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Introduction

Fabrication of biodegradable and active pectin-
based films with enhanced properties by the
incorporation of natural eutectic solvents

Marianela Zoratti,>® Pablo A. Mercadal,**° Paola A. Gimenez,®°
Matias L. Picchio ) *9© and Agustin Gonzalez**°

Achieving biodegradable and functional food packaging with enhanced mechanical resistance, barrier
efficiency, and bioactive properties remains a challenge. This study investigates the incorporation of
natural eutectic solvents (NAES) as a strategy to improve the performance of pectin-based films. These
NAES, composed of choline chloride (ChCl) and tannic acid (TA) or citric acid (CA), were added at con-
centrations of 67 and 80 wt% to develop materials suitable for food packaging applications. The films
were fabricated via a casting method, and their structural, physicochemical, and functional characteristics
were thoroughly analyzed. Results revealed that NAES played a key role in reinforcing the mechanical pro-
perties of the films, increasing their tensile strength from ~0.75 MPa in the control samples to ~2.2 MPa.
Additionally, the presence of NAES significantly improved the films’ capacity to block UV radiation, par-
ticularly in the 200-350 nm range, which is crucial for preserving light-sensitive food products like poly-
unsaturated oils. Environmental sustainability was also confirmed through biodegradation assays, where
the films exhibited an 80% weight loss after 20 days in soil. Furthermore, antimicrobial properties con-
ferred by NAES effectively inhibited the growth of E. coli and S. aureus, with inhibition zones surpassing
15 mm. When applied to food preservation, the films provided remarkable oxidative protection to chia oil,
reducing hydroperoxide levels from approximately 57 to 7.5 meqO, kg’1 oil, while extending the oxidation
induction period from 0.25 to ~4.6 hours over 25 days of storage in oxidative accelerated conditions.
These findings underscore the potential of NAES as active additives that enhance the properties of bio-
polymer-based films while imparting bioactive functionality, paving the way for sustainable and efficient
food packaging solutions.

is particularly attractive for being sourced from fruit waste like
apple pomace and citrus peels, presenting an eco-friendly

In recent years, there has been a significant push toward sus-
tainability in the industry, with a particular focus on the food
packaging sector." In this sense, the emphasis is placed on uti-
lizing proteins or polysaccharides from renewable resources
such as chitosan, gelatin, soy protein, casein, zein, and
pectin.>® Among these, pectin (PEC) which is a polysaccharide,
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option with excellent biodegradability and minimal environ-
mental impact. As a food-grade material, PEC meets the
growing consumer demand for safe and sustainable packaging
solutions.* However, the broader implementation of PEC-based
films is constrained by their insufficient mechanical properties
and inadequate barrier capabilities against oxygen, moisture,
and UV/visible light. The industry also seeks active packaging
solutions that can interact with food to extend its shelf life
through antioxidant, antifungal, and antibacterial activities.’

To mitigate these shortcomings, prevalent strategies
include blending multiple biopolymers to create composite
films, incorporating nanoparticles, and adding functional
additives that promote crosslinking or provide plasticizing
effects. In addition, several efforts have been made to facilitate
the active properties of films such as antioxidant or antibacter-
ial activity.® For example, curcumin and silver nanoparticles in
a PEC/gelatin blend demonstrate good mechanical and in vitro
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antimicrobial and antioxidant activities but lack real food
application examples and antifungal activity.” Similarly, poly-
phenol nanoparticles as fillers in PEC-based films enhance
antioxidant and antibacterial properties in strawberries, yet
they fall short in antifungal performance.® Additionally, cross-
linking PEC-based films with vanillin and Fe** improves
mechanical performance and gas barrier properties, suitable
for preserving cherry tomatoes, but lacks comprehensive
microbial protection.” Furthermore, the production of these
films involves several steps, which complicates scaling to
industrial levels due to their complexity.'°

A more recent approach is the use of natural eutectic sol-
vents (NAES), which are environmentally friendly liquids com-
posed of at least one hydrogen bond donor (HBD) and accep-
tor (HBA). With low vapor pressure and customizable chemical
properties, NAES can be formulated from a diverse array of
active compounds.'™'? The utilization of this NAES in biopoly-
meric matrices offers considerable benefits, including its
stabilization,"® crosslinking or plasticizing effects, the possi-
bility to obtain high concentrations of compounds with anti-
oxidant, antifungal, and antimicrobial activities, as well as bio-
degradability and cost-effectiveness.'®'®> Additionally, NAES
can be easily incorporated into filmogenic matrices without
multiple complex steps, simplifying industrial scaling.'®
Previous attempts to incorporate binary NAES, such as tannic
acid (TA)-based NAES to develop soy protein films, have
demonstrated improvements in mechanical performance, high
antioxidant properties, and antimicrobial activity against
specific bacteria strains.'” In turn, the incorporation of citric
acid (CA)-based NAES to develop films results in excellent anti-
microbial activity but poor antioxidant properties.'>'”

Based on these preliminary results, it is promising to use
TA and CA-based NAES in formulating PEC-based films.
Unlike soy protein matrices derived directly from agricultural
products, PEC can be sourced from fruit waste, making it a
more sustainable option for eco-friendly packaging solutions.
In addition, PEC has demonstrated inherent antimicrobial
and antioxidant properties,'®'® which soy protein does not
have. These intrinsic qualities of PEC could be enhanced by
incorporating these active NAES, improving not only function-
ality but also the mechanical and barrier properties of the bio-
polymer films. In turn, the limitations associated with the
modest antioxidant capacity of CA and the inadequate antibac-
terial activity against Gram-negative bacterial strains of TA
could potentially be overcome.

Building on this premise, in this work, we have employed a
high concentration of binary NAES based on choline chloride
(ChCl) combined with TA or CA to develop biodegradable,
environmentally friendly PEC-based films. We conducted an
integrated analysis to evaluate their structural characteristics,
mechanical properties, water resistance, UV-light barrier,
vapor barrier properties, and biodegradability, alongside
in vitro antioxidant and antibacterial activities. Finally, using
chia oil as a real food sample, we assessed their antioxidant
effectiveness to demonstrate the practical applicability of these
films in the food packaging field.
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Experimental section
Materials

All used reagents were of analytical grade: pectin (PEC) (Pura
Quimica, Cérdoba, Argentina); anhydrous glycerol (Cicarelli,
99.5%); tannic acid (Bio Pack, >99%); choline chloride (Sigma
Aldrich, >99%); anhydrous citric acid (Bio Pack, >99.5%); 2,2-
diphenyl-1-picrylhydrazyl, Trolox (Sigma Aldrich); absolute
ethyl alcohol (Cicarelli, 99.5%), CaCl, (Cicarelli, >99.5%); dis-
tilled water was used throughout the work.

