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This study focused on the recovery of antioxidant compounds from lemon and tomato by-products for use as
natural additives in the development of active food packaging formulated using three different polymeric
matrices that included low-density polyethylene (LDPE), polylactic acid (PLA), and G-polymer (GP). The films
were characterized according to chemical-physical, thermal analyses, and their barrier and mechanical prop-
erties. Migration assays were performed to evaluate the release of active compounds from polymeric matrices,

LDPE which were quantified in the food simulant by high-performance liquid chromatography with a diode array
PLA detector and then confirmed via liquid chromatography coupled to mass spectrometry. The antioxidant capac-
GP ities of the films were determined to evaluate their applicability for use as antioxidant-active packaging. The

incorporation of extracts into polymers resulted in different structural changes and enhanced properties ac-
cording to the nature of the polymeric matrix based on the interactions of the -OH groups of polyphenols and the
chemical groups of the polymers. The lemon (LE) and tomato (TE) extracts lead to a substantial improvement in
water barrier properties of PLA and GP-based films. The active PLA and GP films released high amounts of
polyphenolic compounds (up to 65% for GP containing LE); mainly hesperidin and eriocitrin for LE films, and
chrologenic acid for TE films. PLA loaded with lemon extract at 4% was selected as the most suitable for use as
antioxidant packaging to extend the shelf-life of foods with high fat content.

Mediterranean countries are large producers of citrus fruits and to-
matoes, particularly in Spain and Italy. The annual production of citrus

1. Introduction

The food industry provides a diverse array of offerings with many
natural products and their derivatives; however it is also responsible for
producing a large amount and variety of by-products (Khedkar & Singh,
2018) that reached 88 million tons in 2012 at an equivalent cost of 143
billion euros as estimated by the EU (Stenmarck et al., 2016).
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fruits and tomatoes from these nations was approximately 20 million
tons in 2020/2021 (European Commission. Eurostat, 2021; European
Commission. Eurostat, 2022). Other vegetables and fruit by-products
have long been known to possess high antioxidant capacities and anti-
microbial properties (Andrade et al., 2020; Barbosa et al., 2021;
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Faustino et al., 2019; Gowe, 2015), and they are a source of active
compounds that are associated with human health benefits (Barbosa
et al., 2021; Marti et al., 2017; Tamasi et al., 2019; Vallverda-Queralt
et al., 2011; Cetkovi¢ et al., 2012).

The antioxidant properties of fruit by-products promote their use as
food additives that can extend food shelf-life. Moreover, consumers
prefer natural antioxidants instead of synthetic food additives. This is
based on the knowledge that natural additives are healthier than syn-
thetic additives and on consumer awareness of the health benefits of a
diet consisting of natural and fresh foods (Carocho et al., 2014). For
these purposes, a number of natural extracts have been used as food
additives in food packaging, thus generating the well-known active food
packaging (Sanches-Silva et al., 2014; Susmitha et al., 2021; Vilarinho
et al., 2021; Zeng et al., 2021). This type of packaging improves food
quality by preventing spoilage and extending the food shelf-life (Abreu
et al., 2012).

Among the vast number of fruit by-products, peels are one of the
most common. Mango, orange, and pomegranate peels are frequently
used in the production of active packaging possessing antioxidant
properties (Adilah et al., 2018; Hanani et al., 2019; Jridi et al., 2019). In
addition to conventional polymers, extracts of fruit by-products, such as
gelatin or pectin are included in polymeric biodegradable matrices in a
concept termed circular economy (Kurek et al., 2021; Rangaraj et al.,
2021, 2022; Ribeiro et al., 2021). However, the physical properties of
these edible films may be improved to allow for the same use and utility
as conventional polymers.

Regarding traditional polymeric matrices used in food contact ma-
terials, LDPE is the most extended polymer for use in food packaging
applications due to its low cost and desirable chemical and mechanical
properties (Kormin et al., 2017). Studies often include its use as active
packaging when incorporating active compounds from different sources,
such as rosemary extract, natural extract from brewery wastes, grapes,
turmeric, coffee, and orange wastes (Barbosa-Pereira et al., 2014;
Giannakas et al., 2019; Iyer et al., 2016). In contrast, polylactic acid
(PLA) is a biodegradable polymer that allows high release rates of active
compounds (Jamshidian et al., 2013) using extracts from citrus peel or
almond shell by-products or other sources (Fiorentini et al., 2022;
Valdés et al., 2021). Another biodegradable polymer is the new highly
amorphous vinyl alcohol, that has been commercialized with the trade
name GP. This polymer exhibits improved properties compared to those
of polyvinyl alcohol (PVOH), which is one of the most used
water-soluble polymers (Russo et al., 2015). To the best of our knowl-
edge, no data are available regarding the application of GP as an active
film for food applications; however, its eco-friendly characteristics
might be of interest for this purpose.

This study was focused on the development of active food packaging
films based on the recovery of antioxidant compounds from lemon and
tomato by-products used as natural additives. The natural extracts were
incorporated into three different polymeric matrices (LDPE, PLA, and
GP) to select the most suitable film possessing antioxidant properties.
The physical and chemical characterization of the films, the determi-
nation of the phenolic compounds released, and the antioxidant capacity
of the active films were assessed to evaluate their application as
antioxidant-active packaging to extend the shelf-life of foods.

2. Materials & methods
2.1. Polymers & chemicals

High amorphous polyvinyl alcohol [G-Polymer, GP, grade OKS-8049
with viscosity 4.6 mPa s (4% aq at 20 °C)] was purchased from the
Nippon Synthetic Chemical Industry Co., Ltd. (Japan). Low-density
polyethylene (LDPE, Riblene FL30, with Melt Flow Rate 2.2 g/10 min
at 190 °C/2.16 kg, density 0.923 g/cm?, fusion point 110 °C) was pur-
chased from Polimeri Europa (Italy). The poly (i-lactide) polymer
(Ingeo™ Biopolymer 4032D, with specific gravity 1.24, MFR 7 g/10 min
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at 210 °C/2.16 kg, density 1.08 g/cm® at 230 °C, melting point
155-170 °C) was supplied by NatureWorks™ (Minnetonka, MN, USA).
Prior to further processing, the PLA pellets were dried at 90 °C for at
least 12 h under a vacuum due to their tendency to hydrolyze. Methanol
LC-MS grade, methanol and ethanol, (both HPLC grade), were supplied
by Merck (Darmstadt, Germany). Acetic acid was obtained from Sigma-
Aldrich (Germany). Ultrapure water (Type I) was obtained using an
automatic system of purification system (Wasserlab, Navarra, Spain).

