GPF+MSN samples and 
GPF+MSN+TGase samples). Some GPF-containing samples were prepared also 
using, as nanoreinforcement, the (CH-NP), (GFP+CH-NP samples and GFP+CH-
NP+TGase samples). The second set of dipping solutions was PEC-based reinforced 
by means of MSN (PEC+MSN samples) or CH-NP (PEC+CH-NP samples). All 
hydrocolloid-based materials, used to coat kobbah, were effective in provoking a 
significant reduction in ACR and oil content comparing to the controls. The highest 
reduction rates were obtained using both PEC+MSN and PEC+CH-NP samples. 
However, also GPF+MSN+TGase and GPF+CH-NP+TGase samples were 
responsible for ACR reduction (41.0% or 47.5% respectively) in comparison to the 
nanoreinforced GPF prepared in the absence of the enzyme. The results indicated that 
the water content was significantly increased after coating the kobbah by different 
coating solutions. Nanoreinforcement of the coating solutions by either MSN or CH-NP 
for both GPF-based and PEC-based coatings, showed the ability of increasing the 
water retention inside the kobbah. Water retention in these samples was significantly 
higher than retention exhibited from samples coated with GPF-based solution or PEC-
based solutions.  

PEC solutions, set up in the presence and in the absence of glycerol (GLY), 
were used to prepare bioplastics reinforced by MSN. Nanoparticles reduced 
significantly the particle size, and had no effect on the Zeta potential of PEC solutions. 
Mechanical characterization studies demonstrate that PEC containing MSN films 
exhibit a slightly increase in tensile strength and a significantly decrease in the Young’s 
modulus in comparison to films made of only PEC. However, elongation at the break 
increased in the PEC-MSN films cast in the presence of GLY, while both Young’s 
modulus and tensile strength were reduced. Moreover, nanoparticles were able to 
reduce the barrier properties of PEC films prepared with or without GLY, whereas 
positively affected the thermal stability of PEC films and the seal strength. The 0.6% 
PEC films reinforced or not with 3% nanoparticles in the presence of 30% GLY were 
used to wrap strawberries in order to extend the fruit shelf-life, over a period of eighty 
days, by improving their physicochemical properties, thus suggesting a possible use 
of these materials as novel bioplastics to protect fruit.  
 

 

 

 

 

 



15 
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1. INTRODUCTION 
 

1.1 Edible films and enzymatic crosslinking by means of transglutaminase 
 
The growing use of plastic materials in recent years has resulted in a global 

waste disposal problem. (Sabbah & Porta, 2017; Porta, 2019). Globally, production of 
plastics exceeds 300 million tons per year and it is likely that a similar quantity of 
plastics will be produced in the next eight years as it was produced during the 20th 
century (Thompson, 2017). Polymers cause serious damage to the environment since 
they remain undergirded for more than hundreds of years contaminating the wildlife in 
the ocean or land and also the food chain (Sadeghi & Mahsa, 2015). Most plastic-
based materials are used in the food industry to protect food products and prolong 
shelf-life. In order to both minimize the environmental impact and satisfy the increasing 
demand for high quality foods, materials with faster degradation process are being 
researched and developed as substitutes to the traditional polymers (Imran et al., 
2010; Fernando et al., 2015). A possible solution is the synthesis of bio-based and 
biodegradable/edible “bioplastics” (Falguera et al., 2011; Pathak et al., 2014). These 
biomaterials can reach satisfactory mechanical properties being able to prevent 
moisture loss and control gas exchanges (such as oxygen, carbon dioxide, and 
ethylene) which are involved in “respiration” processes of numerous coated food 
products. Some foods can be consumed fresh, but the current lifestyle has increased 
the demand for products that could be easily transported and stored in supermarkets 
and that still possess nutritional and sensorial values and other characteristics highly 
desired by consumers. These characteristics can be provided by recurring to the use 
of edible films and coatings, because of the advantages over synthetic films have 
received considerable attention in recent years.  

Components used for the preparation of biodegradable/edible films can be 
classified into three categories: hydrocolloids (such as proteins or polysaccharides), 
lipids (such as fatty acids, acylglycerol, waxes), and composites (Song & Zheng, 2014). 
Polysaccharides used for edible films or coatings include cellulose, starch derivatives, 
PEC, seaweed extracts, exudates gums, microbial fermentation gums and CH. 
Moisture barrier properties of polysaccharide-based films are poor, and the addition of 
proteins can provide films with improved characteristics like acceptable barrier capacity 
to water vapor as well as mechanical resistance. 

 Barrier and mechanical properties of edible films can be reinforced recurring to 
reticulating agents. Reticulating agents can be chemical substances, i.e. 
glutaraldehyde, or organic molecules such as enzymes. Compared to chemical cross-
linkers, enzymes offer numerous advantages. The total absence of toxicity is the most 
important. Among enzymes able to catalyze crosslinking, Streptoverticillium 
mobaerense transglutaminase has proved to be a powerful tool (Porta et al., 2011). 
Microbial transglutaminase (TGase) belongs to a family of enzymes (E.C. 2.3.2.13) 
(widely distributed in nature from microbes to animals and plants) capable of catalyzing 
iso-peptides bonds between endo-glutamine and endo-lysine residues belonging to 
proteins of different nature, giving arises to intra- and inter-molecular crosslinks (Fig. 
1). Recently, TGase crosslinked protein-based edible films and coatings have met a 
great interesting among researcher, and many paper have been published using this 
enzyme as biotechnological tool. Recently, Sabbah et al. (2019a) have published an 
updated overview on the importance of TGase for the preparation of edible films and 
coating in the food sector. Moreover, TGase-mediated reticulation can affect functional 
properties of protein-based food products, as reported in the book chapter we 
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published in Enzymes in Food Technology with the aim of reporting the recent literature 
focused on the ability of plant and animal proteins to act as TGase-subtracts (See 
Appendix 6.5.1). 
 

Fig. 1 TGase-mediated crosslinking can give rise to intra-molecular (A) and inter-   
molecular (B) isopeptidic bonds. 

 
The use of the microbial isoform in food sector is successful because despite 

the others, is calcium independent, and acts in a wide pH and temperature ranges. 
Thus, TGase is widely used in the food industry as technological aid (according to 
Yokoyama et al., 2004), to improve texture of protein-based products, such as yoghurt, 
but also meat-based food such as sausages. Moreover it has been proved that TGase 
treatment also affects viscosity (Farnsworth et al., 2006; Jaros et al., 2006). Available 
in the market there are many TGase preparations from different producers, even 
though Ajinomoto is the most popular one. In the last decade many research papers 
have been published regarding the use of TGase to be used as biotechnological tool 
to reticulate the protein component of hydrocolloid edible films (Porta et al., 2016; Rossi 
Marquez et al., 2017; Giosafatto et al., 2018). 

Moreover, Rossi Marquez et al. (2013) have demonstrated the effectiveness of 
whey protein/PEC-based coating obtained by means of TGase in improving a barrier 
to water, giving rise to fried donuts with low oil uptake and high water content, together 
with baked biscuits (named “Taralli” in Italian) that, when coated, exhibited a longer 
shelf-life. Thus, the present project was addressed to prepare hydrocolloid-based 
edible films or coatings, reinforced or not by nanoparticles into which the protein 
component can be reticulated or not by the mean of the TGase. In particular, we have 
meant to study the effectiveness of hydrocolloid-based coating in lowering the amount 
of toxic substances that are produced during Maillard reaction. We decided to coat 
some typical Palestinian foods (such as fried potato, falafel and kobbah) that are widely 
consumed at home and as street food in the Middle East. 
 

1.2 Hydrocolloid materials for coating and wrapping 
 

  Hydrocolloids are effective coatings to enhance the quality of food products as 
reported in several reports (Porta et al., 2011; Coltelli et al., 2016). Despite their 
effectiveness in regulating the transmission of gases such as oxygen and carbon 
dioxide besides water vapor, an increasing interest in studying their role in ACR 
reduction in processed foods has been registered (Zeng et al., 2010; Suyatma et al., 
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2015; Rannou et al., 2016). Polysaccharides and proteins are classified as hydrocollod 
compounds. In this project we have studied PEC and CH as polysaccharides, and 
grass pea flour as a source for proteins. 

  PEC is a plant cell wall structural polysaccharides composed mainly of 
galacturonic acid units with variations in composition, structure, and molecular weight 
(Lara-Espinoza et al., 2018). In general, PEC is used as food additive (E440), known 
as thickers or stabilizers, to prepare different food products like jelly, jam, marmalades 
and other products, due to their gelling properties (Padmaja & Bosco, 2014). PEC is 
also used in pharmaceuticals and cosmetics industry due to all these properties. 
Moreover, PEC applications are devoted to increase, since these biopolymers have 
great potential for future developments (Valdés et al., 2015). Coatings are one of the 
most important food preservation methods that are applied to protect highly perishable 
foods by creating a thin layer of edible materials onto surfaces of the products. For 
example, Yossef. 2014, found out that strawberry fruits dipped in PEC-based solutions 
retained physico-chemical properties comparable to the ones coated by soy proteins, 
gluten, or starch. 

 CH, is derived from chitin by deacetylation in an alkaline media (Abdou et al., 
2008). Actually, CH is a copolymer consisting of β-(1–4)-2-acetamido-D-glucose and 
β-(1–4)-2-amino-D-glucose units with the latter usually exceeding 60%. CH is 
described in terms of degree of deacetylation and average molecular weight and its 
importance resides in its antimicrobial properties, in conjunction with its positive charge 
and film-forming properties. The potential of CH to act as a food preservative of natural 
origin has been widely reported on the basis of in vitro trials as well as through direct 
application on real complex matrix foods (Coma et al., 2003; Durango et al., 2006; Han 
et al., 2004; Park et al., 2004; Ribeiro et al., 2007). CH is also an excellent film forming 
material (Domard et al., 2001). CH films have a selective permeability to gasses (CO2 
and O2) and good mechanical properties. However, the fact that CH films are highly 
permeable to water vapor limits their use being an important drawback since an 
effective control of moisture transfer is a desirable property for most foods, especially 
in moist environments. 

Grass pea flour was used for its high content in proteins. Grass pea (Lathyrus 
sativus L.) belongs to the leguminous family and is a very popular crop in many Asian 
and African countries where it is cultivated either for stock feed or human consumption. 
It is characterized by a lot of advantageous biological peculiarities (resistance to pests) 
as well as agronomic features (resistance to drought, high grain-yielding capacity) 
(Campbell, 1997). We have recently demonstrated that grass pea flour (GPF) contains 
proteins able to act as TGase substrates (see Appendix 6.5.3), giving arise to novel 
bioplastics that were more resistant, more extensible, and less rigid than the ones 
prepared in the absence of the enzyme. Thus, in the present project GPF was chosen 
as protein component of our novel materials. In particular, we have set up different 
hydrocolloid-base solutions to be used either as edible coatings and wrapping 
bioplastics. Generally, coating application consists of applying a liquid or a powder 
ingredient onto a product, while wrapping is intended when the film represents a stand-
alone protecting material. Hydrocolloid materials can be especially suitable for food 
coating or wrapping, as well as for separation of different food portions (Sabbah et al., 
2019b). Recently, Sabbah et al. (2019b) used CH-based and bitter vetch protein-based 
films as wrapping of the Palestinian Nabulsi cheese, to improve the shelf-life of such 
dairy product widely consumed in the Middle East.  Dipping is a common method for 
applying coatings on fruits and vegetables (Vargas, 2009). The coating solution must 
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exhibit some properties likes density, viscosity and surface tension (Cisneros-Zevallos 
& Krochta, 2003; Dhanapal et al., 2012). 

 
1.3 Nanoparticles as reinforcement of edible films 

 
Despite its biodegradability, renewable biopolymers have three main problems: 

performance, processing and cost (Petersen et al., 1999). In special, their poor 
mechanical and barrier properties are limiting their use, particularly in food packaging, 
thus these characteristics may be modified by adding some reinforcing compounds, 
generally on nanoscale dimension, forming composites/nanocomposites (Sadeghi & 
Mahsa, 2015). Nanotechnology refers to the use of particles that have dimension up 
to nanometers applied in several sectors, i.e. in diagnostic field to build up biosensors, 
to the food industry. In the latter, most attention is related to the use of nanotechnology 
food contact. 