Preparation of NAES

The NAES were prepared using the heating method where the
HBD and HBA were mixed and heated at 90 °C under constant
stirring until a homogeneous liquid was obtained. The as-pre-
pared NAES were: choline chloride/citric acid (ChCICA) in a
molar ratio of 2:1, and choline chloride/tannic acid (ChCITA)
in a molar ratio of 20 : 1, respectively.”

Synthesis of films

The PEC-based films were fabricated using a casting tech-
nique. Initially, 0.90 g of PEC was dissolved in 45 mL of dis-
tilled water and stirred continuously at 70 °C for 30 minutes.
After this, the solutions were blended with the NAES at con-
centrations of 200 and 400 wt% relative to the PEC mass. The
mixture was done at 70 °C and 200 rpm for 30 minutes and
then degassed under vacuum for 15 minutes to remove air
bubbles. Subsequently, these mixtures were poured into sili-
cone molds measuring 44 cm” and dried at 60 °C for 24 hours.
The films were de-molded and stored at room temperature.
For control samples, glycerol was used in place of NAES at the
same concentrations.

Determination of film thickness

A hand-held micrometer (model ESP1-0001PLA, manufactured
in Schwyz, Switzerland) was employed to measure the thick-
ness of each film, averaging ten readings per sample. The cal-
culated average thickness was then used to assess the mechan-
ical properties and opacity of the films.

Transmittance and opacity of films

A UV-vis spectrophotometer (Shimadzu 1800) was used to
record the transmittance spectra of the films with air as the
background. The spectra were recorded at room temperature
in 1 nm steps, ranging from 200 to 800 nm.

Opacity was assessed by determining the area under the
absorption curve within 400 and 800 nm. Rectangular samples
of 3.5 x 1.0 cm were used, and the area values were normalized
by the film thickness.

FTIR analysis

The PEC-based films were characterized by Fourier Transform
Infrared Spectroscopy using a Nicolet 5-SXC spectrometer
(Thermo Fisher Scientific, Waltham, USA) by Attenuated Total
Reflectance (ATR-FTIR). A 45° angle of incidence ZnSe crystal
was used. To ensure the homogeneity of each sample, different

© 2025 The Author(s). Published by the Royal Society of Chemistry
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areas of the films were analyzed. The spectra of NAES were
recorded in reflection mode by placing the sample on a gold
mirror. An average of 32 scans was collected with a resolution

of 4 cm™.

Morphologic characterization of films

The surface morphology of the films was investigated using
scanning electron microscopy (SEM). For SEM analysis, the
films were sectioned into circular samples with a diameter of
8 mm. These samples were fixed to SEM stubs using double-
sided carbon tape and subsequently coated with gold in a
vacuum environment to enhance conductivity. The SEM exam-
inations conducted at the LAMARX laboratory
(UNC-CONICET, Argentina) using a Carl Zeiss Sigma micro-
scope (Oberkochen, Germany). Images were captured at a mag-
nification of 2000x and 5000x, utilizing an aperture size of
30 pm and an electron high voltage (EHT) of 3 kv.

were

Moisture content and total soluble matter of films

The moisture content (MC) and total soluble matter (TSM) of
the PEC-based films were assessed following the methodology
outlined by Zoratti et al.'* To determine the MC, circular
pieces of each film were initially weighed (W) on glass plates,
then oven-dried at 110 °C for 24 hours, and subsequently
reweighed (W;). The MC was calculated using the following
equation and performed in triplicate:

MCY% = [(Wo — Wi)/Wo] x 100 (1)

For the TSM evaluation, each film piece initially weighed as
W, was submerged in a beaker containing 30 mL of distilled
water for 24 hours, then dried at 110 °C for another 24 hours,
after which the final weight (W;) was recorded. The TSM was
also determined in triplicate using the following formula:

TSM% = [(W; — Wr)/Wi] x 100 (2)

the initial dry mass (W;) used for the TSM calculation was
derived from the MC measurements of a similarly weighed
film piece. To prevent the potential formation of thermal
cross-links due to heating before water immersion, different
film samples were utilized for initial and soluble dry matter
assessments.

Swelling assay

The water uptake capacities of the samples were quantified
using a method outlined by Mercadal et al.'®> The water uptake
percentage (S%) is calculated with the formula:

S% = [(Ws — Wo)/Wo] x 100 (3)

here, W, is the initial weight of the sample, and W is the
weight after soaking in 30 mL of deionized water for desig-
nated periods at room temperature. After immersion, the
samples are removed, and the surface is dried with tissue
paper to eliminate any excess water. The test was conducted in
triplicate to ensure the accuracy and reproducibility of the
results.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Water vapor permeability

Circular PEC-based film samples, each measuring 3.14 cm” and
devoid of defects such as cracks, bubbles, or pinholes, were
securely sealed onto the openings of aluminum permeation
cups (2.0 cm diameter, 2.5 cm depth) containing anhydrous
calcium chloride. The films were attached using silicone
vacuum grease and a retention ring, ensuring the side was
initially in contact with the casting plate faced inward. The
assemblies were then placed in a humidity chamber maintained
at 70% RH. Hourly weight measurements of the cups were per-
formed until seven consistent data points were collected.

Water vapor transmission rate (WVTR, in g m* day ~') and
water vapor permeability (WVP, in g m™" s™' Pa™") were calcu-
lated from these data according to ASTM.”® The equations
used were:

WVTR = F/A (4)
WVP = (WVTR x €)/S, x (RH; — RH,) (5)

where F is the slope of the linear regression of mass against
time (kg s™'), A is the test area, e is the film thickness (m), S,
is the saturation vapor pressure at 30 °C, and RH; — RH, is the
difference in relative humidity between the inside of the cup
(0%) and the chamber (70%).

