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In this study, polymer solution casting was utilized to fabricate a multilayer film with ethylcellulose (EC) as the
outer layers and trans-cinnamaldehyde-loaded pectin as the inner layer. A significant increase in whiteness and
UV-visible light blocking capability and a remarkable decrease in total color difference and yellowness of the
films were seen via increasing the thickness of EC outer layers. Scanning electronic microscopy observation
showed that the inner and outer layers had a smooth and uniform surfaces with clear boundary. The thicker film
has better stretchability and strength, but is less flexible than thinner film. Glass transition temperature did not

change remarkably with increasing thickness of EC outer layers, but thermal stability was slightly improved.
FTIR-ATR spectra revealed the formation of hydrogen bonds between the two adjacent layers. The multilayer
films exhibited excellent antimicrobial efficacy against Gram-positive and Gram-negative foodborne pathogens.
The results suggested that this multilayer film has potential applications in active food packaging.

1. Introduction

The ubiquitous presence of microplastics in the environment con-
stitutes a serious threat to human health and animal life. Consequently,
the fight against plastic pollution has become a major societal concern.
Plastic production has increased almost 230-fold since 1950, and nearly
40 % of the 400 million tons of plastic produced annually worldwide (as
of 2016) is devoted to packaging, according to National Oceanic and
Atmospheric Administration (NOAA). It is estimated that food pack-
aging counted for approximately 45 % of non-biodegradable plastics
(Tambawala et al., 2022). Given these alarming statistics, it is clear that
biodegradable packaging is an urgent necessity.

The use of biopolymers in the manufacture of food packaging films
has attracted much interest in recent years due to their biodegradability,
non-toxicity, and renewable biosources. However, there is a need to
improve the physical, mechanical, and barrier properties of biopolymer-
based packaging films. Food spoilage is a major concern for both human
health and the economic well-being of the food industry. To ensure
public health, there is a need to provide safe products and ensure the
shelf life of food during storage. In addition, consumers prefer natural,
safe, and high-quality food products without synthetic preservatives.

Therefore, there is an increasing need to develop natural and effective
preservatives to meet this demand. Natural biomolecules derived from
plants, such as those with antimicrobial and/or antioxidant activities
can be used as preservatives in foods. Essential oils extracted from plants
are considered ideal natural food preservatives and generally have GRAS
(Generally Recognized as Safe) status (Falleh et al., 2020). Numerous
studies have demonstrated the potential of essential oils to extend the
shelf life of food products, allowing them to be used in packaging sys-
tems as active compounds that can be released over time to extend the
shelf life of the packaged food. Active packaging is designed to extend
the shelf life or improve the condition of the packaged food by modi-
fying the environmental conditions during the preservation period
(Soltani Firouz et al., 2021). This approach can be applied to the pres-
ervation of fresh foods and uses various strategies such as oxygen
scavengers, carbon dioxide emitters/absorbers, ethylene scavengers,
antimicrobial and antioxidant active packaging(Alves et al., 2023).
Among these, antimicrobial packaging plays a central role in active food
packaging, which aims to prevent or regulate microbial growth after
food processing. The release of active compounds from active packaging
is typically triggered by specific environmental factors or conditions,
such as changes in temperature, humidity, pH or exposure to certain
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gases (Soltani Firouz et al., 2021). Many fresh products have a high
moisture content, which causes the release of active compounds from
the packaging into the fresh food products (Zhang et al., 2023). The
pectin-based film incorporated with the essential oils of Thymus capitatus
and Cinnamomum verum showed antimicrobial and antioxidant activity
(Khachani et al., 2024). Successful shelf-life extension of fresh-cut car-
rots with a blend of four essential oils (EOs) encapsulated in a pectin film
was reported (Ben-Fadhel et al., 2020). Extended shelf-life of chicken
fillet to 12 days and improved sensory quality, water retention and
textural properties; reduced microbial, yeast and mold growth were
obtained from pectin film containing curcumin and cinnamon essential
oil (Abdou et al., 2018).

Multilayer active packaging has been developed to achieve desirable
physical, mechanical, and barrier properties, which are essential for
increasing the shelf life of food products. Multilayer films provide higher
barrier properties, better mechanical properties, or heat sealability
compared to monolayer films. This type of packaging film has also been
proposed to control the release of active compounds from the active
layer toward the packaged food (Vieira et al., 2022). Multilayer active
films are designed with three layers: the first is the outer barrier layer,
which prevents the loss of active substances to the environment; the
second is the matrix layer, which contains the active compounds that
will be released during storage; and the third is the control layer, which
is in contact with food and controls the rate of active compound release.
It is important to consider various parameters when designing a multi-
layer active film package suitable for a specific food product, including
thickness, chemical composition, and diffusivity of the control layer
(Sharma et al., 2020).

