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EVOH based films were produced by solvent casting and extrusion.
Gallic acid and umbelliferone were combined with EVOH to get active food packaging.
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12 - Gallic acid and umbelliferone in EVOH based formulations induced antioxidant,

antimicrobial and antifungal effects.
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Abstract

Poly(vinyl alcohol-co-ethylene) (EVOH) films containing two different active ingredients (Als),
gallic acid (GA) and umbelliferone (UMB) at 5 wt. % and 15 wt. %, were successfully produced by
solvent casting and extrusion. The effects of process techniques, Als presence, typology and content
on optical, morphological, thermal and mechanical properties of EVOH based films have been
investigated. In addition, moisture content, migration and radical scavenging activity, antimicrobial
and antifungal studies were performed, with the aim of evaluating the effect of Als on structural and
functional properties of realized food packaging systems. Results from colorimetric and
transparency investigation underlined that the presence of Als in EVOH copolymer induced
important alterations, whereas migration to food simulant data restricted the use of produced films
in contact with fatty foods. On the other hand, the use of Als clearly induced positive antioxidant
response, inhibitions of bacterial and antifungal growth, confirming the possibility of practically

using these materials in the food packaging sector.

Keywords: gallic acid, umbelliferone, poly (vinyl alcohol-co-ethylene), food packaging, active
packaging, antioxidant and antimicrobial properties.
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1. Introduction

In the last years, traditional food packaging systems are considered unsuitable to offer the shelf-life
and commercialization conditions required by the sector, precisely in the case of fresh or
minimally-processed foods [1]. In general, it is required to them to cover and contain foods and to
protect them from environmental attacks as moisture, light radiation, oxidation process and/or
contaminations [2]. In this context, the widespread consumption of ready or semi-finished foods, as
the salad already washed and ready to be eaten or the meat in the supermarket fridge shelf ready to
be eaten or cooked, has led the development and the production of new packaging solutions with
increased properties in terms of antibacterial and antioxidant responses.

Food products are very susceptible to rancidity and putrefaction, caused by oxidation of their lipids
and microbial growth [3]. In order to limit oxidation and deterioration in sensitive and delicate
foods, the addition of antioxidant ingredients and modified atmosphere packaging technology or the
design of a suitable vacuum system are the two most important and/or common options to be
considered [4]. In this scenario, the food packaging industry demands and requests progress and
development of innovative packaging and, thus, the food packaging sector is continuously
developing advanced systems, concentrating its research on the production of active and smart
packaging [5].

Smart and active packaging systems are based on the interactions with the food environment or the
food itself [6]. Smart packaging keeps under control the environment surrounding the food or the
condition of foods during storage and transport [5, 7], while active food packaging offers the
opportunity to include active ingredients into packaging systems, allowing the reduction of food
additives into the foods and improving at the same time the shelf-life of foodstuffs [8-10]. This new
concept of food packaging system is considered of crucial importance to improve and maintain
unchanged the safety, the quality and the organoleptic characteristics of food products during the

shelf-life [11].
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The use of polymer-based packaging for food products shows many advantages respect to paper and
aluminium packaging and glass containers, since plastics are more flexible, in terms of reducing
weight and energy requirements for their production [12]. Within the wide list of polymeric systems
that could be considered as useful for the realization of food packaging systems, poly(vinyl alcohol-
co-ethylene) (EVOH) can be certainly considered as one of the most suitable, due to its specific
properties: in particular, poly(vinyl alcohol-co-ethylene) (EVOH) is a semicrystalline random
copolymer with excellent chemical resistance [13], high transparency and outstanding gas barrier
properties to hydrocarbons [14], especially when low content of ethylene (below 38 mol %
ethylene) is considered [15]. EVOH based systems have been increasingly used in the food-
packaging applications, being this sector characterized by stringent standards in terms of gas and
chemical resistance, aroma, water hydrocarbon permeation. The mechanical and barrier
characteristics of EVOH under dry conditions are attributed to the high inter- and intra-molecular
cohesive energy and semi-crystalline morphology [16].

However, the main problem of EVOH copolymers is their moisture content sensitivity, that
determines a significant reduction of their characteristics (thermal, mechanical and barrier
properties) at high relative humidity environments [17].

In order to limit this behaviour, EVOH in food packaging application is often used in multilayer
polymeric based systems, usually combined with hydrophobic polymers to modulate the final
properties of packaging devices [15] and limit water molecules absorption into copolymer chain.
The high affinity of EVOH to moisture determines a high water uptake in copolymer chains,
leading to a reduction of the gas barrier performance in high relative humidity environments. This
behaviour influences also the mechanical response [15].

Other than reduction of moisture absorption, another important issue is the need to prevent and/or
inhibit the microbial growth in food products, that is currently limited by considering the use of

natural extracts (coffee silver skin, green tea and catechin) and/ or essential oils (carvacrol and
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hydroxythyrosol) as active ingredients (Als) combined with polymeric thermoplastic matrices [11,
18, 19].

In this frame, we considered to extend the use of gallic acid and umbelliferone, two active
ingredients (Als) already largely applied in biomedical and pharmaceutical sectors [20, 21], to food
packaging applications in a smart manner.

Gallic acid (GA) (3, 4, 5-trihydroxybenzoic acid) is a polyphenol extracted from plant entities,
present in tea, berries, grapes and fruits [22]. It possesses a variety of biological properties, like
anti-inflammatory, antioxidant, and anticancer effects [20, 21, 23]. While evidence of GA use as
natural compound with potent antioxidant and antimicrobial activity in food systems is already
available, no examples can be found for umbelliferone in this specific sector [24, 25].
Umbelliferone (7-hydroxycoumarin) is a natural phenolic compound widely spread in plants of the
coumarin family, with recognized antioxidant properties [26, 27]. The Umbelliferae family is
inclusive of economically important herbs such as alexanders, sanicle, asafoetica, angelica, celery,
fennel, cumin, parsley and giant hogweed [27].

This research activity proposes the development, production and characterization of EVOH and
EVOH_Als based films for food packaging sector. In this work, two different active ingredients,
gallic acid and umbelliferone (5 wt. % and 15 wt. %) were used as antimicrobial and antioxidant
principles. Different formulations were prepared by both solvent casting and extrusion techniques
with the idea to evaluate how the different process techniques and the introduction of natural active
agents could influence the final properties of different EVOH based systems.

All produced systems were investigated in terms of thermal, morphological, optical and mechanical
properties. Finally, functional properties of relevant importance for food packaging sector, such as
overall migration, moisture content, antioxidant and antimicrobial activity were here intensely

investigated.

2. Experimental Part
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2.1. Materials

Poly(vinyl alcohol-co-ethylene) with 32 mol % ethylene content (EVOH 32) (density: 1.19 g/mL at
25 °C, melt index: 3.8 g/10 min (210 °C)), 1-Propanol reagent, >99.5%, gallic acid (GA)
((HO)3CgH,CO,H, 3,4,5-Trihydroxybenzoic acid, with 98.5% of purity, average, average M,=
170.12 kg mol™) and umbelliferone (UMB) (CoHsOs, 7-Hydroxycoumarin with 98.5% of purity,

average M, 162.14 kg mol ") were provided from Sigma-Aldrich® (Milan, Italy).

2.2. Characterization of active ingredients (Als)

The morphological structures of active ingredients in powder state and after dissolution in 1-
propanol/water solution (10 wt/v %), were investigated by field emission scanning electron
microscope (FESEM, Supra 25-Zeiss). Als powders were deposited on conductive adhesive, gold
sputtered and visualized, while few drops of the Al suspensions were deposited onto a substrate of
silicon, dried at room temperature and visualized after gold sputtering. A magnetic stirring at room
temperature for 1 hour and a sonication bath treatment (Ultrasonic bath-mod.AC-5, EMMEGI,
Italy) for 1 additional hour were applied in order to obtain a uniform dispersion of Als in the
solvent. The absorbance study of Als solutions (1-propanol/water) was investigated by UV-Vis
spectroscopy in the range 250-900 nm by using a Perkin EImer Lambda 35 spectrometer.
Thermogravimetric measurements (TGA) of Al powders were performed under nitrogen flow by
using a Seiko Exstar 6300. Heating scans were performed from 30 to 800 °C at 10 °C min™ and

three repetitions of the test have been considered.

2.3. Production of EVOH based systems

2.3.1. Production of EVOH based films by solvent casting
EVOH and EVOH_AISs based films combined with gallic acid and umbelliferone at 5 and 15 wt. %

(EVOH_5GA, EVOH_15GA, EVOH 5UMB and EVOH_15UMB) were prepared by solvent
casting method (sEVOH, where “s” indicates the solvent method) by using the procedure described

5
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by Martinez-Abad and co-authors [28]]. EVOH was initially dissolved in 1-propanol/water (70:30
wt/wit%) in the ratio 8:92 (wt/wt%) under magnetic stirring at 100 °C for 2 h.

EVOH_AIs systems were obtained by mixing EVOH solution with a specific amount of the Als
previously dispersed in 1-propanol/water. Als dispersions were obtained by applying a two steps
procedure: firstly, GA and UMB were dispersed under magnetic stirring in 1-propanol/water
solution (10 wt/v%) for 1 h at room temperature (RT), after that a bath sonication treatment
(Ultrasonic bath-mod.AC-5, EMMEGI, Italy) was applied for 1 hour at RT. EVOH solution was
cooled down to approximately 60 °C and then mixed with the Als solution by magnetic stirring for
1 h at RT. Finally, EVOH solutions were cast in a Teflon® Petri dish and dried in an oven at 60 °C
for 3 h. The films (of 140 mm diameter and 50-70um thick) were stored and equilibrated for 2 days
in a desiccator by using silica salt, after the processing and before the characterizations [29]. Table
1 summarizes the compositions of all produced formulations, in terms of Als content, respect to

EVOH polymer (the “s” indicates the solvent casting method).

