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aging based on chitosan–lignin
with encapsulated argan oil for meat shelf-life
extension

Abdellah Hallouba and Marya Raji *b

In recent years, the demand for sustainable and functional food packaging derived from bio-based

resources has increased significantly. This study reports the development of an active bio-based film

with antioxidants, antibacterial, and UV-shielding properties, based on chitosan and lignin, aimed at

extending the shelf life of meat products. The film incorporates argan oil microcapsules, in which argan

oil is encapsulated within an alginate shell and dispersed in a chitosan–lignin matrix. The structural,

thermal, and functional properties of the films were characterized using thermogravimetric analysis

(TGA), Fourier transform infrared spectroscopy (FT-IR), scanning electron microscopy (SEM), and UV-

visible spectroscopy. The incorporation of argan oil microcapsules significantly improved antioxidant

activity, with DPPH radical scavenging increasing from 48.3% to 64.6%. In addition, the films exhibited

antimicrobial potential, extending the shelf life of meat by approximately one additional day compared

with control films without microcapsules. A preliminary application test using ground meat showed

improved visual color stability when packaged with the microcapsule-containing film compared with the

control film during short-term storage. They also show an increased elongation at break, more than

doubling from 16.03 ± 1.70% to 34.97 ± 2.85%, confirming that the presence of microcapsules improved

film flexibility by facilitating plastic deformation. Moreover, the films demonstrated excellent UV-blocking

capability, with absorbance values close to 4.0 A.U. across the UV region (200–570 nm), indicating that

the UV-barrier properties were largely preserved after microcapsule incorporation. These results

highlight the strong potential of chitosan–lignin films containing argan oil microcapsules as sustainable

active packaging materials for protecting perishable foods and extending shelf life.
Introduction

The escalating global concern about food loss and waste high-
lights the urgent need for innovative and effective strategies to
improve food preservation. According to global food waste
estimates approximately 1.3 billion tons of food intended for
human consumption are lost or wasted each year, demon-
strating the scale of this global challenge. Effective food pack-
aging systems can potentially reduce 20–25% of this loss by
extending the shelf life of food products and preventing
microbial growth responsible for spoilage and foodborne
illnesses.1 According to the World Health Organization (WHO),
foodborne diseases caused approximately 420 000 deaths in
2010, emphasizing the importance of developing safe and
sustainable food preservation technologies.2,3
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Food spoilage is mainly caused by enzymatic reactions, micro-
bial contamination, and oxidative degradation, all of which nega-
tively affect food quality and safety.4 Although synthetic
preservatives have traditionally been used to control these
processes, increasing health and environmental concerns have led
to a growing demand for natural and sustainable preservation
strategies.5 In this context, natural antioxidants such as essential
oils, polyphenols, and plant extracts have attracted considerable
attention due to their ability to inhibit lipid oxidation and micro-
bial growth while maintaining food quality.6,7

Despite their promising bioactivity, the direct incorporation
of essential oils or plant-derived bioactive compounds into
polymer matrices oen presents signicant limitations. These
compounds are typically volatile, sensitive to heat, oxygen, and
light, and may rapidly degrade or evaporate, which reduces
their effectiveness during food storage.8 Furthermore, their
strong aroma and rapid release from packaging matrices can
limit their practical application in food packaging systems. To
overcome these limitations, microencapsulation techniques
have been widely explored to enhance the stability and
controlled release of bioactive compounds. Encapsulation
systems can protect sensitive molecules from environmental
© 2026 The Author(s). Published by the Royal Society of Chemistry
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degradation while allowing their gradual release over time.
Various encapsulation approaches, including liposomes, poly-
meric particles, and solid lipid nanoparticles, have demon-
strated signicant potential for stabilizing natural oils and
preserving their antioxidant and antimicrobial properties.9

Biopolymer-based lms have emerged as promising materials
for sustainable active food packaging, particularly when combined
with functional natural additives. Among thesematerials, chitosan
is widely recognized for its excellent lm-forming ability, biode-
gradability, and inherent antimicrobial activity.10 Lignin, a natural
aromatic biopolymer, provides strong UV-shielding and antioxi-
dant properties due to its phenolic structure, making it particularly
attractive for food packaging applications.11,12 In addition, the use
of gum Arabic as a stabilizing and emulsifying agent during
microcapsule formation improves emulsion stability and facili-
tates the formation of a protective wall around oil droplets.
Furthermore, alginate is commonly used as an encapsulating
agent because of its biocompatibility, lm-forming capability, and
ability to form stable microcapsule shells that protect bioactive
compounds and control their release.13 Among natural bioactive
oils, argan oil, extracted from the kernels of Argania spinosa, has
gained considerable interest due to its high nutritional and
bioactive value. Argania spinosa, native to southwestern Morocco,
represents an important natural resource with signicant potential
for food and packaging applications.14,15 Argan oil is rich in
tocopherols (60–90 mg/100 g), sterols (<220 mg/100 g), mono-
unsaturated fatty acids (43–49.1%), and polyunsaturated fatty acids
(29–36.3%), which contribute to its strong antioxidant and anti-
microbial properties.16–18 Previous studies have demonstrated that
argan oil can inhibit the growth of foodborne pathogens such as
Staphylococcus aureus and Escherichia coli, mainly due to the
presence of phenolic compounds and tocopherols that disrupt
bacterial cell membranes.19,20 In addition to argan oil, lignin
derived from argan nutshells (ANS) represents a valuable by-
product of argan oil production and offers additional function-
ality for food packaging materials. This lignin contains phenolic
structures capable of absorbing UV radiation and scavenging free
radicals, making it particularly suitable for developing multifunc-
tional active packaging lms.12

To the best of our knowledge, this is the rst study
combining argan-shell-derived lignin and alginate-encapsu-
lated argan oil within a chitosan-based active packaging lm for
meat preservation applications. The objective of this study was
to develop UV-protective and antioxidant biolms by encapsu-
lating argan oil within alginate microcapsules using gum Arabic
as a stabilizing and emulsifying agent, then incorporating these
microcapsules into a chitosan–lignin lm matrix. The devel-
oped lms were evaluated in terms of their structural, thermal,
antioxidant, antimicrobial, and UV-shielding properties, as well
as their effectiveness as active packaging materials for extend-
ing the shelf life of meat products.

Materials and methods
Materials

Argan nutshells (ANS) were collected as by-products of argan
fruit processing in rural regions of southwestern Morocco.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Argan oil and gum Arabic were purchased from a local Moroc-
can drugstore in food-grade quality. Fresh ground beef (80%
lean) was obtained from a local butcher shop in Rabat,
Morocco. Sodium alginate (CAS 9005-38-3, M/G ratio = 0.6) and
chitosan (CAS 9012-76-4, degree of deacetylation = 85%) were
purchased from Sigma-Aldrich and used as received. Calcium
chloride, sodium hydroxide, and acetic acid were also obtained
from Sigma-Aldrich and were of analytical grade. All materials
were used without further purication unless otherwise
specied.

Lignin extraction

Lignin was extracted from argan nutshells following the
procedure previously reported in our work.21 Briey, ANS
particles were mixed with a 6.4% (w/v) sodium hydroxide
(NaOH) solution and magnetically stirred for 4 h at 80 °C to
solubilize the lignin fraction. The resulting mixture was ltered
to separate the solid residues from the black liquor. Subse-
quently, acetic acid was gradually added to the ltrate until the
pH reached 6–7, inducing lignin precipitation. The precipitated
lignin was collected, washed several times with distilled water to
remove residual chemicals, and stored at 4 °C until further use.