In previous studies, we have optimized the formulation of the trans-
cinnamaldehyde (TCN) nanoemulsions and improved the pectin film
properties (Baghi et al., 2023). In the present study, the effect of the
thickness of the outer ethylcellulose layers on the antimicrobial, me-
chanical, microstructural, optical, and thermal properties of the active
food packaging films was investigated.

2. Materials and methods
2.1. Materials

The ethylcellulose powder used in this study, with a 48.0-49.5 % (w/
w) ethoxyl basis, was procured from Sigma Aldrich (Merck, Germany).
Trans-cinnamaldehyde with a purity of 99 % was obtained from Sigma-
Aldrich (St Quentin Fallavier, France), while granular soybean lecithin
was purchased from Acros Organics (Germany). Low methoxyl pectin
(LMP) with a degree ranging from 22 % to 28 % and acetylation degree
from 20 % to 23 %, and a carbohydrate content of 81.21 %, was pro-
cured from Cargill (Baupte, France). Glycerol, used as a plasticizer, was
purchased from PanReac AppliChem (ITW reagents, USA).

2.2. Preparation of nanoemulsions (NE)

To prepare the nanoemulsions (NE), 10 % (w/w) of TCN was first
dispersed in distilled water by emulsifying 2 % (w/w) of soybean leci-
thin using a high-speed homogenizer (Polytronpt 2500 E, Kinematic,
Swiss) for 6 min under 15000 rpm to form coarse emulsions. Subse-
quently, the coarse emulsions were passed through a microfluidizer
(Microfluidizer LM20, Microfluidics Corp, Newton, MA, USA) twice at a
pressure of 500 bar and once at a pressure of 1000 bar to obtain the
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nanoemulsions. To verify the size distribution and stability of the
nanoemulsion, the size distribution and zeta potential were measured.

2.3. Preparation of antimicrobial multilayer films

2.3.1. Preparation of the film-forming solution

6 % (w/w) ethylcellulose (EC) was solubilized in absolute ethanol
with 1.5 % (w/w) glycerol and 1.5 % (w/w) corn oil as the plasticizer,
using a magnetic stirrer at room temperature for 4 h to prepare the film-
forming solution of EC. The film-forming solution of pectin was prepared
by solubilizing 9 % (w/w) pectin and 2 % (w/w) glycerol in distilled
water, using a magnetic stirrer at room temperature for 4 h. Next, to
prepare the active film-forming solution (PNE), the pectin solution was
mixed with the nanoemulsion (NE) in a 3:1 (w/w) ratio, with continuous
stirring at room temperature (23 & 1 °C) for around 1 h. The selection of
these relevant ratios was based on preliminary optimization tests.

2.3.2. Fabrication of multilayer active films

The mono and multilayer films were prepared by using an electri-
cally driven film applicator device (Unicoater 409, ERICHZEN, Ger-
many) and a four-way film applicator with fixed gap heights (Model
360, ERICHZEN, Germany) with the possibility of making different wet
layer thicknesses (the layer thickness before drying). All films were
made on the glass plates by casting the film-forming solution and were
dried in an oven (UNB 400, Memmert, Germany) at the temperature of
60 °C. The monolayer films (EC 1 with a wet thickness of 500 pm, EC2
with a wet thickness of 1000 pm and PNE with a wet thickness of 1000
pum) were prepared by spreading the film-forming solution to the desired
wet layer thickness. The multilayer films (M1 and M2) were prepared
layer by layer in which the first layer of (EC1 or EC2) was spread on the
glass plate and completely dried, then the second layer (PNE) was added
and dried. Finally, the third layer of EC was spread out on the two-dried
layers of the film. A design of two different thicknesses of the EC layers
(EC1 or EC2) was investigated in this study. A representative scheme of
the multi-layer films (M1 and 2) is shown in Fig. 1.

2.4. Characterization of the nanoemulsions

2.4.1. Size distribution

A dynamic light scattering (DLS) using a Zetasizer Nano-ZS90
(Malvern Instruments Ltd, Worcestershire, UK) at a fixed angle of 90°
was used to determine the droplet size and polydispersity index (PDI) of
nanoemulsions. Nanoemulsions were diluted by homogenizing 1 ml of
nanoemulsion to 10 ml of distilled water to eliminate multiple scattering
effects. After 90 s of equilibrium, the measurement was performed. The
measurements were repeated in triplicate and the average droplet size
and average PDI were calculated.

2.4.2. Zeta potential (c)

Zeta potential of nanoemulsions particles was measured with Zeta-
sizer Nano-ZS90 (Malvern Instruments Ltd, Worcestershire, UK) using
disposable cuvettes for electrophoretic mobility measurement. The
samples were diluted by homogenizing 1 ml of nanoemulsion in 10 ml of
distilled water. Zeta potential was measured in triplicate and the mean
value was calculated.

EC2
(1000 um )

o O O 0O o OO

Fig. 1. The design of the M 1 and M 2 multi-layer films.
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2.5. Films characterization

2.5.1. Film thickness

The thickness of dried film samples was determined using an elec-
tronic micrometer (Walmart 0-25 mm, 0.001 mm). Measurements were
performed at least five different points of each film surface to calculate
the average value.