Reference standards for individual phenolic compounds were pro-
vided by different providers. Catechin, epicatechin, rutin, naringenin,
quercitrin, caffeic acid, p-coumaric acid, eriocitrin, and protocatechuic
acid were purchased from Sigma-Aldrich (St Louis, MO, USA), gallic acid
and chlorogenic acid were supplied by Fluka Chemie AG (Bus,
Switzerland), p-hydroxybenzoic acid was provided by Alfa Aesar
(Karlsruhe, Germany), and hesperidin was provided by USP (Twinbrook
Pkwy, Rockville, MD, USA). All standards possessed purities >95%, with
the exception of quercitrin at a purity of 78%.

2.2. Tomato & lemon by-products extracts

Tomato pomace (a mixture of peels, seeds, and small amounts of
residual flesh) was industrially obtained through small-sized tomato
processing (cherry and date tomatoes) and stored at —20 °C until
extraction. Frozen pomace samples were ground using a home grinder
(La Moulinette, Moulinex, 2002). An aliquot of approximately 150 g was
mixed with 400 mL of three different solvents that included distilled
water (W); distilled water: ethanol (75:25, WE); and distilled water:
ethanol: formic acid (70:29:1, WEA). The extraction was performed
overnight at 4 °C in the dark. After extraction, the samples were filtered
using a Grade 1 Whatman® qualitative filter paper (Merck KgaA,
Darmstadt, Germany) under vacuum. The ethanol from the WE and WEA
extractions was evaporated using a rotavapor. The aqueous solutions
that resulted from the three different extracts were frozen at —20 °C and
then lyophilized. The extracts yielded were evaluated for total phenolic
compounds (see 2.9.1) and radical scavenging activity (see 2.9.3). The
tomato by-product extract with the highest antioxidant capacity was
used for films preparation.

The lemon by-product was kindly supplied by the Portuguese juice
company, Frubaga-Cooperativa de Hortofruticultores. The active extract
was obtained via solid-liquid extraction using absolute ethanol, as
described by Barbosa et al. (2021). Briefly, 50 mL of absolute ethanol
was added to 5 g of sample. The mixture was agitated on a compact
shaker (Edmund Biihler GmbH model KS-15, Hechingen, Germany) at
450 rpm for 30 min at room temperature (23 + 1 °C) while being pro-
tected from light. The mixture was then centrifuged (Heraeus Multifuge
X3 FR, Thermo Scientific, Langenbold, Germany) at 6000 rpm at 10 °C
for 10 min. Next, the supernatant was removed into a pear-shaped
amber flask, and the ethanol was completely evaporated on a rotary
evaporator (Biichi model R-210 Labortechnik, Switzerland) at 35 °C.
The extract was removed with the aid of a spatula, stored at —20 °C, and
protected from the light until further use. The FTIR spectra of the ob-
tained extracts are presented in Fig. S3.

2.3. Preparation of films formulations

The processing variables used to produce films containing active
substances were identified and later optimized. The LDPE, PLA, and GP
films containing the active substances (lemon or WE-tomato by-product
extracts coded as LE and TE, respectively) were prepared by direct melt
processing in a two-step procedure that included melt mixing and hot
compression. In detail, both extracts at a concentration of 4% weight
content of polymer matrices (w/w), were mixed with PLA, LDPE, and GP
in an internal mixer (Rheomix® 600 Haake, Germany) with a volumetric
capacity of 50 em® at 170 °C, 180 °C and 200 °C, respectively, and at 50
rpm for 5 min. This percentage of extract was selected as the optimal
amount based on film processability and preliminary antioxidant tests.
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Composite films were prepared by hot pressing the obtained matter
using a Collin P300P press at the previous three different temperatures
(P = 50 bar for 3 min). Six different polymer-based active composites,
coded as PLA_4LE, PLA_4 TE, LDPE_4LE, LDPE 4 TE, GP_4LE, and GP_4
TE that were obtained with thickness of approximately 100-150 pm. For
comparison purposes, neat PLA, LDPE, and GP films were manufactured
under the same specific processing conditions.

2.4. Characterization of active films

2.4.1. Fourier transform infrared spectroscopy (FTIR) of composite films

FTIR spectra were recorded at room temperature, using an FTIR
spectrometer (model Frontier Dual Ranger, PerkinElmer, USA) in
attenuated total reflectance mode from to 650-4000 cm .. Spectra were
obtained at a resolution of 4 cm™}, and the reported results are the
average of 64 scans.

2.4.2. Thermal analysis (thermogravimetric analyses (TGA) and
differential scanning calorimetry (DSC) of active films

Thermogravimetric analyses (TGA) were performed by using a
TGAQ500 instrument, (TA Instruments). The samples were heated in a
nitrogen flow up to 800 °C at a heating rate of 10 °C/min.

DSC tests were performed in a heat-cool-heat mode. The sample
(10-15 mg) was placed in a DSC pan and heated from —80 °C to 250 °C
at 10 °C/min. The acquired data were analyzed using the Universal
Analysis software to compute the necessary parameters.

2.4.3. Contact angle measurements of composite films

Contact angle measurements were performed using a DataPhysics
OCA 20 apparatus. Distilled water was dropped onto at least 10 different
sites on each sample, and the static contact angle was reported as the
average value of each individual measurement (Stanzione et al., 2017, p.
pp88).

2.4.4. Water permeability tests of active films

The water vapor permeability was determined using the infrared
sensor technology using a PermatranW3/31 (Mocon, Germany). Sam-
ples possessing a surface area of 5 cm? were tested at 25 °C. Permeation
tests were performed by setting the relative humidity at the downstream
and upstream sides of the film to 0% and 50%, respectively. A nitrogen
stream flow rate of 100 mL/min was used. Each test was performed in
duplicate (Stanzione et al., 2017, p. pp88).