Microcapsule preparation

Argan oil microcapsules were prepared using an oil–water–oil
(O/W/O) emulsication method, following the procedure
described in our previous study.22 In this system, argan oil acted
as the core material, while alginate served as the primary shell
material with a core-to-shell ratio of 70 : 30 (w/w). First, 50 mL of
distilled water wasmixed with 0.4 g of sodium alginate and 0.1 g
of gum Arabic, and the solution was magnetically stirred at
400 rpm and 25 °C until complete dissolution. Subsequently,
1.16 g of argan oil was added to the solution, and the mixture
was stirred at 500 rpm and 25 °C until a stable primary emul-
sion was obtained (emulsion A). The resulting emulsion A (∼51
mL) was then added dropwise using a syringe into 300 mL of
vegetable oil under magnetic stirring (500 rpm, 25 °C) over
15 min to form the O/W/O system. Aer emulsication, 150 mL
of calcium chloride solution (4 wt%) was added to induce ionic
crosslinking of the alginate shell and stabilize the formed
microcapsules. The system was le undisturbed for 24 h, aer
which the microcapsules accumulated at the interface between
the aqueous and oil phases. The microcapsules were collected
by ltration and washed with ethanol to remove residual oil.
The puried microcapsules were then stored at 4 °C until
further use. Fig. 1 illustrates the microcapsule preparation
procedure.

Film preparation

The lms were manufactured via the solvent-casting method
using a biopolymer matrix comprising 40 wt% chitosan and
50 wt%. lignin, 9 wt%microcapsules, and 1 wt% glycerol. Based
on preliminary optimization trials, a microcapsule concentra-
tion of 9 wt% was selected to balance functional performance
and structural integrity. Lower concentrations (5 wt%) resulted
in reduced antioxidants and UV-blocking efficiency, whereas
RSC Adv., 2026, 16, 26928–26947 | 26929
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Fig. 1 Argan oil microcapsule manufacturing.

Table 1 Chemical composition of films

Films Code Composition

Film without microcapsules WOM Lignin 49 wt%
Chitosan 50 wt%
Glycerol 1 wt%

Film with microcapsules WM Lignin 40 wt%
Chitosan 50 wt%
Microcapsules 9 wt%
Glycerol 1 wt%
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higher concentrations (15 wt%) compromised the mechanical
properties and homogeneity of the lm matrix. This concen-
tration aligns with ndings from similar studies, which
Fig. 2 Film preparation with microcapsules.

26930 | RSC Adv., 2026, 16, 26928–26947
demonstrate the effectiveness of comparable additive levels in
biopolymer-based lms for active food packaging applications.
Additionally, a reference lm was made with 40 wt% chitosan,
59 wt% lignin, and 1 wt% glycerol to study the effect of the
absence of microcapsules. The lm preparation process started
by dissolving 0.4 g of chitosan in 40 mL of diluted acetic acid
solution and magnetically stirring at 25 °C for 24 hours to
obtain a homogenized solution. Subsequently, 0.5 g of lignin
was added to the chitosan solution, along with 0.01 g of glycerol.
The mixture was then magnetically stirred for 4 hours. Next,
0.09 g of microcapsules was added to the mixture, and the
mixture was stirred for an additional 2 hours at room temper-
ature. The lm-forming solution was poured into 90 mm plastic
Petri dishes and dried under ambient conditions (22 ± 2 °C,
∼50% RH) for 48 hours. Aer drying, the lms were carefully
peeled off and stored in sealed containers at room temperature
before further analysis, see Fig. 2. The same lm preparation
process was applied to create the reference lm without the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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microcapsules. The detailed compositions of the prepared lms
are summarized in Table 1.

Characterizations
Fourier transform infrared (FTIR) spectroscopy

The Fourier transforms infrared (FTIR) spectra of the micro-
capsules, argan oil, lignin, chitosan, Ca-alginate, and lms were
recorded via a PerkinElmer two Fourier transform infrared
spectrometer in attenuated total reectance (ATR) mode with
a diamond crystal. The measurements were performed with
a spectral resolution of 4 cm−1 with 8 scans per spectrum in the
region of 4000–500 cm−1.

Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) of each compound was
conducted via a Q500 instrument from TA Instruments. A
representative sample (10–20mg) of each compound was placed
in a platinum pan. The analysis was performed under a nitrogen
gas atmosphere with a ow rate of 40 mL min−1. The heating
process started at ambient temperature and continued up to
800 °C, with a heating rate of 10 °C min−1. This analysis allowed
the examination of the thermal properties of the compounds
and their behavior under increasing temperature conditions.

Encapsulation metrics were determined by thermogravi-
metric analysis (TGA). The residual mass fraction at 600 °C
(under N2, at a heating rate of 10 °C min−1) was measured for
three replicates each of: (i) pure argan oil (core material), (ii) the
pure shell material, and (iii) the nal microcapsules. Denoting
the mean residual fractions as Rcore, Rshell, and Rcaps, respec-
tively, the core mass fraction (fcore) was calculated using a high-
temperature mass balance, using eqn (1)–(3).23

Rcaps = fshell × Rshell + fcore × Rcore (1)

fshell + fcore = 1 (2)

Solving for fcore yields:

fcore ¼ Rcaps � Rshell

Rcore � Rshell

(3)

Given that edible oils like argan oil are nearly fully volatile
under these conditions (Rcore), the equations simplify to eqn
(4):23

fshell = 1 − Rcaps/Rshell (4)

The loading capacity (LC%) and encapsulation efficiency
(EE%) were then calculated using eqn (5) and (6):23

LC% = 100 × fcore (5)

EE% ¼ 100� fcore

fcore theoretical
(6)

where fcore theoretical is the target oil mass fraction based on the
initial feed recipe. All reported values are presented as mean ±

standard deviation (SD).
© 2026 The Author(s). Published by the Royal Society of Chemistry
Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is an important tech-
nology used to explore the size and shape of microcapsules, as
well as their dispersion in lms. In this study, SEM analysis was
conducted via a scanning electron microscope (HIROX SH 4000
M) at a voltage of 15 kV. Before analysis, all the samples were
coated with a thin layer of conductive carbon via an ion-
sputtering device. This coating process enhances the conduc-
tivity of the samples and ensures high-quality imaging during
SEM analysis. By employing SEM, researchers can visualize and
characterize the morphology and distribution of the micro-
capsules within the lm, providing valuable insights into their
structural properties. To further examine the interior design of
the microcapsules, an extraction process was carried out using
acetone to release the encapsulated argan oil.
Tensile testing

Following ISO 527-1:2012.17, tensile tests for the lm were
conducted via a Tinius Olsen H10KT universal testing machine.
The tests were performed with a crosshead speed of 3
mmmin−1 and a 1 kN load cell. Specimens measured 80 mm ×

10 mm × lm thickness ∼0.1 mm. The lm's stress–strain
curves were obtained during the tensile tests. Young's modulus,
tensile strength, elongation at break, toughness, and strain at
yield were among the tensile characteristics calculated via the
lm's stress–strain curves. Each test was performed in triplicate
for each lm formulation to ensure statistical reliability.
Water swelling properties

The WM (with microcapsules) and WOM (without microcap-
sules) lms, each measuring 20 × 10 mm, were immersed in
water with a pH value of 7.23. Gravimetric measurements were
conducted at different time intervals to determine the lms'
weights while they were in contact with water. The percentages
of weight increase were then calculated based on the changes in
weight over time. Each measurement was performed in
triplicate.