2.5.2. Optical properties

The surface color (L, a, and b) of the different films was evaluated by
using a colorimeter (Spectrophotometer CM-2300d, Konica Minolta,
Japan). A standard white plate (L* = 92.07, a* = 1.12, b* = —1.48) was
used as the control. The L* value describes the lightness (0 = black to
100 = white). The a* value describes the amount of redness (positive) or
greenness (negative) present in the sample. The b* value describes the
amount of yellowness (positive) or blueness (negative) present in the
sample. At least five points from each sample were selected to measure
the colorimetric properties of the films. The total color differences (AE),
whiteness (WI), and yellowness (YI) indexes were calculated as follows:

AE = \/(L* — LY +(a" —a)’ + (b" —b)’ ®)
WI =100 — 4/ (100 — L) + a® + b? 3)
YI = (142.86xb) /L @

where L*, a* and b* are the color parameter values of the standard plate
and L, a, and b are the color parameter values of the film samples.

The films were cut into a rectangular strip shape (9 mm x 40 mm)
and the light transmission of each film was performed using an UV-
3100pc spectrophotometer (VMR, USA) at wavelengths ranging from
200 to 800 nm (near UV and visible regions).

2.5.3. Mechanical properties

Mechanical properties were determined according to the ASTM
D882 standard method using the EZ Test EZ-X series tensile analyzer
(Shimadzu Corporation, Kyoto, Japan) with a 500 N load cell connected
with Trapezium X (Shimadzu autograph software). The film samples
were cut into 15 mm x 100 mm square shape. They were conditioned at
RH = 55 % for one week, then mounted in two grips with the specimen’s
gauge length of 50 mm, and testing was performed at a crosshead speed
of 50 mm/min. Tensile strength (TS), elongation at break (%EAB) and
Young’s modulus (YM) were calculated as follows:

F
TS = " (5)
X"w
AL
EAB(%) = — x 100 (6)
Lo
TS
YM = ALjL @)

where F, (N) is the maximum tensile force; x and w (m) are the thick-
ness and width of the films, respectively; AL is the increase in the length
before breakage; and Ly is the initial length of the film.

2.5.4. Thermal properties

Differential scanning calorimetry (DSC) experiments were carried
out in a DSC Q2000 device (TA instruments, New Castle, USA). Samples
of approximately 5 mg were placed into aluminum pans, sealed and
scanned over the range of —20-220 °C with a heating rate of 10 °C/min.
The chamber was purged with nitrogen gas at a flow rate of 50 cm®/min.
The glass transition temperature (Tg) of the films was determined by
analyzing the DSC thermograms using TA Universal Analysis Software.
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The thermal stability of the film samples was tested with thermog-
ravimetric analysis (TGA) (TG 209 Netzsch, Germany). Alumina cruci-
bles were filled with accurately weighted samples of about 10 mg. The
temperature program ranged from 20 °C to 600 °C at a heating rate of
10 °C/min. All experiments were conducted under a nitrogen atmo-
sphere. The weight loss was recorded as a function of temperature and
time to obtain TGA data.

2.5.5. Attenuated total reflectance-Fourier-transform infrared (ATR-FTIR)
spectroscopy

The film samples were analyzed using an FTIR spectrophotometer
coupled with ATR (FTIR: Nicolet iS50, Waltham, USA). All FTIR spectra
were carried out at a resolution of 4 cm™! with 64 scans in the spectral
range of 4000-400 cm ™ ?.

2.5.6. Scanning electron microscopy

Scanning Electron Microscopy (SEM) was performed using an FEI
Quanta 250 microscope (Eindhoven, Netherland) at the “Centre Tech-
nologique des Microstructures” (CTp) at the University of Claude Ber-
nard Lyon 1 (Villeurbanne, France). Film samples were deposited on a
flat steel holder. The samples were coated under vacuum by cathodic
sputter before conducting microscopy analysis.

2.6. Antimicrobial activity

The disk diffusion method was applied to investigate the antibacte-
rial effect of films against two Gram-positive bacteria, Listeria innocua
(DSM20649) and Brochothrix thermosphacta (DSM20171) and two Gram-
negative bacteria Escherichia coli (DSM613) and Salmonella Typhimurium
(DSM11320). The strains were provided by DSMZ-German Collection of
microorganisms. Strains were stored at —20 °C in Tryptone Soy Broth
(TSB) (Biokar diagnostics, Beauvais, France) with 15 % (v/v) of glycerol.
One milliliter of the stock culture was transferred to 9 ml of TSB and
incubated for 7 h at 37 &+ 1 °C (E. coli, L. innocua, and S. Typhimurium) or
at 30 = 1 °C (B. thermosphacta). One milliliter of this pre-culture was
transferred in 9 ml of TSB and incubated overnight at 37 =1 °C or 30 °C.
Finally, one milliliter of this culture was transferred to 9 ml of TSB and
incubated for 5h at 37 + 1 °C or 30 £ 1 °C. The cultures of bacteria were
then diluted into TSB to obtain approximately 10® CFU (Colony Forming
Units) /mL. Each culture was then used to inoculate at 5 % the Petri
dishes containing Tryptone Soy Agar (TSA) (Biokar diagnostics, Beau-
vais, France). The film samples were cut aseptically in a disc shape with
a diameter of 16 mm via a hole puncher. The disc of films was placed on
the surface of TSA plates and then they were incubated for 24 h at the
temperature of 37 + 1 °C for E. coli, L. innocua, and S. Typhimurium, and
30 + 1 °C for B. thermosphacta. The diameter of inhibition zones around
the film discs was measured by using a digital vernier caliper IHM). The
experiments were made in triplicate for each film.

