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p-Limonene (LIM) is a terpene widely used as an additive in biopolymer-based active films, but its low
thermal stability limits its applications. This study proposes using its thermally stable oligomer derivative,
poly(limonene) (PLM), as an active component in sodium alginate (SA) films. PLM was synthesized via
photopolymerization of LIM under mild conditions, yielding non-volatile oligomers with enhanced
thermal stability. Scanning electron microscopy revealed a homogeneous surface distribution of the
active oligomer in the films. Confirmatory analyses using Fourier-transform infrared spectroscopy and X-
ray diffraction indicated reduced crystallinity after PLM incorporation. The addition of the active
compounds did not significantly affect moisture content or water vapor permeability. While pure LIM
exhibited inhibitory antimicrobial effects, none of the film solutions showed antimicrobial activity, likely
due to low additive concentrations. Nonetheless, films with PLM demonstrated improved thermal
stability and mechanical properties, with tensile strength increasing from 36 + 3 MPa to 46 + 5 MPa and
elongation at break from 3.7 + 0.8% to 14 + 5% compared to the control films. Additionally, they
presented a noticeable reduction in UV transmittance, indicating an improved UV light barrier. Films
containing PLM also showed higher antioxidant activity than both the control and LIM films, with DPPH
and ABTS scavenging effects of 7.8 £ 0.7% and 77 + 16%, respectively. Overall, incorporating PLM is
a promising strategy for utilizing citrus industry by-products, adding value to this natural compound
while producing functional, biodegradable packaging materials with enhanced barrier and antioxidant
features. Importantly, this work highlights the unexplored potential of PLM in SA films and provides new
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Sustainability spotlight

Packaging must be both circular and high-performing. We valorize a citrus by-product (p-limonene) by converting it via mild photopolymerization into
poly(limonene) (PLM) and incorporating it into biodegradable sodium alginate films. Replacing volatile limonene with its oligomer enhances the material's
thermal and mechanical properties, strengthens the UV-light barrier, and boosts antioxidant function without increasing moisture content or water vapor
permeability. This molecular-design route upgrades renewable feedstocks into multifunctional materials, contributing to SDG 12 (Responsible Consumption
and Production), SDG 9 (Industry, Innovation and Infrastructure), and SDG 13 (Climate Action).

radiation, gases, and humidity." To meet these requirements,
synthetic polymer films are predominantly used due to their low
permeability to gases and water vapor, favorable strength-to-
weight ratio, flexibility, thermal stability, and economic
viability.>* Owing to their unique characteristics, the packaging
industry has seen a rising demand for fossil-based polymers,

1 Introduction

Food packaging plays a crucial role in protecting products against
external agents, preventing exposure to microorganisms, light

“Department of Food Engineering and Technology, School of Food Engineering,
University of Campinas, 13083-862 Campinas, Brazil. E-mail: luismj@unicamp.br
*Department of Materials and Bioprocess Engineering, School of Chemical
Engineering, University of Campinas, 13083-852 Campinas, Brazil

“Department of Food Science and Nutrition, School of Food Engineering, University of
Campinas, 13083-862 Campinas, Brazil

© 2026 The Author(s). Published by the Royal Society of Chemistry

driving research towards more sustainable alternatives. These
efforts primarily focus on creating materials from renewable
sources that balance functionality and efficiency.

Biopolymers stand out because of their renewable origin and
biodegradability.* The most studied biopolymers for packaging
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include proteins and polysaccharides such as pectin,® chito-
san,*’ chitin,®® carrageenan,” starch'®** and sodium alginate,"
have also been widely investigated due to their film-forming
ability. Sodium alginate (SA) is a polysaccharide extracted
from brown seaweeds, characterized by a linear chain structure
composed of repeating o-L-guluronic and B-o-mannuronic acid
residues linked via o-1,4-glycosidic bonds. This versatile
biopolymer has been extensively studied and applied across
sectors such as pharmaceuticals, food industry," wastewater
treatment,'® and tissue engineering."” Its widespread applica-
tion is due to its biocompatibility, biodegradability, non-
toxicity, and high gelling capacity, making it a promising raw
material for preparing films and coatings.>** However, despite
these advantages, SA-based films present limitations, including
low mechanical strength, high water vapor permeability,
reduced thermal stability, and high water solubility."®

One strategy to overcome these limitations is the incorpo-
ration of bio-based active additives. This approach improves
physical, chemical, and functional properties, making films
more suitable for food packaging applications.*** Essential
oils, in particular, have gained attention in recent years due to
their contributions to food preservation and safety, while
enhancing the physicochemical properties of the films.****
Studies highlight the potential of active SA films in food pres-
ervation by reducing oxidation, providing antimicrobial
protection, and blocking UV radiation.**"*

p-Limonene (LIM) is a cyclic monoterpene found in the
essential oils of various citrus plants, such as lemon, orange, sage,
and bergamot.*** This compound is notable for its strong anti-
oxidant and antimicrobial properties, which are vital for active
packaging. LIM has been incorporated into different biopolymer
films, including chitosan,® poly(itaconic acid)/starch," poly(lactic
acid),®* and pectin.® However, its high volatility and thermal
instability often lead to significant losses during film production
and storage.* Poly(limonene) (PLM), an oligomer obtained from
LIM through radical photopolymerization, has emerged as an
alternative.®® PLM exhibits higher thermal stability and lower
volatility, while maintaining the bioactive properties of LIM. This
makes it a more stable and effective additive for polymeric films,
with the potential to overcome the limitations of monomeric
LIM.” Furthermore, PLM demonstrates biocompatibility with
biomaterials and does not show cytotoxic effects at concentrations
of up to 5%, indicating its suitability for biomedical and food
applications within this threshold.™

In this context, the present study aimed to produce and
comparatively characterize SA-based active films incorporated
with LIM and PLM. The objective was to evaluate the effects of
different proportions of these additives on the films'
morphology, structure, and mechanical and thermal properties.
We also analyzed the interactions between the polymer matrix
and the additives. Additionally, the study sought to assess the
films' effectiveness in antioxidant and antimicrobial activities.
This allowed a comparative analysis of the performance of films
containing LIM versus those incorporating PLM. By addressing
the limited understanding of polymerized LIM in SA matrices,
this work fills a clear research gap. It provides a comprehensive
evaluation of both structural and functional properties. This
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approach contributes to the development of multifunctional
active packaging materials and informs the selection of addi-
tives for improved film performance.

2 Materials and methods
2.1 Materials

Sodium alginate (SA, purity =99%, with a 61 :39 ratio of o-L-
guluronic and B-b-mannuronic acids, respectively), p-limonene
(LIM, purity =93%), N,N,N',N" ,N"-penta-
methyldiethylenetriamine (PMDETA, purity =99%), 2,2,2-tri-
bromoethanol (TBE, purity =97%), benzophenone (BP, purity
=99%), glycerol (GLI, purity =99%), and 2-[2-(2-hydroxyethoxy)
propoxylethanol/Pluronic® F-127 (P, purity =99%) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Di-
methylacetamide (DMA, purity =99.5%) was bought from Vetec
Quimica Fina Ltda. (Rio de Janeiro, R], Brazil).

