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ABSTRACT

This study proposes a novel hybrid hydrocolloid film using pectin and rosemary oil-loaded solid lipid nano-
particles (RO-SLN), integrating a biodegradable matrix with nanoencapsulated bioactive compounds to create a
sustainable and effective active packaging system for extending the shelf life of ready-to-eat (RTE) chicken
breast. Tween 20 (TSRO) and pectin (PSRO) stabilized RO-SLN, which was characterized by size (154 and
415 nm), polydispersity index (0.246 and 0.482), and zeta potential (-27 and —38 mV). PSRO was most effective
at reducing the hydration properties of pectin films compared with the CS film (water vapor permeability, 97%;
moisture content, 51%; and solubility in water, 47%), confirming superior moisture-barrier performance of the
dried film without food contact. Shelf-life efficiency was tested for RTE chicken breast stored at 4+ 1 °C for 7
days. RO-SLN had enhanced antibacterial and antioxidant activity. Samples wrapped in pectin/RO-SLN films had
a longer antimicrobial (5-7 days) and antioxidant (2-5 days) shelf life than the control (no film). Additionally,
pectin/RO-SLN films did not significantly change pH (p < 0.05) during the entire storage. TSRO increased weight
loss in RTE chicken breast by 13% on day 7. However, panelists’ perception, rather than the sample's intrinsic
quality, influenced the sensory shelf life. Pectin/PSRO films maintained acceptable scores for all sensory attri-
butes at the end of storage. Overall, this approach offers insights into the potential of pectin/RO-SLN films to
extend the shelf life of RTE chicken breast and may support the development of clean-label alternatives to
synthetic preservatives.

1. Introduction

methods. For instance, packaging materials can incorporate bioactive
compounds. In this context, plant extracts such as essential oils (EO) are

The rising demand for ready-to-eat (RTE) foods, combined with
growing concerns about food quality amid globalization, continues to
increase. RTE foods require no further preparation and can be consumed
immediately after opening. However, their shelf life is limited. For
instance, RTE chicken breast is highly susceptible to bacterial contam-
ination and oxidative deterioration, resulting in undesirable sensory and
nutritional qualities (Nikmaram et al., 2018). The global RTE chicken
breast market is projected to grow from USD 2452.7 million in 2025 to
USD 4500 million by 2035 (WiseGuyReports, 2026). Slowing the growth
of undesirable microorganisms and preventing lipid oxidation in RTE
chicken breast underscores the need to develop innovative preservation
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gaining wide interest in the food industry for their potential as antimi-
crobials and antioxidants. These are natural, Generally Recognized as
Safe (GRAS) food additives and meet consumers’ expectations for
clean-label products, rather than synthetic preservatives (Nikmaram
et al., 2018).

Salvia Rosmarinus, or Rosmarinus officinalis L., known as rosemary, is
an aromatic plant often used in a variety of cuisines and is among the
herbs with the highest antioxidant activity. Rosemary essential oil (RO)
contains 95-98 wt% monoterpenes and their derivatives, and 2-5 wt%
sesquiterpenes. RO has antibacterial, antimicrobial, antifungal, and
anti-inflammatory activity (Chetia et al., 2025). RO has been used as a
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food preservative and flavoring agent, and its effect on the shelf life
extension of food products has been confirmed. Additionally, RO has
been incorporated into several biopolymeric matrices to produce edible
films that positively affect food shelf life, as recently reviewed (Yang
et al., 2023). Despite the huge potential of RO for food preservation,
its specific characteristics, such as being volatile, hydrophobic, and ar-
omatic, affect its application. Encapsulating RO offers an effective way
to address the limitations of using it directly in food and/or packaging
materials. Researchers have encapsulated RO in various nanocarriers,
including nanoemulsions (Shahrampour & Razavi, 2023), nanogels
(Mohsenabadi et al., 2018), and solid lipid nanoparticles (Saporito et al.,
2018), to enhance its bioactivity. Despite the bioactive potential of
RO-loaded solid lipid nanoparticles being exploited in the pharmaceu-
tical field, e.g., wound healing (Saporito et al., 2018), antioxidant ca-
pacity (Lacatusu et al., 2010), and skin gel (Montenegro et al., 2017),
scarce literature considers their incorporation into a biopolymeric-based
matrix to obtain sustainable active packaging materials. Furthermore,
future research should prioritize mature, scalable RO encapsulation that
addresses key industrial and market demands, such as controlled
release, cost efficiency, and consumer acceptance (Yang et al., 2023).

Solid lipid nanoparticles (SLN) are nanocarriers composed of food-
grade solid lipids stabilized with emulsifiers, typically ranging from 50
to 1000 nm. Their highly ordered crystalline structure enables efficient
encapsulation of bioactive compounds, including hydrophobic and hy-
drophilic molecules such as EO. SLN have shown unprecedented po-
tential to increase the stability, bioavailability, and functionality of EO.
Practically, SLN represents an alternative and improved colloidal
nanocarrier to conventional nanoemulsions, liposomes, and polymer-
based nanoparticles (Pascuta & Vodnar, 2022). Furthermore, SLN are
biocompatible and biodegradable, with low-cost production and ease of
wide-ranging production (Assefi et al., 2023). EO-SLN for food preser-
vation have been incorporated into hydrogels and coatings, but research
remains limited and in its early stages. Safaeian Laein et al. (2024a)
prepared an alginate coating activated by Zataria multiflora EO-SLN to
preserve chicken fillets. The same research group also prepared a gelatin
coating containing peppermint EO-SLN to preserve trout fillets during
cold storage. Fincheira et al. (2024) prepared chitosan/polyvinyl
alcohol hydrogels incorporating Oreganum vulgare and Thymus vulgaris
EO-SLN to control the growth of Botrytis cinerea and Penicillium expan-
sum, phytopathogenic fungi that cause fruit deterioration.
Vakili-Ghartavol et al. (2024) treated strawberries with Mentha x
piperita L. EO-SLN to improve antimicrobial activity, shelf life, and
quality. Additionally, literature on using EO-SLN as reinforcement for
biopolymeric-based films is scarce or even nonexistent.