2.4.5. Mechanical properties of composite films

Mechanical tests were performed according to ASTM D882 by using
a Lonost Testl Universal Testing Machine equipped with a 250N load
cell and by setting the cross-head speed of 5 mm/min. Five tests were
performed for statistical purposes.

2.4.6. Color analysis

The color of the films was determined by using a colorimeter (Min-
olta Chroma Meter, CR 300, Japan). The Hunter parameters L* (from 0
= black to 100 = white), a* (-a* = greenness to + a* = redness), and b*
(- b* = blueness to + b* = yellowness) were measured and averaged
from the random positions of each film. The total color difference (AE)
was calculated according to the following equation (Rhim et al., 1998):

2

AE= \/ (Lfilm — L.‘tam[an[)z + (aﬁzm — asmndard)z + (bﬁlm — b.mmdmd) (@)

The film opacity was determined according to the method of Park
and Zhao (2004) by measuring the absorbance at 600 nm using the a
V-550 UV/VIS spectrophotometer (Jasco, Japan). The films were cut
into rectangular pieces (3 cm x 0.4 cm) and placed directly into the
cuvette of the spectrophotometer. The results were reported as absor-
bance divided by film thickness (mm) based on five replicates (Park &
Zhao, 2004).
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2.4.7. SEM analysis

The morphological analysis of neat and loaded samples was per-
formed by scanning electron microscopy (SEM). In particular, a FEI
Quanta 200 FEG scanning electron microscope (ESEM) (FEI, Eindhoven,
The Netherlands) in high vacuum mode by using an accelerating voltage
within 10-20 kV range and a secondary electron detector (Everhart-
Thornley detector) were used.

2.4.8. Extraction of polyphenols from the polymeric matrix

Polyphenols were extracted to determine the total amount of active
compounds present in the polymeric matrices that were available for
release. Film samples were prepared by cutting three pieces that each
possessed a surface area of 6 cm?. Each piece was immersed in 10 mL of
ethanol in a hermetically closed vial and incubated in an oven (ULE400,
Memmert GmbH, Germany) at 70 °C for 48 h. Next, the samples were
placed in an ultrasonic bath (Branson 5510, Branson Ultrasonic Corp.,
Danbury, CT, USA) for 4 h at room temperature. Thereafter, the films
were removed from the vials, and 2 mL of ethanolic solution was
evaporated to dryness under a stream of nitrogen at 40 °C using an
evaporator system Labconco Rapid Vertex-Evaporator (Labconco Cor-
poration, Kansas City, MO, USA). Finally, 200 pL of ultra-purified water
(Type I) was added to the dry residue and filtered through 0.45 pm PTFE
hydrophilic filters prior to chromatographic analysis. All determinations
were performed in triplicate.

2.5. Migration assay of active films

Migration analysis was performed to evaluate the release of antiox-
idant compounds from active films based on the method described by
Lopez-de-Dicastillo et al. (2012), with a few changes. The films were cut
into 6 cm? rectangles, submerged in 10 mL of ethanol 95% (v/v) that
acted as the food simulant substitute for fatty foods, according to the
European Regulation n° 10/2011 and its amendments (European Com-
mission, 2011), and placed in an oven, for 10 days at 40 °C. At the end of
this period, the total content of phenolic compounds and flavonoids
released by the active films and also the antioxidant capacity of the
active compounds were determied.

For the chromatographic analysis, 4 mL of food simulant was ac-
quired and dried under nitrogen flow at 40 °C (nitrogen obtained from a
nitrogen generator Zefiro 40 LC-MS [Clantecnologica, Seville, Spain]).
Finally, the residue was redissolved in 200 pL of ultra-purified water,
and the final solutions were filtered through 0.45 pm PTFE hydrophilic
filters for further HPLC injection. All determinations were performed in
triplicate.

2.6. Controlled release assay

To predict the possible inhibition of lipid oxidation over longer pe-
riods, two additional controlled release assays were performed. The
applied method is described in section 2.5. Migration studies of the films
were performed for 10, 20, and 30 days. To evaluate the antioxidant
properties, the DPPH assay was performed as described in section 2.9.3.

2.7. Polyphenol identification and quantification via high-performance
liquid chromatography with a diode array detector (HPLC-DAD)

Polyphenols were identified and quantified using the methodology
described by Andrade et al. (2020) and Barbosa et al. (2021). The an-
alyses were performed using an Agilent HPLC 1200 (Hewlett-Packard,
Waldbronn, Germany) equipped with an autosampler, a pump, a
degassing system, a thermostatted column system, and a DAD that were
all controlled by HP ChemStation software. Phenolic compounds were
separated using a reverse-phase Kinetex EVO C18 100 A column (150 x
3 mm internal diameter, 5 mm of particle size) (Phenomenex, Torrance,
CA, USA) at 30 °C.

The mobile phase was composed of two solvents that included water
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with 0.1% acetic acid (solvent A) and methanol with 0.1% acetic acid
(solvent B). The working gradient was: 0 min, 95% of A, 5% of B; 3 min,
90% of A, 10% of B; 10 min, 80% of A, 20% of B; 18 min, 70% of A, 30%
of B; 25 min, 30% of A, 70% of B; 33 min, 0% of A, 100% of B; 33-40
min, 0% of A and 100% of B. Next, the column was returned to initial
conditions with 95% A from 40 to 46 min. The mobile phase flow was
0.6 mL/min, and the injection volume was 20 pL. Scanning was per-
formed continuously at wavelengths between 200 nm and 400 nm. The
phenolic compounds in the samples were identified comparisons to the
retention times and the UV spectrum obtained by the injected standards
under the same conditions. Quantification of phenolic compounds was
performed using the external standard method incorporating 6-point
calibration curves. Stock solutions of the individual standards were
prepared in methanol at a concentration of 1000 mg/L. Serial standard
solutions were prepared in water by diluting the stock solution at con-
centration ranges of 0.05-20 mg/L. Each concentration was prepared in
triplicate. Quantification was performed at the maximum absorbance of
the characteristic wavelengths of the different chemical families of the
phenolic compounds (278, 325, and 360 nm).