Among the NPs mostly studied in food packaging systems there are nanoclays 
and mesoporous silica nanoparticles (MSN) used as reinforcements, since both kinds 
are easily available, environmentally friendly, and low cost chemical substance. 
Nanoclays have found applications in many fields, including medicine (Ambre et al., 
2010), pharmacy and cosmetics (Carretero & Pozo, 2010), besides than food 
packaging (Majeed et al., 2013; Shekarabi et al., 2014; Rostamzada et al., 2016). In 
particular, bentonite is absorbent aluminum phyllosilicate clay consisting mostly of 
montmorillonite (MMT). Bentonite is authorized as additive (E558) for plastic materials 
and articles in contact with foods (Regulation (EU) No 10/2011) with no specific 
restrictions. The bentonite is also an approved food additive included in the Directive 
95/2/EC, and can be used as a carrier for colors with a maximum of 5% w/w in food 
(http://ec.europa.eu/food/safety_en). Few previous studies have dealt with the effect 
of MMT nanocomposite-based coatings to preserve fresh food, such as acerola 
cherries (Azeredo et al., 2012), melon (Danza et al., 2015), strawberries (Junqueira-
Goncalves et al., 2017) and carrots (Costa et al., 2012). 

SiO2- based NPs of different composition are labelled as E551, E554, E556, or 
E559, and used for instance as an anti-caking agent. The amount ingested daily is 
estimated to be 1.8 mg/kg (around 126 mg/day for a 70 kg person) (Dekkers et al., 
2011). MSN (Type MCM-41) are a kind of SiO2–based NPs that are promising 
materials for application in numerous aspects of biomedical purposes. For example  
MSN-based delivery systems containing drugs and bioactive molecules can be 
suggested, since the advantages of mesoporous materials which are tunable in pore 
size, controlled in particle size and morphology, and dual-functional surface (external 
and internal) (Mathew et al., 2014; Rafi et al., 2016). Moerover, MSN appear promising 
for the application as selective media for the separations of large molecules such as 
proteins, which are important in the food and pharmaceutical industries (Bernardos & 
Kouřimská, 2013). Recently, Fernandez-Bats et al. (2018), prepared and characterized 
the active protein edible films nanostructured with MSN or with its amino-functionalized 
derivative, and they concluded that the film tensile strength and elongation at break 
significantly increased in the presence of both kinds of NPs. In this project we want to 
recur to NPs with the aim of obtaining hydrocolloid edible films that possess a higher 
capability of binding water. It is known from Cushen et al. (2012) that, when included 
in a polymer, nanosized fillers can effectively lengthening the path of diffusion through 
the polymer matrix (Fig. 2). 

http://ec.europa.eu/food/safety_en
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Fig. 2 Schematic illustration of formation of tortuous path created by the use of 
nanosized fillers in nanocomposites (b) compared to the conventional polymer (a). 
 

 Moreover, in this project, we want to test also CH-NP, since they can be easily 
prepared using sodium tripolyphosphate (TPP) which carries five negative charges per 
molecule. In this method, TPP solution is added to a CH solution dropwise, and the 
spontaneously formed particles are then spray dried (Gutiérrez, 2017).  

CH and CH-NPs are natural material that are obtained from the marine by-
products, with excellent physicochemical, antimicrobial, biodegradability and biological 
properties, which make them a superior environmentally friendly material and they 
possess bioactivity that do not harm humans and use as carriers for drug delivery 
(Malmiri et al., 2012; Divya & Jisha, 2018). Due to the all properties of CH-NPs now 
they are used in several applications such as tissue engineering, cancer therapy, 
antioxidant, drug delivery systems, water treatment, food packaging, antimicrobial 
agent and agriculture. Lorevice et al. (2016), obtained higher mechanical properties by 
adding CH-NPs to PEC films compared with control, allowing these novel materials to 
be an alternative to traditional food packaging production. Moreover, addition of small 
fractions of CH-NPs, enhanced mechanical and thermal stability of banana puree-
based films (Martelli et al., 2013). 

 
1.4 Acrylamide as a concern for public health  

 
An undesirable compound that can be found in cooked foods is ACR (H2C=CH-

CO-NH2), which is highly soluble in water. Heightened concerns about exposure to 
ACR arose in 2002 when it was discovered that it forms when certain foods are 
prepared at temperatures usually above 120 °C and low moisture (Mottram et al., 2002; 
Tareke et al., 2002). Its formation, at least in part, is due to a Maillard reaction between 
free asparagine and reducing sugars (Fig. 3), ACR forms in numerous baked or fried 
free asparagine rich foods, including French fries, potato crisps, breads, biscuits and 
coffee (roasted beans). 
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Fig. 3 Formation pathways of ACR from asparagine (Jin et al., 2013). 
 

French fries can contain more than 2000 µg Kg-1 of ACR (Gӧkmen et al., 2006; 
Pedreschi et al., 2006). In 2015, it has been investigated the ACR content of 40 potato 
crisp brands from Spain market, that ranges from 108 to 2180 µg kg-1 (Mesías & 
Morales, 2015). ACR is also known to be present in cigarette smoke (EFSA, 2015). 
Rat- and mouse-based studies have shown some signs of developmental toxicity 
(increased incidence of skeletal variations, slightly impaired body weight gain, 
histological changes in the central nervous system, and neurobehavioral effects). 
However, ACR and its metabolite glycidamide (a reactive epoxide with the formula 
C3H5NO2) are genotoxic and carcinogenic. Since any level of exposure to a genotoxic 
substance could potentially damage DNA and lead to cancer, EFSA scientists 
conclude that it is not possible to set a tolerable daily intake of ACR in food. Instead, 
EFSA’s experts estimated the dose range within which ACR is likely to cause a small 
but measurable tumour incidence (called “neoplastic” effects) or other potential 
adverse effects (neurological, pre-and post-natal development and male reproduction). 
The lower limit of this range is called the Benchmark Dose Lower Confidence Limit 
(BMDL10) and takes into account body weight (b.w.). For tumors, experts selected a 
BMDL10 of 0.17mg/kg b.w./day. For other effects, neurological changes were seen as 
the most relevant with a BMDL10 of 0.43 mg/kg b.w./day. By comparing the BMDL10 to 
human dietary exposure to ACR, scientists can indicate a “level of health concern” 
known as the margin of exposure (MOE) which is a ratio between the dose at which a 
small but measurable adverse effect is first observed, and the level of exposure for a 
given population (EFSA, 2015). 

MOE approach provides an indication of the level of health concern about a 
substance’s presence in food without quantifying the risk. Use of the MOE can help in 
defining possible actions required to keep exposure to such substances as low as 
possible. EFSA Scientific Committee concluded that, for substances that are both 
genotoxic and carcinogenic, MOE of 10 000 or higher, based on a BMDL10 from an 
animal study, and taking into account overall uncertainties in the interpretation, would 
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be of low concern from a public health point of view (EFSA, 2005; 2012). Since the 
calculated MOE values are all substantially lower than 10 000, the EFSA scientific 
panel on contaminants in the food chain (CONTAM Panel) concluded that the MOEs 
across surveys and age groups indicate a concern with respect to neoplastic effects. 
The MOEs for the cancer-related effects of ACR range from 425 for average adult 
consumers down to 50 for high consuming toddlers. These ranges indicate a concern 
for public health, especially for young people less than 18 years old (EFSA, 2015). 

Thus, EFSA welcomes studies addressed to find solutions that could automatize 
processing of industrial foods to keep ACR content as lowest as possible. In the 
literature studies are present research that are devoted to minimizing ACR formation 
during cooking. Most of the studies regard fried potatoes, and pretreatments such as 
soaking in water or salt solution (Pedreschi et al., 2010), asparaginase treatment 
(Pedreschi et al., 2008), blanching (EL-Saied et al., 2008), microwave treatment 
(Erdogdu et al., 2007), addition of natural antioxidants (Ou et al., 2010), and the use 
of frying oil with high smoke points (Arribas-Lorenzo et al., 2009) have been examined 
as approaches to control ACR levels in the final product. Other studies have 
investigated the use of edible coatings to avoid excessive oil absorption and preserve 
product crispiness (Varela & Fiszman, 2011; Rossi Marquez et al., 2013). Moreover, 
Suyatma et al. (2015), have studied the synergistic effect of blanching and PEC coating 
of fried banana chips that resulted in great ACR reduction (up to 91.9 %). 

Besides PEC other hydrocolloids, such as tragacanth, carboxy methyl cellulose, 
guar gum and xanthan gum, have been used to reduce oil uptake of various food 
products such as fried potato chips, vegetables (i.e. onions) and cereals (Albert & 
Mittal, 2002; Akdeniz et al., 2006; Garmakhany et al., 2008; Rossi Marquez et al., 
2013). Interestingly, hydrocolloids could also reduce ACR formation in food model 
systems (rich in asparagine), wheat flower, and fried potato products (Zeng et al., 
2010). Zeng et al. (2010) observed that ACR formation decreased in food models in 
the presence of 2% (w/w) PEC, alginic acid (> 50% reduction), and xanthan gum 
(20%), while for fried potato strips, they suggested that immersion time was a more 
important factor than hydrocolloid solution concentration. In fact, they showed inhibition 
of ACR formation by immersing potato strips in a 1% alginic acid solution for 5 hours 
was two times more effective than immersing in a 5% solution for 1 hour (60% versus 
30% reduction). 
 

1.5  Ideas developed in the present project  
 
Palestinian authorities are not yet aware of the ACR concern in foods and, thus no 

studies are available about the level of this substance in traditional Palestinian food 
like fried products such as falafel, kobbah, and potato. Falafel is a fried ball principally 
made of spiced fava beans and/or chickpeas (Abdullah, 2015). (Fig. 4) Falafels were 
invented around 1000 years ago by the Egyptian Copts, who brought them to the rest 
of the Middle East. Originally falafel were made with fava beans. The dish migrated 
northwards to Palestine and Middle East where chickpeas were introduced instead. 
The chickpea was used as a food item in the East earlier than 4000 B.C. (Jodi, 2002).  

Falafel dough is made of a mixture of soaked ground chickpeas, leafy 
vegetable, onions, spices and leavened by sodium bicarbonate, formed to patties just 
before deep-frying in vegetable oil until they are crust and thoroughly browned usually. 
Al-Dmoor et al. (2004), indicated that ACR in Jordanian fried falafel (cooked for 6-8 
min at 160-180ºC) have very high values ranging from 2700 to 4200 μg kg-1, moreover, 
the same study demonstrated that the excessive use of frying oil in food preparation 
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caused significant increases (~33%) in ACR content. Very little work has been done to 
decrease oil absorption in fried falafel balls and the only indications come from Abu-
Alruz. (2015), which assessed that increasing falafel ball size provokes a reduction of 
oil uptake together with a decrease of frying time.  

 

Fig. 4 Falafel balls, sandwich and frozen falafel (ready-to-eat after warming). 
 

     Kibbeh, kibbe, kobbah (also kubbeh, kubbah, kubbi) (pronunciation varies with 
region) is eastern dish made of a ground bulgur (wheat-based food) mixed with minced 
beef meat formed as balls stuffed with cooked ground meat, onion, nuts and spices 
(Fig. 5). They are usually cooked by deep frying at 160-180 ºC for 8-10 min in vegetable 
oil, thus they look gritty crust and thoroughly browned. They are home-made and 
consumed fresh or they are sold frozen in the super-markets and consumers can fry 
them at home. Al-Dmoor et al. (2004), also determined the ACR content in Jordanian 
fried kobbah found values that range from 2900 to 5300 μg kg-1). Thus, both falafel 
and kobbah contain ACR in values that impose attention to protect the health of 
consumers. 