2.7. Statistical analysis

All tests were performed in at least triplicate. Data were presented as
means + standard deviation for different samples. One-way analysis of
variance (ANOVA) was used, followed by Fisher’s test (F) to compare the
means. The difference was considered significant at p < 0.05.

3. Results and discussions
3.1. Particle size and zeta potential of nanoemulsions

The average size of the nanoparticles of the emulsion was 106 + 2
nm with the polydispersity index (PDI) around 0.24 + 0.04. According

to ISO standards ISO 22412:2017 and ISO 22412:2017, the emulsion
had a polydisperse distribution of particles. The average zeta potential
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was — 57 + 2 mV, indicating good emulsion stability due to the high zeta
potential values. This is mainly due to the high degree of electrostatic
repulsion that causes resistance to aggregation for any absolute zeta
potential above 30 mV (Duffy et al., 2012). The negative charge and the
small mean size of nanoemulsion particles are due to use the of lecithin
which is a negatively charged phospholipid with good emulsifying
properties and high affinity with essential oil components (Y. Yang et al.,
2021).

3.2. Optical properties of the films

Color and transparency are essential parameters in food packaging,
which are of key relevance that could influence the decision of con-
sumers. The film transparency affects its application and represents the
barrier property of light. The light transmission refers to the ability of
light to pass through the film packaging, which has some implications
such as product visibility and oxidative deterioration prevention. The
higher the light transmission value, the more transparent it is and the
less light protection it provides. Light can promote the oxidation of food,
leading to a decline in nutritional value and a change in color, and the
formation of off-flavors. In this study, we investigated the effect of the
EC film thickness on its color and optical properties. The UV-vis spectra
of the different films are shown in Fig. 2 and the thickness and optical
properties are summarized in Table 1.

From Fig. 2, we can see that PNE film showed the lowest light
transmission of 5.65 + 0.24 % due to the addition of the nanoemulsion
of trans-cinnamaldehyde. The monolayer films EC1 and EC2 had light
transmission values of 69.97 + 3.64 % and 60.82 + 2.85 % indicating
their transparency. While EC2 had less transparency because of its
higher thickness. The same trend was observed for multilayer films. M1
has a light transmission of 41.9 + 1.89 %, whereas M2 has a light
transmission of 31.24 + 3.29 %, due to its greater thickness. Indeed,
increasing thickness leads to a reduction in light transmission and
transparency. Surface pores strongly scatter visible light (Nogi et al.,
2009). As thicker layers need more time to dry, surface pores are larger,
so increasing thickness reduces transparency.

For the EC monolayer films, there is no significant difference be-
tween the color parameters, except for the lightness (L) which is slightly
higher for the thinnest film EC1. This indicates that increasing the
thickness of the EC monolayer film decreases the lightness of the film.
However, all color parameters listed in Table 1 changed for multilayer
films M1 and M2. Lightness (L) and whiteness index (WI) were improved
with a thicker layer of EC2. The other parameters such as redness (a) and

90
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Fig. 2. UV-vis transmittance spectra of different films;
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yellowness (b) as well as total color difference (AE) and yellowness
index (YI) decreased from the thinnest film M1 to the thickest film M2.
This is because the thicker EC layer (EC2) had altered most of the color
properties of PNE layer, which is yellowish because it contains the
yellowish TCN nanoemulsion. A similar result was obtained by Hosseini
et al (2016) who demonstrated that a multilayer film composed of
polylactic acid (PLA) and fish gelatin shows a reduction in the AE value
of the multilayer film compared to the PLA monolayer film.

3.4. Mechanical properties

The mechanical properties of packaging films are important pa-
rameters for maintaining their integrity and tolerating external stresses
during transport and their life cycle. The mechanical properties of the
films are shown in Table 1. The PNE film had the highest EAB (8.12 %)
compared with the other monolayer films but had the lowest YM (95.24
MPa). For the EC monolayer films of different thicknesses, the thickness
had a significant effect on the improvement in maximum force tolerated
before breaking (Fm). EC1 withstood a force of 4.12 + 0.10 N before
breaking, while EC2 withstood a force of 10.19 + 0.61 N. However,
tensile strength (TS) did not change significantly by changing the
thickness for EC monolayer films. EAB also increased from 5.39 + 0.61
% to 8.04 £ 0.29 % between EC1 and EC2. However, the YM decreased
from 353.20 + 9.49 to 276.29 + 9.11 MPa for EC1 and EC2, respec-
tively. This result is in line with the work of Wang et al. (2000), who
reported that the YM is thickness-dependent; a thinner film has a higher
YM.