2.8. Polyphenol identity confirmation by HPLC-ESI-MS/MS

HPLC-ESI-MS/MS (Thermo Fisher Scientific, San José, CA, USA) was
used to confirm the presence of phenolic compounds. This instrument
was equipped with an Accela quaternary pump, a degassing system, an
autosampler, a column, and a TSQ Quantum Access max triple quad-
rupole mass spectrometer with an electrospray ionization (ESI) source
that functioned in positive and negative mode according to the phenolic
compounds analyzed. The chromatographic conditions and the column
used were the same as those described above for HPLC-DAD analysis.

MS data were acquired in selected reaction monitoring (SRM) mode.
Nitrogen gas with a purity of 99.98% was used as the ion sweep gas,
envelope, and auxiliary gas, and argon was employed as the collision gas
(1.5 mTorr). The MS/MS conditions selected were vaporization tem-
perature set at 340 °C, 2500 V for the electrospray voltage, capillary
temperature set at 350 °C, 25 psi of envelope gas, and five arbitrary units
of the pressure for the auxiliary gas. The identity of the phenolic com-
pounds was confirmed by comparing the retention time, precursor ion,
and fragmentation ions to those obtained from the injection of pure
standards.

2.9. Spectrophotometric assays and antioxidant capacity of films

2.9.1. Total polyphenolic content

The total phenolic content (TPC) in the food simulant (ethanol 95%)
in contact with the active film (see point 2.5) was quantified by using the
method described by Erkan et al. (2008). Briefly, 1 mL of sample was
mixed with 7.5 mL of Folin-Ciocalteu reagent (10%, v/v), and after 5
min, this was mixed with 7.5 mL of a sodium carbonate solution (60
mg/mL). The solutions were incubated for 2 h in the dark. At the end of
this period, the absorbance was measured at 750 nm using a UV-Vis
spectrophotometer Evolution 200 (Thermo Scientific™, Altrincham,
England). All analyses were performed in triplicate. Quantification was
performed using a calibration curve with gallic acid as the standard. The
results of the film migration tests were expressed as pg of gallic acid
equivalents per surface area of the film (ug GAE/dm?). The data for the
tomato extracts were expressed in mg of gallic acid equivalents per g of
dry weight (mg GAE/g) and are presented in Table S2. Data regarding
the lemon extract were described previously by Barbosa et al. (2021).

2.9.2. Total flavonoid content

The total flavonoid content (TFC) in the food simulant (ethanol 95%)
in contact with the active film was determined using the method
described by Yoo et al. (2008). Briefly, 4 mL of ultrapure water and 0.3
mL of sodium nitrite (5%, w/v) were added to 1 mL of sample. The
solutions were homogenized, and after 5 min, 0.6 mL of aluminum
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chloride (10%, w/v) was added. The solutions were again homogenized,
and after 6 min, sodium hydroxide (1 M) and 2.1 mL of ultrapure water
were added. The solutions were homogenized, and the absorbance was
immediately measured at 510 nm. A calibration curve using epicatechin
as a standard was drawn, and the results were expressed in pg of epi-
catechin equivalents (ECE) per dm? (pg ECE/dmz).

2.9.3. Radical scavenging assay

The determination of the inhibition percentage of the DPPH radical
in the food simulant (ethanol 95%) in contact with the active film was
performed according to the method initially described by von Gadow
et al. (1997) and adapted by Andrade et al. (2018). To 50 pL of the
sample, 2 mL of a methanolic solution of DPPH® (14.2 pg/mL) was
added, and the solutions were mantained in the dark for 30 min at room
temperature (23 + 1 °C). Next, the absorbance of the solutions was
measured at 515 nm using an Evolution 300 UV-Vis spectrophotometer
(Thermo Scientific™, England). The inhibition percentage (IP) was
calculated using equation (1):

AC —AS
— X

IP (%) ===

100. (2)
where AC is the absorbance of the blank (water), and AS is the absor-
bance of the sample.

2.10. Statistical analysis

The films were formulated and further experiments were conducted
in triplicate. Statistical data analysis was performed according to a one-
way analysis of variance (ANOVA) using IBM® SPSS® Statistics version
26. Tukey’s test was used to analyze the differences among mean values.
All requirements necessary to perform the ANOVA (normality of data
and homogeneity of variances) have been validated. Statistical signifi-
cance was defined as p < 0.05.

3. Results and discussion
3.1. Physical and functional characterization of the active films

The manufactured films were characterized to investigate the effect
of LE and TE extracts loading on the chemical structure, thermal sta-
bility, diffusion properties, and mechanical behavior of the hosting
polymer. The six different active films that were developed in this study
are shown in Fig. S1, the color analysis and opacity of the films are re-
ported in Table S1.

3.1.1. Fourier transform infrared spectroscopy (FTIR) of active films

FTIR analysis was performed to study the potential interfacial in-
teractions in LDPE, PLA, and GP composites. For this purpose, FTIR
experiments examining LDPE 4LE, LDPE 4 TE, PLA 4LE, PLA 4 TE,
GP_4LE, and GP_4 TE composites were performed, and the results were
compared to the results of those assessing the neat polymer matrix. FTIR
experiments were also performed to assess the natural extracts prior to
their inclusion in the polymeric matrices, and the results are presented
in Fig. S2 and discussed in the supplementary material section. All
spectra are provided in Fig. 1. In the case of the LDPE-based composites
(Fig. 1a), the effects of both LE and TE loading were negligible. All
spectra exhibit characteristic LDPE bands at 2915 cm™!, 2848 cm Y,
1463 cm’l, and 1377 cm™! that are ascribed to —CH; asymmetric, -CH;
symmetric, stretching deformation, and —CH3 symmetric bending
deformation vibrations, respectively. The frequencies at approximately
729-719 cm™! are related to the deformation vibrations (Dogan et al.,
2018).