Pectin, among biopolymers, is a viable option for sustainable pack-
aging due to its abundance in nature, outstanding film-forming capa-
bility, high biocompatibility, flexibility, and gelling ability. Pectin films
offer good oxygen barrier properties but are highly sensitive to water,
with high water vapor permeability and water solubility (Martau et al.,
2019). Incorporating lipids can further functionalize pectin films and
reduce these weaknesses. Pectin-EO films represent a promising
approach for developing more innovative and sustainable food pack-
aging due to their antimicrobial and antioxidant properties. However,
their practical application is limited by the volatility and rapid release of
EO, which compromises stability over time and hinders industrial scal-
ability (Ainani et al., 2026). Encapsulating the liquid lipid phase within
SLN before incorporating it into pectin films offers an effective strategy
to enhance stability and modulate release behavior, thereby improving
the system's overall functionality. Recently, researchers reinforced
pectin films with beeswax SLN, improving their water vapor perme-
ability and mechanical properties (J. Xie et al., 2023). Furthermore,
differently stabilized SLN, acting as active or inactive fillers, were used
to tailor the protein films (Verena Wiedenmann et al., 2019).

While many active pectin/EO packaging films exist (Ainani et al.,
2026), few address the synergistic effects of physical, antimicrobial,
sensory efficacy, and oxidative stability in extending the shelf life of RTE
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chicken breast, and none combine RO-SLN with a pectin matrix, as
investigated in this study. A key new insight is the comparative evalu-
ation of pectin films activated by free RO and RO-SLN, as active
(RO-loaded pectin-stabilized SLN) and inactive (RO-loaded Tween
20-stabilized SLN) fillers, revealing how nanoparticle emulsifiers affect
the preservation efficacy of RTE chicken breast over 7 days of refriger-
ation (4 £ 1 °C) storage. This work advances knowledge in sustainable
food packaging by integrating nanoencapsulation, biopolymer technol-
ogy, and a panel-focused formulation strategy. Since the previous work
provides a comprehensive physical, mechanical, thermal, and morpho-
logical characterization of developed pectin/RO-SLN films (Pascuta
et al., 2026), this study provides new perspectives on the use of
EO-SLN as functional fillers in biopolymeric-based films, demonstrating
their role in improving the efficacy of EO, while bridging the gap be-
tween food shelf life extension and consumer demand for clean-label
alternatives to synthetic preservatives for healthy reasons.

2. Materials and methods
2.1. Materials

Soy lecithin, “Emulpur IP,” was purchased from Cargill Texturizing
Solutions (Hamburg, Germany). Tristearin was procured from IOI Oleo
GmbH (Hamburg, Germany). Sucrose palmitate was purchased from
Alfa Aesar, ThermoFisher GmbH (Karlsruhe, Germany). Tween 20
(Polyoxyethylene sorbitan monolaurate) was procured from Sigma-
Aldrich (St. Louis, Missouri, USA). Glycerol (glycerin 99.5%) was pur-
chased from Analar Normapur, BDH Prolabo (Miinchen, Germany).
Citrus pectin with DE 45% and galacturonic acid content of 88% (CU-L
103/21) was kindly delivered by Herbstreith & Fox GmbH & Co (Neu-
enburg, Germany). Rosemary oil (Rosemarinoel Aroma nat.) was pro-
vided by Symrise (Nordlingen, Germany). Calcium chloride anhydrous
was purchased from Carl Roth GmbH + Co (Karlsruhe, Germany). All
solutions were prepared in distilled water. Fresh chicken breast was
kindly delivered by Transavia S.A.

2.2. Characterization of rosemary oil

The Supplementary File (Table 1S) presents the qualitative analysis
of the rosemary oil volatile profile and the minimum inhibitory con-
centration (MIC). The main volatile compounds were expressed as % of
the total peak area. MIC results expressed the antimicrobial potential of
rosemary oil against S. aureus, C. parapsilosis, C. zeylanoides, and
S. enterica. Table 2S presents the remaining volatile compounds at
concentrations below 1%.

2.3. Preparation of rosemary oil-loaded solid lipid nanoparticles

SLN were prepared by ultrasound-assisted hot emulsification ac-
cording to Verena Wiedenmann et al. (2019), with slight modifications.
Briefly, soy lecithin (0.125 g) and tristearin (1.5 g) were heated under
stirring to 80 °C (30 min). 1.0 g of RO (25 °C) was added, and continue
for an additional 1 min. Then, 22.375 g of 3.02% sucrose palmitate
(w/w) in 5 mM phosphate buffer (pH 6.0) was added at 80 °C. A soni-
cator (Bandelin Sonoplus, HD 2022) with a titanium tip (Bandelin
electronic, D-12207, UW 2200, MS 73, Germany) at an amplitude of
75% in pulsed mode (0.5 s pulse length) was used for the emulsification
process. During sonication (30 min), the temperature was maintained at
60 °C.

To prepare TSRO, the emulsion was poured into an 8% Tween 20
solution (w/w), preheated to 60 °C (1:1), and immediately cooled to 20
°C in ice water under continuous stirring. To prepare PSRO, first prepare
a pectin solution. Gradually dissolve 2 g of pectin (w/w) in 98 g (w/w)
hot distilled water (90 °C) using an Ultraturrax (Polytron® PT-MR6100
D, Kinematica, Switzerland) at 9500 rpm for 5 min. The speed was
increased to 17,500 rpm for another 5 min. Finally, equal amounts of
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emulsion and pectin solution (at 60 °C) were vortexed at 2500 rpm for
20 s. The mixture was then immediately cooled to 20 °C in ice water
under continuous stirring.

2.4. Characterization of solid lipid nanoparticles

The particle size and zeta potential of SLN are reported in the Sup-
plementary File, Table 3S. Differences between TSRO and PSRO were
discussed in more detail in previous work (Pascuta et al., 2026).