Mechanical properties of films

The mechanical properties of the PEC-based films were evalu-
ated through tensile testing in accordance with the ASTM
D882-02 standard.”’ The films were cut into bone-shaped
specimens using a steel template, with a total length of 6 cm,
a width of 1 cm at the ends, and 0.3 cm at the narrow central
region (fracture zone). The gauge length was 4 cm, leaving
1 cm at each end for clamping. Tensile tests were conducted
using an Instron universal testing machine (model EMIC 23-
55, Norwood, USA) equipped with a 50 N load cell, at a cross-
head speed of 25 mm min™", corresponding to a strain rate of
approximately 1% s~'. The experiments included both freshly
prepared films and those aged for two months under ambient
conditions, allowing for the evaluation of mechanical dura-
bility over time.

From the stress vs. strain data collected during these tests,
key mechanical properties such as tensile strength, elongation
at break, and modulus of elasticity were calculated.
Additionally, the toughness of the films was quantified by inte-
grating the area under the stress-strain curves up to the frac-
ture point, using the formula:
<f

Tensile toughness = J oede. (6)

0

where o, is the stress (N m™2), . is the strain (unitless), and &f
is the fracture strain of the sample, respectively.

Degradation under soil burial conditions

The biodegradation tests for the PEC-based films were carried
out following the procedure outlined by Molina Torres et al.**

RSC Appl. Polym., 2025, 3,1531-1544 | 1533
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Initially, equal masses of each film type were cut into rectangu-
lar pieces and dried at 105 °C for 12 hours, after which
they were weighed to establish their initial mass (W,).
These samples were then covered with plastic mesh to allow
access to moisture and microorganisms while enabling
easy retrieval and buried in soil for 20 days. The controlled
environment for this experiment maintained a temperature of
(23 £ 2) °C and relative humidity of (55 + 3%), with periodic
watering to ensure consistent soil moisture, which was
measured  gravimetrically using standard oven-drying
methods. At the end of the experiment, the samples were exca-
vated, gently cleaned to remove soil particles, dried again at
105 °C for 12 hours, and weighed (W;). The average weight loss
was calculated to assess the biodegradation rate, using the fol-
lowing formula:

Weight loss (%) = [(Wo — W)/ W] x 100 (7)

All measurements were repeated in triplicate to ensure the
reliability of the data.

In vitro antioxidant activity of films

Film samples were cut into 100 mg pieces for analysis of their
antioxidant capacity using the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) radical scavenging activity assay. Each piece was sub-
merged in 10 mL of a 1 x 10 M DPPH solution in 99.5%
absolute ethyl alcohol. After an hour of incubation in the dark,
the absorbance of the solution was measured at 517 nm using
a Shimadzu 1800 spectrophotometer. A calibration curve was
established using Trolox, ranging from 1.6 to 30 pM, to calcu-
late the activity. The results were expressed as pmol Trolox
equivalents (pmol TE) per gram of sample. Additionally, the
DPPH scavenging activity percentage was calculated using the
following equation:

DPPH scavenging activity (%) = [(Ac — 4s)/Ac] x 100%  (8)

where A, is the absorbance of the sample, and A, is the absor-
bance of the control, which contains only the DPPH solution
in ethanol at 517 nm. This method allows for a direct compari-
son of antioxidant capacities with other studies in the
literature.

In vitro antibacterial activity of films

The antibacterial activity of the PEC-based films was evaluated
using the agar diffusion method according to Mercadal et al.*?
In this assay, the bacterial strains tested were Escherichia coli
ATCC 25922 (E. coli) and Staphylococcus aureus ATCC 25923 (S.
aureus). The films were prepared into 8 mm diameter discs
and placed in sterilized glass Petri dishes using sterilized
forceps. These discs were then positioned on agar plates that
had been previously inoculated with the bacterial strains, all
within a laminar airflow chamber to maintain sterility. After
placing the films, the plates were incubated at room tempera-
ture for 48 hours. Post-incubation, the zones of inhibition,
indicating areas where bacterial growth was prevented around

1534 | RSC Appl. Polym., 2025, 3, 1531-1544

View Article Online

RSC Applied Polymers

each film disc, were measured. These measurements were
recorded in triplicate for each type of film.

Antioxidant activity of films on chia oil

To assess the antioxidant effect of the PEC-based films on real
foods, we selected oil rich in polyunsaturated lipids as chia oil
as a representative food sample. Briefly, rolled rectangular
films of 5 x 3.5 cm were placed inside khan tubes covering
their inner surface, and 3 grams of oil was added to the tube.
An accelerated stability test was conducted to assess the oxi-
dative stability of oils with and without film. Each treatment,
prepared in triplicate, was placed in a forced air oven at 40 +
1 °C for 25 days according to Bordén et al.”* Samples were
periodically removed to evaluate lipid oxidation.

To determine the stability of the oil the hydroperoxide
value (HPV) and induction period (IP) determined by
Rancimat were carried out. HPV assay was determined follow-
ing the methodology of Gimenez et al.”® Briefly, 0.20 + 0.01 g
of oil was weighed, and 3 mL of acetic acid : chloroform (3 : 2%
v/v) was added and stirred vigorously until complete dis-
solution was achieved. Afterwards, 0.5 mL of saturated potass-
ium iodide solution was added and the system was kept in the
dark for 1 min. The reaction was stopped by the addition of
3 mL of distilled water, and 0.5 mL of starch solution (1%, w/v)
was added as an indicator. Finally, solutions were titrated with
0.001 N Na,SOj; until the brown color disappeared. The calcu-
lation of HPV was carried out using eqn (10) and expressed in
meqO, kg oil as follows:

HPV = (S — B) x N x 1000/w (9)

where S represents the volume (mL) of the sodium thiosulfate
solution consumed by the sample, B is the volume (mL) con-
sumed by the blank, N is the normality of sodium thiosulfate
solution, and w represents the mass of oil (g).

For the IP determinations, we have followed the method-
ology of Molina Torres et al.”* The oxidative stability of oil
samples was subjected to accelerated oxidation conditions in a
Rancimat (METROHM, Switzerland) apparatus. The samples
were exposed to elevated temperatures at constant airflow, and
the volatile oxidation products (mostly derived from formic
acid) were transferred by the airflow to the solution (distilled
water). From a continuous recording of the conductivity of this
solution, oxidation curves were plotted and their inflection
point was defined as the induction time (IT), which was
expressed in hours. The test conditions were 100 °C tempera-
ture, 20 L h™" airflow, and 1.5 g of oil.