The spectra for PLA and its composites loaded with lemon and to-
mato extracts are presented in Fig. 1b. The absorption peaks at 2997 and
2945 cm™! are primarly due to the —CH asymmetric and symmetric
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Fig. 1. FTIR spectra for: (a) LDPE, LDPE 4LE, and LDPE 4 TE films; (b) PLA, PLA 4LE, and PLA 4 TE films; (c) GP, GP_4LE, and GP_4 TE films.

vibrations, respectively. A strong absorption band was observed at 1747
cm™! due to C=O stretching from PLA. The bending vibrations within
the region 1300-1500 cm ™! range are related to the antisymmetric and
symmetric deformations of the —-CHj3 group. The bands at 1266 and
1209 cm™! are ascribed to the C-O-C antisymmetric and symmetric
stretching in esters, and the peak at 1180 cm ™! could be attributed to the
C-O-C stretching of PLA. The three peaks, respectively at 1,125, 1,080,
and 1040 cm ™! may correspond to C-O stretching vibrations. The last
two bands detected at 868 and 755 cm ! (far infrared) can be assigned
to the amorphous and crystalline phases of PLA, respectively (Pamuta
et al., 2001). The presence of LE did not significantly affect the chemical
behavior of PLA. In contrast, the TE addition led to an intensification of
all PLA characteristic peaks, and this was likely related to the presence of
the natural extract -C—0 and —CH; functional groups.

The neat GP and the GP-based active film highlight all major peaks
related to the hydroxyl and acetate groups (Fig. 1c). The large bands
observed between 3550 and 3000 cm™! are related to ~OH stretching
arising from the intermolecular and intramolecular hydrogen bond
networks. Furthermore, absorption bands that are ascribed to —OH vi-
bration and H-OH bending of absorbed water molecules may also be
present in this region due to the high GP hydrophilicity (Wang et al.,
2020). The peaks at 2,940, 2,910, 1425 and 1329 cm ™! are ascribed to
the —CHy groups asymmetric and symmetric stretching, -CH, bending
vibration, and -CH deformation respectively. The peak at 1720 em s
due to the C=0 stretching from acetate groups (Peresin et al., 2010),
whereas the two peaks at 1114 cm ™! and approximately 1080 cm ™! are
assigned to the C-C stretching vibrations of the polymeric chain in the
crystalline phase. The loading of TE and LE into the polymeric matrix
reduced the peak intensity in the region between 3500-3000 cm ™! in a
relevant manner. The decrease in the absorbance intensity of the -OH
band in this region could be likely related to the relevant amount of
highly reducing agents such as ascorbic acid and superoxide free radical
scavengers that may have led to a reduction in the hydroxyl group
concentration as indicated by the FTIR spectra (Kannat et al., 2017;
Wang et al., 2020).

3.1.2. Thermal analysis (TGA and DSC) of composite films

Thermal stability in terms of degradation, crystallinity, and glass
transition, of neat LDPE, PLA, GP, and the resulting composites was
studied using TGA and DSC. Fig. 2 presents the temperature-dependent
mass loss behavior of the three different polymers and the corresponding
loaded systems. A single degradation step was used to characterize the
LDPE and LDPE-based composites. Both LDPE and LDPE_4LE exhibited
similar maximum degradation rates (Fig. 2a). Conversely, TE loading
into the LDPE matrix shifts the maximum degradation rate toward
higher temperatures compared to those of the neat polymer curve (blue
curve in Fig. 2a). TE addition could, as a consequence of the melt mixing
process, likely induce a contact-by-contact structural configuration be-
tween filler particles and macromolecules, thus leading to an effective
reduction of the molecular weight of the hosting polymer and a conse-
quent higher volatility of the blends that is clearly reflective of the
thermal stability of the final system and also the mechanical data. It is
reasonable to assume that the molecular length of the polymer is
reduced, thus leading to a higher stability, and that the presence of
contact will reflect the lower modulus and elongation at break for the
final composite films (Fig. 3) (Yusof et al., 2018; Suner et al., 2015).
Neat PLA (black curve in Fig. 2b) undergoes a single-step degradation
process with the main degradation peak at around 370 °C, and the
incorporation of LE into the PLA matrix slightly decreased the thermal
properties of the resulting composite. The TE addition induced a lower
thermal stability of the resulting composite, thus reducing the maximum
temperature of the degradation rate. The addition of both LE and TE led
to a decrease in the cold crystallization temperature (Tc) of the resulting
composites. This phenomenon is more evident in the experiment
involving the TE filler and could be ascribed to both the increased chain
mobility that enables PLA to crystallize at lower temperatures upon
cooling and the TE plasticizing effect that was confirmed by the attained
mechanical performance (see Fig. 3 and Table 2) (Kang et al., 2018). In
the case of the GP composites (Fig. 2c), the effect of both loading extracts
was negligible. Indeed, all the curves are characterized by two degra-
dation step mechanisms and exhibit a maximum degradation rate at
342.8 °C and 407.0 °C, respectively.

The DSC thermograms were analyzed, and the main characteristic
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Fig. 2. TGA curves for: (a) neat and LDPE-based composites; (b) neat and PLA-based composites; (c) neat and GP-based composites.
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Fig. 3. Stress vs strain cuves for: (a) LDPE, LDPE _4LE, and LDPE_4 TE films; (b) PLA, PLA_4LE, and PLA 4 TE films; (c) GP, GP_4LE, and GP_4 TE films.

parameters related to the second scan are listed in Table 1.

Analysis of the DSC data reveals that the effect of filler is relevant
regarding GP but is not substantial in the case of PLA and LDPE. For the
GP matrix, the glass transition temperature is reduced from 85 °C to
77 °C, thus supporting the conclusion that a plasticization phenomenon
occurred.

3.1.3. Contact angle measurements and water permeability of composite
films

The influence of LE and TE on the barrier properties of the active
films was investigated by measuring of water vapor permeability and
also the hydrophobicity of their surfaces through the use of contact
angle analysis. The contact angle images and water permeability results
for LDPE, PLA, and GP and for the respective neat films are presented in
Fig. 4.

It can be observed that the addition of LE to the LDPE matrix does not
significantly affect its water permeability, whereas the addition of TE
leads to an increase in the water permeability of approximately one
order of magnitude compared to that of the neat polymer (Fig. 4a). For
the other polymer matrices, we observed in both cases that the addition
of LE leads to a decrease in water permeability of approximately 44.6%
and 34.8%, respectively, for the GP and PLA. For the TE loading, this
decrease was approximately 22.0% and 12.2%, respectively.