The same effect of thickness was observed for M1 and M2 multilayer
films. M2, a thicker multilayer film, showed the highest Fm of 17.06 +
1.40 N, the highest force tolerated compared to all mono and multilayer
film samples. TS and EAB also increased with thickness by around 43.91
% and 16.31 %, respectively. The YM of M2 was lower than that of M1.
This could be attributed to the effect of the two layers of EC2 with a
thickness of about 68 + 3 pm causing less elasticity. A low YM (also
known as the elastic modulus) results in a ductile film and a high YM
results in a brittle film. Consequently, a thicker EC layer relatively im-
proves the mechanical properties of multilayer films. The thicker
multilayer film (M2) showed more stretchability and resistance, but it is
less flexible compared to the thinner M1 film. There were significant
differences in the values of the four parameters measured (Fm, TS, EAB,
and YM) between the M1 and M2 multilayer films, indicating the effect
of thickness on the mechanical properties of the multilayer packaging
film.

3.5. Microstructure analysis by SEM

SEM was used to assess the surface morphology and cross-sectional
structure of the films as shown in Fig. 3. The different structures have
an impact on the properties of the films. Surface images of the two EC
film monolayers (EC1 and EC2) show a rather smooth, uniform surface
and different pores on the surface. SEM cross-section images of EC1 and
EC2 revealed the amorphous structure of EC films. A similar study also
revealed the same morphology for EC films (Mahnaj et al., 2013). The
PNE film showed a dense, firm cross-sectional structure and a smooth
surface morphology with a homogeneous structure. However, a few
pores of all sizes were apparent in the PNE cross-section and surface
images, but fewer than the EC films. Similar to these results, Espitia et al.
(2014) revealed a rather smooth morphology with the presence of a few
pits in a pectin film incorporated with apple skin polyphenols and thyme
essential oils.

The surface morphology of the multilayer films was similar to that of
the monolayer EC film. Heterogeneous pores were observed on the
surface of all films. The porosity can be explained by the drying process,
which results in the formation of pores on the films. The presence of the
pores could be due to the rapid evaporation rate of the solvent during the
drying process. Indeed, polymer segments become entangled with each
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Table 1
Thickness, optical and mechanical properties of monolayer and multilayer films.
Film Thickness %T at L A b AE WI Y1 Fm (N) TS EAB (%)  YM (MPa)
samples (um) 600 nm (MPa)
PNE 66 + 14 5.65 + 85.78 + —415+ 3337+ 35.80 + 1236 + 55.58 + 6.27 + 6.56 + 812+ 95.24 +
0.24°¢ 0.264 0.21¢ 1.9 1.92° 135¢ 3.34° 0.12¢ 0.03° 0.51¢ 12.20°
EC1 30 + 2° 69.97 + 90.75+  0.99 + ~1.13 + 1.36 + 1220 +1° -1.77+ 412+ 9.82 + 5.39 + 353.20 +
3.642 0.05° 0.042 0.04¢ 0.04¢ 0.07¢ 0.104 0.242 0.61¢ 9.492
EC2 68 + 3¢ 60.82 + 89.63 + 1.02 + —0.63+ 257+ -885+1° -1+ 10.19 + 9.49 + 8.04 + 276.29 +
2.85° 0.07° 0.02? 0.02¢ 0.064 0.034 0.61° 0.612 0.29¢ 9.11°
M1 124 + 2° 41.9 + 85.16 + —0.57 + 16.31 + 19.16 + —386.82+  27.37 + 7.55 + 419 + 15.51 + 86.48 +
1.89° 0.19° 0.01° 0.15° 0.20° 10° 0.31° 0.32°¢ 0.17¢ 1.20° 14.58 4
M2 198 + 3° 31.24 + 87 + —~0.98 + 13.56 + 16.01 + —254.28 +  22.27 + 17.06 + 6.03 + 18.04 + 157.25 +
3.29 ¢ 0.15¢ 0.05¢ 0.71¢ 0.69° 21° 1.18° 1.40° 0.41° 0.74° 2.65°

The data represent the mean + one standard deviation (n = 3). Means with the same letters are not significantly different P < 0.05).

Fig. 3. Microscopic surface images of the films 400 x (first line); Microscopic cross-sectional image of films 400 x (second line).

other during drying due to the rapid evaporation of the solvent and,
simultaneously, the polymer cannot form a continuous structure due to
the short evaporation time. This increases the possibility of forming a
porous network (Taylor et al., 2009).