Before weighing, the lm samples were blotted with blotting
paper to remove any excess surface water. This step ensured that
only the water absorbed into the lm was measured, and any
excess water on the surface was excluded from the calculations.
By monitoring weight gain over time, researchers can evaluate
the water absorption and water retention properties of lms,
which are important factors in understanding their behavior
under moist conditions or potential applications involving
contact with liquids.
DPPH antioxidant activity

The DPPH (2,2-diphenyl-1-picrylhydrazyl) free radical scav-
enging assay was used to assess the antioxidant properties of
the lms. Each lm, weighing approximately 20 mg, was
immersed in 10 mL of methanol and kept in the dark at room
temperature for 24 hours. All tests were performed in three
independent replicates. Aerward, 2 mL of the lm extract
solution was combined with 1 mL of a 0.1 mM DPPH methanol
RSC Adv., 2026, 16, 26928–26947 | 26931
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Fig. 3 Grounded meat packaging setup.
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solution. The mixture was vigorously shaken and incubated in
the dark for 30 minutes. Finally, a UV-vis spectrophotometer
was used to measure the absorbance of the solution at 517 nm,
and the DPPH scavenging activity (DPPH%) was calculated as
follows by eqn (7):24

DPPHð%Þ ¼ A0 � A

A0

� 100 (7)

Here, A0 represents the absorbance value of the control extracts,
whereas A represents the absorbance value of the sample
extracts.

UV shielding

The optical properties of the lms, with and without micro-
capsules, were analyzed via a Varian Cary 300 UV-vis spec-
trometer, which operates within the wavelength range of 200–
800 nm.

Antibacterial properties

The antibacterial activity of the lms was evaluated against
Staphylococcus aureus (ATCC-6538), Pseudomonas aeruginosa
(ATCC-9027), and Escherichia coli (ATCC-8739), using an agar
contact assay based on a modied protocol of ISO 22196. Each
bacterial strain was cultured overnight in nutrient broth at 37 °
C, and the suspensions were adjusted to approximately 108 CFU
mL−1. Agar plates were inoculated with the bacterial suspen-
sion, and sterile lm samples (1 cm2) of chitosan–lignin lms
with microcapsules (WM) and without microcapsules (WOM)
were placed on the agar surface. Aer incubation at 37 °C for
24 h, antibacterial activity was evaluated by observing bacterial
growth under and around the lms. Because antimicrobial
compounds incorporated into polymer matrices oen act
through contact-based mechanisms with limited diffusion,
inhibition was mainly assessed at the lm–bacteria interface
rather than bymeasuring inhibition halos. All experiments were
performed in duplicate and repeated twice to ensure repro-
ducibility. This assay provides qualitative evidence of antibac-
terial potential, while quantitative microbiological analyses will
be required in future studies to more rigorously evaluate the
effectiveness of the lms in extending the shelf life of meat
products.

Packaging ability

To investigate the antioxidant behavior of the lm on food,
ground meat was utilized to evaluate the ability of the
microcapsule-based lm to extend the shelf life of the food
product. A 30 g sample of prepared ground meat was placed in
a plastic dish at room temperature, and two different samples
were prepared: one sample was covered with the lm without
the microcapsules, and the other sample was covered with the
lm containing the microcapsules (as shown in Fig. 3). Both
samples were placed in direct contact with the lms in plastic
dishes. While room temperature (z25 °C) was used, commer-
cial storage is typically under refrigeration; this should be
considered in future studies. The samples were monitored for
72 h for visual changes and oxidative spoilage. Future studies
26932 | RSC Adv., 2026, 16, 26928–26947
will also include a treatment in which the essential oil is added
to the packaging in a non-encapsulated form to distinguish
encapsulation effects from simple incorporation of the oil.
Color determination of ground meat during storage, the CIE-
LAB (Commission internationale de l'éclairage, L*, a*, and b*)
color space was used to provide L*, a*, and b* values. Where L*
is lightness from L = 0 for black to L = 100 for white, a* is the
degree of redness or greenness from a* = −60 for green to a* =
60 for red, and b* is the degree of yellowness or blueness from
b* = −60 for blue to b* = 60 for yellow.
Statistical analysis

All measurements were performed in triplicate using indepen-
dent lm batches. Data were analyzed using one-way ANOVA.
Since only two treatments were compared, additional post-hoc
tests were not necessary. Results are expressed as mean ± SD
(p # 0.05).
Sampling and randomization

Experiments were conducted using independently prepared
batches. Coded sample labels were prepared, shuffled, and
randomly drawn by an assistant blind to the samples.
Subsamples for tensile tests were taken from spatially distinct
regions, and antibacterial assays were arranged according to
a randomized grid. All randomization sequences were recorded
to ensure transparency.
Results and discussion
Fourier transform infrared (FTIR) spectroscopy

FTIR characterization was performed on alginate, argan oil,
chitosan, lignin, microcapsules, lignin–chitosan lm without
microcapsules (WOM), and lignin–chitosan lm with micro-
capsules (WM), as depicted in Fig. 4. The FTIR spectra of algi-
nate, argan oil, and microcapsules are presented in Fig. 4a. In
the FTIR spectrum of alginate, several characteristic peaks were
observed: O–H stretching at 3273 cm−1, aliphatic C–H stretch-
ing at 2926 cm−1, asymmetric and symmetric COO− stretching
at 1585 cm−1 and 1410 cm−1, respectively, C–O stretching at
1298 cm−1, and C–O/C–C stretching at 1081 cm−1. These
observations are consistent with previously reported alginate
spectra.25,26 Argan oil exhibits typical bands at 2923 and
2853 cm−1 (CH2 stretching), 1744 cm−1 (C]O stretching), and
other characteristic peaks at 1462, 1378, 1237, 1160, 1119, 1097,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FTIR spectra of (a) the microcapsules and their compounds, (b) the lignin–chitosan film and its compounds, and (c) the lignin–chitosan-
microcapsule film and its compounds.
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and 722 cm−1, in agreement with the literature.27,28 In the
spectrum of the microcapsules, all major bands of argan oil
were preserved, with no signicant shis, suggesting that the
encapsulation process did not chemically modify the oil. Small
shis were observed in alginate peaks within the microcapsules
(3273 to 3315 cm−1; 1585 to 1600 cm−1; 1081 to 1092 cm−1),
which can be attributed to hydrogen bonding and weak elec-
trostatic interactions between alginate and gum Arabic.29,30

The lignin, chitosan, and lignin–chitosan composite lms
(Fig. 4b) exhibit characteristic peaks of both polymers. Chitosan
shows broad O–H/N–H stretching (3244–3350 cm−1), C–H
stretching (2923, 2860 cm−1), amide I/II/III peaks (1635, 1542,
1335 cm−1), and C–O stretching (1064, 1020 cm−1) 28–30.
Lignin presents hydroxyl groups (3305 cm−1), C–H stretching
(2926, 2850 cm−1), carbonyl stretching (1740 cm−1), and
aromatic skeletal vibrations (1625, 1560, 1406 cm−1).21,31 Upon
blending, FTIR spectra reveal peak shis (e.g., amide I 1635 to
1642 cm−1, amide II 1542 to 1562 cm−1), conrming hydrogen
© 2026 The Author(s). Published by the Royal Society of Chemistry
bonding between lignin and chitosan.32,33 In the WM lm,
microcapsule incorporation does not signicantly alter the
main lm peaks, except for the argan oil C]O peak at
1745 cm−1, conrming successful incorporation without struc-
tural alteration of the matrix. Comparison with similar studies
shows consistent results, e.g., microencapsulation of essential
oils in biopolymer matrices oen preserves core chemical
integrity while inducing minor shell shis.34
Thermogravimetric analysis (TGA)