Wettability measurements revelead that the hydrophilic features of
the neat polymers of LDPE and GP were not modified by the presence of
the extracts, as the contact angle values changed only within the
experimental error range. A significant variation was observed only for
the PLA 4LE film that exhibits an increase in the surface hydrophilicity
(contact angle value of approximately 78°). Thus, it is likely that the
observed water barrier improvement can be ascribed not to a solubility
reduction related to a more hydrophobic surface and instead to diffu-
sivity reduction that is likely due to a crosslinking effect that is evi-
denced by the mechanical properties behavior.

3.1.4. Mechanical properties of composite films
Mechanical characterization in the tensile configuration was

Table 1
DSC (second scan) parameters of neat LDPE, PLA, GP and corresponding active
films prepared with extracts from tomato and lemon by-products.

Tg (°C) Teota (°C) AHcola (J/8) Tm °O) AHp (J/8)

LDPE 109.9 100.9
LDPE_4LE 110.3 130.3
LDPE_4 TE - - 111.6 124.9
PLA 60.9 111.9 35.3 167.2 43.7
PLA_4LE 58.8 103.4 36.4 165.1 51.6
PLA 4 TE 60.5 107.1 35.9 165.7 40.7

GP 85.3 - - - -

GP_4LE 77.9 - - - -

GP_TE 76.4 - - - -

Tg - glass transition temperature; Tcold - crystallization temperature; AHcold -
crystallization enthalpy; Tm - melting temperature; AHm - melting enthalpy.

Table 2
Measured parameters from mechanical tensile tests of neat LDPE, PLA, GP and
the respective active films.

Stress at break Elongation at break Young Modulus

(MPa) (%) (MPa)
LDPE 93+06° 367.8 + 48.4 2 175.0 + 7.4 ¢
LDPE4LE 89+0.7° 130.4 +25.3°¢ 104.2 + 8.1 ¢
LDPE4TE 9.0+05°¢ 192.1 +38.3° 158.1 + 5.4 ¢
PLA 36.3+35% 1.9+03f 1957.4 + 166.8
PLA_4LE 39.8+5.82 2.7 +0.4°f 2206.4 + 218.7 °
PLA4TE 243 +23° 23+02f 1410.4 + 260.7 a
GP 88+0.4° 1287 £15.7 ¢ 435+ 4.74
GP_4LE 47 +0.749 52.4+8.8°¢ 21.1+£1.74
GP_4TE 6.0 £ 0.3 64.1 +13.3¢ 22,9 +3.24
sig. sk . -

performed to analyze the induced effect of LE and TE on the macroscopic
behavior of LDPE, PLA, and GP-based composite films compared to the
behavior of neat films. Table 2 reports the averaged values and corre-
sponding standard deviations for the Young Modulus, Stress and Elon-
gation at break of five samples. For completeness purpose, the trend of
the mechanical behavior of all neat and composite films are reported in
Fig. 3 as the stress-strain curve of one single tested sample chosen among
the five tested for each typology. From the obtained data it can be noted
that the presence of both LE and TE filler within each matrix causes an
embrittlement of the neat system, thus reducing the maximum extension
at failure by approximately 65%, 30%, and 60%, respectively, for LDPE-,
PLA- and GP-based composite films containing LE and approximately
50%, 15%, and 26% for the same films containing TE extract. This is
likely due to a crosslinking formation between the phenolic compounds
and the polymer matrices that hinder the intramolecular mobility and
thus create a more rigid structure (Menzel et al., 2020; Stanzione et al.,
2021). It has been demonstrated that the failure is almost unaffected in
the case of LDPE films, is slightly reduced (approximately 10%) in the
case of PLA_4LE, and is reduced by approximately 40%, 46%, and 30%
in the cases of PLA/TE, GP/LE, and GP/TE, respectively. The major
relevant effect is related to the presence of the plateau that was observed
in the case of GP and that completely disappeared in the films containing
both fillers. For the Young modulus values of the samples that were
tested, this value was reduced by approximately 40%, 51%, and 46% in
the cases of LDPE/LE GP/LE, and GP_4 TE, respectively, and it remained
unchanged or affected within the experimental error in the cases of
LDPE 4 TE, PLA_4LE, and PLA 4 TE, respectively. The obtained results
reveal that the mechanical properties of PLA-based films remain pre-
dominantly unaffected by the presence of the active extracts. In order to
assess the roughness induced by the manufacturing process and to
investigate characteristic failure modes to be correlated with the anal-
ysis of mechanical tests, SEM analysis was also performed, on both the
surface and the cross section of tested samples. SEM images are reported
in Fig. S3 and morphological analysis is discussed in the SI section.
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3.1.5. Polyphenolic profiles and contents of films and migration results

Table 3 displays the phenolic compounds that were identified and
confirmed using HPLC-ESI-MS/MS. Each compound was characterized
according to its retention time (Rt), maximum absorption wavelength
(Amax), structural class, molecular formula, molecular ion, and main MS/
MS fragments. A total of 11 phenolic compounds were identified in the
lemon-based films, whereas in the tomato-based films, there were seven
compounds. Phenolic acids such as protocatechuic, caffeic, p-coumaric,
and chlorogenic acids and the flavonoids rutin, naringenin, and quer-
citrin were identified in films produced with both extracts. In contrast,
4-hydroxybenzoic acid, ferulic acid, eriocitrin, and hesperidin were
detected in lemon-based films. The polyphenolic profiles are in agree-
ment with those observed for lemon and tomato by-products that were
described previously in the literature (Barbosa et al., 2021; Tamasi et al.,
2019; Vallverdi-Queralt et al., 2011).

Table S3 summarizes the parameters for detection and quantification
of the phenolic compounds by HPLC-DAD, including the maximum ab-
sorption wavelengths (Amax), linearity, LOD, and LOQ analysis, and the
standard curves. Fig. S4 presents the chromatograms that were acquired
at 278 nm for one replicate of each sample film from HPLC-DAD, and the
results from the extraction and migration assays are provided in Table 4.

All phenolic compounds identified in LDPE 4 TE by mass spec-
trometry were at levels below the LOQ. Conversely, for PLA_4 TE, the
polyphenols caffeic acid, p-coumaric acid and chlorogenic acid were
quantified, and the latter was observed at higher concentrations (18 pg/
dm?). For the GP_4 TE film, the compounds protocatechuic acid,
chlorogenic acid, rutin and naringenin were quantified. The most
abundant compounds in this film were naringenin, rutin, and they
reached concentrations of approximately 10 pg/dm? (Table 4). These
results are in agreement with those previously described in the literature
by Cetkovié et al. (2012) for tomato wastes, where naringenin and rutin
were found in higher amounts.