2.5. Film preparation

Pectin films were produced according to the method of Nisar et al.
(2018), with modifications. 2% (w/w) pectin was dissolved in hot
distilled water (90 °C) already containing glycerol (30% w/w of pectin)
and was homogenized with an Ultraturrax at 9500 rpm for 5 min. 2%
CaClj solution (w/v) was added to reach 1% dry mass of CaCly (w/w of
pectin). Then, the homogenization speed was increased to 17,500 rpm
for an additional 5 min. The foam was removed with a spoon. The ob-
tained hot solution was mixed with TSRO/PSRO emulsion (40% w/w,
25 °C) at 9500 rpm for 2 min using the Ultraturrax. Then, an ultrasonic
bath (Bandelin Sonorex Digitec, DT 100 H, 35 kHz, Germany) was used
to remove air bubbles (42 + 1 °C, 10 min). The film solution was
immediately poured into polyethylene Petri dishes (9 cm diameter) with
a constant dry mass of 0.6 g and a constant pectin content of 1.8%. Films
were dried at room temperature (25 + 1 °C) and stored under these
conditions for at least 4 days before characterization and application to
ready-to-eat chicken breast. For pectin films with free RO (CRO), RO
(0.8% w/w) was directly added to the pectin solution during homoge-
nization at 9500 rpm for 5 min, followed by a cycle of 17,500 rpm for
5 min using the Ultraturrax.

2.6. Characterization of films

The visual appearance was observed by capturing digital images of
pectin-based films before further characterization and application to
RTE chicken breast.

Film thickness (mm) was determined using a micrometer (Mauser,
Pfeiffer Instrument, Germany). Five random values were noted for each
film, and the measurements were conducted in duplicate (n = 2).

Moisture content and water solubility were determined by gravi-
metric analysis. For moisture content, film pieces (2 cm?) were weighed
before and after drying at 102 °C to reach a constant dry mass, and the
result was expressed as a percentage of the initial weight. For water
solubility, film pieces (2 x 2 cm) were dried over calcium chloride and
weighed precisely. Each film sample was immersed in 25 mL of distilled
water and agitated at 300 rpm (30 min/25 °C), then filtered through
pre-weighed Whatman No. 1 paper. The filters were weighed again after
drying at 60 °C for 24 h and cooling in a desiccator. Solubility was
expressed as the percentage of dissolved film material.

Water vapor permeability (WVP) was measured following ASTM
E96/E96M-10. Permeability cups containing anhydrous CaClp, with a
6 mm air gap between the CaCl, and the film (10 cm? exposed to water
vapor), were placed in a pre-equilibrated desiccator containing a satu-
rated NaCl aqueous solution at 25 + 1 °C (75% RH). A linear regression
(R? < 0.996) was generated by plotting weight gain against time
(grams/hour). The slope was divided by the exposed film area
(0.001 m?) to calculate the water vapor transmission rate (WVTR). For
WVP, we first calculated the water vapor partial pressure difference
(WVPP) at the underside of the films using the Correction for Resistance
due to Still Air and Specimen Surface equation described in ASTM E96/
E96M-10. Then, WVP was calculated by multiplying WVTR by film
thickness and dividing by the WVPP between the two sides. Mean values
from five points per film were used for thickness (Teleky et al., 2022).
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2.7. Film application on RTE chicken breast

The fresh chicken breasts were cut into slices with a height of a
maximum of 1 cm and grilled without salt and spices to obtain ready-to-
eat (RTE) chicken breasts. Pieces of RTE chicken breast with a minimum
weight of 25 g were packaged in commercial low-density polyethylene
(LDPE) plastic bags with a zip (0.1 mm in thickness), without (CS) or
with pectin films containing(i) free rosemary oil (CRO), (ii) TSRO, and
(iii) PSRO. Pectin films covered both sides of the RTE chicken breast.
Packaged RTE chicken breast was stored at refrigeration conditions (4
+ 1 °C) for 7 days. Appearance, weight loss, pH, and total viable cell
count analysis were assessed on days 0, 2, 5, and 7 of storage. Sensory
analysis was evaluated on days 0 and 7 of storage.

2.8. Evaluation of RTE chicken breast

2.8.1. Appearance, weight loss, and pH

Appearance of RTE chicken breast during storage time was visually
evaluated.

Weight loss was expressed as a percentage of the initial weight of the
packaged RTE chicken breast piece. pH of the stored RTE chicken breast
was measured using a pH meter (InoLab® Multi 9310 IDS, WTW,
Weilheim, Germany) in triplicate (Socaciu et al., 2021). 5g of RTE
chicken breast was dispersed in 45 mL of distilled water by an Ultra-
turrax at 10,000 rpm for 1 min.

2.8.2. Thiobarbituric acid reactive substances

The thiobarbituric acid reactive substances (TBARS) concentration
of the samples was determined according to the modified method of
(Socaciu et al., 2021). The sample (2 g) was homogenized with 4 mL of
sodium phosphate buffer (pH 7.4) at 21.500 rpm for 30 s using an
Ultraturrax. The two mL of trichloroacetic acid (30 w/v) were added
and homogenized at 17.500 rpm for 30 s using an Ultraturrax. The ho-
mogenate was transferred into a 10-mL volumetric flask, brought to
volume with phosphate buffer, and vortexed (Velp Scientifica, Italy).
The precipitate was filtered through Whatman No. 1 filter paper, and the
filtrate was kept for analysis.

Five mL of the filtrate was mixed with five mL of 2-thiobarbituric
acid solution (0.02 M) in a ten mL screw-cap test tube and heated at
90 °C for 20 min in a water bath. Then, the test tube was immediately
cooled down in ice. The blank was prepared with four mL of phosphate
buffer and one mL of trichloroacetic acid instead of the filtrate. The
absorbance of each mixture was recorded at 530 nm using a Multiplate
reader spectrophotometer (BioTek® Instruments, Winooski, VT, USA).
Quantification of malondialdehyde (MDA) was calculated using a linear
calibration curve prepared from 1,1,3,3-tetramethoxypropane (Ry =
0.9995). The TBARS value was expressed as mg MDA/kg meat sample.

2.8.3. Total viable cell count

The total viable cell count (TVC) was assessed following ISO
4833-1:2013 (Socaciu et al., 2021). We homogenized 5 g of each sample
with 45 mL of saline solution (0.85% w/v) using an Ultraturrax at 10,
000 rpm for 1 min. Pour 1 mL of the dilution onto a plate and add 15 mL
of agar medium. The medium and sample were thoroughly mixed. The
final two dilutions were used for plate preparation, and this procedure
was triplicated. TVC enumeration was performed after incubating the
inoculated plates at 30 °C for 72 h and was expressed as colony-forming
units (CFU).