Permeability of oil

The oil permeability assay for the PEC-based films was con-
ducted as described by Amariei et al.>® In this procedure, glass
vials with a capacity of 10 mL, each containing 3 mL of chia
oil, were sealed using the films. These vials were then inverted
and placed on filter paper, which had been weighed before-
hand. This setup was maintained in a desiccator at room
temperature for five days. At the end of this period, the filter

© 2025 The Author(s). Published by the Royal Society of Chemistry
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paper was weighed again to ascertain any oil leakage through
the films. The percentage of oil permeated was calculated
using the following equation:

Oil% = [(Ws — W,)/W] x 100 (10)

where W, is the initial weight of the filter paper and Wj is the
weight after 5 days. W is the weight of the 3 mL of used oil. All
of the measurements were performed in triplicate.

Statistical analysis of data

The statistical analysis of the experimental data was conducted
using analysis of variance (ANOVA) to evaluate the significance
of differences among group means across multiple test groups.
Additionally, the unpaired -test was employed to compare
means between the two groups specifically. The differences
were considered statistically significant if the p-value was less
than or equal to 0.05.

Results and discussion

Preparation and characterization of NAES

As shown in Fig. 1A, the prepared ChCICA and ChCITA NAES
are homogeneous liquids at room temperature. ChCICA exhi-
bits an orange/yellow color attributable to the presence of CA

A HBA

| HBD
vo~ N+ m B, Q( ChCl IcA-
Ccr HO

View Article Online

Paper

while ChCITA displays a brown color given by TA. The pro-
posed molecular interactions highlighted by dashed lines
display the H-bonding within the NAES systems. In both
NAES, ChCl acts as an HBA forming H-bonds with CA and TA.

FTIR spectroscopy was employed to identify the main
vibrational modes of NAES, as shown in Fig. 1B and C. Black
arrows in the spectra point out the most relevant vibrational
modes to be analyzed. The spectrum of ChCl (black line)
shows the O-H stretching mode centered at 3325 cm™, a
broad peak at 1634 cm™" indicative of H-O-H bending from
moisture, a common feature in hygroscopic materials, along
with C-H bending at 1478 cm™*, and C-O stretching and C-O-
H bending vibrations appearing at 1084 cm™" and 1052 cm ™,
respectively.”” The CA spectrum (Fig. 1B, blue line) features a
broad O-H stretching at 3295 cm™" with peaks at 1747 cm™*
and 1683 cm™' corresponding to the asymmetric and sym-
metric C=O0 stretching of carboxylic groups.?®

Notably, the ChCICA spectrum (Fig. 1B, pink line) shows
that the O-H band (ranging from 3600 to 3100 cm™') is both
more intense and broader than in the individual components.
The double peaks of CA at 1747 and 1683 cm ™" are red-shifted
to 1753 and 1685 cm ™" after ChCICA formation.

For the TA spectrum (Fig. 1C, red line), a broad band at
3255 cm™ " is observed, which is characteristic of the multiple
O-H groups in this polyphenol. The distinct bands at

. [»)
/ & K
\‘\._,
Choline Chloride (ChCl) Citric Ac|d(CA) H
L ¢
R
HBA HBD i R, GO
| L e
o R e

N R= +0.0 R o
HO™ "N 4 obo on == L ChCITA oL

(o Ho L0 Lion N—

OH OH
Choline Chloride (ChCl) Tannic Acid (TA) O
B 3325 c 3325
Chcl
1700

Transmittance (a.u.)
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Wavenumber (cm-)
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Fig. 1

Transmittance (a.u.)

1722

3900 3300 2700 2100 1500 900
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(A) Schematic illustrations of the HBD and HBA compounds involved in NAES preparation, photographs of the prepared solvents and scheme

of their formation. (B) FTIR spectra of C, CA and ChCICA. (C) FTIR spectra of C, TA, ChCITA.
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1700 cm™" and 1605 cm™"' are attributed to C=0 and C=C
stretching vibrations within the aromatic rings.>® Similar to
ChCICA, the ChCITA spectrum (Fig. 1C, sky blue line) shows
an intensified and broader O-H band than seen in the pure
components, with a noticeable red shift in the C=O stretching
peak from 1700 cm ™" to 1722 cm ™" in the ChCITA NAES.

These highlighted spectral features for both NAES indicate
the formation of intermolecular H-bonds in the solvents and
confirm their successful preparation, in line with other
works, "

Preparation of films and first evaluations

As is displayed in Fig. 2A, the casting method was employed to
prepare the PEC-based films incorporating the NAES in a
single-step process. A selected image of a PEC-based film con-
taining 400 wt% of ChCICA NAES (based on PEC), which dis-
plays the yield of a flexible and homogeneous material cross-
linked via H-bonds, is shown in Fig. 2B.

Initially, the optimal amount of NAES incorporated into
PEC-based films was determined through a qualitative swelling

View Article Online
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assay using distilled water, considering that the primary limit-
ation of PEC is its high hydrophilicity and solubility, an impor-
tant characteristic from a practical standpoint in food packa-
ging materials. As shown in Fig. 2C, PEC-based films contain-
ing 50, 100, 200, and 400 wt% of ChCITA were immersed in
distilled water. After 30 minutes of exposure, the films with
200 and 400 wt% NAES demonstrated superior shape retention
compared to the others, indicating a stronger resistance to
water uptake which is crucial for maintaining their structural
integrity in humid environments. Similar results were
observed for PEC-based films containing ChCICA NAES. On
the other hand, films with more than 400 wt% NAES became
sticky, rendering them unsuitable for food packaging appli-
cations due to compromised material handling and
performance.

Based on the above results, PEC-based films containing 200
and 400 wt% of NAES or glycerol (control films) were selected
for further studies. These films are designated as “PEC”, fol-
lowed by the acronym of the HBD of the used NAES, and
ending with the number “2” or “4”, indicating whether 200 or

1 ’L’ J PE
{ ¢ (a’ I N
< Vg pimt NAES
o [ . ro— -
4 H-bond
Al <" LY —o
PECCA2
0.5_cm
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s G &
o 604 i 1.5 a
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Fig. 2

(A) Scheme of the preparation of PEC-based films. (B) Representative photography of PEC-based film using 400 wt% of CHCLCA NAES, and

possible crosslinked mechanism. (C) Photographs of PEC-based films containing different wt% (with respect to PEC) of ChCITA NAES after the
addition of distilled water. (D) Photographs of as-prepared PEC-based films containing 200 and 400 wt% (relative to PEC) of glycerol or NAES. (E)
UV-visible transmission spectra of PEC-based films. (F) WVP values of as-prepared PEC-based films. (G) Weight loss (%) of PEC-based films after

being buried for 20 days.
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400 wt% of NAES, respectively, was incorporated. For example,
films with 200 wt% and 400 wt% of ChCITA NAES are labeled
PECTA2 and PECTA4, respectively. Similarly, PEC-based films
containing glycerol, serving as control samples, are named
Ctr2 and Ctr4 for 200 wt% and 400 wt% glycerol, respectively.