2.2 Synthesis of poly(limonene)

PLM was synthesized via a radical polymerization through pho-
toinitiation, following the methodology adapted from Oliveira
et al.®® and Santana et al.® The reaction was carried out using LIM
as the monomer, TBE as the initiator, benzophenone as the type
II photoinitiator, and PMDETA as the electron-donating amine,
in a molar ratio of 100:1.7: 1.7 : 8.5, respectively. DMA served as
the solvent and the reaction mixture was prepared in glass flasks
sealed with rubber septa and purged with nitrogen (N,) for 10
minutes under magnetic stirring to remove oxygen. Subse-
quently, the flasks were placed in a box with eight UV lamps to
maintain approximately constant light exposure (at 365 nm and
an intensity of 4 mW c¢cm?) for 6 hours at 40 °C. After the reac-
tion, the resulting polymer was transferred to glass Petri dishes
and dried in an oven at 45 °C for 48 hours to remove volatile
components and residual monomer. Conversion was determined
gravimetrically by comparing the polymer mass after reaction
and dry steps to the initial monomer mass.

2.3 Preparation of limonene and poly(limonene) emulsions

For the incorporation of LIM and PLM into the films, separate
emulsions of these compounds were prepared using Pluronic®
F127 as a surfactant. The emulsions were formulated with 1 g of
Pluronic® in each 100 mL of distilled water, which was stirred
until complete solubilization and then subjected to sonication
for 5 minutes. Subsequently, the required amount of LIM or PLM
was added to the emulsion to achieve the desired concentration
for the films (2.5% w/w or 5% w/w relative to the SA). Emulsifi-
cation was performed using an Ultra-Turrax homogenizer (model
T25 digital, IKA®-Werke GmbH & Co. KG, Staufen, Germany)
operating at 20000 rpm for 3 minutes. Finally, the emulsions
were sonicated with a high-intensity ultrasound device (Q Sonica,
model Q700, USA) and stored at 5 °C until use.

2.4 Film preparation

The preparation of SA films was carried out using the casting
method, as described in previous studies.** The composition of
each formulation is summarized in Table 1. In brief, a control

© 2026 The Author(s). Published by the Royal Society of Chemistry
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film (SA) was prepared by dissolving SA (4% w/w) in distilled
water, using glycerol (30% w/w relative to the biopolymer) as
a plasticizer. The solution was homogenized with an Ultra-
Turrax at 7000 rpm for 5 min. After complete dissolution, the
SA solution was heated to 80 °C with continuous stirring for
15 min, followed by sonication under the same conditions to
remove air bubbles. Subsequently, 50 g of the solution was
poured into glass Petri dishes (145 mm diameter) and dried in
an oven at 40 °C for 24 hours. For films containing LIM or PLM,
the same procedure was applied, except that after heating, the
solution was cooled to 40 °C before the addition of pre-prepared
LIM or PLM emulsions. Final concentrations of 2.5% and 5%
(w/w) were achieved in the film-forming dispersions. These
mixtures were homogenized again using an Ultra-Turrax
(7000 rpm for 5 minutes) before proceeding to the final
casting and drying steps, as outlined for the control film.
Additionally, control films containing only Pluronic® were
prepared for comparison. After drying, the films were carefully
removed from the dishes and stored at room temperature with
controlled humidity.

2.5 Film characterization

2.5.1 Scanning electron microscopy (SEM). The morpho-
logical evaluation of the surface and cross-sectional micro-
structure of the films was performed using SEM, following the
methodology described in Simon Maia et al.** Samples were pre-
fractured in liquid nitrogen to obtain clean and sharp cuts and
then coated with a thin layer of gold. The micrographs of the
films were captured using a scanning electron microscope
(SEM), model LEO 440i, equipped with an energy dispersive X-
ray spectroscopy (EDS) detector, model 6070, both from LEO
Electron Microscopy (Oxford, England). Images were acquired
at an accelerating voltage of 15 kV, a current of 50 pA, and
magnifications of 1000x for both surface and fracture analysis.

2.5.2 Visual and color analysis. The visual characterization
of the films was carried out through photography to observe any
perceptible changes in color, appearance, and homogeneity.
The color analysis was performed following the methodology
established by Kang et al.*®* Measurements were taken using
a portable spectrophotometer (HunterLab, MiniScan XE 45/0-L,
Reston, VA, USA), with a white background serving as the
standard reference. For each formulation, five independent
samples were analyzed, with measurements taken at three
different points on each sample. This process yielded the
parameters L*, a*, and b*, corresponding to luminosity, the
green/red coordinate, and the blue/yellow coordinate,

Table 1 Composition (%, w/w) of the film formulations
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respectively. The total color difference (AE) was calculated
point-by-point, comparing each measurement of the formula-
tion with that of the control film (SA), using the following eqn

(1):

AE = \J(L* = L) + (a* — a)” + (b* — by)’ (1)

where L*, a*, and b* are the values for the sample, and L, a,
and b, are the corresponding values measured for the control
film.

2.5.3 Fourier transform infrared (FT-IR) spectroscopy. FT-
IR analysis was performed to identify the functional groups
present in the films, aiming to confirm the incorporation of LIM
and PLM within the polymer matrix. The spectra were obtained
using an FT-IR spectrometer (Anton Paar, Lyza 7000, Austria) in
attenuated total reflectance (ATR) mode. Measurements were
conducted over the spectral range of 4000-400 cm™ ', with
a resolution of 4 cm ™.

2.5.4 X-ray diffraction (XRD). X-ray diffraction (XRD) anal-
ysis was employed as a complementary technique to the other
morphological assessments, following the methodology
described by Schutz et al.,*” to investigate the effects of incor-
porating LIM and PLM on the film structure. Diffraction
patterns were obtained using an X'Pert-MPD X-ray diffractom-
eter (Philips, Almelo, Netherlands), equipped with a Cu-Ka
radiation source (A = 1.54056 A), operated at an acceleration
voltage of 40 kV and a current of 40 mA. Measurements were
performed over a 26 range from 5° to 60°, with a scan rate of
0.0333° s, corresponding to a step size of 0.04° every 1.2
seconds.

2.5.5 Thermogravimetric analysis (TGA). The thermal
behavior and degradation profile of the films were evaluated using
TGA and DTG analyses, following the methodology described by
Barbosa et al.,® to assess the impact of different additive concen-
trations on the thermal stability of the films. Samples of 10 mg of
each film were placed in crucibles of 70 pL volume and heated
from 25 °C to 600 °C at a rate of 20 °C min ™' under a nitrogen flow
of 50 mL min ", The analyses were performed using a TGA-50
thermogravimetric analyzer (Shimadzu, Kyoto, Japan).