Fig. 5 Kobbah and raw frozen kobbah. 
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Another objective reached in the present project was obtaining novel bioplastics 
nanoreinforced with NPs to be used as sustainable wrapping for strawberry, thus 
prolonging its shelf-life and physico-chemical characteristics. The strawberry (Fragaria 
vesca) is one of the most perishable fruits, and has very short postharvest time, 
because of its susceptibility to mechanical damage, physiological deterioration and 
possible attack of pathogens. Strawberry is classified as a healthy food, due to a high 
content of vitamin C, antioxidant activity, vitamin E and phenolic compounds which 
make Fragaria vesca important for human nutrition. To date, some studies have been 
devoted to extend the shelf-life of strawberry fruits by dipping fruits with edible coatings, 
and by packaging them using CH–poly(vinylalcohol) blend films (Liu et al., 2017). An  
objective of the present study was to investigate the effect of nanoreinforcement on 
both PEC films-forming solutions (FFSs) and cast film on  strawberry physicochemical 
properties. Samples, prepared at two different concentrations of PEC, GLY and/or 
MSNs, were prepared with the aim of obtaining a suitable biomaterial useful for food 
packaging. We have here tested the efficiency of PEC-based films in protecting 
strawberries by extending their shelf-life at 4 °C. 
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2. MATERIALS AND METHODS 
 
2.1 Materials 

          
Acrylamide (ACR) standard ≥ 99.8%, catalogue No. 23701 and methanol were 

obtained from the Sigma–Aldrich Chemical Company (St. Louis, MO, USA). 
Acetonitrile HPLC (high pressure liquid chromatography) analytical grade, n-hexane, 
and formic acid were supplied from Carlo Erba reagents srl (Milan, Italy). Water purified 
by a Milli-Q-RO system (Millipore, Bedford, MA, USA) was used. Whereas Oasis HLB 
(Hydrophilic-Lipophilic-Balanced) 200 mg, 6 mL solid phase extraction (SPE) 
cartridges were from Waters (Milford, MA, USA). The syringe filters (0.45 µm, 0.22 µm 
PVDF (polyvinylidene difluoride) were from Alltech Associates (Deerfield, IL, USA). 

 Pectin (PEC) of Citrus peel low-methylated (7%) (Aglupectin USP (United States 
Pharmacopoeia)) was purchased from Silva Extracts srl (Gorle, Italy). Chitosan (CH 
mean molar mass of 3.7 -104 g/mol) was obtained from Professor R. Muzzarelli 
(University of Ancona, Ancona, Italy), with a degree of 9.0% N-acetylation. Glycerol  
(GLY ) was purchased from the Merck Chemical Company (Darmstadt, Germany). 

Tetraethylortosilicate (98%) (TEOS), cetyltrimethylammonium bromide (CTAB) 
were obtained from Sigma (Steinheim, Germany) that was used to synthesize the 
MSN, MSN- based solutions were prepared with distilled water. 

  2,2-diphenyl-1-picrylhydrazyl (DPPH) was purchased from Sigma Chemical 
Company (Pool, Dorset, UK), while ascorbic acid  and sodium tripolyphosphate (TPP) 
were obtained  from Merck Chemical Company (Darmstadt, Germany).  

 Grass pea seeds (GP), chickpeas and corn oil were purchased from a local market 
(Naples, Italy). Potatoes (cultivar Musica) were obtained from the Department of 
Agriculture, University of Naples “Federico II” (Naples, Italy) and stored at 4 ºC until 
use and strawberries variety "Sabrina" were purchased from local market Naples, Italy, 
strawberry experiments were carried out the day after their purchasing. 

 Transglutaminase was purchased from Prodotti Gianni (ITALY) which distributes 
the WM preparations sold  by Ajinomoto, Japan. 

 Other chemicals and solvents used in this study were of analytical grade. Mater-
Bi® (S 301)-based commercial material bags were from a local market, Naples, Italy.  

 
2.2 Synthesis of mesoporous silica nanoparticles (MSN)  

MSN (MCM-41) was synthesized by using (Chen et al., 2011; Fernandez-Bats et 
al., 2018) and, reported in the following scheme (Fig. 6).  

 
2.3  Synthesis of chitosan nanoparticles (CH-NP) and their characterization 

CH-NP was synthesized by using the ionic gelation method (Calvo et al., 1997; 
Hosseini et al., 2013; Chang et al., 2010; Lin et al., 2019). Reported in the following 
scheme (Fig. 7). The CH-NP then characterized by using Zetasizer Nano ZSP 
equipped with an automatic titration unit (MPT-2). Zeta potential and Z-average of 
CH-NP (1mg/mL) prepared at pH 2, than titrated automatically from pH2 to pH7 by 
using NaOH 0.1, 0.5 and 1N as titrant solutions.    
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Fig. 6 Scheme for MSN synthesis. 
 

 

Fig.7 Scheme for CH-NP synthesis. 
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2.4 Hydrocolloid dipping solution preparation  
 

To obtain GP flour (GPF), seeds were ground using a variable speed laboratory 
blender LB 20ES (Waring Commercial, Torrington, CT, USA), so that the GPF could 
pass through a 425-μm stainless steel sieve (Octagon Digital Endecotts Limited, 
London, UK), the flour samples were collected and stored in polyethylene bags at 4 °C 
until used for analysis. GPF-based solutions were prepared by dissolving 8.3 g of GPF 
(containing 24% w/w proteins) in 100 mL Milli-Q water. The solution was shacked for 
1 h and its pH was adjusted to 9.0, followed by centrifugation at 12,096 xg for 10 min. 
After centrifugation, 60 mL of the supernatant were taken and the pH was adjusted to 
7.0, and the final volume of 100 mL was reached with water after adding 16 µL of GLY 
(8% w/w with GPF proteins). The solution was then divided in two 50 mL falcon tubes 
and TGase (33U/g of GPF proteins) was added in only one tube; then both samples 
(GPF with and without TGase) were incubated for 2 h at 37 °C. The enzymatic reaction 
was stopped by adjusting the pH to 9.0. The ratio between the enzyme and its 
substrate in order to have TG-mediated crosslinking of GPF the proteins, was 
established in our laboratories (unpublished data). CH-based solutions (0.6% w/v) 
were prepared from a CH stock solution (2% w/v of hydrochloric acid 0.1 N stirred 
overnight)  then diluted with water adjusting the pH to 4.0; finally the solution was 
stirred for 30 min at 25 °C. PEC-based solutions (1% w/v) were prepared according to 
Esposito et al. 2016 from a PEC stock solution (2% w/v), then diluted with water; the 
pH was adjusted to 7.5; finally the solution was stirred for 30 min at 25°C. 

GPF-based solutions were prepared as described above, after centrifugation, 60 
mL of the supernatant were taken and the pH was adjusted to 6.0, then added the NPs, 
either MSN or CH-NP (1% w/w GPF proteins) shaking for 30 min, and the final volume 
of 100 mL was reached with water after adding 16 µL of GLY (8% w/w GPF proteins). 
The solution was then divided in two 50 mL falcon tubes and TGase (33U/g of GPF 
proteins) was added in only one tube; then both samples in presence of NPs (GPF 
with and without TGase) were incubated for 2 h at 37 °C. PEC-based solutions (1% 
w/v) were prepared as descried above then added the NPs either MSN or CH-NP (1% 
w/w PEC) shaking for 30min the pH was adjusted to 6; finally the solution was stirred 
for 30 min at 25°C. 
 

2.5 Food preparation and dipping process 
 

2.5.1 Falafel preparation and dipping process 
 

2.5.1.1 Falafel dough preparation 
100 g of dough were made up of a mixture of water overnight soaked chickpeas 

(76 g), onion (10 g), parsley (3 g), falafel spices (0.3 g), salt (1.5 g), and sodium 
bicarbonate (0.2 g).The mixture was blended for 2 min with water. A special scoop 
(Inner diameter 4 cm, depth 1 cm) was used for preparing the falafel balls, each one 
with a diameter of 4 cm and weighing around 17 g. Then the balls were fried as 
described below. 

2.5.1.2 Falafel dough treated with TGase 
After prepared the falafel dough as described above, TGase (5 and 20U/g protein) 

was added to the dough and incubated at 37 °C for 2 h. The falafel balls were then 
formed and fried. The control falafel samples were obtained without TGase but treated 
under the same experimental conditions. 
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2.5.1.3 Dipping 
The falafel balls, either treated or not with TGase, were frozen at −20 °C for 2 h, 

then dipped in 1% PEC, whereas the control was dipped in water. Each kind of dipped 
ball was frozen again for 30 min and then fried. In Table 1 the experimental design is 
described. 
 

Table 1. Experimental design followed for performing all the analyses. 
 

Falafel Type 
TGase 

(U/g Protein) 

Incubation 

2 h at 37 °C 

Dipping  

Solution 

Traditional falafel – – – 

Incubated without TGase 0 √ – 

Incubated with TGase (5U/g) 5 √ – 

Incubated with TGase (20U/g) 20 √ – 

Dipped – – Water 

Incubated without TGase 0 √ 1% PEC 

Incubated with TGase (5U/g) 5 √ 1% PEC 

Incubated with TGase (20U/g) 20 √ 1% PEC 

 
2.5.1.4 Falafel sensory evaluation  
 

     Sensory evaluation of falafel balls was carried out by 40 panellists who 
represented trained graduate students in the Department of Nutrition and Food 
Technology (An-Najah National University). Falafel belonged to three different groups: 
control (traditional falafel), falafel prepared adding TGase (5U/g) in the dough, 
traditional falafel coated by PEC 1% solution. Each group was stored at -20°C for 0, 
30 and 60 days. The sensory test was performed to evaluate different attributes which 
were: appearance, taste, texture/mouthfeel, color and overall acceptability. The 
samples were evaluated using the preference test based on the five-point hedonic 
scale (1= Dislike a lot; 2= Dislike a little; 3= Neither like nor dislike; 4= Like a little; 5= 
Like a lot) (Singh-Ackbarali & Maharaj, 2014; Mansour, 2003). Acceptability Index (AI) 
of the falafel samples was calculated as AI (%) = ((Average score / highest score) x 
100) (Granato et al., 2012). Fresh fried falafel balls were served on white plastic plates 
coded by a number. The sensory evaluation was performed in the laboratory under 
conditions of standard light and temperature of 25 °C. 
 

2.5.2 Potato preparation and dipping process 
 

Potatoes were cut into 1 cm x 1 cm x 6 cm sticks as described by Rossi Marquez 
et al. 2013, and treated as follows: 100 g of potatoes (18 sticks) were dipped for 30 s 
into either distilled water (sample used as “control”) or one of the following coating 
solutions: (1) grass pea flour (GPF); (2) TGase treated (GPF + TGase); (3) chitosan 
(CH); and (4) pectin (PEC). Then, each sample was allowed to drip for 2 min before 
frying. (Fig. 8)  
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2.5.3 Kobbah preparation and dipping process 
 

Soaking of a ground bulgur flour into hot water (80°C) for 1 hour, then the wheat 
flour, oil, salt and spices were added and mixed with the soaked ground bulgur. The 
dough was store at the refrigerator for 1 hour. Stuffing: onions, salt and spices were 
mixed with minced beef meat then cooked with olive. The dough was shaped into balls 
stuffed with cooked ground meat, then treated as follows: 200 g of kobbah (5 pieces) 
were dipped for 30 s into either distilled water (sample used as “control”) or one of the 
following coating solutions: (1) grass pea flour (GPF); (2) GPF reinforced with MSN 
(GPF + MSN); (3) GPF reinforced with CH-NP(GPF + CH-NP); (4) TGase treated (GPF 
+ TGase); (5) TGase treated reinforced with MSN (GPF + MSN +TGase); (6) TGase 
treated reinforced with CH-NP (GPF + CH-NP +TGase);  (7) pectin (PEC); (8) PEC 
reinforced with MSN (PEC + MSN); and (9) PEC reinforced with CH-NP (PEC +CH-
NP),  as shown in Fig 8. Moreover, each sample was allowed to drip for 2min before 
frying. 

 
 

    
Fig. 8 Dipping solutions applied to the foods. 

 
2.6 Frying process 

 
Falafel balls, potato, and kobbah  were fried at 180 ± 5 °C for 5 min, 170 ± 5 °C for 

6 min, and 190 ± 5 °C for 4.5 min respectively, by using 1.5 - 2 L of corn oil was 
preheated, using a deep-fryer apparatus (Girmi, Viterbo, Italy) (Rossi Marquez et al., 
2013)  (Fig. 9). The oil was replaced with fresh oil for each group. Each fried group 
was flipping from side to side every 2 min. After frying, each sample was allowed to 
drain for 2 min to remove the excess oil. 
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Fig. 9  Frying tempterature and time for each kind of food. 