Fig. 2D presents photographs of the prepared PEC-based
films, illustrating the impact of various NAES concentrations
and their inherent color properties on film appearance. Initial
inspection reveals that all films display a uniformly colored
appearance, suggesting effective distribution of glycerol or
NAES within the PEC matrix. Ctr2 and Ctr4 maintain a light
color across concentrations, attributable to the colorlessness
of glycerol and the slight yellowness of PEC. The films contain-
ing NAES, PECCA2 and PECCA4 appear dusky yellow due to
the combination of PEC and CA. PECTA2 and PECTA4 exhibit
a medium brown color, intensifying at 400 wt% ChCITA, high-
lighting the influence of TA and the increased concentration
of ChCITA NAES.

Light-blocking properties of a film can be particularly ben-
eficial in preventing the photooxidation of light-sensitive
foods, thereby enhancing their preservation. The transmit-
tance values between 200 and 800 nm for the PEC-based films
are displayed in Fig. 2E. Notably, all PEC-based films with
NAES exhibit excellent light barrier properties in the UVB
region (280-320 nm), attributable to the absorption character-
istics of TA** and CA,*! which have absorption bands centered
around 270 nm. In contrast, both controls display a peak cen-
tered at 280 nm, indicating lesser UVB-blocking properties
than the PEC-based films with NAES. Furthermore, blocking
properties in the UVA region (320-400 nm) increase with
increasing the NAES content. In addition, the blocking pro-
perties for samples with 400 wt% of NAES or glycerol follows
the next order: PECTA4 > PECCA4 > Ctr4. The same trend is
observed for samples with 200 wt% of NAES or glycerol. This
sequence highlights the significant impact of phenolic TA, pro-
viding the strongest UV protection. These findings also
suggest that these films are effective barriers against ultraviolet
light.

Concerning light blocking in the visible region, opacity
values were calculated from the visible spectra and thickness
of each sample (Table 1). The opacity measurements reveal a
notable increase in PECTA2 and PECTA4, with values of
approximately 0.20 a.u. pm ™', compared to the control films,

Table 1 Opacity and thickness of PEC-based films. Data are expressed
as the mean + SD

Sample Opacity (a.u. pm™") Thickness (um)
Ctr2 0.10 + 0.04* 401.7 + 34.2%
Ctr4 0.11 + 0.02* 726.7 +21.9%
PECCA2 0.09 + 0.03* 459.0 +27.3%
PECCA4 0.10 + 0.02* 763.0 + 28.0°
PECTA2 0.19 + 0.03® 457.0 + 39.74
PECTA4 0.20 + 0.02" 690.3 + 38.6°

Significant differences (P < 0.05) are indicated by different letters in
the same column.
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which exhibit lower opacity at around 0.10 a.u. pm™'. This
increased opacity in PECTA films is attributed to the high con-
centration and brown color of TA. In contrast, PECCA2 and
PECCA4 films, which show opacity values of 0.09 + 0.03 a.u.
pm~" and 0.10 + 0.02 a.u. pm~ ' demonstrating the poor block-
ing properties of CA given by their subtle yellow color.

Water barrier properties are another feature crucial in food
packaging to preserve high-moisture foods and ensure stability
and quality during processing and storage. The water vapor
permeability (WVP) results shown in Fig. 2F display low values
for all PEC-based in the range of 1.75-2.25 x 107" g Pa s™*
m~>. These low WVP values are indicative of high structural
integrity and effective barrier properties within the film
matrix. The integrity and performance of these films are likely
due to the homogeneous distribution and NAES throughout
the material, contributing to a uniform barrier against moist-
ure ingress. This uniform distribution helps to minimize the
presence of microvoids or discontinuities in the film, which
can significantly enhance vapor permeability. Notably, the low
WVP values observed are lower compared to similar studies
involving PEC*** or NAES.>**® For context, the WVP values
obtained for our PEC-based films are consistent with or lower
than those reported for other biopolymer-based films. Starch
films, for instance, typically exhibit WVP values in the range of
107" to 107" g Pa' s7' m~?, depending on the formulation
and plasticizer content.’” In contrast, conventional synthetic
packaging materials such as low-density polyethylene (LDPE),
generally present WVP values in the order of 10™** g Pa™" s7*
m™?, offering superior moisture barrier properties.*

The biodegradability of PEC-based films was assessed to
confirm their suitability as eco-friendly food packaging.
Samples were buried in soil and their weight loss was docu-
mented after 20 days. As illustrated in Fig. 2G, all PEC-based
films exhibited substantial biodegradation, with weight loss
exceeding 80%, confirming their high biodegradability.
Notably, the control films exhibited complete (100%) weight
loss, whereas films containing TA-based NAES showed an
average weight loss of approximately 80%. This indicates that
the extensive crosslinking induced by polyphenols such as TA
contributes to the formation of a more stable network struc-
ture, which may, in turn, slow the biodegradation process.
Furthermore, consistent with previous findings, crosslinking
in polymeric films has been shown to reduce water absorption
capacity (as discussed in the following section), thereby limit-
ing internal moisture availability, an essential factor for the
microbial activity that drives biodegradation.>%3°~*!

Physicochemical properties of the films

Chemical characterization of PEC-based films was performed
through the acquisition of FTIR spectra to elucidate changes
in the PEC matrix. As displayed in Fig. 3A, the Ctr2 spectrum
reveals a broad O-H stretching vibration band centered at
3265 cm™'. Additionally, the peaks at 1750 cm™' and
1647 cm™" are indicative of C=0 stretching vibrations associ-
ated with methyl-esterified carboxyl and carboxyl groups in
PEC, respectively. A further peak at 1440 cm™" is linked to the
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Fig. 3 (A) FTIR spectra of PEC-based films with 200 wt% of NAES or glycerol. (B) FTIR spectra of PEC-based films with 400 wt% of NAES or glycerol.