2.5.6 Moisture content (MC) and water vapor permeability
(WVP). The moisture content (MC) of the films was determined
via gravimetric analysis in triplicate for each formulation,
following the methodology described by Vianna et al'* The
mass of each sample, cut into squares measuring 2 cm X 2 cm,
was measured using a digital analytical balance, model Adven-
turer AR2140 (Ohaus, Parsippany, USA), with a resolution of
0.1 mg. Measurements were taken before and after drying in an

Materials SA SA/P SA/P/LIM2.5% SA/P/LIM5% SA/P/PLM2.5% SA/P/PLM5%
Sodium alginate (SA) 4.00 4.00 4.00 4.00 4.00 4.00
Glycerol 1.20 1.20 1.20 1.20 1.20 1.20
Pluronic® (P) — 0.40 0.40 0.40 0.40 0.40
Limonene (LIM) — — 0.10 0.20 — —
Poly(limonene) (PLM) — — — — 0.10 0.20

Water 94.80 94.40 94.30 94.20 94.30 94.20

© 2026 The Author(s). Published by the Royal Society of Chemistry
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oven at 105 °C for 24 hours to determine the initial mass ()
and final mass (m,) of the films. The moisture content was
calculated using eqn (2):

m

MC (%) = 20—y

X 100 )

To determine water vapor permeability (WVP), in triplicate
for each formulation, the films were cut into circles with an area
of 50 cm?, and the thickness of each sample was measured at 10
different points using a Mitutoyo Absolute digital comparator,
model 543-450B (Mitutoyo Mexicana S.A. de C.V., Mexico), with
a resolution of 1 pm. Subsequently, 25 g of anhydrous calcium
chloride (PA) was placed into capsules, which were covered with
the film, sealed with a silicone ring, and closed tightly. The
capsules with the samples were then placed in a climate
chamber (PROLAB, model SSCCU, Sao Paulo, Brazil) main-
tained at 25 °C and 75% relative humidity. At intervals of 1 hour,
the capsules were removed, and their mass was measured using
a precision analytical digital balance (Marte, model AY220,
Minas Gerais, Brazil) with a resolution of 0.1 mg. The values of
the water vapor transmission rate (WVTR) in g m > s™' were
obtained from the slope of the “mass increase x time” curve,

according to the ASTM E96/E96M?*® standard. Based on this, the
1

WVP in g m~' s~ " Pa~" was calculated using eqn (3).
WVTR x e
p_ MY Rxe
WP 3)

In eqn (3), the term e corresponds to the average thickness of
the sample (m), p; is the water vapor saturation pressure at 25 °
C (3168 Pa), and RH is the relative humidity of the chamber
(75% = factor 0.75), considering that the relative humidity
inside the capsule is zero.

2.5.7 Thickness of the films. The film thickness was
determined following the ISO-4593%* standard. Measurements
were taken at five different points on each sample using
a Mitutoyo Absolute digital dial gauge, model 543-450B (Mitu-
toyo Mexicana S.A. de C.V., Mexico), with a resolution of 1 pm.
This procedure was performed on three different film samples
for each formulation to obtain an average value.

2.5.8 Mechanical properties of the films. To evaluate the
mechanical properties of the SA films with the incorporation of
LIM and PLM into their matrix, tensile tests were performed in
quintuplicate for each formulation, following the ASTM D882*
standard. The elastic modulus (EM), tensile strength (TS), and
elongation at break (EB) were measured using a universal
testing machine (EZ-LX HS, Shimadzu, Kyoto, Japan), with
samples 15 mm in width and 100 mm in length. The tests were
conducted using a 2 kN load cell, an initial grip separation of 50
mm, and a crosshead speed of 12 mm min .

2.5.9 Light transmission. The light barrier properties of the
films were evaluated through light transmission analyses to
understand the influence of LIM and PLM on this property
within the SA polymer matrix. Transmittance measurements
were performed in triplicate for each formulation using a UV-
Vis spectrophotometer (Specord 210, Analytik Jena, Germany),
operating at a scanning speed of 120 nm min ' over the

Sustainable Food Technol.

View Article Online

Paper

wavelength range of 200 to 800 nm, following the ASTM E1348*"
standard.

The UV blocking efficiency, eqn (4), of the films was deter-
mined by integrating the spectral transmittance, (1) (%),
across the corresponding wavelength ranges of UVC (200-280
nm), UVB (280-315 nm), and UVA (315-400 nm), assuming
a uniform spectral weighting. The average transmittance for
each band was calculated using the trapezoidal numerical
integration method. For comparative purposes, a total UV
blocking value (200-400 nm) was also computed. This approach
provides a quantitative assessment of the film's ability to
prevent UV radiation transmission across the different spectral
regions.

J T(A)dA
UV blocking(%) = 100 — /IT (4)

da
A

2.5.10 Antioxidant activity. The antioxidant activity of the
samples was assessed using the DPPH radical scavenging assay,
following the method described by Barbosa et al.® For this,
45 mg of each formulation, in triplicate, were incubated with
3 mL of ethanolic DPPH solution (0.1 mmol L") for 30 minutes
at room temperature and protected from light. The absorbance
was measured at 517 nm using a UV-Vis spectrophotometer
(Kasuaki, IL-592-LC-BI model, Tokyo, Japan). The percentage of
antioxidant activity for each sample was determined using eqn
(5), where Abspppy; represents the absorbance of the DPPH
solution and AbSeytract is the absorbance of the sample:

Abspppy — Absexlract)
x 100
Abspppy

DPPH scavenging effect(%) = (

(5)

Similarly to the DPPH assay, the antioxidant activity of the
films was also evaluated using the ABTS radical cation scav-
enging activity. In triplicate, 15 mg of each formulation were
incubated with 5 mL of aqueous ABTS solution for 1 hour at
room temperature and in the absence of light. Absorbance
measurements were taken with a UV-Vis spectrophotometer.
The antioxidant activity (%) was calculated using eqn (6), where
Abs,prs represents the absorbance of the ABTS solution and
AbSexiract 1S the absorbance of the sample:

AbSABTS - Absextract)
x 100
Absagrs

ABTS scavenging effect(%) = (
(6)

2.5.11 Antimicrobial activity. The antimicrobial activity of the
films was evaluated based on an adaptation of the methodology
described by Akachat et al.,** using filter paper as a support for
applying the film-forming solutions. The tested microorgan-
isms included the bacterium Bacillus cereus due to its spoilage
potential and ability to cause foodborne diseases, and the fungi
Aspergillus niger and Paecilomyces variotii, both recognized as
major food spoilage agents.**** For the antibacterial assay, B.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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cereus was cultured on Nutrient Agar (NA), at 30 °C for 48 hours,
after which the bacterial growth was harvested and suspended
in 1% peptone water. The suspension was adjusted to
a concentration of 10° CFU mL™". Subsequently, the surface of
Petri dishes containing NA was inoculated with 0.1 mL of the
bacterial suspension. For the antifungal assay, A. niger and P.
variotii strains were pre-cultured on Potato Dextrose Agar (PDA)
at 25 °C for 7 days. After this period, suspensions of 10” spores
mL " were prepared using 1% Tween 80 for each fungus, and
these suspensions were spread onto plates containing the same
medium.