 
2.7 Acrylamide detection  
 

2.7.1 Acrylamide standard preparation 
 

ACR standard stock solution (1.0 mg/mL) was prepared by dissolving 10.0 mg of 
the ACR standard in 10 mL of Milli-Q water by using a volumetric flask. From the stock 
solution, calibration standards at different concentrations (50,100, 250, 500, 1000, 
2000, 3000, 4000, and 5000 µg/L), were prepared, respectively. All series of standard 
solutions were stored in glass dark bottles (light-resistant) at 4 °C until used.  

 
2.7.2  Extraction of acrylamide 

 
About 100, 160, 200 g of fried potato sticks, fried falafel balls, and fried Kobbeh 

respectively, accurately weighed after cooling, were immersed in n-hexane for 30 min 
to remove the oil from their surfaces (Zeng et al., 2010). The fried foods were then 
ground with a rotary mill Grindomix GM200, (Retsch GmbH, Haan, Germany) at a 
speed of 1300 rpm for 1 min. Each sample was allowed to dry by freeze-drying before 
being subjected to ACR extraction following the protocols reported by Wang et al. 
2013, with some modifications: two different Falcon tubes were set up for each sample, 
one for detecting ACR formed in the sample itself (“basic” ACR), and the second one 
to carry out the “Recovery test”. In both tubes, 1.0 g (dry weight) of sample, accurately 
weighed, was put in both tubes and only in the second one was the ACR standard 
added. Fifty μL of Carrez reagent potassium salt and 50 μL of Carrez reagent zinc salts 
were added to each sample. In each tube, 10 mL of HPLC water were added. The 
samples were extracted in an incubated shaker for 30 min at 25 °C and 170 rpm, then 
followed by centrifugation at 7741x g for 10 min at 4 °C. The supernatant was filtered 
through a 0.45 µm syringe filter for the clean-up of the Oasis HLB SPE cartridges. The 
SPE cartridge was preventively conditioned with 2.0 mL of methanol followed by 
washing with 2 mL of water before loading 2.0 mL of the filtered supernatant, the first 
0.5 mL was discarded and the remaining elute collected (~1.5 mL; exact volume was 
measured by weight and converted by means of density). All extracts were kept in dark 
glass vials at 4 °C before analysis. The clean sample extracts were further filtered 
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through 0.2 µm nylon syringe filters before HPLC-UV (ultra violet) analyzed for fried 
potato and kobbeh, while the falafel balls samples analyzed by TOF LC-MS. Each 
analysis was performed in triplicate.  
 

2.7.3 Optimization of acrylamide analysis by HPLC 
 

Improvement of the chromatographic conditions, and recovery. Acrylamide 
detection was performed by HPLC at 210 nm, by using the following columns: a) 
Alltima HP C18 stationary phase, 5µm particle diameter, 4.6 x 250 mm internal 
diameter and length (GRACE/Alltech, Maryland USA); b) Reprosil100 C18 stationary 
phase, 5µm particle diameter, 4.6 x 250 mm internal diameter and length (Dr. Maisch 
GmbH, Germany), c) Synergi™ Max-RP C18 stationary phase (Phenomenex, 
Torrance, CA USA), 4µm particle diameter, 4.6 x 250mm internal diameter and 
length),d)  Phenomenex Synergi™ Hydro-RP 80 Å C18 stationary phase 
(Phenomenex, Torrance, CA USA), 4 µm particle diameter,4.6 x 250 mm internal 
diameter and length. All these columns allowed the separation of ACR by using to an 
isocratic and/or gradient program of elution. Three different mobile phases were tested 
changing the water/acetonitrile ratio: 90/10, 95/5, 97/3 v/v (all containing 0.1% v/v 
formic acid). In all cases mobile phase was used with the following flow rates: 0.50, 
1.00 mL/min. The best performances were obtained using the Synergi 4 µm Hydro-RP 
80 Å, column, 4.6 x 250 mm, with water/acetonitrile (97/3 v/v containing 0.1% v/v formic 
acid), according to the method already described by Michalak et al. (2013) with some 
modifications. In these conditions the best chromatographic separation was achieved 
with the elution of ACR at about 4.9 min. with at flow rate of 1.00 mL/min and UV 
detection at 210 nm. 

Calibration curves were obtained by plotting the peak area of ACR versus 
concentration of ACR (range of concentration: 0.1-5 mg/mL). The equation obtained 
applying the linear regression was y=108.53x-1.6965, with a R2 equal to 0.999; this 
equation was used to calculated the amount of ACR in all sample analyzed. The limit 
of detection (LOD) was 29.6 µg /L, and the limit of quantitation (LOQ) was 89.1 µg /L.  
(Fig. 10 and Fig. 11).  
 

In addition, the recovery test was performed to assess the extraction efficiency 
for each sample; to this aim the ACR content before and after the addition of 500 µg/L 
of ACR standard was determined equation (1). Percentage recovery was determined 
according to the following formula. 

 

 Recovery(%) =
ACR (detected after standard addition) − ACR (sample)

 ACR (standard added)
× 100             (1) 

 
ACR determinations were repeated three times and results are reported as the means 
with standard deviations.  
 

2.7.4 HPLC-UV analysis 
 

 HPLC-UV analysis was performed by using the RP-HPLC (RP: reverse phase) 
method on an Agilent 1100 series HPLC instrument equipped with an on-line degasser, 
a dual pump, and a diode array detector (Hewlett Packard, Wilmington, DE, USA). The 
column used was a Synergi™ 4 µm Hydro-RP 80 Å HPLC Column 250 x 4.6 mm 
(Michalak et al., 2011; 2013) (Phenomenex, Torrance, CA, USA). 
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The operating conditions were as follows: the wavelength detection was 210 nm, a 
gradient elution of 0.1% formic acid (v/v) in water: acetonitrile (97:3, v/v) was applied. 
Solvent A was water and Solvent B was acetonitrile, both solvents containing 0.10% 
(v/v) formic acid; flow rate, 1.0 mL/min. The gradient elution program was applied as 
follows: 97% A (3% B) for 10 min, increased to 20% A (80% B) from 10 to 12 min, and 
kept at 20% A (80% B) for 5.0 min, increased to 95% B (5% A) from 17 to 19 min, and 
kept at 95% B for 5 min, increased to 97% A (3% B) from 24 to 26 min, and kept for 4 
min. The injection volume was 20 µL. The total chromatographic runtime was 30 min 
for each sample and the temperature was kept at 30 °C (GECKO 2000 “HPLC column 
heater”, Spectra Lab Scientific Inc., Markham, ON, Canada) to ensure optimal 
separation. In all samples (ACR standard and fried potato-derived), the ACR retention 
time was 4.9 min. The method presented a relative standard deviation lower than 5% 
with three repetitions; this result was in accordance with the data reported in literature. 
 

Fig. 10 HPLC chromatograms of water as blank obtained at 210 nm. The mobile 
phase was (97/3 v/v) water/acetonitrile containing 0.1% v/v formic acid at 1.00 
mL/min. 

 

Fig.11 HPLC chromatograms of ACR standards obtained at 210 nm; ACR 
concentrations were 0.1, 0.25, 0.5, 1, 2, 3, 4 and 5 mg/L of ACR. The mobile phase 
was (97/3 v/v) water/acetonitrile containing 0.1% v/v formic acid at 1.00 mL/min. 
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2.7.5 LC-MS analysis 
  

The determination of ACR concentration was performed using the Agilent 6230 
TOF-LC/MS (Agilent Technologies, Santa Clara, US) coupled to a series HPLC 
system, a vacuum degasser, binary pumps, and a temperature-controlled column oven 
at 30 °C. The following MS parameters were used: positive ion mode, nebulizer 
pressure 35 psi, drying gas (N2) 5 L/min and 325 °C, capillary voltage 3500 V, and 
fragmentor 175 V. The column used was a Synergi™ 4 µm Hydro-RP 80Å HPLC 
Column at 250 x 3 mm (Michalak et al., 2013) (from Phenomenex, Torrance, CA, USA). 
The operating conditions were as follows: the mobile phase was a gradient elution: 
mixture water/acetonitrile (97/3, v/v) containing 0.10% (v/v) formic acid Solvent A and 
Solvent B was acetonitrile containing 0.10% (v/v) formic acid. The program elution was 
applied as follows: 100% A (0% B) for 8 min, increased to 80% B (20% A) from 8 to 15 
min, and kept at 80% B (20% A) for 10 min, increased to 100% A (0% B) from 25 to 30 
min and kept at 100% A for 5 min, at a flow rate of 0.4 mL/min. The injection volume 
was 20 µL. The total chromatographic runtime was 35 min for each sample; ACR elutes 
at a retention time of 3 min, and then the peak identification was based on the Extracted 
Ion Chromatogram (EIC); by selecting the ion at m/z 72, calibration curves were 
obtained by plotting the peak area of ACR versus concentration of ACR (range of 
concentration: 0.05–10 mg/L). The equation was obtained by applying the linear 
regression of y = 102.21x − 10.706, with R2 equal to 0.9991; this equation was used to 
calculate the amount of ACR in all analyzed samples. 
 

2.8  Oil and water content analysis for fried foods 
 

 After frying and cooling, the oil content of each ground sample was determined 
in triplicate, and reported as a percentage on dry matter weight by n-hexane solvent 
extraction using the Soxhlet method (AOAC1990a) and the oil reduction due to coating 
was calculated as in the following equation. 

 

Oil reducing due to coating(%) =  
oil content (control) –oil content (coated)

oil content (control)
× 100                      (2) 

 
Water content of fried potato samples was determined according to (AOAC 

1990b). After frying the potato sticks that had been coated with a different hydrocolloids 
coating solutions and the control (coated with water), were dried in an oven at 105°C 
until constant weight was achieved. Water content, water loss during frying and water 
retention in the all samples were calculated as follows: 
 

water content(%) =
wet weight−dry weight

wet weight
× 100                                                                            (3) 

 

water loss during frying (%) =
(initial water –water after frying)

initial water 
× 100                                        (4) 

 
 
 

water retention = (
water contentof coated

water content of control sample
) − 1 ×  100                                        (5)   
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2.9 Daily intake and margin of exposure of acrylamide risk assessment for 
French Fries 

 
The DI and, consequently, the MOE were calculated taking into account the six 

following age groups (as stated from EFSA): Toddlers (1-3 years old); Children (3-10 
years old); Adolescents (10-18 years old); Adults (18-65 years old); Elderly (65-75 
years old); very elderly (more than 75 years old). DI (ng kg body weight-1day-1), was 
calculated according to the formula (Esposito et al., 2017):  

 

                              DI =
C ×Q

BW
                                                                                                           (6) 

 
Where C= Average concentration of acrylamide detected in each fried potato samples 
(ng g-1).  Q= Average daily consumption of fried potato samples of each age groups (g 
day-1), BW= Body Weight of each age group.  