2.8.4. Sensory analysis

A hedonic test of RTE chicken breast wrapped in pectin-based films
was conducted under normal daylight conditions at the University of
Agricultural Sciences and Veterinary Medicine of Cluj-Napoca
(USAMVCN), Romania, according to ISO 11136:2014. Samples were
evaluated by a sensory panel comprising 8 voluntary evaluators (4
women and 4 men, aged 21-31 years) before storage (day 0) and at the
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end of storage (day 7). The study followed the laboratory ethical stan-
dards of USAMVCN, and informed consent was obtained from each
subject before they participated in the study. Additionally, the meth-
odology for this study was approved by the ethics committee of
USAMVCN (Ethics approval number: CBE nr. 567/09.06.2026). All
participants were adults and were fully informed about the voluntary
nature and confidentiality of their participation, as well as the samples,
pectin/RO-SLN films, and the study purpose. The samples were assigned
unique, anonymous three-digit codes and presented to the panellists in a
randomized sequence. Color, smell, aspect, juiciness, and overall
acceptability were evaluated using a 9-point hedonic scale (9 —
extremely pleasant, 1 — extremely unpleasant). A score of 5 was taken as
the lower limit of acceptability (Marzlan et al., 2022). The samples were
visually and tactually evaluated, without ingestion required. Plain
mineral water was provided for palate cleansing between evaluations.
To minimize sensory fatigue and maintain evaluation accuracy, panel-
lists were given a short break between sample assessments (Selin et al.,
2025).

2.9. Statistical analysis

Statistical analysis was done using Microsoft Excel 2016 (p < 0.05).
Results were reported as mean + standard deviation. Descriptive anal-
ysis and tested data homogeneity (Fmax test) before further analysis.
ANOVA: A single factor was used to determine significant differences in
the characterization of pectin-based films. ANOVA: A two-factor
ANOVA with replication was used to assess the significant effects of
time and pectin-based film type on the quality of RTE chicken breast.
Means sharing different superscript letters within the same parameter
were significantly different according to Tukey’s HSD test (p < 0.05).

Pearson’s correlation coefficient was used to explore linear associa-
tions among physicochemical, microbiological, lipid oxidation, and
sensory variables. pH, weight loss, TBARS, and TVC measurements from
four samples (CS, CRO, TSRO, PSRO) across four storage times resulted
in sixteen treatment-storage mean values. We calculated correlations
involving color, smell, aspect, juiciness, and overall acceptability using
the corresponding mean values from the same sample and storage days,
resulting in eight treatment-storage mean values (p < 0.05). Pearson
correlation analysis was exploratory, and the resulting coefficients were
interpreted as associations between variables rather than independent-
effect estimates because measurements from the same treatment over
storage time represent repeated observations and are therefore not fully
independent.

3. Results and discussion
3.1. Characterization of films

Table 1 presents the thickness, moisture content, water solubility,
and WVP of pectin-based films. Thickness is an important parameter for
examining the moisture barrier of films and is used to calculate water
permeability. Thickness values ranged between 60 pm (CRO and TSRO)
and 72 pm (CS). These results are consistent with the thickness values of
pectin-beeswax/citral films (Kashiri, 2025). The lowest thickness of CRO
and TSRO films was related to RO volatilization during film drying, as
previously reported in the literature (Li et al., 2022). However, a thicker
PSRO film was attributed to the high viscosity of pectin, which led to
stronger RO entrapment (Attallah et al., 2020).

Moisture content and water solubility play an important role in the
water-barrier resistance of pectin films under humid conditions. These
parameters determine the suitability of pectin films for food packaging
and their ability to maintain structural integrity in aqueous food
(Kashiri, 2025). Moisture content ranged from 8.46 + 0.46% (TSRO) to
17.32 £ 1.46% (CS). Moisture content significantly (p < 0.05)
decreased with the addition of free RO and RO-SLN. This decrease was
attributed to changes in the percentages of hydrophilic and hydrophobic
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Table 1
Thickness, moisture content, water solubility, and water vapor permeability of
pectin-based films.

Film Thickness  Moisture Water WVP
(um) content (%) solubility 10*1°-g-s*1-m*1-Pa*1

(%)

CS 72+ 3 17.32 + 1.46% 97.90 9.54 4 1.41*
+1.60%

CRO  60+0° 14.14 + 0.81° 79.10 1.73 £ 0.11°
+0.80¢

TSRO 60 + 0° 8.46 + 0.46° 83.68 1.08 + 0.21>
+0.60°

PSRO 71 £ 22 8.90 + 0.61°¢ 45.79 0.25 + 0.02 <
+0.74¢

CS — pectin film, CRO — pectin film with free rosemary oil, TSRO - pectin film
with rosemary oil-loaded Tween 20 stabilized solid lipid nanoparticles, PSRO —
pectin film with rosemary oil-loaded pectin stabilized solid lipid nanoparticles.
Data are expressed as mean =+ standard deviation (n = 2 for thickness, n = 3 for
moisture content, water solubility and water vapor permeability). Letters indi-
cate significant differences (p < 0.05).

molecules per g dry mass. Pectin was the hydrophilic molecule with a
high capacity to bind water, which could explain the highest moisture
content in the CS film. Lipids and emulsifiers were the hydrophobic
molecules that partially replaced the pectin network, thus reducing the
ability of pectin/RO-SLN films to bind water. A similar result was re-
ported when fatty acids were added to pea starch-guar gum films (Saberi
et al., 2017).

All pectin films were soluble in water, with water solubility ranging
from 45.79 + 0.74% (PSRO) to 97.90 + 1.60% (CS). PSRO had the
lowest water solubility, which was attributed to pectin's ability to form a
gel. At the same time, TSRO had higher water solubility than PSRO
(p < 0.05). Using natural pectin as an emulsifier (in our case, a pectin-
pectin gel backbone) maintains emulsion stability and improves gel
characteristics. CaCly—crosslinked pectin films are reported to show
substantially reduced water solubility; Ca%* through ionic crosslinking
of pectin carboxyl groups, can form “egg-box” junctions, resulting in a
denser/less water-accessible matrix (Penhasi & Meidan, 2014). In this
study, low-methoxyl pectin and Ca?" were used as the main gelator. In
contrast, Tween 20, being a non-ionic emulsifier, does not interact with
the pectin backbone, which increases gel porosity and weakens its
structure (Huang et al., 2025).