The plates were prepared under three conditions: without
any treatment (positive control, PC), in the presence of an
antimicrobial agent (inhibition control, IC), and with the film-
forming solutions of the formulations: SA, SA/P, SA/P/LIM
2.5%, SA/P/LIM 5%, SA/P/PLM 2.5%, and SA/P/PLM 5%. In
the ICs, ciprofloxacin was used for B. cereus, and pure LIM (20
uL) for A. niger and P. variotii. For the other conditions, 20 pL of
the respective film solution was deposited onto a sterile filter
paper disc (6 mm diameter), placed at the center of each plate
after microbial inoculation. The cultures were incubated at 30 °©
C for 24 hours for bacteria and at 25 °C for 7 days for fungi. After
incubation, the plates were photographed for qualitative
assessment of inhibition zones around the discs. All tests were
performed in triplicate for the controls and each film
formulation.

2.5.12 Statistical analysis. All experiments with quantita-
tive results were conducted in triplicate or quintuplicate, and
their outcomes were expressed as mean values with standard
deviation. Statistical analysis was performed using SAS software
(Statistical Analysis System), version 9.4, from SAS Institute Inc.
(Cary, NC, USA). An analysis of variance (ANOVA) was used,
followed by Tukey's post hoc test for mean comparisons,
considering a significance level of p < 0.05.

3. Results and discussion
3.1 Visual and morphological analysis by SEM

As observed in Fig. 1, overall, the SA films exhibited a uniform
and homogeneous appearance, with no signs of pores or
bubbles. The formulations SA, SA/P, SA/P/LIM2.5%, and SA/P/
LIM5% appeared more translucent and colorless. Meanwhile,
the films SA/P/PLM2.5% and SA/P/PLM5% showed a yellowish
hue, attributed to the presence of PLM, with its intensity
increasing proportionally to the concentration. The absence of
macroscopic spots or heterogeneous regions suggested that
PLM was homogeneously dispersed within the SA matrix at the
evaluated concentrations.

SEM images allow direct visualization of the films' micro-
structure, which strongly affects properties such as water vapor
permeability and mechanical characteristics. The surface micro-
graphs presented in Fig. 1 reinforced the films' predominantly
uniform microstructure. However, particulate dispersions were
visible, especially in the samples containing PLM, likely resulting
from partially emulsified additive during film preparation.

The incorporation of LIM and PLM altered the surface
morphology, creating cavities suggestive of successful

© 2026 The Author(s). Published by the Royal Society of Chemistry
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incorporation of these additives. In the SA/P/PLM5% formula-
tion, although the overall visual aspect remained uniform
(Fig. 1k), a faint dark spot was identified on the surface
micrograph. This may result from accumulated PLM, suggest-
ing that its dispersion may have been less efficient at higher
concentrations. In contrast, the SA/P/PLM2.5% formulation did
not show such irregularities, corroborating previous findings on
PLA/PBAT films with PLM.*¢

SEM images of the cross-sections (Fig. 1b, d, f, h, j and 1)
revealed the presence of some undissolved crystals, particularly
in samples with LIM and PLM. This may be related to the
hydrophobic nature of these compounds, which reduces their
compatibility with hydrophilic biopolymers such as SA.
Although such crystals have not been reported in other studies,
the literature acknowledges the low compatibility of LIM and
PLM with hydrophilic matrices.”*” Microcracks and holes were
observed mainly in the cross-section of films containing LIM,
especially SA/P/LIM5%, likely resulting from the volatilization
of the oil from the polymer matrix. This behavior has been
previously reported by Schutz et al.*” and Toledo et al.* For films
with PLM, less pronounced surface porosity and indications of
oil droplets were observed, particularly at higher concentra-
tions. Earlier studies with PLM reported more intense visual
spots on the surface than those observed in the present
study.”*” This reinforced that, despite occasional agglomerates,
PLM achieved satisfactory homogeneity within the SA matrix.
Overall, both surface holes and internal porosity detected in the
cross-section suggest that LIM and PLM were dispersed as
particles of various sizes throughout the film matrix.

3.2 Color analysis

The color of packaging materials can significantly influence
consumer preferences and is associated with their ability to
block visible and ultraviolet radiation, thereby aiding in the
protection of photosensitive compounds. Table 2 summarizes
the effects of incorporating LIM or PLM on the color parameters
of SA-based films. Overall, films containing PLM exhibited
significant changes (p < 0.05) compared to the other formula-
tions. The chromatic coordinates a* and b* were significantly
higher (p < 0.05) than those of the control and LIM-containing
films, highlighting the characteristic yellowish hue associated
with the oligomer. This observation has also been visually noted
by Goncalves et al.” and Vianna et al.* Brightness (L*) was also
significantly reduced (p < 0.05) in the samples with PLM, due to
their appearing more opaque and darker, which tended to
hinder light transmission through the film.*” Finally, the overall
color difference (AE) was significant (p < 0.05) between PLM
films and the other formulations, especially at higher PLM
concentrations, due to its inherent yellow coloration, as seen in
Fig. 1.

3.3 FT-IR and XRD analysis

FT-IR analysis was conducted to identify potential interactions
between SA and the added active compounds (LIM and PLM). In
all analyzed films (Fig. 2a), bands were observed around

3240 cm™', 1596 cm ', and 1407 cm ', corresponding,
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Fig.1 Photographs of the films (left) and micrographs of the surfaces and cross-sections at 1000 x magnification (right) of the films SA (a and b),
SA/P (c and d), SA/P/LIM2.5% (e and f), SA/P/LIM5% (g and h), SA/P/PLM2.5% (i and j), and SA/P/PLM5% (k and l).

respectively, to the hydroxyl group (-OH) and the asymmetric reported in previous studies on this polysaccharide.*** No
and symmetric vibrations of the carboxylate groups (-COO™). significant changes were detected in the spectra of films con-
These bands are characteristic of the SA structure and have been  taining LIM and PLM compared to the control. This lack of
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Table 2 Color properties of the SA-based films®
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Film L* a* b* AE

SA 89.48 =+ 0.54% 1.40 + 0.17° —0.46 + 1.46% 0.00 + 0.00¢
SA/P 88.88 + 0.85% 1.41 +0.11° 1.97 + 2.09 ¢4 3.16 £+ 1.93 «
SA/P/LIM2.5% 89.46 + 0.76" 1.34 £+ 0.07° 2.58 + 1.86° 3.35 & 2.11°¢
SA/P/LIM5% 88.87 + 0.54% 1.36 + 0.05° 3.72 + 1.28° 4.37 +2.23¢
SA/P/PLM2.5% 85.67 + 1.48° 1.59 £ 0.25 2° 11.91 + 3.26° 12.95 + 4.13°
SA/P/PLM5% 83.09 + 1.93° 1.79 + 0.50% 18.87 + 4.05° 20.37 + 5.37°

@ L*: brightness; a*: green/red coordinate; b*: blue/yellow coordinate; AE: total color difference. Values are presented as mean =+ standard deviation.
Different letters (a-d) in the same column indicate a significant difference between samples according to the Tukey test (p < 0.05).