As ethanol evaporation is faster for EC layers, more pores were
observed. More pores were also observed on the surface of EC2 and M2
than on EC1 and M1. This is because the thicker EC layer takes longer to
dry, resulting in the formation of more pores. It has been reported that
chloroform evaporation caused a large number of microvoids and de-
fects on the three-layer film derived from bovine gelatin (Martucci &
Ruseckaite, 2010). In the case of multilayer films, the three layers are
distinct. The boundary between the layers can be clearly observed. The
middle layer (PNE) showed good adhesion to the inner and outer layers
of the EC. The same interlayer behavior was reported by Wang et al.
(2020) for a multilayer film of ethylcellulose and gelatin.

Absorbance
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Fig. 4. ATR-FTIR of monolayer and multilayer films.
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3.6. ATR-FTIR analysis

The chemical structure of the single and multilayer films was
investigated by ATR-FTIR analysis, and the obtained spectra are shown
in Fig. 4. The EC film showed a distinct peak at 3471 cm™! corre-
sponding to the stretching vibration of hydrogen-bonded - OH groups
present in the glycerol added as a plasticizer (Hosseini et al., 2016). The
peaks at 2919 and 2869 cm ™! attributed to -CH, and the following peaks
at 1743, 1450, and 1370 cm ™! correspond to C=0, -CH2, and -CH3,
respectively (Li et al., 2015). The broad distinct peak at 1059 em™Lis
due to the C— O- C stretch in the cyclic ether (Desai et al., 2006). The
two last peaks at 919 and 879 cm ™! refer to ~-CH2 and —CH respectively
and indicate the presence of epoxy groups (Zaitoon & Lim, 2020). The
PNE film presented broad absorption regions between 3400 and 2500
cm ! referring to the stretching vibration due to the ~OH bonds among
the pectin monomers (Singthong et al., 2004). The peak that appeared at
2927 cm™! is assigned to the —CH stretching vibration of pectin’s
methylene and methyl groups (Roy & Rhim, 2021). The vibrational
peaks around 1660, 1600, and 1400 cm™! correspond, respectively, to
asymmetric and symmetric vibrations of the carboxylate group

>

Inhibition zone diameter (mm)

L innocua
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(Manrique & Lajolo, 2002). The peak at 1013 cm™! refers to the C— O- C
stretching vibrations of the polymer chain structure. The peaks at 1237
cm ! refer to -C—O- from ether linkage (Lal et al., 2021).

Multilayer films M1 and M2 show a peak quite similar to that of the
EC monolayer film. However, the absorption band of —-OH stretching was
shifted from 3471 cm™ for EC film to 3458 and 3460 cm ™" for M1 and
M2, respectively. This indicates the formation of hydrogen bonds be-
tween two adjacent layers (Wang et al., 2017). A similar result was re-
ported by Wang et al. (2020) who used sequential electrospinning to
fabricate a multilayer film with ethyl cellulose nanofibers as the outer
layers and curcumin-loaded gelatin nanofibers as the inner layer.
Furthermore, in the case of the multilayer film, the intensity of the ab-
sorption peak at 1059 cm™! changed. A higher intensity was observed
for multilayer films compared to monolayer EC films, indicating that the
C— O- Cstretching vibrations are more abundant. This can be explained
by the effect of the multilayer design, where three layers contain this
bond. No shift in the peak position of the main groups, no peak disap-
pearance, and no new peaks were observed in the spectra of M1 and M2
compared to the EC monolayer films. This result could be due to the
penetration depth of the IR signal into the sample, which is typically

S.Typhimurium B.thermosphacta

EM1 mM2 mPNE

Fig. 5. (A) Antimicrobial effect of multilayer films (M1 and M2) and of monolayer film (PNE) containing TC on the four bacteria. (B) Images of the inhibition zone
diameters of PNE, M1, and M2 on agar plates.



F. Baghi et al.

between 0.5 and 2 pm, whereas the thickness of the EC face in the
multilayer structure is at least 30 um (Hosseini et al., 2016).

3.7. Antimicrobial activity

The antimicrobial activity of the films against E. coli, L. innocua,
S. Typhimurium, and B. thermosphacta is shown in Fig. 5. The EC film and
the pectin film without TCN were used as controls to investigate the
antimicrobial activity of pure ethylcellulose and pure pectin. No inhi-
bition zones were observed for the controls, indicating that pure ethyl-
cellulose and pure pectin do not have antimicrobial activity against the
tested bacteria.