The thermal stabilities of microcapsules, WM, and WOM lms,
as well as their constituent materials, were investigated to
determine their temperature limits for use in thermosealing
food packaging applications. The results are presented in Fig. 5,
where TGA and DTG thermograms of the argan oil, alginate,
and argan oil-based microcapsules are displayed. According to
the TGA curve of pure argan oil, thermal degradation occurs in
a single-step triglyceride degradation (310–465 °C), with the
RSC Adv., 2026, 16, 26928–26947 | 26933
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maximum degradation temperature observed at 419 °C.35 In
contrast, sodium alginate undergoes a two-step degradation:
the rst between 200–220 °C (Tmax z 210 °C) and the second
between 220–290 °C (Tmax z 260 °C), corresponding respec-
tively to dehydration and cleavage of glycosidic bonds, followed
by decarboxylation and formation of CaO/Ca(OH)2 residues. A
nal minor event occurs at 650–750 °C (Tmax z 735 °C),
consistent with the oxidative decomposition of the remaining
carbonaceous char. The DTG curve shown in Fig. 5b for the
microcapsules reveals a multistep thermal degradation prole
composed of four distinct stages. The rst degradation band (i),
observed between 180 and 220 °C, corresponds to the initial
scission of the alginate backbone, indicating the onset of
polymer decomposition. In the same temperature region,
a broader degradation event extending from 215 to 320 °C, with
a DTG maximum around 258 °C, is attributed to the primary
decomposition of the alginate shell matrix, which involves
depolymerization and the breakdown of glycosidic linkages in
the polysaccharide network.36 The second band (ii) appears
between 330 and 400 °C, with a maximum mass-loss rate of
−5.9% per min at approximately 370 °C. This stage is mainly
Fig. 5 TGA and DTG curves of (a and b) microcapsules and their materi

26934 | RSC Adv., 2026, 16, 26928–26947
associated with the release and volatilization of the encapsu-
lated argan oil, facilitated by structural changes in the poly-
meric shell during heating. The microcapsule architecture
produced through the oil-in-water (o/w) emulsion process
disperses the oil as ne droplets within the biopolymer matrix,
increasing the interfacial surface area and promoting mass
transfer during thermal treatment. Consequently, once the
shell structure begins to deteriorate, the encapsulated oil can
volatilize more readily than in the bulk state. While emulsi-
cation may slow oxidation due to physical barriers created by
surfactants and small droplets, the presence of water and
interfacial reactions can also promote hydrolysis or pro-oxidant
processes during heating.37,38 At higher temperatures, alginate
undergoes secondary degradation (iii) between 420 and 525 °C,
corresponding to the decomposition of residual carbonaceous
structures and further breakdown of the polysaccharide matrix.
Finally, band (iv), observed as a minor endothermic signal
around 625 °C, is attributed to inorganic residues such as NaCl,
originating from the ionic crosslinking process used during
microcapsule formation.39 The char yield of the microcapsules
at 600 °C (Rcaps = 17.0%) lies between that of pure alginate
als and (c and d) films and their materials.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(Rshell = 34.6%) and pure argan oil (Rcore = 0%), conrming
partial encapsulation of the oil phase. From this residue
balance, the loading capacity (LC = 50.9%) and encapsulation
efficiency (EE = 72.7%) were calculated, evidencing efficient
core–shell formation and stable microcapsule architecture.40,41

The encapsulation efficiency of the microcapsules can be esti-
mated from the 600 °C char residue because alginate and argan
oil behave very differently at this temperature. At this temper-
ature, pure alginate Rshell still retains 34.6% of its original mass,
whereas pure argan oil leaves no residue at all (Rcore = 0).
Indeed, the residue of microcapsules at 600 °C was 17.0%. The
calculated loading capacity (LC) was LC = 50.9%. Subsequently,
the encapsulation efficiency (EE) was calculated relative to the
theoretical loading target of 70%, resulting in 72.7%. Finally,
for lms with 9 wt% capsules, the actual oil content was
approximately 4.6 wt%. On the other hand, thermogravimetric
analysis (TGA) and derivative thermogravimetry (DTG) of lignin,
chitosan, WOM lm (chitosan–lignin without microcapsules),
and WM lm (with alginate encapsulated argan oil) are shown
in Fig. 5c and d. The initial weight loss observed below 160 °C in
all samples is attributed to the evaporation of physically
adsorbed and bound water. Pure chitosan displayed a single
major degradation step with a DTG peak at 306.4 °C. Lignin
showed a broader, multi-stage degradation prole: an initial
event near 202 °C largely associated with pyrolysis of guaiacyl/
syringyl structures, followed by a gradual decomposition
above ∼322 °C (p-coumaryl and syringyl-rich domains), leaving
around 20% residue at 780 °C, indicative of condensed aromatic
char formation.42 When chitosan was blended with lignin
(WOM lm), the principal chitosan degradation peak shied
downward to 261.7 °C, suggesting that lignin–chitosan inter-
actions (and the associated disruption of chitosan–chitosan
hydrogen bonding) facilitate earlier thermal scission in the
matrix.43 The higher-temperature lignin degradation region was
Fig. 6 SEM micrographs of (a and b) the AO microcapsule and cracked

© 2026 The Author(s). Published by the Royal Society of Chemistry
largely retained, so the overall char yield remained high.
Incorporation of microcapsules (WM lm) did not substantially
alter the early moisture loss region of the matrix but introduced
two additional DTG signals: a rst peak between 320–404 °C
(max ∼355 °C) attributed to decomposition of the alginate
microcapsule wall, and a second peak between 410–505 °C (max
∼454 °C) associated with the thermal degradation/volatilization
of encapsulated argan oil. The high-temperature residue of the
WM lm was slightly greater than that of WOM, consistent with
mineral content from the alginate phase and the inherent char-
forming tendency of lignin. Indeed, adding microcapsules
broadens the multi-step degradation but does not compromise
the low-temperature stability window relevant to lm casting or
refrigerated food storage. Operational temperatures for meat
packaging (<10 °C storage; <60–80 °C processing) remain well
below the onset of major thermal decomposition for either lm
type.
Scanning electron microscopy (SEM)

The morphological properties of the microcapsules and the
lms were analyzed by scanning electron microscopy (SEM).
Fig. 6 presents SEM images of the microcapsules and fractured
sections of the lms, both with and without microcapsules.
From the SEM micrographs, it is evident that the dried micro-
capsules display irregular shapes and surfaces with bumps.
This can be attributed to the evaporation and shrinkage of water
within the calcium alginate shell during the drying process.
Moreover, the multicore argan oil (AO) remained intact within
the microcapsules, resulting in bumpy surfaces that corre-
sponded to the shape of the encapsulated multicore. This
conrmed the successful encapsulation of argan oil within
microcapsules. To further examine the interior design of the
microcapsules, an extraction process was used; the SEM
microcapsule, and (c and d) film WOM and WM cross-sections.

RSC Adv., 2026, 16, 26928–26947 | 26935
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micrograph revealed a porous interior structure within the
microcapsules, with a size of the chambers ranged from 3 to 14
mm. This porous structure is attributed to the presence of the
capsule cores, which are occupied by the argan oil.44 Similar
morphologies appeared in the work by Soliman et al.45 in which
alginate microspheres with many essential oils (EOs), such as
garlic, cinnamon, thyme, oregano, clove, basil, coriander, citrus
peel, eucalyptus, ginger, rosemary, and peppermint. In their
work, SEM images showed three-dimensional porous bead
structures resembling a sponge-like network composed of
cavities and surrounding walls. This morphology corresponds
to the well-known “egg-box” structure of alginate, conrming
the entrapment of essential oils within the cavities of the algi-
nate matrix. The multicore argan oil calcium alginate micro-
capsules developed in this work were produced via an emulsion-
drying method and subsequently incorporated into chitosan–
lignin lms. Compared with other encapsulation approaches,
such as electrospraying,46 extrusion,47 or microuidic tech-
niques,48 the present system generates smaller internal cham-
bers (3–14 mm) while preserving the integrity of the multicore oil
droplets aer drying. The surface bumps observed on the
microcapsules indicate that the oil cores remain intact despite
shell shrinkage, resulting in a well-dened porous internal
structure rather than a homogeneous sponge-like network.