alteration may be related to the low additive concentrations and
to overlapping bands of SA and the additives themselves, as
observed in other studies involving the addition of LIM or PLM
in starch-based*” and chitosan-based films.®

Nevertheless, a reduction in the intensity of the band asso-
ciated with the hydroxyl group (around 3240 cm ') was
noticeable upon the addition of LIM and even more
pronounced with PLM. This change was likely linked to
a decrease in the number of free hydroxyl groups in the SA
chains, possibly due to the hydrophobic nature of LIM and
PLM, which restricts the exposure or interaction of these
groups.”*® Additionally, peaks near 842 cm™" were observed,
corresponding to the bending vibrations of the C-H bonds in
the PLM ring. An increased intensity of the peak at 2888 cm ™"
was also noted, attributed to the stretching vibrations of -CH
and -CH, groups in the chains of the surfactant Pluronic® F-
127.% Furthermore, a small peak around 1343 cm ™' appeared in
the SA/P film, with its intensity increasing alongside the
concentration of LIM and PLM. This band can be associated
with the bending vibration of the O-H bond, characteristic of
Pluronic® F-127, as previously reported in surfactant studies.*>?

Fig. 2b shows the diffractograms of the control films and
those incorporated with LIM or PLM. The X-ray profiles indicate

that all films exhibited a predominantly amorphous nature.
Characteristic amorphous halos were observed at approxi-
mately 260 = 15.5° and 26 = 21.5°, which are typical of SA.** The
incorporation of LIM and PLM appeared to reduce the intensity
of both halos, especially the one at 15.5°. These findings are
consistent with the results reported for starch-based bi-
ocomposite films containing the same additives.?”

3.4 Thermal stability of the films

Fig. 3 shows the TGA and DTG curves of the SA-based films.
Table 3 presents the onset degradation temperature (Tonset), the
maximum degradation temperature (Tp,ax), and the mass loss
percentages for each thermal event identified in the analysis.
Three thermal events were observed within the examined
temperature range, except in the control SA formulation, which
exhibited only the first two events.

The first thermal event was similar across all formulations
and was associated with the evaporation of moisture adsorbed
within the films.*®** This behavior is consistent with the mois-
ture content (MC) values previously obtained (Fig. 4a). In
addition to water, films containing LIM also exhibited evapo-
ration of the terpene itself within the 50-120 °C range.® The
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Fig. 2 FT-IR spectrum (a) and X-ray diffraction (XRD) profile (b) of the SA, SA/P, SA/P/LIM2.5%, SA/P/LIM5%, SA/P/PLM2.5%, and SA/P/PLM5%

films.
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Fig. 3 TGA (a) and DTG (b) curves for the films SA, SA/P, SA/P/LIM2.5%, SA/P/LIM5%, SA/P/PLM2.5%, and SA/P/PLM5%.

second event corresponded to the degradation of the SA poly-
mer chains, primarily involving the cleavage of glycosidic bonds
and decarboxylation of protonated carboxyl groups.**** Thermal
degradation of incorporated glycerol also occurred during this
interval.” In formulations with PLM, degradation of the olig-
omer began at approximately 255 °C.*"*® The third event is likely
related to the thermal decomposition of Pluronic® F-127, which
generally occurs in the 350-420 °C range.**>” This explains its
absence in the control SA formulation.

During the second thermal event, Ty, values remained close
to 248 °C across all formulations. However, a reduction of about
6% in mass loss was noted for the films containing LIM and PLM
compared to the others. These results suggest a slight enhance-
ment in thermal stability upon the incorporation of the additives,
although no statistically significant differences were observed.
Similar findings were reported by Goncalves et al.,” who observed
improved thermal stability in chitosan films incorporated with
PLM. Among the formulations tested, the SA/P sample displayed
the lowest mass loss at this stage, with approximately a 6.5%
reduction compared to the control SA film.

In the third thermal event, the T,,¢: values were higher for
films containing PLM, with a trend of increasing Tonset cOITe-
sponding to higher PLM concentrations. Tnax values remained

at around 436 °C for nearly all samples. An exception was the
SA/P/LIM5% sample, which exhibited a degradation peak at
402.62 °C, roughly 30 °C lower than the others. Overall, mass
loss during this final event was relatively consistent across the
formulations, ranging from 14.5% to 15.7%.

3.5 Moisture content (MC) and water vapor permeability
(wvp)

According to the results shown in Fig. 4a, films containing LIM
exhibited the lowest MC values among the analyzed samples.
However, these reductions were not statistically significant (p >
0.05), as no formulation differed significantly from each other.
The MC ranged from approximately 11% to 14%. Generally, the
incorporation of terpenes such as LIM and its derivatives is
expected to increase film hydrophobicity. This occurs because
the additives reduce the availability of polar groups capable of
interacting with water,® which is expected to decrease the MC.
In this context, the lack of a significant reduction may be
attributed to the low concentrations of LIM and PLM used. This
indicated that the amount of additive incorporated was insuf-
ficient to influence the film's hygroscopicity.

Packaging films play a crucial role in protecting food by
acting as barriers to moisture transfer. In this context, WVP is

Table 3 Onset degradation temperature (Tonser). Maximum degradation temperature (Tynax), and mass loss of the films SA, SA/P, SA/P/LIM2.5%,

SA/P/LIM5%, SA/P/PLM2.5%, and SA/P/PLM5%

1st thermal event

2nd thermal event

3rd thermal event

Film Tonset (°C)  Tmax (°C)  Mass 10ss (%)  Tonset (°C)  Tmax (°C)  Mass 10ss (%)  Tonset (°C)  Tmax (°C)  Mass loss (%)
SA 65.54 100.39 14.184 240.66 248.29 47.250 — — —_

SA/P 64.32 107.70 16.200 241.15 248.87 40.860 411.61 436.12 14.992
SA/P/LIM2.5% 67.83 108.43 14.768 239.72 247.70 41.291 413.09 436.85 15.700
SA/P/LIM5% 62.31 101.85 15.426 238.03 248.14 41.050 386.49 402.62 14.586
SA/P/PLM2.5% 70.39 102.43 14.734 238.40 247.85 41.764 417.20 435.39 15.490
SA/P/PLM5% 67.02 102.73 14.272 239.03 248.43 42.562 421.49 436.71 15.109
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Fig. 4 MC (a) and WVP (b) for the films SA, SA/P, SA/P/LIM2.5%, SA/P/LIM5%, SA/P/PLM2.5%, and SA/P/PLM5%. Different letters (a—c) indicate
significant differences between samples according to the Tukey test (p < 0.05).

a key parameter for evaluating the efficiency of the material's
hydrophobic barrier under specific thermal conditions.® The
WVP values, depicted in Fig. 4b, were slightly lower for formu-
lations supplemented with LIM and PLM, including the SA/P
sample. However, similar to the MC results, this reduction
was not statistically significant (p > 0.05) at the concentrations
tested. Reducing WVP is desirable in food packaging applica-
tions, as limiting moisture permeation between the product
and the environment is fundamental for maintaining food
quality.**® In this regard, hydrophobic compounds such as
essential oils and their derivatives can decrease moisture
permeation rates.®® This occurs by filling the spaces between
polymer chains and increasing the tortuosity of the water vapor
diffusion path.*® These findings highlight the potential of the
tested additives, suggesting that higher concentrations could be
explored to achieve more significant improvements in the
barrier properties of SA-based films.