Among the compounds identified by mass spectrometry in
LDPE _4LE, 4-hydroxybenzoic acid, p-coumaric acid, quercitrin, and
naringenin were quantified by HPLC-DAD. 4-hydroxybenzoic acid was
present at the highest concentration (10 pg/dm?). In PLA_4LE, the
compounds that were quantified were 4-hydroxybenzoic acid, chloro-
genic acid, p-coumaric acid, ferulic acid, eriocitrin, hesperidin, rutin,
and naringenin. From these, eriocitrin and hesperidin were present in
higher amounts at concentrations of 79 and 85 pg/dm?, respectively.
These flavonoids were previously described as the major phenolics that
were onbserved in lemon by-products by Barbosa et al. (2021). GP_4LE,
4-hydroxybenzoic acid, eriocitrin, hesperidin, quercitrin, and nar-
ingenin were quantified. Additionally, eriocitrin and hesperidin were
present at high concentrations (164 and 109 pg/dm?, respectively).

Among all the active films that were formulated, the LDPE polymers
exhibited the lowest capacity to release phenolic compounds. In
contrast, PLA and GP possessed 7 to 15-folds higher release rates. These

differences could be due to the low diffusion coefficient of LDPE that is
related to the molecular structure of the active compounds and, thus,
their capacity to be liberated. (GilakHakimabadi et al., 2019; Wang &
Rhim, 2016).

Considering the dataset from all lemon-based films presented in
Table 4, GP_4LE displayed the highest migration percentage (65.0%),
and this was followed by PLA 4LE (30.7%) and LDPE_4LE (4.4%).
Among the phenolic compounds, 4-hydroxybenzoic and naringenin
exhibited favorable migration from all films. Eriocitrin and hesperidin
were the most abundant compounds in GP_4LE and PLA _4LE.

The films formulated with lemon extract released high amounts of
individual and total phenolic compounds to the food simulant in the
specific migration assay. These differences were also observed in the
ethanolic solution obtained from the complete extraction assay of the
different polymeric matrices. Even though the amount of the lemon and
tomato extracts included in the films were the same, the results
confirmed that the nature of the polymeric matrix might interfere with
the availability of the extractable active compounds. Thus, the migration
of the active compounds also depends upon the polymeric matrix, where
GP is the most suitable for polyphenols release.

3.2. Antioxidant capacity and total phenolics and flavonoids contents

As anticipated, neat PLA, LDPE, and GP did not inhibit the DPPH
radical (Table 5). The PLA_4 TE presented the highest DPPH® IP (9.10 &
0.25%), and this was followed by the GP_4 TE, GP_4LE, and PLA_4LE
(4.55 + 0.67%, 4.35 + 0.17% and 4.24 + 0.32%, respectively). This
high antioxidant capacity of tomato extract could be due to the presence
of the hydroxycinnamic acids (caffeic acid and chlorogenic acid) that
were identified and quantified by HPLC (Table 4, Fig. S4). The PLA_4 TE
also exhibited the highest content of phenolic compounds (5004.9 + 4.5
pg GAE/dm?), and this was followed by the GP_4 TE (4860.6 + 38.2 ug
GAE/dm?), GP_4LE (4545.8 + 24.9 ng GAE/dm?), and PLA_4LE (4073.7
+ 140.5 pg GAE/dm?). For the neat PLA, LDPE, and GP, lower responses
to and in the spectrophotometric assays were also observed, and these
responses were likely due to the presence of other compounds possessing
—OH groups that were present in the polymer. Regarding the total con-
tent in flavonoids, the PLA_4LE exhibited the highest value (5672.2 +
395.8 pg ECE/dm?), and this was followed by the GP_4LE (3464.0 +
182.8 pg ECE/dm?) and the GP_4 TE (2855.3 + 183.2 pg ECE/dm?).
These results were in agreement with the HPLC data, as the main
compounds quantified in these films were flavanone and flavonol gly-
cosides (Table 4).

It is evident that the PLA and GP films present a higher migration
than do the LDPE films, thus confirming that they are more suitable
polymers for use in active packaging systems.

Although the radical scavenging assay values for the PLA and GP
active films were similar, except for PLA_4 TE that was higher, in general
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- the PLA films exhibited improved properties. However, considering the
& appearance of the films, those containing tomato extract possessed a
BlsSSSS xSS xS more intense brown colour compared to the color of those containing
lemon by-product extract (see Fig. S1), and this may represent a limi-
Lé tation considering the consumer acceptance of the hypothetical final
< incorporation of these films into the market as active packaging. Thus, to
BISSSSSSSSANS consider and balance the water barrier and mechanical results of the
e ) PLA_4 TE sample, the films prepared with the lemon by-product extract
g :. E (PLA_4LE) were selected as the most suitable for further investigation.
E é ON XSS X xxsSaa | B To evaluate the stability and possible inhibition of lipid oxidation,
E the antioxidant capacity of PLA that was supplemented with 4% of
= ; lemon by-product extract (PLA_4LE) was also tested after 20 and 30 days
N E of contact with the food simulant (95% ethanol) at 40 °C. As presented in
O S XS NS X X XSS NS % Fig. 5, the active compounds of the active film gradually migrate to the
- 2 simulant and still possess some radical scavenging activity even after 30
g < days at 40 °C, thus indicating that the lemon extract is somehow pre-
< Y served and protected by the PLA film. This gradual migration can be
BSOS XX NS § useful for preserving fatty foods, as lipid oxidation will gradually in-
- c) crease with storage time. Based on the results obtained in this study and
Q :. 2 the antioxidant activity and the TPC and TFC content of the isolated
E E g extracts, the packages incorporated with the lemon by-product extracts
L D R appear to be the most useful for packing fatty foods with high percent-
el 2 E ages of unsaturated lipids, as they are the most susceptible to lipid
’ § § g g g é :033 3@3"3 :°-3 § ; oxidation.
£ EEE.FE8%82%|3
-:; % % g "? g g %%%%% % 4. Conclusions
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‘g § é g § g g c% % % g % E Three different polymeric matrices (LDPE, PLA, and GP) were loaded
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g‘ during industrial juice processing.