(C) Swelling behavior of PEC-based films with 200 and 400 wt% of NAES. (D) Moisture content (MC) and total soluble matter (TSM) values of PEC-
based films. Values within the same color bar not followed by different letters are statistically similar (p > 0.05) according to the Tukey test.

symmetric stretching vibration of the -COO- group. Peaks at
2935 cm™" and 2886 cm™' represent C-H bending, and the
peak at 1019 cm™" is attributed to the C-O-C stretching in the
saccharide structure of PEC.”*?

Upon comparing the FTIR spectra of PECCA2 and PECTA2
with Ctr2 (Fig. 3A), it is noted that the band for O-H stretching
vibrations becomes stronger, wider, and shifts from 3265 cm™"
in Ctr2 to 3300 cm™" and 3287 cm™" in PECCA2 and PECTA2,
respectively. Similarly, the C=0 stretch at 1750 cm™" shows a
blue shift to approximately 1725 ecm™" in films containing
200 wt% NAES. In the same line, comparing the FTIR spectra
of PECCA4 and PECTA4 with Ctr4 (Fig. 3B) the O-H stretching
vibration mode is more intense, broader, and red-shifted in
the films with the NAES. Specifically, the peak shifts from
3280 cm™" (Ctr4) to 3294 and 3286 for PECCA4 and PECTA4
films, respectively. The C=0 vibrational mode at 1748 cm™" in
the Ctr4 spectrum also shifts to 1725 cm™" and 1719 cm™' in
PECCA4 and PECTA4, respectively.

These shifts in spectral peaks, whether blue or red, indicate
the formation of new hydrogen bonds and other non-covalent
interactions between the NAES and the PEC matrix.

Polyphenols such as TA have been reported to facilitate non-

1538 | RSC Appl. Polym., 2025, 3,1531-1544

covalent crosslinking with diverse biopolymers*® and polysac-
charides, including PEC,***” leading to spectral shifts com-
parable to those observed here. Moreover, organic acids such
as CA have also been shown to participate in physical cross-
linking with PEC.*®*°

Water uptake behavior is critical for evaluating PEC-based
films for food packaging. Fig. 3C illustrates the swelling behav-
ior of the materials, highlighting their capacity to reach
maximum swelling percentages (S%). Both control films have
rapid water uptake reaching a dissolving value at 0.2 h aligning
with the findings by other authors,”*® so the solubility of
these controls cannot be tested. Notably, PEC-based films with
NAES exhibit significantly improved water uptake resistance,
enduring up to 3 hours of water immersion, which is 15 times
more than the duration of the control films. Specifically,
PECTA2 and PECTA4 show remarkable endurance, with $%
values of 300% and 125% after 1 hour and 3 hours of immer-
sion, respectively. These findings align with the FTIR results,
supporting the formation of a crosslinked network within the
PEC matrix, particularly for TA-based NAES. Similarly, PEC-
based films containing CA demonstrate superior water resis-
tance compared to the control films, also indicating the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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effective formation of a crosslinked network within the PEC
matrix. Additionally, films containing 400 wt% NAES display
enhanced swelling resistance compared to those with
200 wt%, attributed to the higher solvent concentrations
which increase TA and CA presence, resulting in a denser and
more robust crosslinked network, in line with other
reports.'*?

These results demonstrate that the swelling performance of
our films is on par with the leading examples in recent litera-
ture, as PEC-based films crosslinked with vanillin and Fe**° or
CaCl, ** which report swelling percentages around 1000% over
significantly shorter immersion times. This performance
underscores the effectiveness of NAES in enhancing the water
uptake resistance of PEC-based films, a traditional weak link
that limits their use in food packaging.

Consistent with the swelling behavior, films incorporating
NAES demonstrate reduced moisture content (MC) compared
to controls, as illustrated in Fig. 3D (blue bars). This reduction
in MC likely results from the crosslinking effect of NAES,
which limits water penetration into the films. Additionally, the
total soluble matter (TSM) values shown in Fig. 3D (yellow
bars) corroborate this observation. The TSM data clearly show
that films with NAES have consistently lower solubility than
the control films, following the same trend observed for swell-
ing assays.

Morphological characterization of the films

The SEM analysis of PEC-based films reveals diverse surface
morphologies that significantly reflect the structural and
chemical modifications resulting from various concentrations
and types of NAES used in their formulation. As shown in
Fig. 4A, the surface of Ctr2 displays roughness, consistent with
other studies on PEC-based films using glycerol as a
plasticizer.”*? In turn, Ctr4 exhibits a smoother surface rela-
tive to Ctr2, due to the increased amount of glycerol, which
enhances the surface integrity and uniformity of the material
through its plasticizing effect.

The inclusion of 200 wt% ChCICA and ChCITA NAES, as
shown in Fig. 4C and E respectively, reveals a marked improve-
ment in surface texture compared to the Ctr2. These films
exhibit smoother surfaces with some folds but are free from
pores or cracks, which illustrates the effective plasticizing
impact of NAES and their seamless integration into the PEC
matrix. At higher concentrations (400 wt%), shown in Fig. 4E
and F, this smoothing effect is more pronounced, indicating a
denser and homogeneous network. This is consistent with the
film’s swelling properties, where higher NAES concentrations,
linked to enhanced crosslinking, contributed to reduced water
uptake. Interestingly, compared to soy protein films with the
same NAES,' these PEC-based films exhibit better and more
uniform distribution, leading to a smoother surface. This
highlights how NAES modifies the microscale structure of
films depending on the matrix type, whether protein or poly-
saccharide, which significantly impacts their macroscopic
properties.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM images of Ctr2 (A), Ctr4 (B), PECCA2 (C), PECCA4 (D),
PECTA2 (E) and PECTA4 (F) films.