2.3.2. Production of EVOH based films by extrusion
Due to the hygroscopic nature of EVOH, GA and UMB, the different materials were pre-dried to

avoid any moisture trace in the copolymer and Als structure and any undesirable hydrolysis reaction
during processing. EVOH copolymer pellets were dried in a vacuum oven at 95 °C for 6 h, while
the Als were dried at 50 °C for 12 h.

Table 1 summarizes the compositions of all different formulations, in terms of Al content respect to
EVOH copolymer (the “e” indicates the extrusion method).

EVOH and EVOH_AIs based films were processed by using a twin-screw microextruder (DSM
Explorer 5&15 CC Micro Compounder). Processing parameters (screw speed, mixing time and
temperature profile) were modulated to optimize the extrusion procedure. Screw speed at 50 rpm
was used for eEVOH based formulations. The temperature profile was set up at 200-210-220 °C in
the three different extrusion areas. The total processing time was established at 3 minutes. Neat

6
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EVOH was mixed for 3 minutes, while UMB was added to the copolymer matrix after 2 minutes of
mixing, so EVOH_UMB binary based formulations were mixed in total for 1 minute.

eEVOH based formulations combined with GA were not processed and consequently not
characterized, due to the presence of gases emission during the extrusion of the EVOH sample
containing the lower amount of GA (eEVOH_5GA), that induced the formation of holes on the film
surface (visible in the following Figure 3 b, that will be discussed later). On the basis of this result,
we decided do not process the eEVOH_15GA sample.

eEVOH based films with thicknesses between 40 and 60um were obtained by extrusion.

2.4. Characterization of EVOH_AI based films

2.4.1. Morphology, transparency and colour analysis

The transparency of different EVOH films produced by using solvent casting and extrusion was
investigated by UV-Vis spectroscopy in the range 250-900 nm by using a Perkin ElImer Lambda 35.
The microstructure of EVOH and EVOH_AI fractured surfaces was investigated by FESEM (Supra
25-Zeiss) after gold sputtering and by using an accelerating voltage of 5 kV.

Colour parameters of SEVOH and eEVOH films from CIELAB colour space were analysed by
using a spectrophotometer (CM-2300d Konica Minolta, Japan). The results were investigated by
using the SCI 10/D65 method, whereas CIELAB colour, as proposed by the Commission
Internationale de 1’Eclairage (CIE 1995), were used. The different produced formulations were
positioned on a white standard substrate and L*, a*, and b* parameters were determined. Samples
were examined in triplicate, and three measurements were obtained at random locations on each of
the produced films. The total colour difference AE* between EVOH based systems was obtained as

indicated in Eq. 1.

AE* = J(AL*Y +(Aa*f + (Ab*} (Eq.1)

Gloss value was also determined by using the SCI 10/D65.
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2.4.2. Thermal characterizations
Thermal characterization of EVOH and EVOH_AI based films produced by using solvent and

extrusion techniques was performed by thermogravimetric measurements (TGA) and by differential
scanning calorimetry (DSC). Thermogravimetric measurements were performed by
usingaSeikoExstar6300. Heating scans from 30 t0600 °C at10 °Cmin' under nitrogen flow were
performed for each sample.

Differential scanning calorimetric measurements were performed on a TA Instruments DSC Q200
(TA Instruments Inc., USA) under nitrogen flow in the range from -25 to 210 °C at 10 °C min™,
carrying out two heating and one cooling scans. The glass transition temperature (Tg) was
investigated during cooling and second heating scan; crystallization temperature and enthalpy (T,
and 4H;) were determined from the cooling scan, where as the melting temperature and enthalpy
(Tm and 4Hy,) were determined from the second heating scan.

The crystallinity degree was evaluated according to the Eq. 2:

1 AH
X

= *100 Eq. 2
a-m,) AHJ (Ea.2)
where AH is the enthalpy for melting or crystallization; AHp is melting enthalpy for a 100%
crystalline EVOH sample and (1-my) is the weight fraction of EVOH in the sample.

The melting enthalpy at 100 % of EVOH was calculated according to Eq. 3 [30]:

AH, = aAHJ"* + BAH [F (Eqg. 3)
Where AH™ V" is enthalpy of melting for a 100% crystalline of poly(vinyl alcohol) (PVA) taken as
161.1 J g [31], while AHo™® is enthalpy of melting for a 100% crystalline of polyethylene (PE)
taken as 290.0 J g™ [30] « and P are the weight fraction of vinyl alcohol (¢=0.68) and ethylene

(B=0.32) in EVOH.AHgmelting enthalpy for a 100% crystalline EVOH is taken as 202.4 J g™,

2.4.3. Mechanical characterization
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The mechanical properties of EVOH and EVOH_Als based films were evaluated by tensile tests, by
using rectangular probes (50 mm x 10 mm) on the basis of UNI ISO 527 standard with a load cell of
500 N, an initial gauge length of 25 mm and a crosshead speed of 5 mm min™. Young’s modulus
(Evoung), the tensile strength (os) and elongation at break (eg) were calculated from the stress-strain

curves. The analysis was carried out at room temperature and five samples were tested.

2.4.4. Antiradical activity
The radical scavenging activity of cast and extruded EVOH films was determined by using a

spectroscopic method according to the procedure proposed in literature by Byun et al. [32]]. The
different EVOH based samples (0.1 g) were cut into small pieces and immersed in 2 mL of
methanol for 24 h at RT. An aliquot of methanol extract (1 mL) was mixed with 1 mL of DPPH in
methanol (50 mg L™). The mixture was allowed to stand at RT in the dark for 60 min. The
absorbance was measured at 517 nm using a UV spectrometer (Lambda 35). The DPPH mixture
solution of methanol extracted from neat EVOH films produced by solvent casting and extrusion

was used as control. DPPH radical scavenging activity (RSA) was measured according to the Eq.4:

RSA(%) _ AControI - ASampIe *100 (Eq 4)

ontrol

where Asample IS the absorbance of sample and Acontrol 1S the absorbance of the control.

2.4.5. Overall migration and moisture content

The overall migration analysis of EVOH based films producing by using both techniques was
determined in triplicate in simulant A (10 % (v/v) ethanol water solution) and simulant D
(isooctane) according to Commission Regulation (EU) No 10/2011. The samples of 10 cm? were
immersed in 10 mL of simulant [33]. Samples were maintained at 40 °C for 10 days according to
EN-1186 standard [34] in contact with the simulant A, while in the case of simulant D the samples

were maintained in contact for 2 days at 20 °C. The simulant was then evaporated and residues
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weighed with an analytical balance (Sartorius ATILON) with £ 0.01 mg precision. The migrated
materials were expressed in mg kg™ of the each simulant.

The moisture content (MC) of EVOH based formulations produced by solvent casting and extrusion
was evaluated at 53% RH and 25 °C. Firstly, the different samples were dried in a vacuum oven at
40 °C for 72 h, after that the pre-dried formulations were placed in desiccators containing
Mg(NOs).salts until reaching constant weight. Three replicates for each formulation for 1 and 5
weeks were analysed. MC was estimated according to the Eq.5.

W

MC (%) = VM*NO (Eq. 5)

Final

where Wring is the weight of sample after 1 or 5 weeks at 53% RH and 25 °C and W/pitia iS the

initial weight of different samples dried in a vacuum oven at 40 °C for 72 h

2.4.6. Antibacterial and antifungal studies

Four strains of plant pathogens (bacteria and fungi) were used. Three known high virulent strains of
plant pathogenic bacteria (Pectobcterium carotovorum susp. odoriferum (Pco —1115), Erwinia
carotovora subsp. carotovora (Ecc — CFBP 2577), Xanthomonas axonopodis pv. vesicatoria (Xav —
CFBP 3274) and one virulent strain of a phytopathogenic fungus, Botrytis cinerea (CBS 120091),
were here evaluated for film antimicrobial assays. Specifically Pco, able to destroy, due to its
enzymatic properties, external and internal tissues of several vegetables, such as lettuce, was
selected and used [35]. Ecc is able to cause damages to fresh fruits and/or vegetables in open field
and during post-harvest phases. In particular, this phytobacterium is especially dangerous, due to its
ability to develop severe soft rot, and then determine relevant economic losses on fresh vegetables
and stored fruits [36]. Xav is a quarantine pest particularly dangerous in and out of EU respect to
tomato and pepper. It is the causal agent of bacterial spot disease on plants, causing severe
symptoms throughout the above-ground portion of the plant, including leaf spots, fruit spots and
stem cankers [37]. Finally, B. cinerea is a fungus worldwide known, able to colonize host tissue by
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a relevant mycelium development, causing extended gray mold, collapse of attacked tissue with
consequent heavy damages and economical losses in post-harvest and commercialization phases of
numerous vegetable and fruits, like kiwifruits and strawberry [38].