The average daily consumption Q was taken from the EFSA report 2015, and 
BW values were taken by Leclercq et al. (2009), that considered BW of Italian 
consumers belonging to the described six age groups. The DI results were used to 
estimate the MOE, a parameter that indicates the level of health concern for toxic 
and/or carcinogenic molecules. Here we have calculated MOE for ACR, taking into 
account that it is classified both as neurotoxic and carcinogenic agent. To calculate 
MOE it is necessary to refer to the BMDL10 = BenchMark Dose Lower confidence limit 
(mg kg BW-1day-1), which represents the minimum dose range of a substance that 
produces a clear, low level health risk, usually in the range of a 1-10% (EFSA, 2015). 
The BMDL10 based on neurological changes (ACR as neurotoxic agent) is 0.43 mg kg 
BW-1day-1, while BMDL10 considering ACR a carcinogenic agent is 0.17mg kg BW-1day-

1 from the EFSA report 2015. 
The MOE assessment was calculated according the following equation (Esposito et 
al., 2017) 

                               MOE =
BMDL₁₀

DI
                                                                                           (7) 

 
2.10 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE)  
 

For the SDS-PAGE of falafel balls or fried kobbah , an aliquot of 250 µL of sample 
buffer (15 mM of Tris–HCl, pH 6.8, containing 0.5% (w/v) of SDS, 2.5% (v/v) of GLY, 
200 mM of β-mercaptoethanol, and 0.003% (w/v) of bromophenol blue), was added to 
25 mg of falafel dough and/or whole fried falafel (either untreated or treated with 
TGase) after grinding, also 25 mg of whole fried kobbah coated or not with GPF treated 
or not by  means of TGase with or without MSN. Each aliquot was analyzed by 12% 
SDS-PAGE. The samples were heated at 100 °C for 5 min, and then centrifuged for 
10 min at 13000 × g. Ten µL of each supernatant was analyzed by SDS-PAGE (12%). 
SDS-PAGE was performed as described by Laemmli 1970, at a constant voltage (80 
V for 2–3 h), and the proteins were stained with Coomassie Brilliant Blue R250 (Bio-
Rad, Segrate, Milan, Italy). Bio-Rad Precision Protein Standards were used as 
molecular weight markers. 
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2.11 In vitro digestion  
 

Samples fried falafel balls either treated or not by TGase (20U/g protein), or fried 
kobbah coated or not with GPF treated or not by means of TGase with or without MSN 
were subjected to in vitro digestion (IVD) by using an adult model (Giosafatto et al., 
2012; Bourlieu et al., 2014; Minekus et al., 2014), under gastric physiological 
conditions. For our analyses, 100 mg of each sample were incubated with 4 mL of 
Simulated Salivary Fluid (SSF, 150 mM of NaCl, 3 mM of urea, pH 6.9) containing 75 
U of amylase enzyme/g protein for 5 min at 37 °C and 170 rpm. The amylase activity 
was blocked by adjusting the pH at 2.5. Afterwards, the samples were subjected to IVD 
as described by Giosafatto et al. 2012, with some modifications. Briefly, 100 µL of 
Simulated Gastric Fluid (SGF, 0.15 M of NaCl, pH 2.5) were placed in 1.5 mL 
microcentrifuge tubes and added to 100 µL of oral phase and then incubated at 37 °C. 
Thereafter, 50 µL of pepsin (0.1 mg/mL dissolved in SGF) were added to start the 
digestion reaction. At intervals of 1, 2, 5, 10, 20, 40, and 60 min, 40 µL of the 0.5 M of 
ammonium bicarbonate (NH4HCO3) were added to each vial to stop the pepsin 
reaction. The control was set up by incubating the sample for 60 min without the 
protease. The samples were then analyzed using the SDS-PAGE (12%) procedure 
described above. 
 

2.12  Film preparation and characterization 

2.12.1 Film forming solutions (FFSs) and film preparation 
 

A stock solution of PEC (2.0 g) was dissolved in 100 mL of distilled water until 
the PEC solution was completely solubilized. Serial concentrations of PEC-based 
FFSs were prepared at pH 7.5 from 0.2-1%, containing MSN 3% w/w PEC in the 
absence and presence of GLY (30% w/w PEC). Then the 6 and 10 mg/mL PEC FFSs 
with different concentrations of MSN (1, 3 and 5 %w/w PEC), were prepared both in 
the absence and presence of different concentrations of GLY (10, 30 and 50% w/w 
PEC) in 50 mL of distilled water. CH-based film forming solutions (0.6% w/v) were 
prepared from a CH stock solution (2% w/v of hydrochloric acid 0.1 N, stirred overnight) 
at a pH 4.5, after that added MSNs or not (3% w/w of CH), were prepared in the 
absence or presence of GLY (30% w/w of CH), in 50 mL of distilled water. The same 
volumes (50 mL) of all the different FFSs, containing or not MSN and/or GLY, were 
cast onto 8 cm diameter polystyrene Petri dishes and finally the films were allowed to 
dry in an environmental chamber at 25°C and 45% RH for 48 h. The handle able dried 
films were peeled off intact from the casting surface after they were conditioned at 
25°C and 53% RH for 2 h in a desiccators containing a saturated solution of 
Mg(NO3)2·6H2O. 

2.12.2 Zeta potential and particle size measurements 
 

Zeta potential and mean particle size hydrodynamic diameter (Z-average size) of 
the 1 mg/mL PEC FFSs prepared at pH 12.0, containing or not MSN 3%, GLY 30% or 
both (w/w PEC), were titrated automatically from pH 12.0 to pH 2.0, by measuring the 
dynamic light scattering by a Zetasizer Nano-ZSP (Malvern®, Worcestershire, UK) 
using a He–Ne laser (wavelength of 633 nm) and a detector angle of 173°.  
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2.12.3 Film thickness and opacity 
 
Film thickness was measured with an electronic digital micrometer (DC-516, 

sensitivity 0.001 mm) at different positions of each film sample. At least six 
measurements were taken on each film sample and the thickness mean values were 
considered in the different tests. The opacity test measurements, carried out six times 
for each sample, were performed, as described by Tonyali et al. 2018. Opacity was 
calculated as follows: 
 

                                 Opacity (mm-1) = A600/x                                                             (8) 

 
Where A600 was the absorbance at 600 nm and x was the film thickness (mm). 

2.12.4 Film mechanical properties 
 

The mechanical properties tensile strength (TS), elongation at break (EB) and 
Young’s modulus (YM), were measured according to the ASTM D882-1997, by using 
a universal testing instrument model no. 5543A (Instron, Norwood, MA, USA). PEC 
films strips (1 cm wide and 5 cm long), obtained by using a sharp scissors, and were 
conditioned in an environmental chamber at 25°C and 53% RH for 2 h. Finally, 6 
samples of each film type were tested, and the speed was 5 mm/min in tension mode. 

2.12.5 Seal strength  

The seal strength of each PEC films was tested by Instron universal testing 
instrument model no. 5543A (Instron Engineering Corp., Norwood, MA, USA). PEC 
film samples were cut into strips of 5 x 2.5 cm, one strip was placed on the top of 
another. After being sealed, film samples were conditioned at 25°C and 50 ± 5% RH 
for 48 h (Farhan & Hani, 2017; Sabbah et al. 2019b; Tongnuanchan et al. 2016), and 
few drops of water were added to the seal area. Those two strips were sealed by heat 
sealer (MAGIC VAC® AXOLUTE Mod: P0608ED). The width of seal area was 0.3 cm2. 
The sealing parameters were studied according to ASTM F 88-07a (2007) the seal 
strength (N/m) was calculated as following Eq. (9), (Farhan & Hani, 2017; 
Tongnuanchan et al., 2016):  

Seal strength (N/m) = Peak force/film width   (9) 

2.12.6 Film barrier properties 

The gas permeability tests toward O2 (ASTM D3985-05,2010), CO2 (ASTM 
F2476-13, 2013), and water vapor (WV) permeability (ASTM F1249-13, 2013) of 
triplicate samples of each film were performed at 25°C under 50% RH, in aluminum 
masks having an area of 5 cm2, by using MultiPerm apparatus (ExtraSolution s.r.l., 
Pisa, Italy). 
 

2.12.7 Differential scanning calorimetry and thermogravimetric analysis  
 

DSC, TGA and differential thermal gravimetry (DTG) analyses of the films were 
performed on a DSC Q-200 (TA Instruments). Samples (about 10 mg) were placed 
into platinum crucibles and then they were heated at 5°C/min, from room temperature 
to 400°C, under inert atmosphere (50 mL/min of N2). 
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2.12.8  Morphology analysis  
 

Film surfaces and cross-sections were analyzed by Scanning Electron 
Microscope (SEM). Films were cut using scissors, mounted on stub and sputter-coated 
with platinum-palladium (Denton Vacuum Desk V), before observation with Supra 40 
ZEISS (EHT = 5.00 kV, in lens detector). Micrographs for sample surfaces were 
obtained at 25,000× magnifications, whereas cross-sections were obtained at both 
25,000× and 50,000× magnifications. 

2.12.9  Fourier transform infrared spectra 
 

FT-IR measurements of the films were performed by a Bruker model ALPHA 
spectrometer, equipped with attenuated total reflectance (ATR) accessory. The 
measurements were obtained in 4000–400 cm−1 region at 4 cm−1 resolution for 24 
scans. 

2.12.10  Film moisture content 
 

Moisture content of each film was measured gravimetrically according to Farhan 
& Hani 2017, and Singh et al. 2015 with some modifications. In particular, test 
specimens (5 cm x 5 cm) at different positions of each film type were uniformly cut and 
placed on glass Petri dishes. Film moisture content was determined by drying each 
specimen in an oven at 105 °C until a constant dry weight was obtained. Film moisture 
content was calculated as: 

 

Film moisture content (%) = ((W1-W2)/W1) x 100                (10) 

 
Where W1 is the initial weight of the film and W2 is the film weight after drying at 

105°C overnight. Each measure was carried out in triplicate. 

2.12.11 Film moisture uptake  
 

Moisture uptake of each film was measured gravimetrically in triplicate as 
described by Manrich et al. 2017. In particular, films were cut into 5-cm-sided squares, 
dried at 105 °C for 24 h, conditioned at 23 ± 2 °C into a desiccator, previously 
equilibrated at 50 % RH with a saturated Mg(NO3)2 solution for 24 h. The moisture 
uptake was calculated as: 

 

Film moisture uptake (% dry matter) = ((Ws-Wd)/Ws) x 100   (11) 

 
Where Ws and Wd are the weight of swollen (24 h at 50% RH) and dried films, 

respectively. Each measure was carried out in triplicate. 

2.13 Film applications to strawberry 

2.13.1   Strawberry wrapping 
 

The selected strawberries were of uniform size, color and without physical 
damages and fungal infections. They were randomly divided into four groups. Each 
group of eleven strawberries was wrapped (W) by different sealed films (10cm x 10cm) 
as following: 0.6% PEC+30% GLY film (W, PEC+GLY), 0.6% PEC+3% MSN+30% 
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GLY film (W,PEC+MSN+GLY), Mater-Bi® commercial material (W, Mater-Bi),and the 
control was unwrapped (UW). These samples were placed at 4°C, the quality of both 
wrapped and control samples were evaluated during storage at 0, 2, 4, 6, and 8 days. 

 
2.13.2   Weight loss 

 
The weight loss of the unwrapped and wrapped samples was calculated in 

triplicate at 0, 2, 4, 6 and 8 days of storage as follows Eq. (12) (Liu et al., 2017):  
 

Weight loss (%) = ((W0-W1)/W0) x 100                                                            (12) 

 
Where W0 and W1 represent initial and final fruit weights, respectively. 

2.13.3  Determination of pH and titratable acidity 
 

Five fruits were taken from each group and then 5 g of fresh homogenate was 
suspended in 50 mL distilled water using a blender and then centrifuged at 5000 rpm 
for 10 min. Titratable acidity (TA as citric acid %, using 0.064 as conversion factor for 
citric acid), was calculated by titrating 5 mL of clear strawberry juice diluted in 50 mL 
of deionized water against 0.1 N NaOH solution (AOAC, 2000), pH of the samples was 
measured by a digital pH meter. All sample determinations were in triplicate during 
storage at 0, 2, 4, 6 and 8 days at 4°C. 

 
2.13.4  Ascorbic acid content and DPPH radical scavenging activity 

 
Ascorbic acid was determined using DPPH as Equivalent Antioxidant Capacity 

according to the procedure previously described by (Almeida et al., 2011; Brand-
Williams et al., 1995; Giosafatto et al., 2014), with some modifications: the solution of 
DPPH (0.05 mg/mL) was diluted with methanol in order to obtain an absorbance of 
1.516 ±0.04 at 517 nm. Homogenous strawberry fruit 100 μL or controls ascorbic acid 
were allowed to react with 900 μL of DPPH radical solution for 30 min in dark and the 
decrease in absorbance from the resulting solution was adjusted. The standard curve 
of 0 – 80 mg of ascorbic acid /100 mL was linear (y=− 0.017x+1.484, R2=0.992).  
The same sample were used to study the DPPH radical scavenging activity assay as 
antioxidant activity %, based on the method previously described by (Giosafatto et al., 
2014; Odriozola-Serrano et al., 2008).The absorbance was measured in triplicate as 
fresh weight at 517 nm for all samples. Results were expressed (antioxidant activity 
%) as follows Eq. (13), (Giosafatto et al., 2014): 
 

Antioxidant activity % = ((Abs DPPH- Abs sample)/Abs DPPH) x 100 (13) 

2.14 Texture profile analysis  
 

The TPA were performed on strawberries and falafel.  Unwrapped and wrapped 
strawberry samples were stored for 0, 4 and 8 days before studying TPA as described 
by (Pădureț et al., 2017; Rossi Marquez et al., 2017). Fried falafel were subjected to 
TPA according to Rossi Marquez et al. 2013. All the analyses were carried out using 
an Instron universal testing instrument model no. 5543A (Instron Engineering Corp., 
Norwood, MA, USA) equipped with a 2 kN load cell in compression mode with a 
cylindrical probe (55 mm in diameter) (Rossi Marquez et al., 2017). The test was 
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configured so that the TPA parameters: a) hardness (N), defined as maximum force of 
the first compression peak; b) chewiness (N. mm), defined as the total amount of work 
necessary to chew a sample until is ready for swallowing (Rossi Marquez et al., 2017); 
c) gumminess (N), calculated automatically by multiply the hardness with the ratio of 
the positive force areas under first and second compressions (cohesiveness). All TPA 
parameters were calculated by the software Bluehill by determining the load and 
displacement at predetermined points on the TPA curve. Pre- and post-test speeds 
were 2.0 mm/s, while test speed was 1.0 mm/s. The strawberries were centred and 
compressed to 60%, and 20mm of its original size of deformation, and average 
hardness, chewiness and gumminess values of at least six strawberries of each group 
were evaluated. Regarding falafel, at least eight balls per treatment were subjected to 
TPA experiments.  
 