The pectin/RO-SLN films can be suitable for packaging ready-to-eat
meat products with low water content, as water evaporates during the
cooking process.

WVP is an important factor for evaluating the water barrier prop-
erties of films and their application in food packaging. A lower WVP is
preferred to limit moisture migration between the food and its sur-
roundings. Therefore, the lower the WVP, the higher the moisture bar-
rier. This contributes to a longer shelf life of packaged food (Teleky
et al., 2022). WVP ranged between 9.54 + 1.41 x 10_1°-g-s_1~m_1~Pa
~1(CS) and 0.25 + 0.02 x 1071%.g.s7L.m~1.Pa~! (PSRO). WVP signifi-
cantly (p < 0.05) decreased with the addition of free RO and RO-SLN.
RO reduced the WVP of pectin films due to its high content of hydro-
phobic compounds. Monoterpenes found in RO are lipophilic com-
pounds that reduce the water-binding ability of the pectin matrix.
RO-SLN reduced the WVP due to: (i) the hydrophobic nature of lipids
and emulsifiers, (ii) the platelet shape of SLN that is a better obstacle to
water molecules diffusing through the film (Abdollahi et al., 2012), and
(iii) the crystalline lipid nanoparticles, which are more effective than
liquid lipid droplets at comparable volumes (Zhang et al., 2022). The
difference in WVP between TSRO and PSRO is related to the emulsifier
used. Tween 20 is highly hydrophilic and complements the hydrophobic
nature of sucrose palmitate and lecithin, supporting a higher WVP value.
A detailed discussion related to the water barrier of pectin films via
various SLN formulations (including TSRO and PSRO) was reported in a
previous work (Pascuta et al., 2026). A decrease in WVP was also
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reported with the addition of free SLN in protein films (V. Wiedenmann
et al.,, 2019) and in pectin films (Jiayu Xie et al., 2023). Conventional
plastic films have a very low WVP. For instance, a WVP of about
2 x 107 12.g.s -m 1.Pa~! was reported for polyethylene films (Hong
et al.,, 2022) and 4.5 x 107!1.g.;s"-.m~1.pa~! for polypropylene films
(da Silva et al., 2022). Although developed pectin films had a higher
WVP, adding RO-SLN reduced it by almost an order of magnitude.
Furthermore, RO-SLN reduced the WVP of pectin films more effectively
than the cinnamon EO-loaded Pickering emulsion (Yu et al., 2024), as
reflected in the lower WVP values observed in our study.

3.2. Appearance of films

All developed pectin films, incorporating free RO and RO-SLN, were
transparent, with a continuous layer and no pores or cracks (Fig. 1). The
film solutions completely covered the surface of the Petri dishes, and
when solidified, the films peeled off easily. The two sides of the film
looked different: the side facing the casting dish was smooth and shiny,
while the other was rough, likely due to water evaporation. CRO was
glossier and slipperier, while TSRO and PSRO were duller and softer.
The differences in the visual and tactile characteristics of pectin-based
films were attributed to the physical state of RO and nanoparticles (e.
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g., oil distribution, interfacial organization, matrix-nanoparticle in-
teractions). The glossiness and slipperiness of CRO were attributed to the
migration or redistribution of free RO toward the film surface during
drying. RO contains hydrophobic compounds that are poorly miscible
with the aqueous pectin phase and can modify pectin film surface
morphology. Similar results were observed in protein/tarragon EO films
(Socaciu et al., 2020). Instead, RO-SLN reduced RO mobility and
contributed to the duller, softer appearance perceived in TSRO and
PSRO. Morphological characterization showed that TSRO and PSRO
appeared rougher than CS. SLN interrupted the specific layered internal
structure of pectin films and led to a less regular film matrix (Pascuta
et al., 2026).

3.3. Evaluation of RTE chicken breast

3.3.1. Appearance, weight loss, and pH

Fig. 1 presents the appearance of RTE chicken breast with pectin
films during storage under refrigeration conditions. Immediately after
pectin films were applied to the sample surface, they absorbed water
from the RTE chicken breast. This phenomenon is supported by the high
water solubility of pectin. Furthermore, the TSRO film began to disin-
tegrate on day 5 of storage. TSRO and PSRO became opaque. Despite the

Fig. 1. Appearance of ready-to-eat chicken breast with films during refrigeration storage. CS — sample with commercial bag without film, CRO - sample with
commercial bag + pectin film with free rosemary oil, TSRO — sample with commercial bag + pectin film with rosemary oil-loaded Tween 20 stabilized solid lipid
nanoparticles, PSRO — sample with commercial bag + pectin film with rosemary oil-loaded pectin stabilized solid lipid nanoparticles.
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CRO film also absorbing water from the samples, it remained trans-
parent until the last day of storage. The swelling behavior of the films
influenced the opacity of the samples. Water uptake in the films from the
RTE chicken breast surface disrupted the initial distribution of the
dispersed SLN and altered light diffusion through the films. Hydration
and swelling could alter the spatial distribution and could increase local
heterogeneity. SLN are platelet-like particles that can obstruct light
transmission. In general, a colloidal sample with particle diameters in
the visible light wavelength range is more opaque than a sample with
smaller particle diameters (Pascuta et al., 2026). Swelling also affected
sample weight loss.

Weight loss is a critical analysis for evaluating the water retention
capacity of RTE chicken breast during storage. Weight loss increased
during storage time in all samples packaged with pectin films. CS
exhibited increased weight loss on day 2 and maintained this value until
day 7 (Fig. 2 A). On the last day of storage, weight loss ranged from 0.34
+ 0.02% (CS) to 13.57 4+ 0.01% (TSRO) (Fig. 4A). The high weight loss
of CRO, TSRO, and PSRO was supported by two steps of water loss. First,
according to Alemneh et al. (2025), chicken breast weight loss increased
with heat treatment (sous-vide cooking) and storage time at 3 °C (from 2
to 10 days). Heat treatment denatured the protein structure and reduced
water-holding capacity. Second, pectin is hydrophilic. Consequently,
pectin-based films supported interactions between water molecules at
the RTE chicken breast surface and the hydrophilic groups in the pectin
film matrix, inducing structural changes within the film. Thus, the
moisture barrier properties of dried films were changed during food
contact. In this study, water released from the RTE chicken breast tissue
hydrated the pectin-based films, and water diffused from the sample into
the swollen film, resulting in greater weight loss in the packaged sam-
ples. Alginate films also increased weight loss in chicken meat during
refrigerated storage because of their hydrophilicity (Merenkova &
Zinina, 2024).