For antimicrobial assays, the reading of the optical density of the bacterial suspension to a
wavelength equal to 590 nm was conducted for each bacterial strain, by means of a turbidimeter
(Biolog Turbidimeter Mod. 21907).This reading allowed to make appropriate dilutions with sterile
distilled water (SDW) necessary to obtain, for each bacterial suspension per isolate, a concentration
of 1 x 10° colonies forming units (CFU/mL). The reading of the optical density was different for the
strains; in fact it was equal to 0.22 nm for Xav, 0.20 nm for Ecc and of 0.18 nm for Pco,
respectively. These values were determined by the development of a calibration curve. The obtained
bacterial suspension at a concentration of 1 x 108 CFU/mL 1 mL was then 1/10 diluted with SDW
in order to obtain a bacterial concentration of 1 x 10’ CFU/mL. 1 mL of this suspension was taken
and placed into microbiological tubes with 9 mL of Nutrient Broth (NB) 32%, to obtain a
suspension of 10 mL with a final bacterial concentration of 1 x 10° CFU/mL. Eight microbiological
tubes per thesis were previously prepared with 9 mL of NB 32%, in which a film of dimensions of 1
cm x 1 cm was immersed. Two microbiological tubes with microbial inoculation and without the
films inside have been considered as positive control. The bacterial solutions at 1 x 10° CFU/mL
concentration were incubated in an orbital shaker at a temperature of 27 1 °C at 150 rpm.
Subsequently, different samplings were performed after 1 h, 3 h, 12 h, 24 h and 48h. For each tube
(3 per thesis) 1 mL of suspension was taken, after that its decimal dilutions (dd) were carried out.
For each of them, 100 uL of dd was plated into a Petri dish containing the growing media (3 plates
per dd). The Petri dishes were then incubated for 24-48 h at a temperature of 27 + 1 °C;
subsequently, by using a stereomicroscope, they were observed and the developed bacterial colonies
were counted. For the fungus B. cinerea the process was different; indeed, the inoculation of
microbiological tubes was carried out by using a portion of fungal mycelium, which was grew for

one week in a Petri dish containing Potato Dextrose Agar (PDA) medium. The portion used for
11
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fungal inoculation had a circle shape of 0.5 mm radius. These tests provided 3 samplings at
predetermined intervals (1 day, 4 days and 7 days). Samples were then filtrated with ME 24 0.2 um
filter in Kitazato flasks using a vacuum pump. Filtrated samples were maintained in biochemical
oxygen demand (BOD) and then incubated at 50 °C and weighed daily [39]. Statistical analysis of
antimicrobial assays was performed according to the Tukey’s honest significant difference (HSD)

test, using a significance level with p=0.01.

3. Results and Discussion

3.1. GA and UMB characterization

Figure 1, Panel A shows the results of Al powder characterizations, while Figure 1, Panel B
shows the results of characterizations made in the case of Als solutions. Specifically, Figure 1,
Panel A shows the visual observation (chemical structure of the two Als is also included), and
FESEM investigation of gallic acid (Figure 1, Panel A a,c, respectively) and umbelliferone
(Figure 1, Panel A b,d), respectively. GA is a white powder, while UMB denotes yellowish-white
crystals [40]. Both Als in powders have an elongated shape similar to chopsticks, as revealed by
FESEM analysis. FESEM images show that GA powder is characterized by higher dimensions
respect to the UMB powder. GA powder has a length ranging from 50 um to 100 um and width
ranging from 10 um to 25 um (Figure 1, Panel A c), while UMB powder has a length ranging from
2 um to 10 um and width ranging from 1 um to 3 um (Figure 1, Panel A d).

Figure 1, Panel B a shows the visual observation of Als in 1-propanol/water solution, both
solutions containing Als are transparent. Specifically, GA solution was uncoloured while UMB
solution tends to yellow colour yellowish colour [40]. The different colour perceived by the human
eye is also confirmed by UV-Vis absorption results, reported in Figure 1, Panel B b. The
absorption spectrum of GA solution shows the main absorption band centred at 310 nm, while the
main absorption bands of UMB solution are centred at 320 nm and at 412 nm [41]. This result

justified the yellowish colour of UMB solution observed by the human eye and the deviation of film
12
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colour to yellow for poly (vinyl alcohol-co-ethylene) films combined with umbelliferone respect to
neat SEVOH and eEVOH films.

The morphological investigation of Al solutions highlights that the procedure applied to obtain the
dispersion of active ingredients permitted to modify the dimension of initial powder (Figure 1,
Panel B c,d). GA structure appears individualized, with reduction in diameters and increase in
lengths after the evaporation on 1-propanol/water solution (Figure 1 Panel B c, d). In details,
FESEM images show that GA was organized as long (10-100 um) filaments with diameter of 500-
550 nm (see the insert Figure 1, Panel B c¢). The FESEM image of UMB in solution shows that the
active ingredients after the solution process appear individualized with reduced dimensions respect
to the powder, being the width at a nano-scale level (around 500 nm) while the length ranged from
1umto5 um.

The thermal stability under inert atmosphere of Als was analysed by thermogravimetric analysis
(TGA). The DTG curve of Als show a multi-step degradation behaviour for GA [42], similar
behaviour has been observed in literature for hydroxythyrosol [9], while only one degradation step
is detected for UMB (Figure 2).

The first low intensity degradation peak for GA, (initial thermal decomposition temperature of 69
°C) centred at 87 °C, is due to the degradation of volatile compounds with low molecular weight
[42] and to the mass-loss event attributed to the water content [43]. It is supposed that this
evaporation at low temperatures was responsible for the unprocessability of poly (vinyl alcohol-co-
ethylene) based formulations combined with both concentration (5 and 15 wt%) of gallic acid
(eEVOH_5GA and eEVOH_15GA) (see Figure 3 b); the second and main peak, characterized by
high intensity, is centred at 270 °C, while the third degradation peak at 310 °C is characterized by a
very low intensity and corresponds to loss of hydroxyl groups. The fourth peak is centred at 330 °C,
characterized by very high intensity corresponds to the residual decomposition of gallic acid.

Finally, minor degradation phenomena of low intensity were observed at 358 °C and 466 °C,
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respectively. The both last two peaks correspond to the residual decomposition of gallic acid at high
temperature [43, 44].

The main degradation step of UMB is centred at 305 °C. In general, the coumarine (powder)
exhibits a single degradation step [45]. Comparing the onset temperature of main degradation peak
(Tonset main peak) of both active ingredients, it is possible to underline that UMB showed the Tonset

main peak at 203 °C, while the onset for GA moved at 223 °C.

3.2. Transparency, colorimetric analysis and FESEM investigation of EVOH and EVOH_AIs

based systems

Transparency and colour are the most important properties of the polymeric films, especially when
they were realized and used in food packaging sector. The aesthetic properties, in fact, can influence
the commercial success and consumer acceptance.

Figure 3 and Figure 4 show visual observations and UV-Vis characterizations, respectively, of
EVOH based formulations produced by solvent casting and extrusion. Specifically, Figure 3 a and
Figure 4 a show the transparency and the visual observation of SEVOH films, while the UV-Vis
curves and the photo of eEVOH films have been reported in Figure 3 b and Figure 4 b,
respectively.

SEVOH and eEVOH, as shown in Figure 4 a,b are transparent films, with a transmittance value of
94% at a visible wavelength of 700 nm. All the SEVOH systems, except SEVOH_15UMB, maintain
good levels of transparency (92%) from 450 to 900 nm. The presence of GA in SEVOH does not
influence the transparency values detected at 700 nm (Figure 4a), while the transparency of
SEVOH films combined with gallic acid at both concentrations (SEVOH_5GA and sEVOH_15GA)
is drastically reduced above 357 nm, being this behaviour induced by the presence of GA that

absorbs the light at 350 nm (Figure 2 Panel B,b).
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The presence of UMB at high concentration (15 wt%) in SEVOH_15UMB induces a clear reduction
in terms of transparency respect to SEVOH_5UMB. is related to the presence of Being the UMB
slight soluble in aqueous solutions, the transparency of SEVOH_15UMB at 700 nm is, accordingly,
around 80% and decreases drastically from 450 nm to 250 nm. The transparency reduction in
SEVOH_5UMB and in sEVOH_15UMB at 420 nm (Figure 4a, see the arrows) is due to the light
absorption of UMB (Figure 2 Panel B, b) [41]. In eEVOH based formulations, the presence of
UMB does not reduce the transparency of eEVOH_5UMB and eEVOH_15UMB from 450 to 900
nm. Also in the case of extruded films, the presence of UMB reduces the transparency of eEVOH
film for wavelengths below 450 nm, the reduction level is centred at 420 °C (see arrow in Figure
4b).

The colour and gloss parameters of EVOH based formulations are reported in Table 2. The
colorimetric and gloss investigations have been performed to evaluate the influence of active
ingredients on the optical properties of EVOH based formulations.

SEVOH and eEVOH films have been characterized by high and similar lightness value
(L*=98.73+0.16) and (L*=98.42+0.10), respectively for cast and extruded samples. Moreover, no
significant variations have been registered between neat SEVOH and eEVOH films in terms of
a'and b" coordinates. All of the samples are transparent and homogeneous, as the luminosity values
(L) have shown, similar observation have been done for EVOH combined with catechin in
accordance to the literature [46]. This behaviour highlights how the presence of GA does not affect
the colour of different formulations. For this formulation, in fact similar colour parameters
(L,"a"and b") have been registered (Table 2). This behaviour can be ascribed to the transparent
presence of GA that in 1-propanol/water solution, as analysed by visual observation (Figure 2
Panel B a) and by UV-Vis analysis from 900 nm to 450 nm (Figure 2 Panel B b).