SEMmicrographs of the fractured cross-sections of the lms,
shown in Fig. 6c and d, reveal that the lm without microcap-
sules exhibits a smooth and uniform morphology. This smooth
surface indicates good miscibility between the chitosan and
lignin biopolymers, leading to the formation of a homogeneous
lm structure. In contrast, the microcapsule-containing lm
displays several oval-shaped cavities of various sizes in its cross-
section. These cavities are mainly attributed to microcapsule
rupture during sample preparation for SEM analysis. Despite
the presence of these cavities, the microcapsules exhibit good
adhesion to the lm matrix, suggesting strong interactions
between the alginate shell and the chitosan–lignin polymer
network. SEM measurements also revealed that the average
thickness of the lm without microcapsules (WOM) was 181.4±
3.3 mm, whereas the lm containing microcapsules (WM)
exhibited a slightly higher thickness of 195.9 ± 2.8 mm. This
increase in thickness is consistent with the incorporation of
discrete microcapsular structures within the polymer matrix,
which slightly increases the overall lm thickness.
Tensile testing

The mechanical performance of the chitosan–lignin lms was
analyzed to evaluate the inuence of argan oil microcapsules on
the tensile behavior of the biopolymer matrix. Representative
stress–strain curves for lms with (WM) and without (WOM)
microcapsules are shown in Fig. 7. The incorporation of algi-
nate microcapsules produced a pronounced effect on the lms'
mechanical response, transforming their behavior from brittle
to more ductile. Quantitatively, the Young's modulus of the WM
lm in Fig. 7b decreased signicantly by approximately 85.8%,
from 232.98 ± 5.67 MPa (WOM) to 33.14 ± 2.80 MPa (p = 6.7 ×

10−7). This result indicates a highly signicant reduction in
26936 | RSC Adv., 2026, 16, 26928–26947
stiffness caused by microcapsule incorporation, which serves as
a stress concentrator within the chitosan–lignin matrix. The p-
value conrms that the observed difference is not due to
random experimental variation but rather a systematic so-
ening effect caused by microcapsule incorporation.49 As re-
ported in previous studies, microcapsule incorporation
generally decreases in the fracture toughness values of the
specimens. In this sense, other parameters, including micro-
capsule size, shell composition, aggregation effects, and
structure-properties interaction related to oil-lled microcap-
sules, disrupt chain entanglement networks and create defect
zones that amplify local stress elds. Similarly, the tensile
strength in Fig. 7c decreased by 61.8%, from 12.01 ± 0.78 MPa
to 4.59 ± 0.12 MPa (p = 8.1 × 10−5). This reduction in tensile
strength is attributed to the introduction of non-load-bearing
microcapsular domains that disrupt the continuity of the
polymer network, resulting in a lower load-bearing capacity.
These signicant p-values (<0.001) indicate a high level of
condence (greater than 99.9%) that the observed mechanical
weakening arises directly from the incorporation of microcap-
sules. In contrast, ductility-related parameters showed signi-
cant improvement. The elongation at break presented in Fig. 7d
more than doubled, increasing from 16.03 ± 1.70% to 34.97 ±

2.85% (p = 5.9 × 10−4). This statistically signicant increase (p
< 0.001) conrms that the microcapsules enhance lm exi-
bility by facilitating plastic deformation of the polymer matrix.
Similar behavior has been reported in previous studies,50,51

where microcapsules exhibited elastic–plastic deformation
under applied stress, allowing the material to undergo large
plastic deformation without immediate fracture. Furthermore,
interfacial interactions and chemical bonding between the
capsule shells and the lm matrix contribute to improved
interfacial stability, enabling more effective stress distribution
within the composite structure. The strain at yield in Fig. 7e
increased moderately from 3.02 ± 0.11% to 3.71 ± 0.30% (p =

0.0202), which remains statistically signicant (p < 0.05); this
change indicates an improved ability of the material to absorb
strain before permanent deformation. This result can be
attributed to the disruption of polymer chain homogeneity
caused by the presence of microcapsules, which facilitates
chain slippage and mobility during stretching.52 However, the
toughness in Fig. 7f, calculated from the area under the stress–
strain curve, decreased by approximately 22.3%, from 127.82 ±

5.83 mJ mm−3 to 99.27 ± 4.70 mJ mm−3 (p = 0.0027). The
statistical signicance of this change (p < 0.01) suggests that
even though ductility increases, the overall capacity of the lm
to absorb energy before failure is statistically and mechanically
reduced. This is consistent with SEM observations (Fig. 6),
which revealed well-dispersed microcapsules and limited
interfacial voids, suggesting partial compatibility and effective
stress transfer at the capsule–matrix interface.53 Collectively,
these statistically validated results (all p # 0.05) conrm that
the observed mechanical differences are highly signicant and
reproducible across replicates. The consistent pattern of strong
signicance levels (p < 0.001 for most parameters) underscores
the reliability of the data and adherence to best statistical
practices. The reduction in stiffness, accompanied by increased
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Stress–strain curves obtained from tensile tests of the WOM and WM films.
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elongation, supports the view that the microcapsules shell with
gum Arabic behave as internal plasticizers, enhancing lm
exibility, a desirable property for food packaging materials
that must accommodate mechanical stress without frac-
turing.54,55 Overall, the incorporation of alginate microcapsules
successfully modulates the mechanical performance of the
chitosan–lignin matrix, producing a more compliant and
adaptable biopolymer lm while maintaining sufficient
mechanical integrity for packaging applications.

Water swelling properties

The water-swelling properties of the WM and WOM lms, as
well as other biopolymer-based lms, are governed by several
© 2026 The Author(s). Published by the Royal Society of Chemistry
structural parameters, including the presence of hydrophilic
functional groups (–OH, –NH2), the degree of cross-linking
between polymer chains, crystallinity, ionic strength, molec-
ular weight, and molecular weight distribution. These factors
collectively regulate the ability of the polymer matrix to absorb
water and determine the balance between swelling behavior
and water resistance.56 Fig. 8 shows the maximum swelling
capacity of the lms when immersed in water at 7.23 pH. The
WOM lm exhibited a maximum swelling of 239.69 wt%,
reecting the high water-retention capacity of the chitosan–
lignin matrix. This behavior can be attributed to the hydrophilic
nature of chitosan and lignin, which contain abundant amino
(–NH2) and hydroxyl (–OH) functional groups capable of
RSC Adv., 2026, 16, 26928–26947 | 26937
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Fig. 9 Antioxidant activity of the films measured by the DPPH free
radical scavenging assay.