3.6 Film thickness

As shown in Fig. 5a, the average thickness of the SA and SA/P
films was 103.2 £+ 26.5 um and 96.5 £+ 10.2 um, respectively. A
slight increase in thickness was observed with the incorporation
of LIM and PLM. However, these variations were not statistically
significant (p > 0.05), possibly due to the low additive concen-
trations. Except for the SA/P/LIM5% sample, all other formu-
lations containing the additives exhibited thickness values
similar to the control film, ranging from approximately 100 to
110 pm. This increase in thickness could be associated with an
expansion in the spacing between SA chains, likely caused by
the intercalation of LIM and PLM molecules, which hampers
the regular packing of the polymer matrix.***

3.7 Mechanical properties

Given the importance of good mechanical performance in
coating films to ensure packaging integrity and durability,® the

© 2026 The Author(s). Published by the Royal Society of Chemistry

results indicated that the incorporation of LIM and PLM at the
evaluated concentrations (2.5% and 5%) did not negatively
affect the films' mechanical properties, as shown in Fig. 5. The
elastic modulus (EM), tensile strength (TS), and elongation at
break (EB) for the SA films were 1572 + 114 MPa, 36 + 3 MPa,
and 3.7 £ 0.8%, respectively. The SA/P films exhibited values of
1704 + 349 MPa, 46 + 3 MPa, and 7 + 2%, respectively.
Compared to the control films, EM showed no significant
changes (p > 0.05) with increasing concentrations of LIM and
PLM. This suggests that the films maintained their rigidity even
after the addition of the active compounds (Fig. 5b).
Regarding the TS (Fig. 5c), formulations containing lower
concentrations of additives showed higher values than the SA
film, but were similar to the SA/P film, around 45 MPa. The SA/
P/PLM5% formulation did not differ significantly (p > 0.05)
from any other formulation, with a TS of 38 + 4 MPa, close to
that of the SA film. Meanwhile, the SA/P/LIM5% formulation
had the lowest TS among all samples (36 = 8 MPa), being
statistically similar (p > 0.05) only to SA/P/PLM5%. The EB
values (Fig. 5d) for the SA/P/LIM2.5% and SA/P/PLM2.5%
samples (13 £ 5% and 14 £ 5%, respectively) were significantly
higher (p < 0.05) than that of the control SA film (3.7 & 0.8%),
despite the high variability in the data. The EB value for the SA/
P/PLM5% formulation was 13 + 2%, which was statistically
higher (p < 0.05) than those of the SA and SA/P/LIM5% films, but
similar (p > 0.05) to those of SA/P/LIM2.5% and SA/P/PLM2.5%.
These findings diverge from the general trend reported in
the literature, where incorporating essential oils or their
hydrophobic derivatives into polysaccharide-based films typi-
cally reduces TS. This reduction is generally due to the disrup-
tion of polymer-polymer interactions and phase separation,
resulting in heterogeneous and mechanically weakened struc-
tures.®® Interestingly, in the present study, films containing
Pluronic® F-127, whether combined with SA alone or in the
presence of LIM or PLM, exhibited enhanced TS compared to
the SA control. This suggests that the surfactant may play

Sustainable Food Technol.
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Fig. 5 Thickness (a), elastic modulus (b), tensile strength (c), and elongation at break (d) of the films SA, SA/P, SA/P/LIM2.5%, SA/P/LIM5%, SA/P/
PLM2.5%, and SA/P/PLM5%. Different letters (a—d) indicate significant differences between the samples according to the Tukey test (p < 0.05).

a structuring role, promoting better dispersion of hydrophobic
compounds and reducing interfacial tension, thereby
improving film homogeneity. Furthermore, in the case of PLM,
the presence of polar terminal groups may have enabled
secondary interactions, such as hydrogen bonding or dipole-
dipole interactions, with the SA chains. This likely contributed
to a more cohesive and reinforced network, as similarly
observed by Gongalves et al.” in chitosan films.

The increase in EB values may be related to the plasticizing
effect of essential oils, which enhances film flexibility.*** Addi-
tionally, Pluronic® F-127 may also have contributed to the
increased TS and EB by promoting cohesion and adhesion between
SA chains. Similar effects have been reported for polycaprolactone-
based films, where Pluronic® improved their mechanical proper-
ties.®® In summary, based on TS and EB parameters, the films
containing the additives demonstrated performance equal to or
better than the control film, highlighting their potential for
application as biodegradable packaging materials.

Sustainable Food Technol.

3.8 Light transmission

The transmittance spectra of the films (Fig. 6) and the quanti-
tative UV-blocking data (Table 4) consistently demonstrate the
superior light-shielding performance of PLM-incorporated
formulations. Statistical analysis confirmed significant differ-
ences among all samples across the UVA, UVB, UVC, and total
UV ranges. In the UVA region (315-400 nm), PLM films achieved
the highest blocking efficiencies, 91.3 & 1.0% for SA/P/PLM5%
and 88.2 + 3.2% for SA/P/PLM2.5%. These values were mark-
edly higher than those of LIM films (77-79%) and far superior to
the control matrices SA and SA/P (38.5% and 74.5%). The same
trend was observed for UVB and UVC regions, where PLM films
reached efficiencies above 95%, statistically surpassing all other
samples. LIM-based films displayed intermediate behavior,
while the control films exhibited the poorest performance,
confirming the reinforcing role of both additives, especially
PLM.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Transmittance (%) graph as a function of wavelength (nm) for
the films SA, SA/P, SA/P/LIM2.5%, SA/P/LIM5%, SA/P/PLM2.5%, and SA/
P/PLM5%.

This promising UV light barrier performance can be attrib-
uted to the molecular structure of PLM, which is highly
responsive to light absorption at shorter wavelengths. This
behavior results from the preserved endocyclic -bond origi-
nating from LIM during the polymerization process.” Regard-
less of concentration, PLM films provided greater UV protection
than LIM films. Their darker, opaque appearance likely also
contributed to this effect, contrasting with the more translucent
look of the LIM samples. These properties are crucial for
packaging applications, as UV radiation accelerates oxidative
processes in foods, especially in lipids, which can reduce
nutritional quality and shelf life.**

In the visible range (400-800 nm), films with LIM and PLM
also reduced light transmittance. In contrast, the control SA
film presented higher transmittance. Film thickness, as shown
in Fig. 5a, may have influenced these results. For instance, the
SA/P/LIM5% formulation was the thickest among the analyzed
films, which likely contributed to its improved light-blocking
performance. Variations in thickness may affect the light
barrier properties of the films.®

The UV barrier efficiency achieved with PLM incorporation is
consistent with reported for high-performance
biopolymer-based films (Table 5). The near-complete blocking

values

View Article Online
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in the UVC/UVB region observed for the SA-based films is
comparable to results obtained using carbon nanomaterials,
modified biopolymers, and inorganic nanoparticles.®** In
these systems, UV shielding efficiencies are remarkably high,
which is generally attributed to the presence of aromatic or
conjugated structures and/or inorganic nanoparticles. These
components act as efficient UV absorbers and scattering
centers, reducing light transmittance through electronic tran-
sitions, reflection, and multiple scattering of high-energy
radiation.®>*°

Notably, while most high-performance barriers in Table 5
exhibit minimal transmittance in the UVB/UVC range, the films
with PLM maintained a visible light transmittance of 44.2%.
This is significantly higher than that observed for the TiO,
system.® These findings indicate that PLM provides a light-
shielding capability similar to conventional additives while
maintaining moderate translucency in biopolymeric matrices.