The presence of UMB in SEVOH based formulations induces a colour variation respect to the white
control and neat SEVOH film, as expected observing the visual images of UMB powder (Figure 2

Panel A b) and solution (Figure 2 Panel B a).
15
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Positive values have been registered in SEVOH films combined with UMB for b* parameter,
indicating a slight deviation towards brown hues, yellowish and desert sand colour (reflected by the
rise in the a* and b*). The film colours have been induced by the colour of umbelliferone, in
agreement with visual observations and UV-Vis analysis (Figure 3 a and Figure 4 a). The highest
AE* value for sEVOH films has been obtained for SEVOH_15UMB based system
(4E*=14.96+0.39).

A similar behaviour has been found also for eEVOH based films. The presence of UMB in eEVOH
films induced a clear variation of colour respect to neat film. Even in the case of extruded films, the
maximum colour differences have been registered for eEVOH_15UMB (4E+=10.89+0.06). For
extruded films containing UMB, the colour parameters have in general lower values, with respect of
ones registered for SEVOH films combined with UMB. This result could be considered due to the
melting of UMB during the extrusion process.

The gloss values of EVOH and EVOH based formulations are summarized in Table 2. The
presence of GA in sEVOH films induces a slight increase of gloss and surface finish also at high
content respect to neat film (gloss: SEVOH=(158+2)°, sSEVOH_5GA=(200+4)°,
SEVOH_15GA=(187+2)°). The presence of UMB in eEVOH films induces a slight reduction of
gloss and surface finish (gloss: SEVOH_5UMB=(138+2)°, sEVOH_15UMB=(46%3)°), and this
result could be correlated to the presence UMB at micron scale dimension. The gloss in eEVOH
films increases adding the UMB in the films also at high concentration, being again this
phenomenon due to the melting of UMB gloss: eEVOH=(206+5)°, eEVOH_5UMB=(268+1)°,
eEVOH_15UMB=(262+3)°).

Figure 5 shows the microstructure of the fractured surfaces of EVOH based films produced by
solvent casting and extrusion, analysed by FESEM. The FESEM study was carried out to evaluate
the effect, on microstructure, of Als and different process techniques used to produce the different

EVOH based formulations.
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SEVOH film fractured surface appeared homogeneous, uniform and smooth (Figure 5 a,b) [47],
typically found for thermoplastic and well processed semi-crystalline polymers and copolymers
[18]. This behaviour highlights the good film-forming properties and processability of EVOH films
during solvent casting process. The presence the Als (GA and UMB) in cast based formulations
does not induce alterations in terms of uniformity and homogeneity on the fractured surfaces of
SEVOH_5GA (Figure 5c¢), SEVOH_15GA (Figure 5d) and sEVOH_5UMB (Figure 5e) respect to
neat SEVOH film, expect in the presence of 15 wt% of UMB in the copolymer matrix (see Figure
5f and Figure 5f insert). GA in copolymer matrix processed by solvent casting results well
dispersed, due to its high solubility in water solution [48]. The FESEM image of sEVOH_15 UMB,
especially at higher magnification, (Figure 5f insert, see the arrows) shows the presence of UMB,
not properly solubilized in 1-propanol/water solution during the film-forming production. This
effect is due to the presence of UMB that is slightly soluble in aqueous solutions [27, 40]. The
insolubility of UMB in 1-propanol/water solution has been also demonstrated by the FESEM
investigation of the Al itself (Figure 2, Panel B, d).

Similar results obtained for EVOH based films produced by solvent casting (SEVOH) have been
also observed for EVOH based formulations produced by extrusion (eEVOH) (Figure 5 g-1).

Neat eEVOH film fractured surface appears homogeneous, uniform and smooth (see Figure 5 g) as
previously observed for SEVOH film. The addition of UMB does not affect the homogeneity and
uniformity of eEVOH fractured surface by using both concentrations (5 and 15 wt%) of UMB, as
already observed applying solvent casting process to produce SEVOH_15UMB. This behaviour can
be related to the melting temperature of UMB powders, that was at approximately 224-227 °C [27].
The melting temperature of UMB s, in fact, in the same range of the temperature profile (200-210-

220 °C) selected and optimized to produce eEVOH films.

3.3. Thermal characterizations of EVOH and EVOH_AI based systems
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In order to evaluate the effect of Als and the influence of different applied processes on the final
thermal properties of realized films, thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) under inert atmosphere of EVOH based formulations produced by solvent
casting and extrusion techniques have been considered.

Figure 6 shows the derivative curves (DTG) of SEVOH (Figure 6a) and eEVOH (Figure 6b). Neat
EVOH and EVOH based films are characterized by the presence of a multi-step degradation
behaviour.

Neat EVOH systems show two main degradation steps, the first one above 400 °C at 370-390 °C,
attributed to the major component fraction, poly(vinyl alcohol) [4, 49]. The second one at higher
temperature at around 450 °C [49] could be attributed to ethylene presence [49]. In cast films, the
peak centred at low temperature (about 110-120 °C) is found only for cast films and corresponds to
the evaporation of residual solvent (1-propanol/water) [50]. The peak at approximately 250 °C has
been observed only for SEVOH films combined with GA, in fact the intensity increased with
increasing content of GA in the copolymer matrix (Figure 6 a) and could be essentially correlated
to the thermal degradation of GA. In the presence of both Als, in cast films, thermal stability is
improved, since a shift of the onset degradation temperature of this main peak (T onset main peak) at
higher temperature is observed (T onset main peak SEVOH=278 °C, T onset main peak SEVOH_5GA=322 °C,
T onset main peak SEVOH_15GA=322 °C, T onset main peak SEVOH_SUMB=315 °C and T onset main peak
SEVOH_15UMB=316 °C).

The presence of Al in SEVOH based film increases the thermal stability of copolymer matrix, the
effect is clearly visible also by using the low content of Al (5 wt%). The addition of GA and UMB
shifts, to higher temperatures, the main degradation step of about 20 °C respect to neat SEVOH film
(SEVOH Tmax main peak =372 °C) (Figure 6 a). Similar phenomenon has been observed in literature by
de Dicastillo and co-authors (2011) combining green tea extract in ethylene vinyl alcohol

copolymer [4] and combining other phenol extracts in thermoplastic matrices [9, 18].
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In extruded films, the main degradation peak of eEVOH film is centred at 375 °C. The neat EVOH
films produced by solvent casting and extrusion have the main degradation peak at same
temperature value, this phenomenon underlines that the different process techniques do not
influence the thermal stability. However, the presence of UMB in eEVOH based films does not
induced a high shift of main degradation temperature to higher values (Tmain peak EEVOH=375 °C,
Tmain peax EEVOH_5 UMB =380 °C and Tmain peak €EEVOH_15 UMB =380 °C) as previously
observed for SEVOH. A similar phenomenon with a shift to higher values of Tonset main peak (ONSet
degradation temperature of main peak) induced by the presence of Al in SEVOH films is observed
also for eEVOH combined with UMB. The presence of UMB in eEVOH films induces a shift to
higher temperature for Tonset main peak at around of 20 °C (T onset main peak EEVOH=278 °C, T onset main peak
eEVOH_5UMB=315 °C and T onset main peak€EVOH_15UMB=315 °C).

Thermal properties of cast and extruded EVOH based formulations films have been also analysed
by DSC analysis in order to evaluate the effect of Al presence and content on the crystallization and
melting phenomena of copolymer matrix. Table 3 summarizes the glass transition, crystallization
and melting phenomena of SEVOH and eEVOH based formulations during the cooling and the
second heating scan, while the thermograms for the second heating scan are reported in Figure 7
a,b. Figure 7 a shows the thermograms of SEVOH based formulations, while Figure 6 b shows the
thermograms of eEVOH based formulations.

The incorporation of Als induces a change in the thermal properties of the different EVOH based
formulations produced by solvent casting and extrusion techniques. The glass transition temperature
(Tg) decreases increasing the amount of Al in the neat SEVOH and/or eEVOH during the cooling
and second heating scan (Table 3), as already observed in literature [50]. No evident variations
have been found in terms of glass transition temperature, when a comparison of the data obtained
for the same formulation produced by solvent casting and extrusion techniques was done. Data
obtained from cooling scan highlight the presence of two crystallizations peaks, the first one at low

temperature at around 105 °C for neat SEVOH and eEVOH films, and the second one centred at
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high temperature (160 °C for both neat SEVOH and eEVOH films). In general, during the cooling
scan, the crystallization temperature and enthalpy decrease increasing the concentration of Als in
the matrix. As a consequence of cooling enthalpy decrease, even the crystallization degrees result
reduced, the lower value of X. for sEVOH based formulations has been registered for
SEVOH_15GA film (X.=(24.5+0.5)%), while the lower value of crystallization degree has been
measured for eEVOH_15UMB film (X.=(29.4£2.1)%) (Table 3). During the second heating scan, a
general decrease of the T, and the AH, values has been registered in the presence of Als,
specifically these values decreased increasing the content of active ingredients in sSEVOH and
eEVOH based films (Table 3 and Figure 7 a,b) [50]. Summering, no particular variations have
been observed from the second heating scan for the same formulations produced applying the two

different processing techniques.

3.4. Mechanical characterizations of EVOH and EVOH_AI based systems

The presence of Als in EVOH matrix and the effect of different applied process for the production
of the different EVOH based systems, were investigated in terms of mechanical properties by
means of tensile tests. Results are summarized in Table 4, while the stress-strain curves are
reported in Figure 9. Specifically, Figure 9 a shows the stress-strain curves of EVOH films
produced by solvent casting, while Figure 9 b shows the stress-strain curves of EVOH films
produced by extrusion.