Fig. 8 Water swelling ratios of the films with and without microcap-
sules over 3 h.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/2
3/

20
26

 9
:1

9:
49

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
forming strong hydrogen bonds with water molecules.57 Chito-
san, a natural polysaccharide widely used in biodegradable lm
development, is well known for its high swelling capacity,
typically ranging between 200 and 600 wt%, due to the strong
interaction between its functional groups and water mole-
cules.58,59 Moreover, the polar phenolic (–OH) and methoxy (–
OCH3) groups present in lignin can further contribute to water
affinity and swelling behavior. Similar swelling behavior has
been reported in biopolymer systems containing water-soluble
phytochemicals such as alkaloids, carbohydrates, tannins,
and polyphenols.60 However, the incorporation of microcap-
sules into the lm matrix reduced the maximum swelling to
194.64 wt%. This decrease can be attributed to the presence of
hydrophobic argan oil cores within the microcapsules, which
partially occupy the polymer matrix and replace hydrophilic
sites that would otherwise interact with water molecules. In
addition, these hydrophobic domains create more tortuous
diffusion pathways that hinder water penetration through the
lm structure. The alginate shells surrounding the oil cores may
also contribute to this effect by forming additional barriers to
water diffusion.61 The observed reduction in swelling (approxi-
mately 19%) suggests improved water resistance of the
composite lm. Such behavior is advantageous for food pack-
aging applications, where controlled moisture uptake and
improved barrier properties are essential for maintaining lm
integrity, limiting microbial growth, and ultimately contrib-
uting to the extension of food shelf life.
Antioxidant activity

The antioxidant effectiveness of the lms, a key property for
active food packaging, was quantitatively evaluated using the
DPPH radical scavenging assay (Fig. 9). The results revealed
a statistically signicant increase in antioxidant activity aer
incorporation of argan oil microcapsules into the chitosan–
lignin matrix. The chitosan lm (CS) was used as the baseline to
26938 | RSC Adv., 2026, 16, 26928–26947
evaluate the contribution of each component. The chitosan lm
exhibited a moderate DPPH scavenging activity of 27.3 ± 0.6%.
This intrinsic activity is attributed to the presence of free amino
groups (–NH2) in the chitosan polymer, which can donate
hydrogen atoms to stabilize and neutralize free radicals.62 The
incorporation of lignin (lm WOM) resulted in a substantial
increase in antioxidant capacity, reaching a scavenging activity
of 48.3%. This improvement is associated with the high
concentration of phenolic hydroxyl groups in lignin, which act
as strong hydrogen donors and radical stabilizers capable of
neutralizing free radicals and interrupting oxidative chain
reactions.63 Similar results were reported by Dghoughi, Raji,
and Qaiss,64 who demonstrated the superior antioxidant activity
of lignin nanoparticles due to their high phenolic hydroxyl
content, which enhances radical scavenging ability in DPPH
and FRAP assays. The highest antioxidant activity was observed
in the lm containing argan oil microcapsules (lm WM),
which reached a scavenging activity of 64.6%, signicantly
higher than that of the chitosan–lignin lm. This enhanced
antioxidant performance can be attributed to the bioactive
composition of argan oil, which contains high levels of phenolic
compounds, avonoids, and tannins.65 Similar ndings were
reported by Kamal et al.,65 who demonstrated that argan oil
obtained by traditional hand-press extraction exhibits strong
antioxidant activity due to its rich phenolic content. Compa-
rable results were also reported by Cadi et al.,66 who showed that
argan oil derived from hand-pressed extraction has protective
activity against H2O2-induced oxidative stress in Tetrahymena
pyriformis. Furthermore, El Babili et al.67 reported that Argania
spinosa extracts exhibit promising antioxidant activity. In
addition, our ndings are consistent with the work of Amzal
et al.,68 who demonstrated that saponin compounds extracted
from A. spinosa possess strong antioxidant properties. The
highly signicant p-values conrm that the incorporation of
microcapsules not only preserves the antioxidant compounds
present in argan oil but also facilitates their effective interaction
with free radicals. Overall, the superior DPPH scavenging
activity of the WM lm highlights its strong potential as an
© 2026 The Author(s). Published by the Royal Society of Chemistry
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active packaging material capable of reducing oxidative degra-
dation and extending the shelf life of oxidation-sensitive food
products.69

UV shielding

The combination of light and oxygen can accelerate the dete-
rioration or spoilage of packaged food, mainly through lipid
oxidation and the degradation of vitamins, pigments, and
sensory quality. Ultraviolet (UV) radiation is particularly detri-
mental because its high energy can initiate photooxidative
reactions, generating free radicals that accelerate fatty acid
autoxidation and ultimately reduce food shelf life. Therefore,
incorporating UV-blocking components into packaging mate-
rials is an effective strategy to protect food products from light-
induced degradation and maintain their quality during
storage.70 UV lters in packaging materials absorb most of the
incoming UV radiation, preventing it from reaching the food
surface and thus limiting oxidative reactions.21,71 In this study,
the UV-visible absorption properties of the developed lms were
evaluated in three spectral regions: UVC (200–290 nm), UVB
(290–320 nm), and UVA (320–400 nm). Fig. 10 presents the UV-
vis spectra of alkali lignin, the lm without microcapsules
(WOM), and the lm containing microcapsules (WM). As pre-
sented in the gure, alkali lignin exhibits exceptional UV-
shielding properties due to its rich content of aromatic rings,
phenolic hydroxyl groups, and conjugated chromophoric
structures that strongly absorb ultraviolet radiation across UVC
(200–290 nm), UVB (290–320 nm), and UVA (320–400 nm)
regions.72 On the same gure, the WOM lm exhibited the
highest absorbance across the UV region, with characteristic
peaks near 280 nm, corresponding to p / p* transitions of
aromatic rings, and around 320 nm, associated with phenolic
structures. These chromophoric groups enable nearly complete
UV blocking (>99%) up to ∼580 nm, with absorbance values
typically reaching 3.5–4.0 A.U., indicating almost complete
protection against UV radiation. Beyond this wavelength,
Fig. 10 UV absorption of alkali lignin and films with and without
microcapsules.

© 2026 The Author(s). Published by the Royal Society of Chemistry
absorbance decreased sharply, reaching about 1.65 A.U. at
800 nm, reecting increased light transmission in the visible
region. This strong UV-blocking performance is primarily
attributed to the opacity effect of lignin, which is primarily
responsible for UV absorption in the lm.73 Chitosan contrib-
utes negligible UV absorption (<1.0 A.U.), consistent with liter-
ature reports showing that pure chitosan lms exhibit low UV-B
and UVA blocking efficiencies, conrming that lignin is the
primary UV-shielding component (>95% absorbance across
UVC, UVB, and UVA).74 Lignin contains aromatic rings, phenolic
hydroxyl groups, and conjugated chromophoric structures,
which strongly absorb UV radiation and dissipate the absorbed
energy through non-radiative processes.75 When argan oil
microcapsules were incorporated into the lm (WM), the main
UV absorption region shied slightly from 200–580 nm (WOM)
to approximately 200–570 nm, while the maximum absorbance
remained high at 3.9–4.0 A.U. across the UV ranges, represent-
ing a minor reduction (#6%, non-signicant, p > 0.05). This
subtle change likely arises from light-scattering effects intro-
duced by the microcapsules within the lm matrix.76 Speci-
cally, scattering occurs at the interfaces between the
microcapsules and the matrix, where incident light is partially
redirected rather than transmitted directly through the lm.77

This phenomenon reduces overall transparency and slightly
compresses the absorption edge by approximately 10 nm. Aer
570 nm, the WM lm also showed a sharp decrease in absor-
bance, approaching about 1.7 A.U. at 800 nm, indicating that
both lms retain partial transparency in the visible region while
still providing strong UV protection.78 Overall, the remarkable
UV-blocking ability of these lms can be mainly attributed to
the presence of lignin within the lm matrix, which acts as the
primary UV absorber. The contribution of bioactive compounds
from encapsulated argan oil may further enhance the func-
tional performance of the lm. Consequently, the developed
lms demonstrate strong potential for active food-packaging
applications, where protection against UV-induced oxidation
is essential for preserving food quality and extending shelf life.
Antibacterial properties