3.9 Antioxidant activity

Fig. 7a illustrates the antioxidant activity of the films when in
contact with the free radical DPPH. Incorporating antioxidant
properties into food packaging materials is essential to main-
tain product quality and extend shelf life.”” The employed
method is based on the neutralization of nitrogen-centered
radicals of DPPH by hydrogen-donating antioxidant
compounds. This reaction converts DPPH into its reduced form,
DPPH-H.”

The control formulations (SA and SA/P) and SA/P/LIM2.5%
exhibited the lowest antioxidant activities, all below 4%. The
best-performing films were SA/P/LIM5% and SA/P/PLM5%.
Although SA/P/LIM5% did not differ significantly from the
control SA (p > 0.05), the SA/P/PLM5% formulation showed
a statistically higher activity (p < 0.05). When comparing films
loaded with LIM and PLM at the same concentration, the results
for PLM were higher, although not significantly different (p >
0.05). This trend may be related to the structure of PLM, which
contains repeating LIM units with endocyclic double bonds that
favor stabilization of DPPH radicals.”**

The low concentration of PLM used, combined with an
exposure time of only 30 minutes, may have limited the release
of the active compound. This could explain the lack of signifi-
cant differences observed. Previous studies with higher PLM
concentrations in biopolymeric matrices, such as pectin® and
poly(itaconic acid)/starch," reported more pronounced

Table 4 UV-light blocking efficiency (%) of the films SA, SA/P, SA/P/LIM2.5%, SA/P/LIM5%, SA/P/PLM2.5%, and SA/P/PLM5%*

Film UVA (%) UVB (%) UVC (%) Total UV (%)
SA 38.5 + 3.8° 60.9 + 5.4° 88.1 + 3.2¢ 62.3 + 3.9
SA/P 74.5 + 0.4° 83.1 + 0.3¢ 93.9 + 0.4° 83.8 + 0.5°
SA/P/LIM2.5% 78.6 £ 2.4° 86.7 £ 1.7 ¢ 96.0 + 1.0° 86.3 + 3.0°
SA/P/LIM5% 77.5 + 5.3° 85.6 + 4.1° 95.1 + 1.8° 85.5 + 3.4°
SA/P/PLM2.5% 88.2 4+ 3.2 %P 95.5 + 0.8P 99.4 + 0.2° 94.0 + 1.4
SA/P/PLM5% 91.3 + 1.0° 98.6 + 0.2° 99.9 + 0.0° 95.5 + 0.5°

“ Values are presented as mean + standard deviation. Different letters (a-e) in the same column indicate a significant difference between samples

according to the Tukey test (p < 0.05).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Comparison of UV-light transmittance at 280 nm (UVB) and 600 nm (visible light) for the SA/P/PLM5% film and high-performance

biopolymer-based composites®

Base material UV agent Transmittance at 280 nm Transmittance at 600 nm References
Alginate PLM 0.7% 44% This work
Cellulose nanofiber MXene <1% ~58% 65
Chitin Surface modification <1% ~88% 66
(Hantzsch reaction)
k-carrageenan Lignin <1% ~60% 67
Gellan/Xanthan ZnO <1% ~70% 68
PVA/CNC TiO, <1% ~7% 69

¢ For a fair comparison, the selected data from the literature®™® correspond to formulations with additive concentrations similar to those used in
this work (typically 1-10 wt%). The specific samples were chosen based on their optimized balance between maximum UV-blocking efficiency and

maintaining adequate visible light transparency.

antioxidant activities. Therefore, higher concentrations of PLM
and/or longer contact times with radicals could enhance the
antioxidant efficacy of the SA films, allowing sufficient time for
active compound release.

In the ABTS assays, which are presented in Fig. 7b, films
incorporated with PLM demonstrated excellent antioxidant
activity. Control and LIM-based formulations showed activities
between 10% and 30%. In contrast, SA/P/PLM2.5% and SA/P/
PLM5% reached values close to 40% and 80%, respectively.
These results indicate a significant difference (p < 0.05) between
PLM and LIM in scavenging ABTS radicals. The better perfor-
mance of PLM may be related to its higher thermal stability and
lower volatility compared to LIM, which reduce the loss of active
compounds through evaporation or degradation.”*® Further-
more, SA/P/PLM5% performed significantly better (p < 0.05)
than SA/P/PLM2.5%, suggesting that increasing the additive
concentration directly enhances the films’ antioxidant activity.

In this assay, the films were exposed to ABTS radicals for 1
hour. This longer exposure likely provided enough time for the
diffusion and release of active compounds into the medium,

OSA/P
B SA/P/LIM5%
B SA/P/PLM5% a

(a) BSA
p B SA/P/LIM2.5%
B SA/P/PLM2.5%

DPPH scavenging activity (%)
W

0

which may explain the superior antioxidant performance
compared to the DPPH test. Additionally, the presence of the
surfactant Pluronic® F-127 may also have contributed to this
effect. Its hydrophilic poly(ethylene oxide) segments facilitate
the formation and release of micelles containing the hydro-
phobic additives. This mechanism improves dispersion in the
aqueous ABTS solution and increases the accessibility of anti-
oxidant compounds to the radicals, thereby enhancing scav-
enging activity. These findings are consistent with previous
results obtained from chitosan films containing LIM, where the
influence of exposure time was similarly observed.® Therefore,
longer testing periods with DPPH could reveal even higher
antioxidant activities in films with PLM at the studied
concentrations.