The selection of different process techniques used to realize the different EVOH based formulations
induces a clear difference in terms of mechanical performance (Table 4). Focusing on the
elongation at break and on Young’s modulus values obtained for all EVOH based formulations, it is
relevant to observe that the films show an evident ductile behaviour. Analysing and comparing the
data of eEVOH films respect to the SEVOH films, it is possible to see that extruded films have

higher values of Young’s modulus (Evoung) and lower values of elongation at break (g,). The main
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reason of this different mechanical behaviour is strictly related to the processing methodology used
to realize the different formulations. This phenomenon is also related to the presence of moisture
content absorbed in the copolymer material, that behaves as a plasticizer, as previously observed in
literature using different polymers and copolymers [16].

Blanchard and co-authors (2017) investigated the effect of moisture content on the mechanical
properties of EVOH copolymers, and they observed that the plasticization phenomenon of EVOH
(32 %) increased increasing the amount of adsorbed water molecules in the material [16].

Neat SEVOH shows tensile strength of (cg=45+4) MPa, elongation at break of (eg= 265+28) % and
Young’s modulus of (Evoung=440+£65) MPa, while eEEVOH shows tensile strength of (cg=67%7)
MPa, elongation at break of (eg=226+25) % and Young’s modulus of (Eyoung=2028+115) MPa.

The presence of 5wt% of GA in sEVOH films permits to improve Young’s modulus
(Evoung=560+65)MPa with respect of neat copolymer, maintaining at the same time similar values
of tensile strength and elongation at break respect to SEVOH film (Table 4). The presence of 15 wt
% GA in SEVOH_15GA induces a slight reduction of Evoung (315+53) MPa and eg (220£26) with
respect of SEVOH and sEVOH_5GA.

The presence of umbelliferone, mainly used as antioxidant and antimicrobial additive in this
research activity at 5 wt%, does not affect the mechanical response of EVOH copolymer processed
by solvent casting (SEVOH_5UMB), except a slight reduction registered for elastic modulus. The
presence of 15 wt% UMB in SEVOH_15UMB acts as a defect, the mechanical properties have been
reduced respect to SEVOH film, essentially a reduction of tensile test at break and elastic modulus
(SEVOH_15UMB: o0g=(32+4) MPa, eg= (260+30) % and Eyoung=(190+30) MPa) have been
observed. This phenomenon is due to the presence of the Al powder that was not soluble in the 1-
propanol / water solution used to dissolve the EVOH copolymers (Figure 2, Panel B b).
Furthermore, the presence of UMB in powder has been also detected by FESEM investigations of

SEVOH_15UMB fractured surface (Figure 5f). The presence of UMB in eEVOH at both the
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concentrations reduces the ductile behaviour of neat copolymer film processed by extrusion
(eEVOH) (Table 4 and Figure 9 b).

Specifically, the presence of UMB induces a reduction of elongation at break and an increase of
tensile strength respect to neat eEVOH film.

eEVOH_5UMB shows tensile strength of (cg=102+16) MPa, elongation at break of (eg= 131+24)
% and Young’s modulus of (Eyoung=2565+49) MPa, while eEVOH_15UMB shows tensile strength
of (0g=89+£10) MPa, elongation at break of (eg= 153+28) % and Young’s modulus of
(Evoung=2053+69) MPa.

Concluding, SEVOH_5GA and eEVOH_15UMB show the best mechanical performance in terms of

elastic and plastic mechanical response.

3.5. Antiradical activity, overall migration test and moisture content of EVOH_AI based
systems

The main important properties requested to polymeric devices applied in food packaging
applications and used in direct contact with food products are the antiradical activities, moisture
content and overall migration.

Antiradical activity is a property induced by the presence of active compounds in polymeric
systems, specifically antioxidant action of polymeric materials is based on a migration process into
the food products of active ingredients incorporated in polymeric packaging [10].

The continue demand of intelligent and active food packaging had promoted the development and
use of active ingredients into packaging devices. The antioxidant properties of EVOH and
EVOH_AI based films produced by using solvent casting and extrusion techniques were evaluated
by the scavenging activity of methanol migration extracts against the DPPH radical. This study is an
indirect test used to evaluate the antiradical activity of the produced films.

Table 5 summarizes the antioxidant behaviour of migrating substances in methanol for 24 h for

different EVOH based formulations. SEVOH and eEVVOH have been selected as control for solvent
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casting and extruded produced systems, respectively. GA and UMB intercept the free radical chain
of oxidation by donating hydrogen from the phenolic hydroxyl groups, in this way there is the
formation of a stable end product, which does not initiate or propagate oxidation of the lipids [51].
The incorporation of GA and UMB in sEVOH films induces a clear effect of RSA % [24, 25, 27]:
the highest effect is induced by presence of GA respect to UMB (RSA (%): sEVOH_ 5
GA=(95.0+2.0) %; SEVOH_15 GA=(93.2+0.3) %; SEVOH_5 UMB=(20.3+3.2) % and sEVOH_15
UMB=(75.2+0.8) %). The highest RSA% has been registered for sEVOH films combined with GA
respect to SEVOH films combined with UMB. This behaviour is due to the different chemical
composition of the two different selected Als [24, 25, 27]. However, the presence of highest content
of GA (15 wt%) in SEVOH_15GA does not induce a higher RSA% respect to SEVOH_5GA, being
this phenomenon due to the fact that the lowest concentration is able to induce the highest level of
antioxidant activity (Table 5). The incorporation of UMB in eEVOH films induces a similar
behaviour, as previously considered in SEVOH films. The highest antioxidant effect is observed for
eEVOH_15 UMB RSA=(62.1+2.9) %.

Overall migration test was performed, in accordance with the Commission Regulation EU 10/2011
[33], to study if the different process used and the addition of Als to produce EVOH based films
could influence the migration level, results are shown in Figure 9. Specifically, this test permits to
simulate and to evaluate the migration of polymeric materials to the foodstuffs and to determine if
the produced packaging could be used in contact with food products directly. In this research
activity, the test was performed by using two different food simulants, ethanol 10 (v/v) % and
isooctane (A and substitutive D, respectively). The selection of both simulants was of great
importance to analyse the behaviour of polymeric films in contact with two different types of
foodstuffs. The simulants A and D have been used to simulate the behaviour of polymeric films in
contact with aqueous based foods and with fatty foods, respectively.

The overall migration levels using simulants A for all EVOH based formulations produced by

solvent casting (Figure 9 a) and extrusion (Figure 9 b) were, as expected, up the migration
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permitted limits (60 mg kg™ of simulant), as established by the current European legislation [33],
the migration level increased increasing the Al in the copolymer matrix.

Different behaviour was, on the other hand, registered by using simulants D: in this case, the overall
migration levels for all EVOH based formulations produced by solvent casting and extrusion are
below the migration permitted limits (60 mg kg™' of simulant), as established by the current
European legislation [33]. Specifically, after 2 days of incubation at 20 °C (simulant D conditions)
no polymeric migration level has been registered for neat SEVOH (Figure 9 a) and eEVOH (Figure
9 b) films [52]. In general, the migration level increases increasing the Al content in the copolymer
matrix. The presence of GA in SEVOH induces a slight increase of migration levels respect to
SEVOH films (SEVOH_5GA=(1.4+0.4) mg kg™ and SEVOH_15GA= (2.0+0.4) mg kg™).

Similar migration values for EVOH films processed by solvent casting and extrusion, combined
with the same content of UMB, have been registered. Moreover, the maximum migration levels is
detected combining the copolymer matrix with 15 wt% of UMB (SEVOH_15UMB= (4.8+0.6) mg
kg and eEVOH_15UMB=(4.3+0.4) mg kg™), while combining EVOH with 5 wt% of UMB the
same value for both processing techniques (SEVOH_5UMB=eEVOH_5UMB=(3.8+0.4) mg kg™)
has been registered (Figure 8).

The analysis demonstrated the possible practical application of the produced films in the food
packaging sector in contact with fatty food product, otherwise EVOH based films could be used to
cover fresh food with high content of water only after making a multilayer layer based system and
putting in contact to fresh food hydrophobic polymers, as polypropylene (PP) [52].

Table 6 shows the moisture content (MC) of EVOH and EVOH_AI based formulations produced
by solvent casting and extrusion after 1 and 5 storage weeks at 53% RH and 25 °C. This test is of
great importance in food packaging sector, it permits to evaluate the moisture content that could be
absorbed in different environmental condition (temperature and relative humidity). This study is of

fundamental importance to determine the MC. The increase of MC causes a significant loss in terms
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of thermal, mechanical and barrier properties at high relative humidity. The absorption of water
induces an increase of the copolymer free volume [16].

The MC % of the SEVOH film is (1.49+0.10) % and (1.53+0.14) %, while for eEVOH film was
(2.34+0.23) % and (2.32+0.12) %, after 1 or 5 week of storage, respectively for each formulation.
The obtained data indicated that the equilibrium was reached after only 1 week of storage [53]. The
addition of Als in EVOH based films induces a slight increase of MC. Regarding the sEVOH films,
the addition of GA induces a slight increase of moisture content respect to the presence of UMB in
SEVOH films. This behaviour is due to the presence of GA, that showed an affinity to solubilize in
aqueous solutions [48]. In general, it is possible to underline that the films produced by solvent
casting are characterized by lower values of MC respect to extruded films. This behaviour is due to
two different phenomena that could influence the MC absorption. The first phenomenon can be
related to the microstructures of EVOH based films (Figure 5). Specifically, eEVOH films show
some irregularities respect to SEVOH formulations (see the arrows in Figure 5 g-1) on the surfaces
of different extruded films facilitating the moisture absorption. The second phenomenon that
justifies the higher absorption of moisture is the lower crystallinity degrees at second heating scan
(Xm) for eEVOH based formulations.(Table 3).