Changes in pH can indicate meat freshness during storage. The initial
pH of RTE chicken breast (6.15) was consistent with the pH (6.19) re-
ported for cooked ground chicken breast without additives (Bae et al.,
2020). Across all samples, pH decreased until day 5, then increased
slightly by day 7, though it did not exceed the initial pH (Fig. 2B). On
day 7, pH ranged between 5.81 (CRO) and 6.08 (TSRO). Although TSRO
and PSRO showed lower pH values during storage than CS, these dif-
ferences were not statistically significant (p > 0.05). However, CRO
maintained the lowest pH throughout storage (p < 0.05). A decrease in
pH has been reported in RTE meats packaged with edible films
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containing EO (Emiroglu et al., 2010, Xu et al., 2018). This decrease has
been associated with the growth of lactic acid bacteria, the dominant
microflora in vacuum-packaged meats. Thus, the pectin films containing
RO-SLN had no significant impact on the pH of RTE chicken breast
during storage under refrigerated conditions (p > 0.05). Most moisture
in fresh chicken breast is lost during cooking. Although adding RO-SLN
to the pectin film reduced the films’ WVP, this was not sufficient in
practice. Moisture loss during cooking, combined with the addition of
hydrophobic substances, did not preserve the effectiveness of pectin
films when applied to RTE chicken breast.

3.3.2. Thiobarbituric acid reactive substances

TBARS serve as an indicator of lipid oxidation, particularly in meat
and fish, which reflects the level of MDA in food (Socaciu et al., 2021).
TBARS form in the second stage of auto-oxidation, when peroxides are
oxidized to aldehydes, ketones, acids, alcohols, and hydrocarbons,
which negatively affect sensory attributes and reduce food quality. Lipid
oxidation increases with the amount of content (Bertolin et al., 2019). In
this study, pectin films were incorporated with lipids to enhance their
bioactivity. A key outcome was determining lipid oxidation in wrapped
RTE chicken breast using these films as an indicator of shelf life. An MDA
value over 0.5 mg/kg indicated some oxidation, while an MDA value
above 1.0 mg/kg was considered unacceptable (Reitznerova et al., 2017,
Abdullah et al., 2024). Fig. 3 presents the TBARS of RTE chicken breast
during refrigerated storage. The initial MDA was 0.33 mg/kg sample,
indicating a high-quality meat product with no oxidation occurrence.
MDA increased during storage and reached 1.03 + 0.01 mg/kg sample
(CS)and 1.71 + 0.02 mg/kg sample (PSRO) on day 7. CS had the highest
MDA values until day 5 and decreased on day 7. This phenomenon may
relate to MDA interactions with other food components, such as pro-
teins, during storage, or to additional reactions involving secondary
oxidation products, including the formation of other undetected oxida-
tion products besides MDA. A decreased MDA value during storage
under refrigeration conditions was observed in wooden breast chicken
meat (Rocha et al., 2022). The encapsulation process and SLN emulsi-
fiers influenced antioxidant efficacy. On day 5, CS and CRO exceeded
the unacceptable limit of 1.0 mg MDA/kg sample, whereas TSRO and
PSRO maintained MDA lower than 0.5 mg/kg (0.41 £+ 0.06 mg/kg and
0.26 + 0.01 mg/kg). The decrease in MDA after treatment with TSRO
and PSRO was attributed to the increased levels of antioxidant com-
pounds in RO. Tables 1S and 2S present the volatile compounds of RO
with antioxidant/antimicrobial properties. Based on the available
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Fig. 2. (A) Weight loss (%) and (B) pH of ready-to-eat chicken breast after 7 days of storage at refrigeration conditions (4 + 1 °C). CS — sample with
commercial bag without film, CRO - sample with commercial bag + pectin film with free rosemary oil, TSRO — sample with commercial bag + pectin film with
rosemary oil-loaded Tween 20 stabilized solid lipid nanoparticles, PSRO — sample with commercial bag + pectin film with rosemary oil-loaded pectin stabilized solid

lipid nanoparticles. Data were expressed as mean + SD (n = 3).
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Fig. 3. Changes in thiobarbituric acid reactive substances of ready-to-eat
chicken breast during refrigerated storage. CS - sample + commercial
plastic bag with zip; CRO — sample + pectin/free RO film + commercial plastic
bag with zip; TSRO - sample + pectin/RO-loaded Tween-stabilized SLN
film + commercial plastic bag with zip; PSRO - sample + pectin/RO-loaded
pectin-stabilized SLN film + commercial plastic bag with zip. Data were
expressed as mean + SD (n = 3).

literature and the MDA values obtained in this study, TSRO and PSRO
appeared to release RO more slowly during storage compared to CRO.
This behavior may be related to a more controlled release mechanism in
pectin/RO-SLN films, which can be hypothesized to involve two
sequential steps before RO becomes available in the food system: (i) the
migration of RO from the SLN into the pectin matrix and (ii) the sub-
sequent release of RO from the pectin film into the food system (Pascuta
& Vodnar, 2022). This suggested mechanism aligns with other research
showing that encapsulating EO can improve their antimicrobial and
antioxidant properties by protecting their bioactive compounds from
environmental degradation. For example, raw chicken fillets treated
with an alginate coating activated by Zataria multiflora EO-SLN showed
lower TBARS values than those treated with a coating containing free EO
(Safaeian Laein et al., 2024b). While TSRO had a gradual increase in
MDA throughout storage, PSRO had a lower MDA value on day 5 than on
day 2. This indicated a delayed or prolonged release of RO from PSRO
compared to the more gradual release observed for TSRO. Previous work
reported a higher entrapment efficiency for PSRO (93.6%) than for
TSRO (82.6%), which can be attributed to the gelling properties of
pectin, which form a more stable, protective matrix around RO (Pascuta
et al., 2026). Pectin-stabilized systems have been reported to provide
improved emulsion stability and encapsulation efficiency due to the
formation of a thicker protective interfacial layer (Mohamed et al.,
2021, Wang et al., 2017), thus reducing burst release of RO. In the
present study, PSRO (415 + 12 nm, —38 1 mV) showed a thicker pro-
tective layer with controlled RO release than TSRO (154 + 1 nm, —27
+ 0.4 mV), based on nanoparticle size and zeta potential-based stability
(Table 3S). However, because the release kinetics of RO were not
directly established in this work, the controlled-release mechanism
should be considered an inference based on the observed MDA results
and previously published processes. Higher MDA in TSRO and PSRO
than in CS at the end of storage was attributed to lipid oxidation in the
SLN. Pintado and Cofrades (2020) reported that sausages with reduced
fat content and the addition of vegetable oils (as oleogels or emulsion
gels) had higher MDA values at the end of storage compared to sausages
without the addition of vegetable oils, which agreed with the findings of
our study (Pintado & Cofrades, 2020). Thus, the antioxidant capacity of
pectin/RO