Fig. 11 presents the antibacterial activity of lignin–chitosan
lms (Lig-C, reference) and lignin–chitosan lms containing
argan oil microcapsules (Lig-CM) against Staphylococcus aureus,
Pseudomonas aeruginosa, and Escherichia coli. The evaluation
followed a modied version of ISO 22196:2011,79 quantifying
bacterial survival (CFU mL−1 cm−2) on the lm surface aer
incubation rather than measuring inhibition zones. This
contact-based method is particularly suitable for polymeric
lms containing embedded antimicrobial agents, where activity
occurs mainly at the lm–bacteria interface rather than through
diffusion into agar. In the rst assay using 6 mm diameter lm
discs, Lig-CM lms showed a moderate reduction in bacterial
counts compared with Lig-C lms, especially for E. coli (from 21
× 107 to 8.6 × 107 CFU mL−1 cm−2) and S. aureus (from 16.6 ×

107 to 9.0 × 107 CFU mL−1 cm−2). This reduction suggests
a partial antibacterial effect attributable to the combination of
chitosan and bioactive compounds in argan oil
RSC Adv., 2026, 16, 26928–26947 | 26939
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Fig. 11 Antibacterial activities of the film with microcapsules on the
right and the film without microcapsules on the left against (a)
Staphylococcus aureus, (b) Pseudomonas aeruginosa, and (c)
Escherichia coli.
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microcapsules.80,81 Chitosan contributes electrostatic interac-
tions via its protonated amino groups, destabilizing bacterial
membranes, while hydrophobic phenolic and lipid constituents
of argan oil enhance membrane penetration, like the dual-
action mechanism of long-chain quaternary ammonium
compounds.82 For Pseudomonas aeruginosa, both Lig-C and Lig-
CM lms demonstrated contact-active antimicrobial activity, as
reected by bacterial reductions at the lm surface. Although
no inhibition halos were observed in agar, this is consistent
with previous reports where contact-active antimicrobial poly-
mers exhibit localized bacterial killing without diffusion into
surrounding media. This indicates a synergistic effect of the
cationic chitosan matrix and encapsulated argan oil
compounds on bacterial membranes upon direct contact, even
for Gram-negative strains with outer membrane protection. In
the second assay using larger 1 cm2

lm samples, both Lig-C
and Lig-CM lms showed high bacterial loads for E. coli and
S. aureus, further supporting that the antimicrobial activity is
primarily contact-dependent rather than diffusion-mediated.
The absence of visible inhibition zones is therefore expected
and does not reect a lack of activity. Overall, the moderate
antibacterial effect of Lig-CM lms can be attributed to the
relatively low argan oil loading (∼4.5 wt%) and controlled
release from microcapsules, which limits rapid antimicrobial
26940 | RSC Adv., 2026, 16, 26928–26947
availability.83 Nevertheless, the partial reduction observed,
particularly against S. aureus, and the contact-active effects
against P. aeruginosa, suggest that Lig-CM lms may offer
functional benets in real food packaging.54 Depending on the
methodology used, such as disk diffusion or broth quantitative
assays, biodegradable lms containing bioactive agents,
including silver nanoparticles (AgNPs) or essential oils, can
display antibacterial activity that is oen contact-dependent. In
our study, Lig-CM lms containing argan oil microcapsules
showed moderate antibacterial effects primarily at the lm–

bacteria interface, while visual inhibition halos in agar plates
were absent or minimal, consistent with a contact-active
mechanism. Similarly, in studies on AgNP-based lms,84,85 the
agar diffusion assay showed bacterial inhibition in areas
directly contacting the lm, and only small or absent clear
zones were observed around the lm. Abreu et al.86 reported that
bacterial inhibition occurred in contact areas with AgNP lms,
despite no inhibition halo being visible. Comparable observa-
tions have been made with silver nanoparticles in liquid
suspensions plated directly onto bacterial lawns,87,88 demon-
strating that the polymer matrix or medium oen limits diffu-
sion and therefore halo formation. These ndings highlight
that the absence of an inhibition halo does not indicate a lack of
antimicrobial activity but rather reects the restricted migra-
tion of hydrophobic or particulate antimicrobial agents in
agar.89 Packaging application provides a more reliable assess-
ment of antibacterial performance for polymer lms, allowing
for mechanistic insights and practical evaluation of their
potential in real-world applications, including food packaging.
Packaging ability

The biological composition of fresh meat products makes them
highly susceptible to spoilage. Fresh meat typically contains 12–
20% protein, 0–6% carbohydrates, and 3–45% fat.90 One of the
main mechanisms responsible for meat deterioration is the
oxidation of fatty acids, which occurs when lipids react with
oxygen, leading to degradation of the fats present in meat.91

Fatty acids in meat are primarily present as triglycerides,
composed of glycerol molecules esteried with three fatty acid
chains.92 Whenmeat is exposed to oxygen, the oxygenmolecules
interact with unsaturated fatty acids in triglycerides, initiating
a chain reaction known as lipid oxidation. During this process,
oxygen reacts with unsaturated fatty acids to generate free
radicals, which are highly reactive species capable of propa-
gating further oxidative reactions.91,93 Lipid oxidation not only
causes quality deterioration but can also promote bacterial
growth by providing energy and carbon sources for microor-
ganisms.94,95 However, the incorporation of natural antioxi-
dants, such as those present in argan oil, or synthetic
antioxidants into meat products can inhibit oxidation by scav-
enging free radicals, thereby preventing the formation of
oxidation products and reducing microbial proliferation.96

Fig. 12 illustrates the effect of incorporating microcapsules
into the packaging lm on bacterial growth in ground meat
during a storage period of three days. The images on the le
correspond to lms without microcapsules (WOM), whereas
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Color change of ground meat packaged with the film without microcapsules and the film with microcapsules for 3 days

Composite lms 0 day 1 day 2 days 3 days

WOM

CIE L*a*b* 52, 19, 16 26, 11, −2 28, 7, 2 33, 7, 6

WM

CIE L*a*b* 50, 25, 20 15, 16, 5 14, 15, 7 21, 5, 3

Table 3 Comparison of the performance of intelligent packaging with different systems

Film type
DPPH scavenging
activity

Antibacterial activity
(S. aureus)

Tensile
strength (MPa)

Young's
modulus (MPa) Reference

WM lm + argan oil
(this study)

64.6% Reduced CFU from
16.6 × 107 to 9.0 × 107

(ISO 22196)

4.59 33.14 This study

Chitosan + thyme EO
nanoemulsion

Improved vs.
control

Clear inhibition zone
(8 mm well method)

10.79 � 2.82 Not reported 55

Chitosan + gallic acid (1.5 mM) 13.5 mg
TE g−1

lm
Reported effective Not reported Not reported 98

Chitosan + avonols 80% 90% Not reported Not reported 99
Chitosan + tea tree EO (TTEO) 61.24 � 0.64% Not reported 1.54–4.23 1.81–2.96 97
Chitosan + clove EO-HP-b-CD
complex

88% Not reported Moderate
(burst strength: ∼8.41 N)