After 5 weeks of storage, the MC values for all different produced formulations tended to reduce or
remain unchanged respect to the values obtained after 1 week of storage (Table 6), this behaviour
can be ascribed to saturation phenomena, similar results are obtained in literature by using

poly(vinyl alcohol) [50].

3.6. Antibacterial and antifungal properties of EVOH_AI based systems

The antimicrobial test of neat EVOH and EVOH based formulations loaded with 5% wt of gallic
acid and umbelliferone processed by solvent casting and with 5 and 15% wt of umbelliferone
processed by melt compounding approach, have been conducted respect to three high virulent

strains of bacteria (Xanthomonas axonopodis pv. vesicatoria (Xav — CFBP 3274); Pectobcterium
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carotovorum susp. odoriferum (Pco — CFBP 1878T), and Erwinia carotovora subsp. carotovora
(Ecc — CFBP 2577),) and one virulent strain of a fungal plant pathogen, Botrytis cinerea (CBS
120091), and the results are summarized in Figure 10 a-d.

The efficacy of 5%wt of umbelliferone in cast film is clearly evident against both Xav and Pco
multiplication just after 18 h (Figure 10 a,b) whereas both gallic acid and umbelliferone based
formulation produced by solvent casting show a significant influence in the reduction of bacterial
growth after 48h. On the contrary, solvent cast films, loaded with both gallic acid and umbelliferone
at 5%wt, do not highlight significant reductions on Ecc growth (Figure 10 c) and a similar result is
obtained, for these formulations, against B. cinerea growth, with only a significant low reduction of
fungal growth after 7 day exerted by SEVOH_5GA cast film (Figure 10 d).

A different behaviour has been detected for extruded based formulations loaded with two different
concentrations of umbelliferone. Growth curves with extruded films reveal a non-susceptibility of
Xav at both tested concentrations (5% and 15%wt) (Figure 10 a), whereas a reduction of Ecc
multiplication and a significant activity (reduction of 1.5 Log CFU/mL) against Pco is recorded
only for the EVOH loaded with the highest concentration of umbelliferone (Figure 10 b,c). Finally,
all extruded films reveal an interesting activity to reduce the fungal growth after 7 days (Figure 10
d).

The antimicrobial assays underlined that umbelliferone resulted the most effective active agent
against the considered strains, both bacteria an fungus, and this effect is related to the capacity of
this molecule to inhibit bacterial biofilm development [54] and to its negative effects on different
fungal structure development (i.e.: hyphae distorted) [55].

Mechanisms of activity of these films should be furtherly studied in deep, clarifying their
performance respect to different microorganisms (bacteria and fungi) and their mechanisms to cause
damages on fresh agro-production. In any case, the fact that selected natural active ingredients
(gallic acid and umbelliferone) resulted able to contrast the multiplication of dangerous

microorganisms like those selected, offers the opportunity to develop innovative and green
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approaches to reduce damages caused by these dangerous microorganisms during post-harvest

phases.

4. Conclusions

This research activity considered the effect of solvent casting and extrusion process techniques on
EVOH based films to be used in food packaging applications. Active properties were offered by
gallic acid and umbelliferone, with improved antioxidant and antimicrobial properties, of great
importance in food packaging systems. EVOH based systems combined with umbelliferone were
successfully prepared by solvent casting (SEVOH) and extrusion (eEVOH), while EVOH based
films were combined with GA produced applying solvent casting techniques. The presence of Als
influenced the thermal properties of EVOH based systems, in details the thermal degradation
stability increased adding GA or UMB to EVOH matrix, while the crystallinity degrees decreased
in active EVOH based formulations.

No particular alterations in terms of mechanical performance (strength and elastic modulus) in the
presence of Als for cast and extruded films were noted, while a reduction in terms of elongation at
break was registered for extruded films combined with UMB. The registered migration levels were
below the permitted limits, by confirming the possible use of produced films in contact with fatty
foods. The use of Als induced antioxidant activities, inhibitions on bacterial and antifungal growth,
suggested the practical and possible applications in food packaging industrial sectors to realize
active systems with enhanced antioxidant/antimicrobial properties respect to neat EVOH.

The results of functional characterization of proposed active formulations confirmed the possibility

to use these innovative solutions in the food quality preservation during transportation and storage.

Acknowledgments
Financial support of the CARIT 2016 National project: Progettazione e sviluppo sostenibile di film

biodegradabili multifunzionali destinati al settore degli imballaggi alimentari con proprieta
27



693 antibatteriche e/o antiossidanti indotte da molecole bioattive naturali. (Founded by Fondazione
694 CARIT, ltaly).

695
696

28



697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

References

[1] V. Muriel-Galet, M.J. Cran, S.W. Bigger, P. Herndndez-Mufoz, R. Gavara, Antioxidant and
antimicrobial properties of ethylene vinyl alcohol copolymer films based on the release of oregano
essential oil and green tea extract components, J. Food Eng. 149 (2015) 9-16.

[2] M.P. Arrieta, L. Peponi, Polyurethane based on PLA and PCL incorporated with catechin:
Structural, thermal and mechanical characterization, Eur. Polym. J. 89 (2017) 174-184.

[3] H. Yang, J. Wang, F. Yang, M. Chen, D. Zhou, L. Li, Active Packaging Films from
Ethylene Vinyl Alcohol Copolymer and Clove Essential Qil as Shelf Life Extenders for Grass Carp
Slice, Packag. Technol. Sci. 29 (2016) 383-96.

[4] C. Lopez de Dicastillo, C. Nerin, P. Alfaro, R. Catala, R. Gavara, P. Hernandez-Mufioz,
Development of New Antioxidant Active Packaging Films Based on Ethylene Vinyl Alcohol
Copolymer (EVOH) and Green Tea Extract, J. Agric. Food. Chem. 59 (2011) 7832-40.

[5] M.P. Arrieta, V. Sessini, L. Peponi, Biodegradable poly(ester-urethane) incorporated with
catechin with shape memory and antioxidant activity for food packaging, Eur. Polym. J. 94 (2017)
111-24.

[6] D. Dainelli, N. Gontard, D. Spyropoulos, E. Zondervan-van den Beuken, P. Tobback Active
and intelligent food packaging: legal aspects and safety concerns, Trends Food Sci. Tech. 19 (2008)
S103-S12.

[7] M. Vanderroost, P. Ragaert, F. Devlieghere, B. De Meulenaer, Intelligent food packaging:
The next generation, Trends Food Sci. Tech. 39 (2014) 47-62.

[8] M.P. Arrieta, M. Castro-Lopez Mad, E. Rayon, L.F. Barral-Losada, J.M. Lopez-Vilarifio, J.
Lopez, M.V. Gonzélez-Rodriguez, Plasticized poly (lactic acid)—poly (hydroxybutyrate)(PLA—
PHB) blends incorporated with catechin intended for active food-packaging applications, J. Agric.

Food. Chem. 62 ( 2014) 10170-80.

29



721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

[9] E. Fortunati, F. Luzi, C. Fanali, L. Dugo, M.G. Belluomo, L. Torre, J.M Kenny, L. Santi, R.
Bernini, Hydroxytyrosol as Active Ingredient in Poly (vinyl alcohol) Films for Food Packaging
Applications, J. Renewable Mater. 5(2) (2017) 81-95.

[10] J. Gomez-Estaca, C. Lépez-de-Dicastillo, P. Herndndez-Mufioz, R. Catala, R. Gavara,
Advances in antioxidant active food packaging, Trends Food Sci. Tech. 35 (2014) 42-51.

[11] F. Luzi, E. Fortunati, G. Giovanale, A. Mazzaglia, L. Torre, G.M. Balestra, Cellulose
nanocrystals from Actinidia deliciosa pruning residues combined with carvacrol in PVA_CH films
with antioxidant/antimicrobial properties for packaging applications, Int. J. Biol. Macromol. 104
(2017) 43-55.

[12] N. Burgos, I. Armentano, E. Fortunati, F. Dominici, F. Luzi, S. Fiori, F. Cristofaro, L. Visai,
A. Jiménez, J.M. Kenny, Functional Properties of Plasticized Bio-Based Poly (Lactic Acid) _Poly
(Hydroxybutyrate)(PLA_PHB) Films for Active Food Packaging, Food Bioprocess Technol. 10
(2017) 770-780.

[13] J.M. Lagaron, A.K. Powell, G. Bonner,Permeation of water, methanol, fuel and alcohol-
containing fuels in high-barrier ethylene—vinyl alcohol copolymer, Polym. Test. 20 (2001) 569-577.
[14] L. Cabedo, J.M. Lagaron, D. Cava, J.J. Saura, E. Giménez, The effect of ethylene content on
the interaction between ethylene-vinyl alcohol copolymers and water—II: Influence of water
sorption on the mechanical properties of EVOH copolymers. Polym. Test. 25 (2006) 860-867.

[15] A. Ldpez-Rubio, J.M. Lagaron, E. Gimeénez, D. Cava, P. Hernandez-Mufioz, T. Yamamoto,
R. Gavara, Morphological Alterations Induced by Temperature and Humidity in Ethylene—Vinyl
Alcohol Copolymers, Macromolecules 36 (2003) 9467-9476.

[16] A. Blanchard, F. Gouanve, E. Espuche. Effect of humidity on mechanical, thermal and
barrier properties of EVOH films, J. Membr. Sci. 540 (2017) 1-9.