SLN to improve the quality of RTE chicken breast appeared to be
influenced by the encapsulation of RO and the presence of SLN
emulsifiers.
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3.3.3. Total viable cell count

TVC, also known as the Aerobic Colony Count or Standard Plate
Count, indicates quality, not safety, and cannot directly contribute to a
safety assessment of RTE food (Health Protection Agency, 2009). The
changes in TVC in RTE chicken breast stored under refrigeration for 7
days were evaluated (Fig. 4). The TVC was 2.35 + 0.18 log;o CFU/g at
day 0. This value gradually increased over the storage period for all
samples. On day 7, CS exceeded 6.61 + 0.04 log;o CFU/g and, except on
day 2, had the greatest microbial growth during storage. A TVC less than
6 log1p CFU/g is usually associated with a mixed flora (Health
Protection Agency, 2009). Above this level, a predominant microor-
ganism is present, and acceptability and organoleptic quality are
compromised. Wrapped samples with CRO, TSRO, and PSRO were
significantly lower (4.82 + 0.02, 4.46 + 0.05, and 3.63 + 0.03 log;o
CFU/g) on day 7 (p < 0.05). The TVC trends were consistent with the
differences in release behavior previously discussed in TBARS, differ-
ences which may also have contributed to microbial stability during
storage. TSRO and PSRO reduced microbial growth, which may be
associated with the protective role of SLN and the two-step release of
active compounds compared to CRO. Additionally, PSRO showed the
best oxidative and microbial stability parameters, attributed to strong
entrapment. PSRO had higher encapsulation efficiency than TSRO,
attributed to pectin’s high viscosity and rapid gel-forming ability
(Pascuta et al., 2026). This resulted in a stronger gel matrix than TSRO
and was reflected in more efficient inhibition of microbial growth and
greater oxidative stability of PSRO on day 5 of storage. Furthermore,
higher RO entrapment in PSRO led to higher levels of bioactive com-
pounds, supporting better bioactivity in the developed films. For
instance, the main bioactive compound in RO is eucalyptol (1,
8-cineole), with a concentration of 55.7% (Table 1S). Eucalyptol
changed the shape and size of Gram-positive and Gram-negative bac-
teria and supported apoptosis. Eucalyptol is a hydrophobic bicyclic
monoterpene that makes bacteria with an outer lipopolysaccharide
membrane susceptible to its antimicrobial activity (Maczka et al., 2021).
However, the improved antimicrobial activity of RO-SLN should not be
attributed only to the SLN protective role and controlled release, espe-
cially in a complex food matrix, and requires deeper research for a better
understanding. A recent study highlights a  complex
physicochemical-biological system at the nanoscale as a mechanism of
action for improved antimicrobial activity of lipid-encapsulated
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Fig. 4. Changes in total viable cell count of ready-to-eat chicken breast
during refrigerated storage. CS — sample + commercial plastic bag with zip;
CRO - sample + pectin/free RO film + commercial plastic bag with zip; TSRO —
sample + pectin/RO-loaded Tween-stabilized SLN film + commercial plastic
bag with zip; PSRO - sample + pectin/RO-loaded pectin-stabilized SLN
film + commercial plastic bag with zip. Data were expressed as mean =+
SD (n = 2).
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bioactives, such as RO-SLN systems. This manuscript provides a
comprehensive discussion on recent discoveries of these mechanisms,
persistent knowledge gaps, and future perspectives for mechanistic
research (Prajapati et al., 2026). Referring to the current study and
based on reported work of Prajapati et al. (2026), the mechanism of
RO-SLN in reducing microbial growth also involves (i) an enhanced
RO-SLN interaction with microbial membranes, (ii) improved solubili-
zation of the hydrophobic part of RO and increased bioavailability; (iii)
an intracellular mechanism; and (vi) overcoming antimicrobial resis-
tance to RO bioactivity, due to increased local antimicrobials at the
target site and the use of a lower dose. In conclusion, the oxidative and
microbial performance of PSRO in increasing the shelf life of RTE
chicken breast may be associated with the encapsulation of RO and its
improved stability, together with a controlled and sustained release of
RO (Wang et al., 2021). In contrast, Tween 20 is a nonionic surfactant
that forms a thin interfacial layer around lipid particles, providing less
protection against diffusion than the polymeric network formed by
pectin. A known disadvantage of SLN is drug leakage and expulsion
during storage, due to the complexity of the lipid’s physical state and its
transition to crystalline form (Mehnert & Mader, 2012). Furthermore,
TSRO may influence the organization of the pectin matrix and poten-
tially facilitate the release of RO from the pectin films onto the sample
surface, whereas PSRO appears to be better incorporated within the
pectin matrix.