2.15 Statistical analysis  
 
All the experiments were performed three times, and the data were analyzed by 

using the JMP version 10.0 software (SAS Institute, Cary, NC, USA). Statistical 
differences were considered to be significant at (p<0.05) using the 2-way ANOVA test, 
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 
 

3.1  Acrylamide and oil uptake reduction in French chips by hydrocolloid-
based coatings 
 

One of the main challenges for the edible films and coatings for an industrial 
scale up was used the cost of the starting materials. Because of that, we used grass 
pea flour GPF as a protein cheap source for our novel coatings. GPF, also known as 
Lathyrus sativus L., is a very ancient legume already consumed in Mesopotamia 8000 
years ago. Because of successful studies carried out using GPF as TGase substrate 
for making novel bioplastics (see Appendix 6.5.3), and for characterizing 
microstructure and physico-chemical properties when GPF was modified or not by 
means of the enzyme (see Appendix 6.5.5 and Appendix 6.5.2, respectively), coating 
solutions prepared to mitigate ACR formation in French chips were containing GPF, 
treated or not by TGase. French fries were also coated by CH-based solutions or PEC 
-based solutions, hydrocolloid coating solutions provokes in potato French fries a 
significant reduction in ACR formation, as well as in oil content, while an increase in 
water is observed. In addition, the DI and MOE were calculated to estimate variations 
in risk assessment by applying coating solutions before frying Sample used as “control” 
were dipped in water, then the potato sticks were fried for 6 min at 170°C. ACR 
analyses, based on fat-free dry matters, were carried out by RP-HPLC. Reduction in 
ACR formation, was equal to 48% for PEC, 38% for CH, 37% for GPF + TGase, and 
31% for GPF, respectively. (Fig.12 Graphical abstract of potato paper). All results 
relative to this study have been published in the publication reported in the following 
page. 

 

Fig.12 Proposed model of the effects of hydrocolloid-based coatings solution on the 
ACR content of French chips. 
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3.2  Acrylamide and oil uptake reduction in falafel by enzymatic treatment 
and/or pectin-based coatings 
 

ACR represents an health concern in Europe and in other western countries, but 
this issue is highly underestimated elsewhere. In Palestine, in fact, most people are 
not aware of ACR production in foods, nor there are public agencies concerned about 
warning the population. In the Middle East one of the most popular street foods is the 
fried falafel balls, also consumed at home. The ACR is formed because of the Maillard 
reaction during cooking. In the present study, to verify whether or not both TGase and 
hydrocolloid-based coatings were effective in reducing ACR content, the enzyme was 
added to the falafel dough followed or not by dipping into PEC 1% coating solution. 
ACR, oil and water content of the fried falafel balls treated or not by TGase (5 or 20U/g 
of chickpea proteins) and coated or not with PEC-containing film forming solutions 
were evaluated. It was observed that the ACR content (detected by TOF LC/MS 
technique) was reduced, compared to control sample, by 10.8% and 34.4% in the 



56 

 

samples set up by adding 5 and 20U TGase/g respectively. In PEC-coated samples, 
ACR reduction was about by 59%, 65.3% and 84.5%, in falafel balls prepared either in 
the absence of TGase or containing 5U or 20U of the enzyme, respectively. Most 
probably TGase-mediated crosslinks among check pea proteins increase the water 
content inside the falafel balls, thus reducing the rate of Maillard reaction. However, 
TGase treatment does not affect oil content, while the PEC coating reduces the oil 
uptake about 23.5%. Finally, no difference was observed between the control sample 
and the one dipped in PEC regarding their texture properties hardness, chewiness and 
gumminess, while these properties were influenced in samples set up in the presence 
of the enzyme (Fig.13 Graphical abstract of the falafel paper). All results relative to this 
study have been published in the publication reported in the following page. 

 

Fig.13  Proposed model of the effects of TGase enzyme and /or PEC-Coated on the 
ACR content of Falafel (Fried Middle Eastern Food). 
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3.3 The sensory properties of falafel balls 
 

The sensory properties of falafel balls including appearance, taste, texture, color 
and overall acceptability are shown in Fig. 14. Falafel balls were prepared with and 
without TGase or coated by PEC then stored at -20ºC for different times (0, 30 and 60 
days). The results have indicated that the lowest score for all properties was found to 
be for the enzymatically crosslinked falafel balls (5U TGase/g protein) at 0 day and 60 
days of storage. However, the falafel balls enzymatically crosslinked by TGase and 
stored at -20ºC for 30 days have shown significantly higher scores in all sensory 
properties compared to the  two storage times with the same preparations (Fig.14). 
Sensory results have shown that falafel balls coated by PEC and stored for 60 days at 
-20°C obtained significantly higher scores with respect to the control (traditional falafel 
kept at -20°C for 60 days).   

The acceptance index (AI) of foods is taken into consideration when new 
ingredients are added or the formulation is optimized. It reflects the degree of liking or 
disliking for a food product, then is used to predict acceptability (Granato et al., 2012). 
The AI of samples varied from 87.2 to 29.4%. As shown in Fig. 15, the highest 
percentages were obtained in PEC-coated samples, showing a great commercial 
potential for such products. In particular falafel balls coated by PEC not stored at -20°C 
(fresh falafel) received the highest AI while falafel balls prepared with TGase and 
stored at -20°C for 60 days received the lowest AI.  

In order to complete sensory evaluation analysis, the 40 panellists also 
evaluated the products according to the descriptive test, which is reported in Table 2. 
The taste of the products ranged from salty to fatty. The latter was characteristic of 
TGase-treated falafel not stored or stored for 30 days at -20°C. The 60 days stored 
TGase-containing samples had a taste that was classified as “burnt”.  Texture results 
indicated that only falafel balls containing TGase were chewy, whereas the other 
products were crunchy as traditional falafel.  
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Fig. 14 Results of the sensory profile test of fried falafel prepared without (Control) or 
with 5U TGase/g protein (TGase) or coated by (PEC). The 5-point Hedonic rating test 
was used where: (1=Dislike a lot; 2= dislike a little; 3= neither like nor dislike; 4= Like 
a little and 5= Like a lot). All treatments were stored for different storage time 0, 30 and 
60 days at -20ºC. 
 

Fig. 15 Effect of PEC coating or TGase addition at different storage time (0, 30 and 60 
days) on the acceptability index (AI) of respondents for the overall acceptability of fried 
falafel stored at -20ºC. 
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The color was variable from gold to brown. Moreover, the average overall 
acceptability results showed that only the falafel balls that coated with PEC were 
acceptable in all different storage times.  On the other hand the panellists haven’t 
accepted the falafel prepared with TGase due to fatty taste and chewy texture. Such 
results were also confirmed by the AI (Fig. 15) and hedonic scale test (Fig. 14).  

In conclusion, storing falafel balls at -20ºC for 60 days were successfully 
achieved and the panellists have accepted the products. Moreover, coating the falafel 
balls with PEC was also successfully since higher AI was obtained and positive 
judgments on sensory properties were achieved. This means that fried PEC-coated 
falafel will be accepted also because they possess a lower ACR content and thus, can 
be classified as healthier food.    
 
Table 2.  Average descriptive test for sensory properties of fried falafel balls prepared 
in in the presence of TGase or coated by PEC then stored at different storage times 
(0, 30 and 60 days) at -20ºC. Control samples represent traditional falafel. 

 
3.4 Effect of nanoreinforced and  crosslinked hydrocolloid-based coatings on 

the content of acrylamide, water and oil in kobbah 
 

3.4.1 Characterization of chitosan nanoparticles, mesoporous silica nanoparticles, 
and film forming solutions. 

 

Zeta potential is an important value to indicate the stability of solutions. 
Moreover, Z-average shows the size of the particles. Fig. 16, show Zeta potential 
(panel A) and Z-average (panel B) of the CH-NP in the function of pH. The results 
indicate that Zeta potential of CH-NP was stable at +35 mV started from pH 2.0 to pH 
6.0, and decreases to +20 mV when the pH is equal to 7.0. This finding is in accordance 

with other authors’ results (Ali et al., 2011; Lorevice et al., 2016; Antoniou et al., 2015). 
Z-average of CH-NPs at pH 2.0 was around 99.5 d.nm and increased at higher pH to 
reach 800 d.nm at pH 7.0. Similar results were found also by Ali et al. (2011), who 
explain that at pH higher than 6.0 the protonated amino groups start to lose protons 
and the ionic bonds start decreasing. Thus, the rises the Z-average accompanied by 
sudden reduction in Zeta potential at pH 6.0 is due to the particle aggregation at this 
pH rather than the additional growth of individual particle size (Ali et al., 2010; 2011). 
In addition, we synthesized the MSN according to Fernandez-Bats et al. (2018), with 
the very similar Z-average size of MSN. The latter authors have characterized MSN 

Storage time 
(Days) 

Treatment Taste Texture Color Overall acceptability 

0 day 

Control Salty Crunchy Gold Slightly accepted 

PEC Salty Crunchy Gold Accepted 

TGase Fatty Chewy Brown Not accepted 

30 days 

Control Salty Crunchy Brown Slightly accepted 

PEC Salty Crunchy Gold Accepted 

TGase Fatty Chewy Brown Slightly accepted 

60 days 

Control Fatty Crunchy Brown Moderately accepted 

PEC Salty Crunchy Gold Accepted 

TGase Burnt Chewy Brown Not accepted 
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also by TEM observing an average size of 143 ± 26 nm. MSN were used to improve 
the physio-chemical of PEC and CH films the results reported in Giosafatto et al. 2019 
(please see the Appendix section 6.5.4) 

The coating solutions that used during this study were also characterized for 
their stability. Zeta potential and particle size results are reported in Table (3). The 
results showed that significantly increasing the stability after treated the GPF (-13.7 
mV) with MSN (-16.8 mV) or TGase (-19.8 mV) also after enzymatically crosslinking 
the GPF nanoreinforced either with MSN (-18.4 mV) or CH-NPs (-18.2 mV) by means 
of TGase. However, no significant effect on Zeta potential were found by adding MSN 
or CH-NPs on FFSs stability. On the other hand, the Z-average of GPF solutions was 
201.3 d.nm, but this value increased significantly when CH-NP were incorporated with 
or without TGase. No significant change on the Z-average of FFS after adding MSN 
on the GPF was observed and these results are in agreement with the ones published 
previously by (Fernandez-Bats et al., 2018). Adding TGase as crosslinker to the GPF 
together with MSN or CH-NP showed a significant increasing on the Z-average of 
FFSs.  In addition, PEC FFS Z-average was (3198 d.nm) and it rises significantly to 
(3421 d.nm) after the addition of CH-NPs.  
 
Table 3. Effect of 1% MSN or 1% CH-NPs on Zeta potential and Z-average on  either 
GPF-based  (in the absence or in the  presence  of TGase  (33U/g protein)) or PEC-
based  film forming solutions at pH 6. 
 