[17] J.M. Lagaron, E. Giménez, R. Gavara, J.J. Saura, Study of the influence of water sorption in
pure components and binary blends of high barrier ethylene—vinyl alcohol copolymer and

amorphous polyamide and nylon-containing ionomer, Polymer 42 (2001) 9531-9540.
30



747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

[18] E. Fortunati, F. Luzi, L. Dugo, C. Fanali, G. Tripodo, L. Santi, J.M Kenny, L. Torre, R.
Bernini, Effect of hydroxytyrosol methyl carbonate on the thermal, migration and antioxidant
properties of PVA- based films for active food packaging, Polym. Internat. 65 (2016) 872-882.
[19] M.P. Arrieta, J. Lopez, D. Lopez, J.M. Kenny, L. Peponi, Effect of chitosan and catechin
addition on the structural, thermal, mechanical and disintegration properties of plasticized
electrospun PLA-PHB biocomposites, Polym. Degrad. Stab. 132 (2016) 145-156.

[20] D. Dorniani, M.Z.B. Hussein, A.U. Kura, S. Fakurazi, A.H. Shaari, Z. Ahmad, Preparation
of Fe(3)O(4) magnetic nanoparticles coated with gallic acid for drug delivery, Int. J. Nanomed. 7
(2012) 5745-5756.

[21] G. Cirillo, S. Hampel, R. Klingeler, F. Puoci, F. lemma, M. Curcio, et O.l. Parisi, U.G.
Spizzirri, N. Picci, A. Leonhardt, M. Ritschel, B. Biichner, Antioxidant multi-walled carbon
nanotubes by free radical grafting of gallic acid: new materials for biomedical applications, J.
Pharm. Pharmacol. 63 (2011) 179-88.

[22] J. Ma, X.D. Luo, P. Protiva, H. Yang, Ma C, M.J. Basile, I. B.Weinstein, E.J. Kennelly,
Bioactive Novel Polyphenols from the Fruit of Manilkara zapota (Sapodilla), J. Nat. Prod. 66
(2003) 983-986.

[23] P.Thangavel, B. Ramachandran, V. Muthuvijayan. Fabrication of chitosan/gallic acid 3D
microporous scaffold for tissue engineering applications, J. Biomed. Mat. Res. Part B: Appl.
Biomaterials 104 (2016) 750-760.

[24] X. Sun, Z. Wang, H. Kadouh, K. Zhou, The antimicrobial, mechanical, physical and
structural properties of chitosan—gallic acid films, LWT - Food Sci. Technol. 57 (2014) 83-89.
[25] A. Chanwitheesuk, A. Teerawutgulrag, J.D. Kilburn, N. Rakariyatham, Antimicrobial gallic
acid from Caesalpinia mimosoides Lamk, Food Chem. 100 (2007) 1044-1048.

[26] L. Du, M. Li, S. Zheng, B. Wang. Rational design of a fluorescent hydrogen peroxide probe

based on the umbelliferone fluorophore, Tetrahedron Lett. 49(2008) 3045-8.

31


http://pubs.acs.org/author/Weinstein%2C+I+Bernard
http://pubs.acs.org/author/Kennelly%2C+Edward+J

772

773

774

775

776

77

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

[27] O, Mazimba, Umbelliferone: Sources, chemistry and bioactivities review, B.Faculty of
Pharm. Cairo Univ. (2017) doi.org/10.1016/j.bfopcu.2017.05.001.

[28] E. Fortunati, P. Benincasa, G.M. Balestra, F. Luzi, A. Mazzaglia, D. Del Buono, D. Puglia,
L. Torre, Revalorization of barley straw and husk as precursors for cellulose nanocrystals extraction
and their effect on PVA_CH nanocomposites, Ind. Crops Prod. 92 (2016) 201-217.

[29] A. Martinez-Abad, J.M. Lagaron, M.J. Ocio, Development and Characterization of Silver-
Based Antimicrobial Ethylene—Vinyl Alcohol Copolymer (EVOH) Films for Food-Packaging
Applications. J. Agric. Food. Chem. 60 (2012) 5350-5359.

[30] J.B. Faisant, A. Ait-Kadi, M. Bousmina, L. Desche"nes, Morphology, thermomechanical
and barrier properties of polypropylene-ethylene vinyl alcohol blends, Polymer 39 (1998) 533-545.
[31] M. Roohani, Y. Habibi, N.M. Belgacem, G. Ebrahim, A.N. Karimi, A. Dufresne, Cellulose
whiskers reinforced polyvinyl alcohol copolymers nanocomposites. Eur. Polymer J. 44 (2008)
2489-2498.

[32] Y.Byun, Y.T.Kim, S. Whiteside, Characterization of an antioxidant polylactic acid (PLA)
film prepared with a-tocopherol, BHT and polyethylene glycol using film cast extruder. J. Food
Eng. 100 (2010) 239-244.

[33] European C. Commission Regulation (EU) No. 10/2011 of 14 January 2011 on plastic
materials and articles intended to come into contact with food. Off J Eur Comm 2011;50:1-89.
[34] European Standard EN 1186-1: 2002—. Materials and articles in contact with foodstuff's.
Plastics. Guide to the selection of conditions and test methods for overall migration

[35] B. Ma, M.E. Hibbing, H.S. Kim, R.M. Reedy, I. Yedidia, J. Breuer, J.D. Glasner, N.T.
Perna, A. Kelman, A.O. Charkowski, Host range and molecular phylogenies of the soft rot
enterobacterial genera Pectobacterium and Dickeya, Phytopathology 97 (2007) 1150-63.

[36] A.Collmer, N.T. Keen, The Role of Pectic Enzymes in Plant Pathogenesis, Annual Review

of Phytopathology, 24 (1986 ) 383-409.

32


https://doi.org/10.1016/j.bfopcu.2017.05.001

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

[37] F. Thieme, R. Koebnik, T. Bekel, C. Berger, J. Boch, D. Biittner, C. Caldana, L.Gaigalat, A.
Goesmann, S. Kay, Insights into genome plasticity andpathogenicity of the plant pathogenic
bacterium Xanthomonascampestrispv.vesicatoria revealed by the complete genome sequence, J.
Bacteriol. 187(2005) 72547266

[38] Y. Elad, B. Williamson, P.Tudzinski, N. Delen, Botrytis: Biology, Pathology and Control;
Springer: Berlin, Germany, 2007; p. 403

[39] Y. Elad, I. Pertot, A.M. Cotes Prado, A. Stewart, Plant Hosts of Botrytis spp. In: Fillinger S,
Elad Y, editors. Botrytis — the Fungus, the Pathogen and its Management in Agricultural Systems.
Cham: Springer International Publishing; 2016. p. 413-86.

[40] J.F. Vasconcelos, M.M. Teixeira, J.M. Barbosa-Filho, M.F. Agra, X.P. Nunes, A.M.
Giulietti, R. Ribeiro-dos-Santos, M. B.P.Soares, Effects of umbelliferone in a murine model of
allergic airway inflammation, Eur. J. Pharmacol. 609 (2009) 126-131.

[41] R.H. Abu-Eittah, B.A.H. EI- Tawil, The electronic absorption spectra of some coumarins. A
molecular orbital treatment, Canadian J. Chem. 63 (1985) 1173-1179.

[42] N.A. Santos, A.M.T.M. Cordeiro, S.S. Damasceno, R.T. Aguiar, R. Rosenhaim, J.R.
Carvalho Filho, I. M.G.Santos, Ary S.Maia, A.G. Souza, Commercial antioxidants and thermal
stability evaluations. Fuel 97 (2012) 638-643.

[43] J.M. Garro Galvez, M. Fechtal, B. Riedl Gallic acid as a model of tannins in condensation
with formaldehyde. Thermochimica Acta 274 (1996) 274 149-163.

[44] N.A. Santos, A.M.T.M. Cordeiro, S.S. Damasceno, R.T. Aguiar, R. Rosenhaim, J.R.
Carvalho Filho, I M.G.Santos, A.S. Maia, A. G.Souza. Commercial antioxidants and thermal
stability evaluations, Fuel 97 (2012) 97 638-643.

[45] N. Benbettaieb, O. Chambin, A. Assifaoui, S. Al-Assaf, T. Karbowiak, F. Debeaufort,
Release of coumarin incorporated into chitosan-gelatin irradiated films, Food Hydrocolloids 56

(2016) 266-276.

33


http://www.sciencedirect.com/science/article/pii/S0014299909002337#!
http://www.sciencedirect.com/science/article/pii/S0016236112001160#!
http://www.sciencedirect.com/science/article/pii/S0016236112001160#!
http://www.sciencedirect.com/science/article/pii/S0016236112001160#!
http://www.sciencedirect.com/science/article/pii/S0016236112001160#!

822 [46] C. Lopez-de-Dicastillo, J.M. Alonso, R. Catala, R. Gavara, P. Hernandez-Mufioz, Improving
823  the Antioxidant Protection of Packaged Food by Incorporating Natural Flavonoids into

824  Ethylene—Vinyl Alcohol Copolymer (EVOH) Films, J. Agric. Food. Chem. 58 (2010) 10958-

825 10964.

826 [47] K. Sadeghi, M. Shahedi, Physical, mechanical, and antimicrobial properties of ethylene
827  vinyl alcohol copolymer/chitosan/nano-ZnO (ECNZn) nanocomposite films incorporating glycerol
828  plasticizer. J. Food Measure. Characterization 10 (2016) 137-47.

829 [48] A. Daneshfar, H.S. Ghaziaskar, N. Homayoun, Solubility of Gallic Acid in Methanol,

830  Ethanol, Water, and Ethyl Acetate. J. Chem. Eng. Data 53 (2008) 776-778.

831 [49] V.A. Alvarez, R.A. Ruseckaite, A.Vazquez, Kinetic analysis of thermal degradation in

832  poly(ethylene-vinyl alcohol) copolymers, J. Appl. Polym. Sci. 90 (2003) 3157-3163.