T ° The FTIR analysis indicated that the use of LE and TE fillers may lead
% f to chemical changes in the structure of the neat polymeric matrices
g o (primarily in PLA- and GP-based composites) due to the interactions

E" % with the ~OH groups of TE and LE polyphenols.

& ] The crosslinking effect of the polymer matrix lead to a substantial
g § o v o o improvement in water barrier properties for PLA and GP-based films
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= 8 T were those possessing mechanical properties that remain slightly
i E : affected by the presence of the active extracts.
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& § antioxidant capacity, and thus, they possess high potential for use in
g é E active packaging. Hesperidin and eriocitrin were the most important
5|5 - compounds in lemon extract films. Protocatechuic acid and chlorogenic
2 ij S - &S5 ; acid were the primary compounds in the tomato films. The specific
8 E Cma’ % % = % ERERERRER = migration assay suggested that PLA_4LE was the best film to release high
2| S RN RCIE = amounts of phenolic compounds (predominantly flavonoids). Further
i :‘30 studies are required to evaluate the effectiveness of active films con-
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Table 4
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Total concentration of the different phenolic compounds presents in the films and concentrations determined by specific migration assay with HPLC-DAD and

expressed as pg/dm? film.

Compound Assay Lemon extract Sig. Tomato extract Sig.
GP PLA LDPE GP PLA LDPE
Protocatechuic acid Extraction <LOQ <LOQ <LOQ 10.45 + 0.92 <LOQ -
Migration <LOQ <LOQ <LOQ 5.40 £ 0.79 ® <LOQ -
4-hydroxybenzoic acid Extraction 13.59 + 0.50 <4 20.70 +1.11 > 10.10 + 0.64 27 ek - - -
Migration 10.16 + 1.78 € 11.58 + 0.62 ¢ 9.97 £ 0.324 n.s. - - -
Caffeic acid Extraction <LOQ <LOQ — <LOQ 10.09 + 3.86 " <LOQ
Migration <LOQ <LOQ - <LOQ 5.19 + 3.17 <LOQ
Chlorogenic acid Extraction <LOQ 7.94 +0.95 ¢ <LOQ 9.96 + 0.25 ° 18.11 + 0.39 <LOQ ok
Migration <L0Q <LOQ <LOQ 317 +0.31°€ 3.50 + 2.24 <LOQ ns.
p-coumaric acid Extraction <LOQ 11.78 + 1.80 < 3.71 £ 0.55 ¢ ok <LOQ 2.58 +0.15 ¢ <LOQ
Migration <LOQ 7.72 + 0.32 2% 2.22 +0.95 < i <LOQ <LOQ <LOQ
Ferulic acid Extraction - 10.59 + 2.58 <4 - - - -
Migration - 0.25+0.01F - - - -
Eriocitrin Extraction 164.68 + 4.60 ™* 79.04 + 1.25 % - el - - -
Migration 124.21 + 24.00 A% 31.85 +1.25 % - *x - - -
Hesperidin Extraction 109.03 + 4.53 > 85.31 +9.07 % - wx - - -
Migration 90.07 + 18.48 B¢ 55.97 + 0.83 A% - * - - -
Rutin Extraction - 8.02 + 0.28 ¢ <LOQ 11.66 + 0.53 <LOQ <LOQ
Migration - <LOQ <LOQ 15.63 + 0.38 A <LOQ <LOQ
Quercitrin Extraction 15.62 + 0.30 * <LOQ 4,95 + 2,13 >* bl <LOQ <LOQ <LOQ
Migration 9.80+2.29°¢ <LOQ <LOQ <LOQ <LOQ <LOQ
Naringenin Extraction 9.16 + 0.48 4 16.71 + 3.88 > 7.49 + 1.77 2 > 10.92 + 1.66 <LOQ <LOQ
Migration 4.68 +1.49 € 4.96 +2.35F 3.77 +£0.16 ® n.s. <LOQ <LOQ <LOQ
Sig. Extraction ok worx o n.s. ok n.a.
Migration i bl i ki n.s. n.a.

Statistical significance: ***p < 0.001; **p < 0.01; *p < 0.05; and n.s. = not significant (p > 0.05). Different capital letters show the statistical significance among the
migration dataset for the three polymeric matrices, while the lowercase letters display the differences among the extraction data obtained for the several films prepared
with lemon or tomato byproducts extracts. On the other hand, different Greek letters displayed the statistical significance among the phenolic compounds quantified
within the same film after the extraction process of the films. n.a., not applicable; LOQ, Limit of quantification.

Table 5

Results for the DPPH radical inhibition assay and the determination of the Total
Phenolic Content of the migration assays, presented in pg of Gallic Acid
Equivalents per dm?, and the Total Flavonoids Content presented in pg of Epi-
catechin Equivalents per dm?. The results are presented as mean =+ SD of three

replicates.

Film DPPH" Inhibition TPC (pg GAE/ TFC (pg ECE/
sample Percentage (%) dm?) dm?)
LDPE 0.64 + 0.2 3070.2 £ 8.8%  1671.9 + 282.5
abe
LPDE _4LE 0.99 + 0.09 = 3467.8 +16.37  1890.2 + 74.6
abc
LDPE4TE  1.46 +0.16° 3264.1 +585% 1353.5+201.5¢
PLA 0.00 + 0.04 2994.2 +12.7°¢  1645.9 + 120.0
abc
PLA_4LE 424 +032° 4073.7 +140.5  5672.2 +395.8f
e
PLA 4 TE 9.10 +0.25 ¢ 5004.9 + 4.5 9 1968.3 + 206.4
abe
GP 0.51 + 0.41 3193.0 + 23.9 2260.6 + 273.6
ab abde
GP_4LE 435+ 017 ¢ 4545.8 +24.9%  3464.0 + 182.8°
GP_4TE 455 + 0.67 4860.6 + 38.2¢  2855.3 + 183.2

de

Different superscript lower-case letters denote significant differences (p < 0.05)
among samples by Tukey’s test.
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