FFSs Zeta potential 

 (mV) 

Z-average 

 (d.nm) 

GPF          -13.7 ± 0.6   201 ± 11 

GPF + MSN -16.8 ± 0.9a   191 ± 14 

GPF + CH-NP -14.1 ± 0.8b   386 ± 28a,b 

GPF + TGase -  19.8 ± 1.2a,b   241 ± 14a,b 

GPF + MSN + TGase -18.4 ± 0.5a,   333 ± 22a,b,c 

GPF + CH-NP +TGase -18.2 ± 0.9a   508 ± 19a,b,c,d 

PEC        -33.7 ± 2.1 3198 ± 79 

PEC + MSN        -31.8 ± 2.9 3110 ± 77 

PEC + CH-NP        -32.4 ± 3.2 3421 ± 63* 
 

The value significantly different from GPF FFSs are indicated by “a”, the value indicated by “b” 
were significantly different from GPF + MSN FFS, whereas the value indicated by “c” were 
significantly different from GPF + TGase FFS, the value indicated by “d” was significantly 
different from GPF + MSN +TGase FFSs, the value indicated by “*” was significantly different 
respect to the  PEC and PEC+ MSN  FFSs. Data reported are the average values of three 
repetitions using (2-way ANOVA, p < 0.05 for mean comparison). Further experimental details 
are given in the text. 
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Fig. 16  Effect of different pHs on Zeta potential (Panel A) and Z-average (Panel B) of 
1 mg/mL CH-NPs. 
 

3.4.2 Effect of nanoreinforced and crosslinked hydrocolloid coating solutions on 
the acrylamide content  
 

Kobbah is an ethnic food consumed dispersed among all the world not only in the 
Arabic region. The main purpose of this research was to study the effect of the different 
coating solutions to decrease the ACR content that is formed during frying. The ACR 
content was carried out by RP-HPLC and the results reported in Fig.  17. Two main 
different dipping solutions (GPF and PEC), reinforced in the presence or absence of 
two different nanoparticles (1% MSN and 1% CH-NP (w/w)) were used to coat the 
kobbah prior to frying. The GPF was enzymatically crosslinked by means of TGase in 
the presence or absence of NPs. The control sample was the kobbah dipped into 
distilled water. Fig. 17 shows that control exhibited the highest ACR content reaching 
a value of 3039.7 µg/kg. On the contrary, all used coating materials were able to 
significantly reduce ACR content. Kobbah dipped into GPF solution showed about 
22.5% reduction in ACR content, while PEC-based coating solution reduced the ACR 
to 55.5%. The previous work studying potato French Fries showed that PEC alone 
reduced ACR formation about 48% (Al-Asmar et al., 2018). Coating solutions 
containing NPs (either MSN or CH-NP) in addition to GPF provoked slightly significant 
reduction of ACR comparing to the GPF-based coating sample not containing NPs. 
Higher significant reduction was observed when even MSN or CH-NP were mixed with 
PEC. The lowest ACR content was detected in the kobbah coated by PEC solutions 
containing CH-NP. In fact, in these samples the ACR content was 678 µg/kg with the 
78.0% ACR reduction in comparison to the control. Recently, Mekawi et al. 2019 
discovered that the addition of pomegranate peel NP extracts, to the sunflower oil 
during deep fat frying is responsible for ACR reduction to about (54%) in potato chips. 
The addition of the enzyme (33U TGase/g GPF protein) into nanoreinforced GPF (even 
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with MSN or CH-NP) reduced the ACR formation significantly (about 41.0% and 47.5% 
respectively) in respect to the nanoreinforced GPF prepared in the absence of TGase 
(Fig. 17). These results may indicate that a potential synergistic effect between NPs 
and TGase occurs which reduces the Maillard reaction. The ACR recovery test was 
between 93% and 108% (Table 4). 

 

Fig. 17 Effect of different hydrocolloid coatings on ACR content for Kobbah  (y-axis on 
the left based on fat-free dry matters (FFDM)) and % reduction of ACR (y-axis on the 
right). Samples were coated with hydrocolloid-based coatings made of GPF, 
GPF+MSN, GPF+CH-NP, GPF+TGase,GPF+MSN+TGase; GPF+CH-NP+TGase; 
PEC, PEC+MSN; and PEC+CH-NP. “Control” represents the kobbah sample dipped 
in distilled water. The columns significantly different from those obtained by analyzing 
the control are indicated by “a”, the columns indicated by “b” were significantly different 
from kobbah coated only by GPF, whereas the columns indicated by “c” were 
significantly different from kobbah coated with GPF in the presence of nanoparticles or 
TGase alone, the columns indicated by “d” were significantly different from kobbah 
coated only by PEC and the column indicated by “e” was significantly different respect 
to the  kobbah coated by PEC+MSN. Data reported are the average values of three 
repetitions using (2-way ANOVA, p < 0.05 for mean comparison). Further experimental 
details are given in the text. 
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Table 4. Recovery test for acrylamide in all Kobbah types (in each sample 150 μg\L of 
acrylamide standard were added). 
 

Kobbah types 
Acrylamide 

content in spiked 
sample (µg/Kg) 

Recovery (%) 
 

Control      3186 ± 61 98 
Dipped in GPF 2511 ± 135a 103 

Dipped in GPF + MSN   2329 ± 103a,b 101 

Dipped in GPF + CH-NP 2255 ± 51a,b 96 

Dipped in GPF +TGase 2186 ± 48a,b 98 

Dipped in GPF + MSN + TGase   1934 ± 70a,b,c 93 
Dipped in GPF +CH-NP +TGase   1744 ± 49a,b,c 99 

Dipped in PEC   1495 ± 39a,b,c 95 
Dipped in PEC + MSN     1250 ± 50a,b,c,d 95 

Dipped in PEC + CH-NP       841 ± 37a,b,c,d,e 108 
The value significantly different from those obtained by analyzing the control are indicated by 
“a”, the value indicated by “b” were significantly different from kobbah coated only by GPF, 
whereas the value indicated by “c” were significantly different from kobbah coated with GPF in 
the presence of nanoparticles or TGase alone, the value indicated by “d” were significantly 
different from kobbah coated only by PEC and the value indicated by “e” was significantly 
different respect to the  kobbah coated by PEC+MSN. Data reported are the average values of 
three repetitions using (2-way ANOVA, p < 0.05 for mean comparison). Further experimental 
details are given in the text. 

 
3.4.3 Effect of nanoreinforced and crosslinked hydrocolloid coating solutions on 

the water and oil content 
 

Water content of the kobbah (coated or not) was evaluated and the results 
reported in Fig. 18. The results indicate that the water content significantly increases 
in kobbah coated with any of the different hydrocolloid-based solutions used in this 
study. In fact, the lowest water content was found in the control sample (equal to 18%), 
while  water content in coated kobbah by PEC-based solutions  was (32.0%), 
significantly higher compared to the kobbah coated by GPF (21.0%).  
Nanoreinforcement by using either MSN or CH-NP in both GPF-based or PEC-based 
solutions, provokes the increasing in water content of the kobbah significantly higher 
in comparison to samples coated by solutions made of only GPF or PEC. Our findings 
are supported by Osheba et al. (2013) that  concluded that CH-NP rise the moisture 
content of fish fingers up to 52.7%, while the uncoated samples exhibits  34.6% 
moisture. Regarding the use of TGase, our results prove that the enzyme action in 
both GPF-based and GPF+NP-based solutions show a significant higher water content 
respect to the kobbah coated without TGase. Similar results were obtained by Rossi 
Marquez et al. (2013), where the presence of TGase-mediated cross-links explains the 
reduction of the water evaporation during frying. Moreover, the results demonstrate 
that the water content of kobbah coated by GPF+CH-NP+TGase is significantly higher 
compared to the kobbah coated by only GPF+TGase and GPF+MSN+TGase (Fig. 18). 
Recently, Castelo Branco Melo et al. (2018), found out that CH-NP were responsible 
for delaying the ripening process of the grapes resulting in decreased weight loss, 
soluble solids and increased moisture retention inside that grapes. 
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Fig. 18 Effect of different hydrocolloid coatings on water content for Kobbah. Samples 
were coated with hydrocolloid-based coatings made of GPF, GPF+MSN, GPF+CH-
NP,GPF+TGase,; GPF+MSN+TGase; GPF+CH-NP+TGase; PEC, PEC+MSN; and 
PEC+CH-NP. “Control” represents the kobbah sample dipped in distilled water. The 
columns significantly different from those obtained by analyzing the control are 
indicated by “a”, the columns indicated by “b” were significantly different from kobbah 
coated only by GPF, whereas the columns indicated by “c” were significantly different 
from kobbah coated with GPF in the presence of NP or TGase alone, the columns 
indicated by “d” were significantly different from kobbah coated only by PEC and the 
column indicated by “e” was significantly different respect to the  kobbah coated by 
PEC+MSN. Data reported are the average values of three repetitions using (2-way 
ANOVA, p < 0.05 for mean comparison). Further experimental details are given in the 
text. 
 

One of the main adversely health problems of our heath is the highest oil content 
of fried foods. Several studies concluded that coating the fried foods before frying by 
hydrocolloids materials reduced the oil uptake during frying (Rossi Marquez et al., 
2013; Angor et al., 2013). Fig. 19 shows the oil content of kobbah just dipped into water 
(and used as control) or the ones coated with different solutions. Coating significantly 
reduces the oil content in comparison to the control, which shows the highest oil 
content (36.9%), whereas the lowest value was obtained in the fried kobbah coated by 
PEC+CH-NP (15.2%). No significant differences were detected between the GPF 
coated kobbah and the kobbah coated by GPF nanoreinforced with MSN or CH-NP. 
On the other hand, significantly difference in oil content of the fried kobbah were 
observed between PEC-coated samples and PEC+NP-coated samples. Enzymatically 
cross-linking of GPF, without and with NPs, demonstrated a significant oil uptake 
reduction in the coated fried kobbah compared to kobbah coated by GPF or in the 
presence of NPs (Fig. 19). PEC-based coating materials containing NPs (either MSN 
or CH-NP) induced a significant reduction in oil content of the coated kobbah (18.1% 
and 15.2% respectively) compared to kobbah coated with PEC (20.8%). Moreover, 
using CH-NPs for coating the fish fingers, Osheba et al., 2013 have demonstrated a 
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significant reduction on oil uptake which changed from 16.4 % in uncoated fish fingers 
to 4.5 % in coated ones. 

 

Fig. 19 Effect of different hydrocolloid coatings on oil content for Kobbah. Samples 
were coated with hydrocolloid-based coatings made of GPF; GPF+MSN, GPF+CH-NP 
,GPF+TGase, GPF+MSN+TGase; GPF+CH-NP+TGase; PEC, PEC+MSN; and 
PEC+CH-NP. “Control” represents the kobbah sample dipped in distilled water. The 
columns significantly different from those obtained by analyzing the control are 
indicated by “a”, the columns indicated by “b” were significantly different from kobbah 
coated only by GPF, whereas the columns indicated by “c” were significantly different 
from kobbah coated with GPF in the presence of nanoparticles or TGase alone, the 
columns indicated by “d” were significantly different from kobbah coated only by PEC 
and the column indicated by “e” was significantly different respect to the  kobbah 
coated by PEC+MSN. Data reported are the average values of three repetitions using 
(2-way ANOVA, p < 0.05 for mean comparison). Further experimental details are given 
in the text. 
 

In Fig. 20, all the samples analyzed for ACR, water and oil content are shown. 
It can be noted that kobbah with lighter color are the one that exhibit the highest ACR, 
water and oil reduction, namely kobbah coated by PEC+CH-NP. Colorimetric tests will 
be carried out in the future to quantify the color parameter.   
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Fig. 20 Images of kobbah samples were coated with hydrocolloid-based coatings 
made of GPF,GPF+MSN, GPF+CH-NP, GPF+TGase; GPF+MSN+TGase and 
GPF+CH-NP+TGase (Panel A) ; PEC,PEC+MSN, and PEC+CH-NP (Panel B). 
“Control” represents the kobbah sample dipped in distilled water. 
 