833 [50] C. Lopez-de-Dicastillo, J. Gdmez-Estaca, R. Catala, R. Gavara, P. Hernandez-Mufoz,

834  Active antioxidant packaging films: Development and effect on lipid stability of brined sardines,
835  Food Chem. 131 (201) 1376-1384.

836 [51] P.S. Murthy, M.M. Naidu. Recovery of Phenolic Antioxidants and Functional Compounds
837  from Coffee Industry By-Products, Food Bioprocess Technol. 5 (2012) 897-903.

838 [52] P.Lopez, C. Sanchez, R. Batlle, C. Nerin. Development of Flexible Antimicrobial Films
839  Using Essential Oils as Active Agents. J.Agricultural Food Chem. 55 (2007) 8814-8824.

840 [53] A.Cano, E. Fortunati, M. Chéfer, J.M. Kenny, A. Chiralt, C. Gonzalez-Martinez, Properties
841 and ageing behaviour of pea starch films as affected by blend with poly (vinyl alcohol). Food

842  Hydrocolloids 48 (2015) 84-93.

843 [54] L.Yang,S.Li, X.Qin, G.Jiang, J. Chen, B. Li, X. Yao, P. Liang, Y. Zhang, W. Ding.

844  Exposure to Umbelliferone Reduces Ralstonia solanacearum Biofilm Formation, Transcription of
845  Type Il Secretion System Regulators and Effectors and Virulence on Tobacco. Frontiers in

846  Microbiology 8 (2017) 1234.

34



847

848

849

850
851

[55] X. Bai, C. Bu, J. Gu, W. Liang, G. Shi, Y. Wang, Antifungal activity of umbelliferone to

plant pathogenic fungi, Plant Protection J. 38 (2012) 42-45.

35


http://c.wanfangdata.com.cn/periodical/zwbh/2012-2.aspx

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

Figure and Table Captions

Figure 1: Panel A Als powders: Visual images(chemical structure, see insert of visual image of
Als)and FESEM investigation of gallic acid (a,c respectively) and umbelliferone (b,d respectively).
Panel B Als solutions: Visual images (a) and UV-Vis analysis (b) of Als in 1-propanol/water
solution, FESEM investigation of gallic acid (c) and umbelliferone (d) in 1-propanol/water solution.
Figure 2: Derivative curves (DTG) of gallic acid and umbelliferone in powder.

Figure 3: Visual images of EVOH based formulations produced by solvent casting (a) and
extrusion (b).

Figure 4: UV-Vis analysis of EVOH based formulations produced by solvent casting (a) and
extrusion (b).

Figure 5: FESEM investigation of fractured surface of EVOH based formulations.

Figure 6: Derivative curves (DTG) of EVOH based formulations produced by solvent casting (a)
and extrusion (b).

Figure 7: DSC thermograms (second heating scan) of EVOH based formulations produced by
solvent casting (a) and extrusion (b).

Figure 8: Stress-strain curves of EVOH based formulations produced by solvent casting (a) and
extrusion (b).

Figure 9: Overall migration in ethanol 10 (v/v)% and isooctane of EVOH based formulations
produced by solvent casting (a) and extrusion (b).

Figure 10:Antibacterial activities respect to Xanthomonas axonopodis pv. vesicatoria (Xav - CFBP
3274) (a), Pectobcterium carotovorum susp. odoriferum (Pco — 1115) (b), Erwinia carotovora
subsp. carotovora (Ecc — CFBP 2577) (c) and antifungal test respect to Botrytis cinerea (CBS
120091) (d) for EVOH based systems produced by solvent casting and extrusion. For each
evaluation date, columns with different letters are significantly different according to Tukey’s HSD
test (p=0.01). Significant differences among the bars are marked with different letters; if there is no

significant difference among the bars they get the same letter.
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Table 1: Material formulations of EVOH based films produced by solvent casting and extrusion.
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Tables

Table 1: Material formulations of EVOH based films produced by solvent casting and extrusion.

Formulations

EVOH (wt %) Al (wt %) Solvent casting Extrusion
100 - SEVOH eEVOH
95 5 SEVOH_5GA eEVOH_5GA”
85 15 SEVOH_15GA eEVOH_15GA”
95 5 SEVOH_5UMB eEVOH_5UMB”
85 15 SEVOH_15UMB eEVOH_15UMB”

" GA or UMB were added after 2 min of EVOH mixing. eEVOH_AI were mixed for 1 min.



Table 2: Colour coordinates of EVOH based systems produced by solvent casting and extrusion.

Formulations L* a* b* AE* Gloss (°)
White Control 99.47+0.00 -0.08+0.01 -0.08+0.01 - 12140
Solvent casting

SEVOH 98.73+0.16 -0.05+0.00 0.12+0.00 0.77+0.15 158+2
SEVOH_5GA 98.85+0.08 -0.11+0.00 0.21+0.02 0.68+0.08 200+4
SEVOH_15GA 98.61+0.08 -0.15+0.00 0.33+0.03 0.96+0.08 187+2
SEVOH_5UMB 95.11+0.33 0.44+0.03 6.34+0.46 7.78+0.52 138+2
SEVOH_15UMB 92.39+0.15 1.18+13.04 13.04+0.38 14.96+0.39 46+3
Extrusion

eEVOH 98.42+0.10 -0.07+0.12 0.98+0.08 1.50+0.13 2065
eEVOH_5UMB 96.44+0.07 -0.05+0.00 5.67+0.11 6.50+0.13 268+1
eEVOH_15UMB 95.24+0.04 -0.27£0.02 9.96+0.05 10.89+0.06 262+3




Table 3: Differential scanning calorimetry (DSC) data of EVOH based systems produced by solvent casting and extrusion.

Formulations Cooling scan Second heating scan

T,°C) 4H’.(JgY) T«(°C) A4H”(Ig") T7(C) X (%) T,(°C) 4H,Jg")  Tn(°C) Xn(%)
Solvent casting
sEVOH 61.0£0.7 2.2+0.2 104.9+0.4 71.8+0.4 159.9+0.2 36.6+0.3 64.6£0.3 83.2+0.1 182.9+0.1 41.1+0.1
SEVOH_5GA 59.3+2.0 1.5+0.2 94.9+0.2 58.0£1.7 154.1+0.1 30.9+0.8 62.0£t0.4 67.1+0.2 179.1+0.4 34.9+0.1
SEVOH_15GA 57.41£2.4 - - 42.1+0.9 134.9£0.6 24.5+0.5 61.0£1.8 50.1+4.0 167.7£0.8 29.1+2.3
sEVOH _5UMB  51.8+0.7 1.3+04 98.8+1.6 57.1+£0.3 154.7£0.1 30.4+0.1 55.5£0.8 68.9+2.8 178.6£0.1 35.8%#1.5
SEVOH_15UMB  46.8+0.7 0.9£0.1 85.0+0.3 47.5+£0.6 144.9+04 28.1+0.4 45.8£0.5 60.6£3.3 171.3+0.1 35.2+1.9
Extrusion
eEVOH 57.310.1 1.71£0.2 105.5+£0.1 62.4+1.4 160.6£0.4 31.7+0.8 65.7£20 751+11 1825+0.1 37.1+0.6
eEVOH_5UMB  49.6:02  16#0.1 986208  57.5+1.0 155.8+0.1 30.740.5 54.7t0.3 631+20 1784+04 328210
eEVOH_15UMB 42.1+0.3 0.5+0.1 87.9+0.4 50.1+£3.5 149.1+0.2 29.4%2.1 478+£1.6 56.1+£09 1740x0.1 32.6%0.5




Table 4: Mechanical properties of EVOH based systems produced by solvent casting and extrusion

Formulations o,(MPa) £0(%) Evoung(MPa)
Solvent casting

SsEVOH 4544 265128 440+65
SEVOH_5GA 44+7 240+38 560+45
SEVOH_15GA 42+1 220+26 315+53
SEVOH_5UMB 5046 300+60 320+60
SEVOH_15UMB 3244 260+30 190+30
Extrusion

eEVOH 67+7 22625 2028115
eEVOH_5UMB 102+16 131+24 2565+49
eEVOH_15UMB 89+10 15328 2053+69




Table 5: Radical scavenging activity (RSA) of EVOH based systems produced by solvent casting

and extrusion.

Formulations DPPH scavenging activity, RSA (%)

Solvent casting

SEVOH 0
SEVOH_5 GA 95.0£2.0
SEVOH_15 GA 93.2+0.3
SEVOH_5 UMB 20.3£3.2
SEVOH_15 UMB 75.2+0.8
Extrusion

eEVOH 0
eEVOH_5UMB 46.7+1.8
eEVOH_15UMB 62.1+2.9




Table6: Moisture content (MC) of EVOH based systems produced by solvent casting and extrusion.

Formulations

MC (%) @ 1 Week

MC (%) @ 5 Week

Solvent casting

SEVOH 1.49+0.10 1.53+0.14
SEVOH_5GA 1.92+0.03 1.94+0.09
SEVOH_15GA 1.91+0.13 1.94+0.13
SEVOH_5UMB 1.71+0.06 1.72+0.10
SEVOH_15UMB 1.62+0.10 1.62+0.14
Extrusion

eEVOH 2.34+0.23 2.32+0.12
eEVOH_5UMB 2.30+0.17 2.42+0.28
eEVOH_15UMB 2.29+0.17 2.33£0.24