Zones of inhibitions were observed for the PNE film and the two
multilayer films M1 and M2. The zones of inhibition were different ac-
cording to the bacteria, in ascending order B. thermosphacta > L. innocua
> E. coli > S. Typhimurium. The TCN antimicrobial agent was more
effective against Gram-positive than Gram-negative bacteria. This is due
to the more complex structure of Gram-negative bacteria, which possess
a variety of polysaccharides, proteins, and lipid-based peptidoglycan. In
fact, Gram-negative bacteria have an additional hydrophilic membrane
containing lipopolysaccharide molecules. This prevents the penetration
of hydrophobic compounds like essential oils. The Gram-positive bac-
teria lack this additional lipophobic outer membrane, which facilitates
the penetration of hydrophobic compounds (Otoni et al., 2014). This is
why the largest inhibition zones were observed for B. thermosphacta and
L. innocua as Gram-positive bacteria compared to E. coli and
S. Typhimurium as Gram-negative bacteria. These results are in line with
the work of Hosseini et al., (2009) who used essential oils as antimi-
crobial agents in chitosan and pectin-based films.

The PNE film produced the largest zone of inhibitions compared with
multilayer films for all four tested bacteria. This is explained by the
presence of an extra layer of EC in the multilayer film samples, which
slows down the release of TCN as an antimicrobial agent. In addition, the
M1 multilayer film with a thinner EC layer showed a larger zone of in-
hibition than the M2 film with a thicker EC layer. This indicates the
effect of thickness on the release rate of active compounds. The thicker
EC layer results in a slower release rate and smaller zones of inhibition.
The difference in inhibition zone diameter between multilayer films M1
and M2 was 2.22, 4.09, 3.94, and 2.18 mm for B. thermosphacta,
L. innocua, E. coli and S. Typhimurium, respectively.

3.8. Thermal characterization

3.8.1. Differential scanning calorimetry (DSC)

Differential scanning calorimetry data analysis was applied to mea-
sure the glass transition temperature (Tg) of the films and assess the
effect of the EC layer and its thickness on the Tg value (Table 2). Glass
transition is a phenomenon of amorphous polymers in which polymers
undergo a transition from a glassy to a rubbery state. It is an important
characteristic of the behavior of the packaging films. It marks a region of
dramatic changes in physical and mechanical properties. Under a tem-
perature above Tg, due to a certain mobility, the films become soft and
flexible like rubber. Tg is important to adjust extrusion parameters, such
as temperature and plasticizer content. Thermal stability of the film
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formulations governs the process temperature for extrusion and
compression molding. Tg has been considered the inflection point of the
specific heat increment at the glass-rubber transition (Ahmad et al.,
2021). The Tg of the pure pectin powder and pure ethylcellulose powder
was measured to investigate the effect of plasticizers and essential oil on
the Tg of films. Tg of pure pectin powder was 147 °C. The same result
was reported in another study conducted by Ahmad et al., (2021) who
obtained a Tg at 150.34 °C for pure pectin. EC is considered to be a
highly or fully amorphous material.

The plasticizer enhances the free volume between the polymer
chains, spacing them apart from each other, resulting in a decrease in Tg.
In addition, essential oils act as a plasticizer that increases the mobility
of polymer chains, caused by an increase in free volume between them
(Qin et al., 2015). The Tg of the pectin-based film incorporated with the
TCN nanoemulsion was determined at 54 °C. This significant decrease in
Tg originates from the presence of glycerol and TCN as an essential oil in
the composition of PNE film.

The same reduction was observed for Tg in the presence of essential
oils in other studies. The neat ethylene vinyl alcohol copolymer (EVOH)
had a Tg located at 55 °C. However, EVOH incorporated with different
amounts of cinnamaldehyde showed Tg values, of up to 14 °C (Aragon-
Gutiérrez et al., 2021).. The Tg of the EC film was determined at 99.5 °C
for the same reason of the presence of glycerol and corn oil as plasti-
cizers. The effect of corn oil on Tg of cassava starch was investigated by
Madrigal et al (Madrigal et al., 2011), who found a decrease in the Tg.
The multilayer films (M1 and M2) showed the relatively same Tg as PNE
film, which is around 55 °C. This indicates that the thicker layer of EC
does not have any effect on the Tg of multilayer films and the PNE
interlayer affected the structure of the multilayer films, since Tg was
reduced in comparison with neat EC film.

3.8.2. Thermogravimetric analysis (TGA)

TGA analysis helps to ensure the quality, performance and suitability
of film packaging during processing and storage. This aids material se-
lection, process optimization and quality assurance in the packaging
industry. Understanding the thermal stability of film packaging is crit-
ical to selecting packaging materials that can withstand processing such
as extrusion and storage conditions without significant degradation at
elevated temperatures. TGA analysis was also performed to evaluate the
effect of thickness and PNE interlayer on the thermal stability of EC/
PNE/EC triple-layer films. In fact, the packaging film can potentially be
exposed to extreme temperature variations during processing and stor-
age such as heating, freezing or microwave irradiation. Therefore, the
thermal decomposition behavior of the film samples was assessed be-
tween 20 and 600 °C. The weight loss curves of the films are shown in
Fig. 6. In general, the initial weight loss comes from solvent vapor-
ization, relatively high-water contents, and volatilization of volatile
compounds that are present in samples. Subsequent stages correspond to
the degradation of essential oils, plasticizers, and biopolymers. The
highest rate of weight loss in the DTG curve considers the maximum
degradation temperature Tr,.