 

3.4.4 Effect of nanoreinforced and crosslinked hydrocolloid coating solutions on 
the digestibility of fried kobbah 
 

        To study the effectiveness of the enzyme in crosslinking the protein component 
(GPF) of hydrocolloid-based FFSs and how TGase effect could vary after the frying 
process of kobbah, samples were analyzed by SDS-PAGE. In particular, as described 
in the legend to Fig. 21, in Panel A different FFSs were analyzed, while Panel B shows 
kobbah coated with water (as control), or with other hydrocolloid-based FFSs. In order 
to verify whether the coating composition (GPF FFSs made of (Fig. 21): GPF, 
GPF+MSN, GPF+TGase, GPF+MSN+TGase) could affect digestibility of the fried 
food, in vitro digestion (IVD) experiments have been carried out by using a protocol set 
up by the INFOGEST Cost Action. 
(https://www.cost.eu/actions/FA1005/#tabs\T1\textbar Name:overview). According to 
INFOGEST protocol, IVD experiments were set up under physiological conditions, and 
samples were then analyzed by SDS-PAGE (12%) shown in Fig. 22.  
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Fig. 21 Panel A - SDS-PAGE of GPF FFSs made of : GPF, GPF+MSN, GPF+TGase, 
GPF+MSN+TGase. Panel B - SDS-PAGE of fried kobbah dipped in : water (lane 
named “Control”), GPF, GPF+TGase, GPF+MSN, GPF+MSN+TGase . Std, Molecular 
mass standards, Bio-Rad.  

 
Samples “C” represent the control since such samples were treated with SGF 

not containing pepsin. To study the digestibility rate two different kinds of bands were 
observed: 25 kDa band for samples containing GPF and GPF+MSN, and 250 kDa 
band for samples set up in the presence of the enzyme (GPF+TGase and 
GPF+MSN+TGase). By visual inspection of the SDS-PAGE patterns of Fig. 22, it is 
possible to assess that MSN do not effect digestibility (comparing Panel B to Panel A 
and Panel D to Panel C). However, looking at 250 kDa band present in TGase-treated 
samples (Fig. 22, Panels C and D) it is not possible to note significative differences 
among different samples following pepsin treatment. Thus, densitometry analysis was 
performed and the results reported in Fig. 24-Panel A. It is possible to note that a 
significant rate of digestibility of 250 kDa band present in TGase-treated FFS samples, 
was observed after 10 min pepsin incubation. Similar results were obtained studying 
digestibility of GPF-based bioplastics crosslinked by means of TGase. These studies 
were carried out during the development of the present project and published by 
(Giosafatto et al., 2018 see Appendix 6.5.3). Densitometry analysis results of 25 kDa 
(present in FFS samples not treated with the enzyme) confirmed what was observed 
by visual inspection, namely an higher digestibility rate already after 1 min pepsin 
incubation (Fig. 24, Panel A). Similar results were reported  by Romano et al. 2018 
(Appendix 6.5.2) by studies conducted in the progress of this thesis.  
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Fig. 22 SDS-PAGE profile of GPF FFSs subjected to in vitro digestion (IVD)  
experiments. Panel A: GPF; Panel B: GPF + MSN; Panel C: GPF+TGase (33U/g); 
Panel D: GPF+MSN+TGase (33U/g). The bands in the frame are those subjected to 
densitometry analysis. C is control sample incubated with SGF not containing pepsin. 
Std, Molecular mass standards, Bio-Rad. 

 
 IVD experiments were performed also using kobbah dipped in GPF or GPF 

containing MSN FFSs treated (Fig. 23). IVD treatment was effective on protein 
component of kobbah, mainly proteins present in kobbah ingredients (i.e. mostly bulgur 
flour, beef meat). The ~45 kDa band of samples not treated with TGase was subjected 
to densitometry analysis, while in enzyme–treated samples the 250 kDa was analysed.  
Densitometry analysis of those bands are observed in Fig. 24 Panel B.The digestion 
rate is slower in the food coated with protein crosslinked by means of TGase enzyme, 
even though at the end of the digestion, the proteins analyzed were fully digested by 
pepsin in all different coated kobbah (Fig. 24 Panel B). 
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Fig. 23 SDS-PAGE profile of fried kobbah subjected to in vitro digestion (IVD) 
experiments. Panel A: kobbah dipped in water (control); Panel B: kobbah dipped in 
GPF; Panel C: kobbah dipped in GPF+MSN; Panel D: kobbah dipped in GPF+TGase 
(33U/g); Panel E: kobbah dipped in GPF+MSN+TGase (33U/g). The bands in the 
frame are those subjected to densitometry analysis. C is control sample incubated with 
SGF not containing pepsin. Std, Molecular mass standards, Bio-Rad. 
 

3.4.5 Nanoparticles (NPs) safety issues  
 

Until now the use of NPs in food is still limited, because of some potentially 
adverse health effects. The main concern regards NP dimension, no matter the 
chemical nature of them. In this thesis we have used MSN and CH-NP. Several studies 
have assessed the impact of MSN. Diverse and contradictory results have been 
observed in some cells or animals treated with MSN (Pérez-Esteve et al., 2015 ; Ruiz-
Rico et al., 2017). However, the small size of NPs means that they may behave 
differently within the human body, compared to larger particles or bulk materials 
conventionally utilized as food ingredients (McClements & Xiao 2017). 
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Fig. 24 Densitometry analysis of the protein framed bands in gels  of Figures 22 and 
23, obtained after IVD. Both GPF-based FFSs ( Panel A) and fried kobbah coated with 
all GPF-based FFSs (Panel B) ,were subjected to densitometry analysis. 
 

Cell culture and animal feeding studies suggest that high levels of SiO₂- based 
NPs with small size (9-26 nm) may cause adverse effects, such as cytotoxicity and 
generation of reactive oxygen species (Yang et al., 2017). In contrast McCarthy, (2012) 

observed that SiO₂- based NPs with the size of 150 nm and 500 nm do not perform 
toxic effects on Calu-3 cells. MSN have been successfully used to encapsulate the 
folic acid that was then added to fruit juices. Results indicated that folic acid MSN-
encapsulation significantly improved its stability and contributed to control its release 
after fruit juice consumption by influencing this vitamin bioaccessibility (Ruiz-Rico et 
al., 2017). In our research group, nanoreinforcement of hydrocolloid materials with 
MSN in size (150-200 nm) were obtained  and used to improve film properties 
(Fernandez-Bats et al., 2018) (see Appendix 6.5.4, Giosafatto et al., 2019). Thus, MSN 
were employed also in the present project, in the same time, CH-NP were prepared 
obtaining NPs with a size of 256 nm suitable to be used safely to reinforce or coatings. 

 
3.5 Hydrocolloid-based films as bioplastics to protect Strawberry   

 
The interest in biopolymers for manufacturing biodegradable/edible packaging 

materials is increasing due to the urgent demand of environmentally-friendly 
substitutes of conventional petroleum-based plastics. Among biopolymers, several 
hydrocolloids (polysaccharides and proteins), represent an abundant, inexpensive and 
renewable raw source. These natural molecules are proposed as film-forming agents, 
being able to establish intermolecular linkages by various interactions. Most of the 
times it is necessary to recur to plasticizers like GLY as an additive of such hydrocolloid 
films. In fact, in the absence of a plasticizer, many biomaterials are brittle and, as a 
consequence, very difficult to be manipulated. Recently, the use of different 
nanoparticles such as MSN has been proposed to reinforce biopolymer-based films 
because of their ability to reduce the permeability to CO2, O2 and water vapor. The aim 
of this work was to extend the shelf-life of strawberries by producing a packaging film 
made of Citrus PEC, plasticized by GLY and reinforced by MSN. Strawberry (Fragaria 
vesca), rich in vitamin C and antioxidant components, has short postharvest times and 
it is one of the most perishable fruits. PEC, a complex anionic polysaccharide mainly 
composed of homogalacturonan (1 → 4 linked α-D-galacturonic acid and its methyl 
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ester), has been used for many years as gelling/thickening agent, and also as stabilizer 
and emulsifier. 

    Strawberries were wrapped by 2 different films: 1. PEC+MSN+GLY containing 
films; 2. PEC+GLY containing films. The films were characterized according to seal 
strength and barrier properties toward CO2, O2 and water vapor. Moreover, strawberry 
shelf-life was evaluated by studying weight loss, pH, titratable acidity, ascorbic acid 
and antioxidant activity. The texture profile analysis of the fruit was aiso performed.  
        The results showed that MSN were able to positively affected the thermal stability 
of the film and reduce film barrier properties. In fact, in our study it has been reported 
that MSN-containing PEC-based films possess a more compact and homogeneous 
structure in comparison to the film prepared without MSN (Giosafatto et al., 2019 see 
Appendix 6.5.4), whereas seal strength was negatively influenced by the presence of 
both GLY and MSN. Strawberries were divided in 4 different groups: 1. wrapped with 
PEC+MSN+GLY films; 2. wrapped with PEC+GLY; 3. wrapped with the commercial 
bioplastic MaterBi®; 4. unwrapped. All samples were stored at 4 °C, and analyzed after 
0, 4 and 8 days. Results indicated that both kinds of the PEC-based films were able to 
reduce fruit weight loss, and increase strawberry antioxidant activity, while pH, citric 
and ascorbic acid, and texture profile analysis were kept constant from 0 up to 8 days 
at 4°C in comparison with unwrapped samples and the ones wrapped with Mater-Bi®. 

The effectiveness of MSN and GLY on improving the technological features of 
PEC films was demonstrated. It was observed a positive influence of films prepared in 
the presence of MSN on fruit weight loss and antioxidant activity. Hence it is possible 
to suggest PEC based films prepared in the presence of MSN and GLY as adequate 
candidates for extending the shelf-life of different fruits. All results relative to this study 
are summarized in Fig.25 as graphical abstract and have been published in the 
publication reported in the following pages. 

Fig. 25  Proposed model of PEC-based films as bioplastics to protect Strawberry. 
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4. CONCLUSIONS 
 

        Reducing acrylamide content in French Fries, falafel and kobbah was 
successfully achieved by coating these products with both polysaccharides (pectin and 
chitosan) and proteins (grass pea flour) prepared in the presence or absence 
transglutaminase enzyme and mesoporous silica or chitosan nanoparticles. Our 
rational was confirmed by using hydrocolloid-based coatings with nanoreinforcement 
and enzymatically crosslinked capable to increase water retention and reducing the oil 
uptake, together with the ability of reducing significantly the ability to form acrylamide.  

In this project, for the first time, falafel balls were produced by using 
transglutaminase enzyme in the dough. In addition, after the preparation, the balls 
were treated by dipping them in a pectin-based coating solution. Transglutaminase 
also had an effect on the texture profile parameters. On the other hand, the pectin 
coating protection reduced the oil content of this food product, either treated or not, by 
means of transglutaminase. Moreover, protein gastric digestion, carried out under 
physiological conditions, showed that enzymatic treatment slightly decreased the 
digestion rate, although the proteins were fully digested at the end of the experiment 
in both unprocessed and transglutaminase-processed systems. The sensory analysis 
indicated that the falafel balls stored for 60 days at -20ºC coated with pectin were 
accepted by the Palestinian panellists. 

 Hydrocolloid-based solutions were effective in reduction acrylamide, water and oil 
content in kobbah another Middle Eastern fast food. In this case, nanoreinforced 
coatings were used and the most effective was the pectin–based solution 
nanoreinforced with chitosan nanoparticles. In fact, fried kobbah coated by this solution 
showed the lowest acrylamide, water and oil content.  

Pectin films containing mesoporous silica nanoparticles were also obtained and 
evaluated according the mechanical, permeability, thermal, FT-IR and morphology 
properties, the results showed that significant improvement of physiochemical 
properties of the obtained materials. The pectin films plasticized with glycerol, either 
prepared in the presence or absence of mesoporous silica nanoparticles, were 
exploited for strawberry wrapping and different quality parameters were analyzed over 
a period of eight days storage. The obtained results showed the positive influence on 
strawberry weight loss and antioxidant activity, whereas pH, citric and ascorbic acid, 
and texture seem to be not significantly different from the unwrapped samples.  

According to this project results, it is reasonable to recur to hydrocolloid-based 
solutions to be used both as coatings to obtain healthier fried foods, or bioplastics to 
protect fruits and vegetable.  
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Appendix 6.6 
 

- Schools, workshops,courses, and seminars followed during PhD course. 
 

A. Schools 
1.  Summer School “In Silico Methods for Food Safety”, 13-15, June, 2017- in 

Parma (EFSA) 
 
B. Workshops 

1. Workshop on NanoBiomedicine in Naples: The next future of Theranostices. 
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