3.10 Antimicrobial activity

The microbial culture plates with the tested microorganisms
under different conditions are shown in Fig. 8. None of the
evaluated formulations demonstrated antimicrobial activity, as
evidenced by the absence of inhibition zones around the

100
OSA/P

B SA/P/LIM5%
B SA/P/PLM5%
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OSA/P/LIM2.5%
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(b)
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Fig. 7 Antioxidant activity against DPPH radicals (a) and ABTS radicals (b) for the films SA, SA/P, SA/P/LIM2.5%, SA/P/LIM5%, SA/P/PLM2.5%, and
SA/P/PLM5%. Different letters (a—c) indicate significant differences between the samples according to Tukey's test (p < 0.05).
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Fig. 8 Photographs of the culture plates containing Bacillus cereus (B. cereus), Aspergillus niger (A. niger), and Paecilomyces variotii (P. variotii)
under different conditions: no treatment (positive control — PC), in the presence of an antimicrobial agent (inhibition control — IC), and in contact
with the film solutions of the formulations SA, SA/P, SA/P/LIM2.5%, SA/P/LIM5%, SA/P/PLM2.5%, and SA/P/PLM5%.

samples containing the film solutions. All formulations
appeared visually similar to the positive control (PC). In
contrast, the inhibition control (IC) showed clearly visible
antimicrobial activity: the antibiotic inhibited B. cereus and
pure LIM inhibited A. niger and P. variotii. The presence of
inhibition zones around the samples in these controls confirms
the sensitivity of the microorganisms to the free substances.

Due to their hydrophobic nature, essential oils and their
derivatives can interact with bacterial phospholipid membranes,
causing structural damage, protein denaturation, and destabili-
zation of enzymatic systems.** Similarly, these compounds
exhibit antifungal activity through multiple mechanisms,
including membrane and cell wall disorganization, inhibition of
chitin and ergosterol synthesis, and morphological alterations in
hyphae. Essential oils may also impair mitochondrial function,
reducing ATP production and increasing reactive oxygen species
(ROS), which directly affects fungal growth and viability.”* Studies
have further demonstrated the antimicrobial activity of PLM
when incorporated into polymer matrices, inhibiting bacteria
such as Staphylococcus aureus,” Escherichia coli,*® Clostridium
perfringens, Pseudomonas aeruginosa and B. cereus."* For fungi,
PLM showed activity against Colletotrichum gloeosporioides'* and
A. niger.** Comparable results have been described for citrus
essential oils rich in LIM against species such as Aspergillus fla-
vus, Penicillium verrucosum and Penicillium chrysogenum.”

In this context, the lack of antimicrobial activity in films
containing LIM and PLM may be attributed to the low concen-
trations of additives used (2.5% and 5.0%). This explanation is
consistent with previous studies that achieved antimicrobial
effects using concentrations above 10% in various polymer
matrices.>** Additionally, as shown in Fig. 8, pure LIM exhibited
notable antifungal activity against the tested species. This
suggests that the compound is indeed bioactive against fungi,
provided that adequate concentrations are used.

Therefore, higher concentrations of LIM and PLM may be
necessary to promote significant antimicrobial properties in SA-

© 2026 The Author(s). Published by the Royal Society of Chemistry

based films. These findings emphasize the importance of
further studies to optimize formulation and incorporation
methods, supporting the potential of terpenes and their deri-
vates for active packaging applications in the food industry.

3.11 Economic and application perspectives of
poly(limonene) synthesis

The photopolymerization of LIM is a relatively recent method-
ology, with most studies currently focused on laboratory-scale
production. One of the main limitations for large-scale imple-
mentation is the relatively low monomer conversion and olig-
omer yield reported to date,®® which require further
optimization in terms of reaction kinetics, photoinitiating
systems, and reactor design.

Although a detailed techno-economic assessment of the LIM
photopolymerization pathway is still lacking, recent studies on
LIM-derived polymers, particularly poly(limonene carbonate),
have reported production costs comparable to fossil-based
polymers (1.36-1.51 USD kg '), such as polystyrene. These
studies provide the most comprehensive economic data
currently available for LIM-based materials. Importantly, they
indicate that upstream processing steps, such as LIM extraction
and oxidation, dominate the economic and environmental
costs.” This suggests that the polymerization step itself,
including photopolymerization routes, may not represent the
primary cost barrier. In this context, light-induced synthesis is
particularly promising for industrial scaling, as it combines
high process efficiency with low energy consumption and
reduced operational costs.”»” These features indicate that the
photopolymerization pathway has the potential to be econom-
ically viable, especially when integrated with optimized
upstream limonene production. Therefore, while the present
methodology still requires further optimization, it offers
competitive prospects for future scale-up scenarios.

From an application perspective, PLM synthesis represents

an alternative strategy to conventional encapsulation

Sustainable Food Technol.
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techniques used to reduce the volatility of essential oils.> While
encapsulation approaches, such as those based on nanoparticle
carriers or chemical crosslinking, often provide high loading
capacity and controlled release properties, they typically involve
multi-step processing and complex formulations.”® Specifically,
when compared to alginate/collagen systems crosslinked with
EDC/NHS reported for antimicrobial applications,”” the present
approach offers advantages particularly relevant to food pack-
aging applications.

Although EDC/NHS crosslinking is highly effective for
developing stable nanocarriers in biomedical contexts, its use is
often associated with relatively high reagent costs and the
requirement for multi-stage processing, including strict pH
control and subsequent purification steps.”” In contrast, the
photopolymerization of LIM is a relatively simple process con-
ducted under mild conditions, avoiding the need for specialized
crosslinkers. Furthermore, the resulting PLM exhibits signifi-
cantly lower volatility and improved thermal stability than its
precursor monomer.'>** Overall, this strategy aligns with
current trends toward renewable and food-safe materials,
offering a more straightforward and potentially scalable route
for the development of active biodegradable packaging films.

4 Conclusions

The synthesis of PLM as a thermally more stable oligomer
compared to LIM was successful, as was its incorporation into
SA-based films. SEM images revealed a homogeneous surface
distribution of the oligomer within the films, along with signs
of terpene detachment from the polymer matrix. Visual and
color analysis of the films confirmed an intensified yellow
coloration in the active films containing PLM. FT-IR spectra
showed a reduction in the hydroxyl band in the additive-
containing samples. The addition of these active compounds
also decreased the crystallinity of the films but slightly
improved their thermal stability and mechanical properties.
PLM-containing films exhibited higher tensile strength and
flexibility compared to the control and LIM-containing films,
reaching tensile strength values as high as 46 + 5 MPa and an
elongation at break of 14 + 5%. The film-forming solutions of
all tested formulations did not exhibit antimicrobial activity,
likely due to the low concentrations of the additives used, even
though the pure terpene demonstrated inhibitory effects
against the tested microorganisms. Although reductions in
moisture content and water vapor permeability were not
statistically significant, these improvements suggest the func-
tional potential of the additives, even at reduced concentra-
tions. Finally, PLM enhanced the antioxidant and light barrier
properties of the SA films, reaching values of 7.8 & 0.7% DPPH
scavenging, 77 £+ 16% ABTS scavenging, and 95.5 + 0.5% total
UV blocking efficiency. These results surpassed those observed
for its monomer, reinforcing its suitability for active, biode-
gradable packaging systems. Taken together, these findings go
beyond the simple characterization of LIM and PLM in SA films.
By directly comparing a volatile terpene with its more stable
oligomeric derivative, this study addresses a clear research gap.
It also provides new insight into how molecular structure

Sustainable Food Technol.
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influences the multifunctionality of active films. In doing so, it
contributes to the development of more stable, effective, and
sustainable packaging materials.
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