Not reported 53
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those on the right correspond to lms containing microcap-
sules (WM). The upper row shows the samples on Day 0, while
the lower row shows the samples aer three days of storage. The
extent of surface bacterial growth and meat discoloration was
used as a qualitative indicator of the antibacterial performance
of the lms, and the percentage of the meat surface covered by
bacterial growth was quantied over three days using ImageJ
image analysis soware. On Day 1, no visible bacterial growth
was detected on the surface of either sample. However, the
WOM sample exhibited the appearance of a shiny surface,
which may indicate early signs of spoilage. By Day 2, the WM
lm limited bacterial spread to 12.3% surface coverage, whereas
the WOM lm showed 26.7% coverage. Herein, the inuence of
microcapsules became more pronounced. The meat packaged
with the WM lm still exhibited limited bacterial development,
whereas the sample packaged with the WOM lm showed
a thicker bacterial layer and more evident surface deterioration.
On Day 3, the bacterial coverage increased to 26.3% for the WM
sample, while the WOM sample reached 33.4%, indicating
more extensive microbial growth. These results suggest that the
incorporation of microcapsules delayed bacterial growth in the
meat by approximately one day. This behavior can be attributed
© 2026 The Author(s). Published by the Royal Society of Chemistry
to the antioxidant compounds present in the argan oil core of
the microcapsules, which help slow oxidative degradation and
limit bacterial proliferation, demonstrating the potential anti-
microbial effect of the active lm. However, it should be noted
that quantitative microbiological analyses and chemical
spoilage indicators would be required to denitively conrm
shelf-life extension under commercial refrigerated storage
conditions. The WM lm developed in this study, based on
a chitosan–lignin matrix incorporating microencapsulated
argan oil, exhibits a well-balanced performance in terms of
antioxidant, antimicrobial, and mechanical properties. With
a DPPH radical scavenging activity of 64.6%, the lm demon-
strates strong antioxidant potential, surpassing several
comparable systems such as chitosan lms containing tea tree
essential oil (61.2%)97 and gallic acid-based systems (13.5 mg TE
g−1

lm).98 Although slightly lower than the maximum values
reported for lms incorporating clove essential oil-cyclodextrin
complexes (88%)53 or avonols (80%),99 the present formulation
achieves this performance using a relatively low concentration
of active oil (∼4.5 wt%, see Table 2). This indicates an efficient
antioxidant delivery system enabled by microencapsulation and
the synergistic contribution of lignin's polyphenolic structure.
RSC Adv., 2026, 16, 26928–26947 | 26941
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Table 2 highlights the effect of the composite lms on the color
stability of ground meat during storage for three days. Meat
packaged with WM lms (lignin–chitosan lms containing
argan oil microcapsules) showed a slower deterioration of color
compared with the WOM control lms. For the WOM samples,
the redness parameter (a*) decreased markedly from 19 to 7
over the storage period (around 63% reduction), while the
lightness (L*) dropped sharply during the rst day (52 to 26),
indicating rapid surface darkening. At the same time, the
increase in the b* coordinate (−2 to 6) suggests progressive
yellow–brown discoloration, which is typical of the oxidation of
Myoglobin into Metmyoglobin. These changes indicate signi-
cant color deterioration and loss of the characteristic bright red
Fig. 12 Ground meat packaged with (a, c, e and g) the film without
microcapsules and (b, d, f and h) the filmwithmicrocapsules for 3 days.

26942 | RSC Adv., 2026, 16, 26928–26947
appearance expected for fresh meat. In contrast, samples
packaged with WM lms exhibited a comparatively slower
decline in color quality. Although a reduction in redness was
also observed (a*: 25 to 5), the presence of lignin–chitosan and
encapsulated argan oil appeared to delay discoloration during
the early storage stages, as evidenced by the higher initial
redness values and a more gradual shi in the CIE L*a*b*
parameters. The evolution of the b* values (20 to 3) further
suggests that the WM lm limited the development of yellow–
brown tones associated with oxidative degradation. This
improved stability can be attributed to the antioxidant activity
of argan oil constituents, particularly tocopherols and phenolic
compounds, which inhibit lipid oxidation and reduce the
formation of secondary oxidation products, such as malondi-
aldehyde, which accelerate pigment oxidation. Similar results
in the works by Dera et al.100 and Kanatt et al. 100 reported
antioxidant properties of chitosan lms on meat. In the present
study, even the control group, which contained chitosan
without EO, presented decreased L* values (approximately 5
units) and maintained a* values, due to the oxidation of
Hemopigments, leading to gradual discoloration of the meat.
The antioxidant properties of chitosan were improved by EO
addition, as color parameters were better preserved in the
presence of EOs. Overall, the results indicate that incorporating
argan oil microcapsules within the lignin–chitosan matrix
contributes to a protective effect against oxidative discoloration
of meat. By slowing the conversion of oxymyoglobin to met-
myoglobin, the WM lms help maintain the desirable red
appearance of ground meat for a longer period compared with
the control lms, suggesting their potential as active packaging
materials for extending the visual quality of fresh meat prod-
ucts. Table 3 presents a comparison of the performance of
intelligent packaging with different systems. The antimicrobial
performance of the WM lm was also evaluated using the ISO
22196 standardized methodology, which revealed a 45.7%
reduction in S. aureus (from 16.6 × 107 to 9.0 × 107 CFU mL−1

cm−2). The use of microcapsules enables the controlled release
of bioactive compounds, potentially contributing to sustained
antimicrobial activity during storage. From a mechanical
standpoint, although the tensile strength of the WM lm (4.59
MPa) is slightly lower than that reported for some lms without
encapsulated oil (e.g., chitosan–thyme essential oil nano-
emulsion lms at 10.79 MPa),55 it remains within a suitable
range for exible packaging applications. Furthermore, the lm
exhibits a Young's modulus of 33.14 MPa, indicating moderate
exibility and structural resilience, which is advantageous
compared with several essential oil-based systems where
excessive plasticization can compromise lm stiffness and
handling. Overall, the WM lm represents a functionally
promising and environmentally sustainable packaging mate-
rial, combining bio-based components, controlled release of
active compounds, and balanced physicochemical properties.
These characteristics highlight its potential as an active food
packaging system for improving the preservation of perishable
products.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Conclusion

This study reports the successful development of an active, bio-
based packaging lm based on a chitosan–lignin matrix incor-
porating alginate microcapsules loaded with argan oil, using
gum arabic as an emulsifying agent. Structural and morpho-
logical analyses (FTIR, SEM, TGA) conrmed efficient encap-
sulation and good compatibility of themicrocapsules within the
polymeric matrix. Incorporation of argan oil microcapsules
enhanced the functional properties of the lms. Antioxidant
activity increased from 48.3% to 64.6% (DPPH assay), reecting
the contribution of bioactive compounds such as tocopherols
and phenolics. Moderate antibacterial activity against Staphy-
lococcus aureus and Escherichia coli was observed, indicating
synergistic effects between chitosan, lignin, and encapsulated
oil. Mechanically, microcapsules reduced tensile strength and
stiffness but improved exibility, as evidenced by higher elon-
gation at break. Both lms exhibited strong UV-blocking
capacity due to lignin's aromatic structure, offering protection
against photo-induced degradation. Application tests on
ground meat under refrigerated storage showed that the active
lm better preserved color and visual quality, extending shelf
life by approximately one day. These results demonstrate the
potential of chitosan–lignin lms with argan oil microcapsules
as sustainable, functional, active packagingmaterials. However,
the study has limitations. Antimicrobial activity was not quan-
tied by microbial enumeration, and lipid oxidation was not
measured using standard markers (e.g., TBARS). Storage trials
were limited in duration and conducted under controlled
conditions. Future studies should focus on quantitative
microbiological and oxidation analyses, extended storage tests,
release kinetics of encapsulated compounds, and validation
under real industrial conditions.
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