For the EC films (EC1 and EC2), two first steps of weight loss in the
range of 20—300 °C were associated with evaporation loss and plasti-
cizer weight loss. The main degradation of the EC film occurred at a

Table 2
Film weight loss (Am) and glass transition of the film samples.
Mass loss (Am) DSC
Film Samples 20 -150 °C 150-300 °C 300—450 °C 450 - 600 °C 20 - 600 °C Tg
PNE 7.42 % 47.16 % 13.61 % 4.82 % 73.05 % 54 °C
EC 3.78 % 14.87 % 78.21 % 1.68 % 98.57 % 99.5°C
M1 6.77 % 39.10 % 34.55 % 3.13% 83.33 % 55°C
M2 5.30 % 31.62 % 48.65 % 2.55 % 88.12 % 55°C
Thermal Solvent and volatile compounds Plasticizers and TC EC Total Transition from hard to
characterization evaporation pectindegradation degradation degradation degradation brittle state
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Fig. 6. TGA analysis of different films.

temperature of approximately 365 °C as Ty, This temperature is higher
than the Ty, of the PNE film whose main degradation started at the
temperature of about 232 °C.

This indicates that the thermal stability of the EC film is higher than
that of the PNE film. Nevertheless, The EC film sample had a higher total
mass loss. The EC films lost 98.57 % of their weight upon overheating
from 20 to 600° C while this loss is 73.05 % for the PNE film sample.
There was no obvious difference in mass change of EC1 and EC2 and
their curves are superimposed in Fig. 5. The thermal behavior of
multilayer films showed a behavior of combination of two component
monolayers. The main mass loss of M1 and M2 occurred in two steps
corresponding to the degradation of the PNE layer first followed by the
degradation of the EC layers. Finally, the M1 and M2 multilayer films
lost 83.33 % and 88.12 % of their mass, respectively. The mass loss of
M2 was slightly higher due to the thicker EC layer, which undergoes
more final degradation. These differences in thermal stability between
multilayer samples come from the thicker layers of EC in the M2 thicker
film, which translates into better thermal stability with increasing EC
layer thickness for the multilayer films.

The thermal characterizations of film samples in different intervals
are illustrated in Table 2. The mass loss in the first interval (20 — 150 °C)
refers to the evaporation of water, ethanol, and the volatile part of TCN.
The second one (150 — 300 °C) comes from plasticizers and pectin for the
samples containing pectin. This result is consistent with the weight loss
in pure pectin films at 110-250 °C reported by Ahmad et al. (2021).
Hydrolysis or oxidation of trans-cinnamaldehyde occurred in this range.
The degradation of TCN was obtained around 265—260 °C by (Hill
et al., 2013).

Degradation of EC happened at the next interval (300 — 450 °C). This
is in agreement with the result reported by (D. Yang et al., 2014), who
observed that the degradation of pure EC film began at 290 °C. At the
higher temperature interval (450 — 600° C), the degradation of the re-
sidual remnant occurred.

4. Conclusion

This study focuses on the design of an innovative plant-based multi-
layer antimicrobial film packaging for food products with the aim of
extending their shelf-life in an environmentally friendly way. For this,
TCN essential oil was used as an active component to prepare stable
nanoemulsions. Subsequently, pectin films loaded with TCN

nanoemulsions were fabricated and combined with two outer layers of
EC with different thicknesses to produce a multilayer film EC/PNE/EC
by using a layer-by-layer solvent casting method. The effect of the
thickness of the outer EC layer was evaluated. Scanning electron mi-
croscopy revealed a good uniformity of the triple-layer films. DSC
analysis revealed that PNE and EC materials are compatible showing
only a reduction in glass transition temperature with PNE decomposi-
tion. At the same time, the results of this study indicate that increasing
the thickness of the EC layer results in greater lightness and less
yellowish and color differences and improved the UV-visible light
blocking ability. In addition, the mechanical properties of the films are
modified by changing the thickness of the ethylcellulose layer. In fact,
increasing thickness of EC layer resulted in better stretchability and
resistance, but less flexibility than the thinnest film. FTIR-ATR spectra
revealed the formation of hydrogen bonds between two adjacent layers.
The smallest zones of bacterial inhibition were observed for the thicker
multilayer film, which indicates the effect of thickness on the release
rate of TC from the PNE active layer. Based on the results of the present
study, improving the outer layer of EC in multilayer films may have an
effect on the biological properties of the films by slowing the release of
TCN as a natural antimicrobial for food packaging. Consequently, the
outcome revealed that thickness is a key factor in designing active
multilayer films that impact the physical, mechanical, thermal, and
antimicrobial properties of film packaging. These results showed that
this biodegradable active film can be considered a potential substitute
for non-biodegradable petroleum-based films for food packaging appli-
cations notably fresh foods due to hydrophobic layer of EC. Further
studies are underway to assess the water vapor and oxygen barriers of
triple-layer films.
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