Mechanical properties of films

Strain vs. stress curves displayed in Fig. 5A and B highlight the
mechanical behavior of PEC-based films with 200 and
400 wt% of NAES or glycerol. Initial observation of the curves
reveals that control films exhibit higher strain values com-
pared to films with NAES, demonstrating the significant plasti-
cizing effect of glycerol. Notably, Ctr4, which contains a higher
glycerol content, exhibits higher elongation at break (EB) than
Ctr2. This result is consistent with prior findings, as plastici-
zers are known to improve film flexibility and stretchability
while reducing tensile strength (TS) by weakening inter-
molecular forces between polymer chains.>

The incorporation of NAES enhances stress values in all
samples relative to controls while decreasing strain, attribu-
table to the crosslinking effects of polyphenols and CA within
the NAES.”* Notably, Fig. 5C (blue-sky bars) illustrates that the
TS value of Ctr2 stands at 1.25 + 0.08 MPa. In comparison, the
incorporation of NAES increased TS values, with PECTA2
achieving the highest strength at 2.2 + 0.2 MPa and PECCA2
showing 1.5 + 0.14 MPa. This difference between PECTA and
PECCA films can be attributed to the higher number of OH
groups in TA compared to CA, which facilitates more extensive
hydrogen bonding and stronger interactions with the bio-
polymer matrix. Consequently, TA promotes the formation of a
more densely crosslinked network, thereby enhancing rigidity
and mechanical strength. Increasing NAES content from 200
to 400 wt% slightly reduces TS values, as evidenced by the TS
of PECTA4 and PECCA4 at 1.2 + 0.1 MPa and 1.0 + 0.9 MPa,
respectively. The EB values marginally decreased, for instance,
from 30.7 + 2.7% for PECCA2 to 27.8 + 3.7% for PECCA4, as
demonstrated in Fig. 5D (blue-sky bars). This trend is consist-
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Fig. 5 (A) Stress vs. strain curves of PEC-based films with 200 wt% of NAES or glycerol. (B) Stress vs. strain curves of PEC-based films with 400 wt%
of NAES or glycerol. (C) TS values for PEC-based films measured immediately after preparation and following 2-months of storage. (D) EB values for
PEC-based films measured immediately after preparation and following 2-months of storage. (E) Ym values for PEC-based films measured immedi-
ately after preparation and following 2-months of storage. (F) TT values for PEC-based films measured immediately after preparation and following
2-months of storage. Different uppercase indicates significant differences (p < 0.05) between different samples comparing the freshly prepared or
those after 2 months of storage separately. Lowercase denotes significant differences (p < 0.05) within the same film type, comparing fresh and

2-month stored conditions.

ent across all PEC-based films when comparing 200 wt% and
400 wt% NAES formulations. The decline in mechanical pro-
perties with increasing NAES concentrations can be attributed
to the antagonistic effects of plasticizing and crosslinking.
Specifically, as the NAES concentration reaches 400%, the plas-
ticizing effect becomes dominant over crosslinking, leading to
a decrease in mechanical strength. Moreover, despite extensive
crosslinking, the EB remains unchanged. This behavior likely
results from saturation of binding sites within the PEC matrix,
consistent with previous observations."’

1540 | RSC Appl. Polym., 2025, 3, 1531-1544

The Young’s modulus (Ym) values were higher for NAES-
incorporated films than controls, aligning with the observed
TS trends (Fig. 5E, sky-blue bars). Furthermore, in line with
the above observations, films with 200 wt% NAES
exhibit higher tensile toughness (TT) compared to those
with 400 wt% NAES or glycerol, as displayed in Fig. 5F (sky-
blue bars).

To further understand the durability of PEC-based films in
food packaging, we examined the mechanical properties after
2 months at 25 °C (Fig. 5, yellow bars). This assessment allows

© 2025 The Author(s). Published by the Royal Society of Chemistry
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us to evaluate how well the films maintain their mechanical
integrity over time.

Remarkably, all PEC-based films maintain their TS values
even after 2 months of storage, as illustrated in Fig. 5C, com-
paring sky-blue and yellow bars. However, the EB values for
Ctr2 and Ctr4 see a notable reduction, dropping from 32.4 +
1.7% to 20.2 + 5.2%, and from 46.5 + 1.3% to 33.3 * 4.0%,
respectively. In contrast, EB values of PEC-based films with
NAES remain relatively stable, around 20% (Fig. 5D, sky-blue
vs. yellow bars). The reduction in EB values for the control
films indicates material aging, likely due to moisture loss (as
these samples show the highest MC values, shown in Fig. 3D).
This observation aligns with previous findings on PEC-based
films which reported decreased EB after prolonged storage.’®
Similar trends were observed for both Ym and TT between
freshly prepared and 2-month-aged PEC films, with statistically
significant differences appearing only in the control samples
(Fig. 5E and F, sky-blue vs. yellow bars). This suggests that the
crosslinked network within the NAES-enhanced PEC films is
robust and dense enough to preserve mechanical properties
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over time, underscoring their potential for long-term food
packaging applications.

Antibacterial and antioxidant activity of films

Films with antioxidant and antimicrobial properties are essen-
tial for developing active food packaging that extends food
shelf life. To assess these properties, the in vitro antioxidant
and antibacterial activities of PEC-based films were evaluated
using bacterial growth inhibition by diffusion in agar and
DPPH assays.

As shown in Fig. 6A, control films, with a measured pH of
5, exhibited no antibacterial activity against either Gram-posi-
tive (S. aureus) or Gram-negative (E. coli) bacteria strains, con-
sistent with previous reports.’®”” In contrast, all PEC-based
films with NAES demonstrated inhibition zones for both bac-
terial strains. NAES act by disrupting bacterial cell membranes
through hydrophobic interactions, leading to leakage of essen-
tial intracellular components and bacterial death."”

The samples with 200 wt% and 400 wt% of ChCICA reached
inhibition diameters, for both bacteria strains, of around 29
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Fig. 6 (A) Inhibition zones of PE-based films against S. aureus and E. coli. (B) Antioxidant activities of the as-prepared films measured by DPPH
assay. (C) HPV values on chia oil after 25 days. (D) IP values on chia oil after 25 days. Mean values in chart bars with the same letter are not signifi-

cantly different (p > 0.05) according to the Tukey test.
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and 39 mm, respectively. As anticipated, larger inhibition dia-
meters were observed with increasing ChCICA content, which
we attribute to the elevated concentration of active com-
ponents in the NAES formulation. Specifically, organic acids
such as CA inhibit bacterial proliferation by integrating into
the bacterial cell membrane and disrupting protein
synthesis.”®

PECTA2 and PECTA4 films exhibit inhibition zones of
20 mm and 25 mm, respectively, against S. aureus, while both
films show a 15 mm inhibition diameter against E. coli. Here
TA works as an inhibitor of the NorA efflux pump, promoting
bacterial cell death.>®

Notably, films incorporating ChCICA NAES demonstrated
enhanced antibacterial activity compared to those with
ChCITA NAES, aligning with previous findings."” Interestingly,
although soy protein films containing the ChCITA NAES show
no antibacterial activity against E. coli, PEC-based films incor-
porating the same eutectic mixture do exhibit notable antibac-
terial effects. This improved efficacy is likely due to the acidic
environment provided by PEC in the presence of acidic NAES,
which lowers the pH to below 2.5, enhancing the antibacterial
effect.'® The primary antibacterial mechanism in PEC films
involves galacturonic acid, which disrupts bacterial cell walls
by forming a polyelectrolyte complex with lipopolysaccharides
on bacterial surfaces, thus impacting their permeability and
function.®® Importantly, control films without NAES show no
antibacterial activity, as the presence of glycerol as a plasticizer
maintains the environment at pH 5. This contrast highlights
the critical role of the acidic components within NAES in acti-
vating the antibacterial properties of the PEC-based films.

Concerning the antioxidant activity of the PEC-based films,
as shown in Fig. 6B, all samples demonstrated some level of
activity in DPPH assays. Ctr2 and Ctr4 exhibited 4 and 9 pmol
TE g~ sample, or 11% and 15% DDPHRSA, respectively. This
activity is attributed to the inherent antioxidant properties of
PEC, which vary depending on their source.'>°" It is important
to note that in our study, we used commercially available PEC
without specific origin details.

Remarkably, the PEC-based films with ChCITA NAES
demonstrate significantly enhanced antioxidant activities,
achieving 24 pmol TE g~' sample and consistently displaying
95% DPPHRSA. This robust performance is attributed to the
catechols and pyrogallol groups in TA, which effectively donate
electrons to neutralize DPPH radicals, as highlighted by Kim
et al.®® In turn, the hydroxyl groups and acidifier action of CA
also impart antioxidant activity, but is weaker than polyphe-
nols.®* Notably, when soy protein matrices combined with
ChCITA are used to develop films, they exhibit very poor anti-
oxidant activity.'> Therefore, the combination of PEC and
ChCITA presents a better prospect for extending the shelf life
of food products sensitive to oxidation.

Based on previous in vitro antibacterial and antioxidant
results, we conclude that these PEC-based films show excellent
prospects for extending the shelf life of food products. So, as a
proof of concept, their antioxidant properties were further
investigated in real food samples.

1542 | RSC Appl. Polym., 2025, 3,1531-1544
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For this, the antioxidant activity of the films was assessed
in chia oil over 25 days under accelerated oxidative conditions
at 40 °C. Hydroperoxide values (HPV) and induction period
(IP) measurements were conducted after the storage period of
all oil samples covered with the films to estimate their oxi-
dative stability. It is important to highlight that accelerated oxi-
dative conditions were thermally originated according to
Bordén et al.** As depicted in Fig. 6C, after 25 days, the oil
sample without any film showed an HPV of 56.7 + 3.5 meqO,
kg™" oil. In comparison, control films Ctr2 and Ctr4 recorded
HPVs of 30.3 + 1.3 and 24.6 + 2.7 meqO, kg " oil, respectively,
demonstrating the antioxidant activity of PEC, as corroborated
by the DPPH assay. However, despite this activity, these values
exceed the Codex Alimentarius limit for cold-pressed oils of
15 meqO, kg™ 0il.** In contrast, PECCA4, PECTA2, and
PECTA4 films display HPV values below this limit (Fig. 6C,
dashed line), with both films incorporating ChCITA showing
the lowest at 7.5 + 0.7 meqO, kg ™" oil.

In line, IP results (Fig. 6D) are consistent with the con-
clusions from the HPV tests, underscoring the substantial
impact of PEC-based films containing ChCITA NAES.
Specifically, the IP for the PECTA2 and PECTA4 were 4.61 +
0.28 h and 4.59 + 0.09, both significantly larger than the
control and PECCA films.

From these results, we demonstrated that the films devel-
oped with ChCITA effectively inhibit oxidative deterioration, as
evidenced by significantly lower HPV and extended IP
measured using the Rancimat method. Regarding the films
with ChCICA NAES, they exhibit antioxidant activity, attributed
to the inherent antioxidant properties of PEC and the hydroxyl
groups and acidifying action of CA. However, this activity is
not as potent as that provided by TA.

These promising results highlight the potential of these
films as a protective barrier against lipid oxidation, making
them a valuable strategy for extending the shelf life of chia oil
and other lipid-based food products.

Since we have demonstrated the ability of these films to
protect chia oil from oxidative processes, which suggests their
potential use as an oil coating material, the permeability or
diffusion of oil through these films was evaluated. The quali-
tative test confirmed the expected results based on the hydro-
philic properties of the films, showing that all PEC-based
materials exhibited oil permeation values below 0.5%. This
result confirms the absence of semi-macroscopic pores or
cracks, ensuring effective oil barrier properties, resulting in
advantageous for further antioxidant applications.

Conclusions

In this study, biodegradable PEC-based films containing high
concentrations of binary NAES, composed of ChCl and TA or
CA, were prepared. The films exhibited excellent UV light-
blocking properties, with PECTA4 film showing superior
visible light-blocking features. The increase in the amount of
NAES notably improved water resistance, with PECTA proving

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to be the most effective, likely due to the denser crosslinking
network formed by the synergistic interaction between TA and
PEC matrix.

Mechanical properties were also enhanced in NAES-con-
taining films, attributed to the robust molecular interactions
between TA and CA with the PEC matrix. Aging tests further
confirmed that PEC-based films containing NAES retained
their mechanical properties over time compared to controls.

These films effectively reduce the growth of both Gram-
negative and Gram-positive bacteria strains in in vitro assays.
Moreover, they demonstrate superior antimicrobial and anti-
oxidant performance compared to films that incorporate the
same NAES in a soy protein matrix, due to the intrinsic active
properties of the PEC matrix.

The films demonstrated preventing oxidation in chia oil
with PECTA films showing the highest antioxidant activity, a
result of the antioxidant capacities of TA, which effectively sca-
venge free radicals and protect chia oil samples against oxi-
dation, maintaining HPV values below the Codex Alimentarius
limit.

The simplicity of incorporating NAES into the PEC matrix
without the need for complex steps enhances the production
process’s feasibility for industrial scaling. The findings of this
study suggest that these NAES represent a viable strategy to
enhance both the functional and structural properties of bio-
polymer-based films. They also contribute antimicrobial and
antioxidant activities, resulting in environmentally friendly
materials capable of protecting and extending the shelf life of
high-lipid or low-moisture foods, such as oils or avocados.
This research contributes to the ongoing efforts in food
science to develop more sustainable and effective packaging
solutions, aligning with the green transition goals of reducing
environmental impact and utilizing renewable resources more
efficiently.
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