3.3.4. Sensory analysis

The organoleptic properties of RTE chicken breast on days 0 and 7 of
storage were evaluated using a 9-point hedonic scale and are presented
in Fig. 5. The sensory characteristics, including color, smell, aspect,
juiciness, and overall acceptability of the wrapped RTE chicken breast,
were examined to assess sensory preference and sensory shelf life. The
results showed a decrease in sensory attribute values from day O to the
end of storage. On day 0, all wrapped samples had lower sensory attri-
bute scores. CRO had unacceptable scores for smell (4.50) and juiciness
(4.50), which were below the limit of acceptance, resulting in the lowest
overall acceptability score (5.38). TSRO and PSRO had an overall
acceptability of 6.88 and 6.00, respectively. These results were attrib-
uted to: (i) the concentration of RO that possesses a strong smell that
migrated into the sample, according to panelists; and (ii) the swelling
effect of the film on the sample surface, which reduced the visibility of
the sample through the film. RO is one of the most commonly used EO
(flavor and flavoring) in meat and meat products (Li et al., 2023). Fresh
chicken breast treated with RO and cooked in an oven for 15 min had a
lower smell score before storage (Stojanovic-Radic et al., 2018).
Hematizad et al. (2021) reported an early negative influence of
gelatin-nanochitosan films containing a higher concentration (0.9 v/v)
of Zataria multiflora Boiss EO on the odor and taste of fresh chicken meat
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during refrigerated storage. Research on applying antimicrobial and
antioxidant films containing EO to RTE chicken meat remain limited. On
day 7, all sensory attributes had lower values compared to day 0. CS had
the lowest sensory attribute values compared to wrapped samples,
especially for smell (4.88), juiciness (4.63), and overall acceptability
(5.38). These were attributed to the presence of spoilage bacteria in CS
(according to the TVC result), which may have caused discoloration,
acid production, and gas production. Ammonia and amines generated
during protein degradation, as well as ketones and aldehydes formed
through lipid oxidation, contributed to the sample's unpleasant smell
(Hematizad et al., 2021). Except for juiciness, all films maintained the
sensory attribute values above 5, which was considered the lowest limit
of sensory acceptance. Juiciness was affected by the water absorption of
films from the RTE chicken breast. Alginate coating containing Zataria
multiflora EO-SLN improved the sensory quality of raw chicken fillets
(Safaeian Laein et al., 2024c). These results indicate that although CRO,
TSRO, and PSRO reduced sensory attribute values, their application —
particularly RO-SLN - helps preserve sensory quality during storage of
RTE chicken breast.

3.3.5. Determination of shelf life of RTE chicken breast based on physical,
microbiological, lipid oxidation, and sensory analyses

Fig. 6 illustrates a strong negative correlation among the physical
parameters and a strong positive correlation between microbiological
analysis and lipid oxidation (p < 0.001), which agrees with the results
above. Physical parameters had no significant correlation with micro-
biological properties, lipid oxidation, and sensory attributes. Microbio-
logical properties and lipid oxidation had a high negative correlation
with juiciness, a moderate negative correlation with smell, and no sig-
nificant correlation with color and overall acceptability. However,
sensory attributes showed a strong positive correlation with overall
acceptability (p < 0.01). These results indicated that panelists’ percep-
tion of the wrapped sample influenced sensory shelf life more than the
intrinsic (physical, microbiological, and lipid oxidation) quality of RTE
chicken breast.

Table 2 summarizes the shelf-life results from microbiological and
sensory analyses, along with lipid oxidation, for RTE chicken breast
wrapped with CRO, TSRO, and PSRO. The microbiological shelf life of
all samples wrapped in pectin-based films was extended by two days
compared with CS, which was packaged only in an LDPE bag. LDPE is a
thermoplastic polymer made by polymerizing ethylene (CHp=CHp),
with short- and long-chain branching. LDPE provides passive protection,
including excellent water resistance, reflected in the lowest weight loss
of CS. LDPE's inert structure lacks functional groups that could interact
with or inhibit microorganisms (Moradi et al., 2020). These factors
explain the longer microbiological shelf life of CRO, TSRO, and PSRO
compared to CS, due to the bioactive compounds in RO. Thus,
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Fig. 5. Sensory analysis of ready-to-eat chicken breast during storage at refrigeration conditions (4 + 1 °C). CS - sample with commercial bag without film,
CRO - sample with commercial bag + pectin film with free rosemary oil, TSRO - sample with commercial bag + pectin film with rosemary oil-loaded Tween 20
stabilized solid lipid nanoparticles, PSRO — sample with commercial bag + pectin film with rosemary oil-loaded pectin stabilized solid lipid nanoparticles.
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pH Weight loss TBARS TVC Color Smell Aspect Juiciness
Weight loss -0.66""
TBARS -0.21™ 0.27"
TVC -0.06™ -0.10™ 0.62""
Color 0.16" -0.25™ -0.38™ -0.35™
Smell 0.05" 0.05™ -0.41" -0.44" 0.61"
Aspect 0.26™ -0.30™ -0.46" -0.35" 0.86" 0.72""
Juiciness 0.11" -0.03™ -0.61" -0.65™ 0.60"" 0.87"" 0.67""
Overall acceptability 0.09" -0.15™ -0.13™ -0.25™ 0.75™" 0.85™" 0.76™" 0.65™
-1 0 1

Fig. 6. Pearson correlation among physical and microbiological analyses, lipid oxidation, and sensory attributes of RTE chicken breast. Values with as-
terisks (*, ", ") indicate significant differences (*p < 0.05, "p < 0.01, ""p < 0.001); values with ™ indicate no statistically significant difference (“p > 0.05).

Table 2
Shelf life (days) of ready-to-eat chicken breast during storage at 4 + 1 °C.
Treatment  Microbiological Lipid Sensory
analysis™‘ oxidation" analysis®‘
CS 5 <5 -
CRO 7 <5 -
TSRO 7 5 -
PSRO 7 5 7

@ Based on a microbiological TVC limit value of 6 log;o CFU/g.
b Based on an MDA value above 1.0 mg/kg sample.

¢ Based on the value > 5 for all tested sensory parameters.

4 Data obtained from Figs. 3-5, respectively.

food-contact pectin/RO-SLN films can provide additional protective
function to conventional LDPE packaging.

The oxidative shelf life was extended by at least one-two days: for CS
and CRO it ended before day 5, TSRO and PSRO maintained it even on
day 5. Based on sensory analysis, PSRO films maintained all sensory
attributes higher than the unacceptable limit (> 5), resulting in a sen-
sory shelf life of RTE chicken breast of 7 days. This result agreed with the
microbiological shelf life. Furthermore, the panelists did not detect
changes corresponding to the chemical oxidation measured by TBARS.
Although an overall shelf life value could not be established, the
microbiological, oxidative, and sensory shelf life indicated that pectin/
RO-SLN films could extend the shelf life of RTE chicken breast by at
least two days compared with CS wrapped only in an LDPE bag.

3.4. Limitations

Some limitations should be acknowledged and highlighted as
important directions for future research. (i) Food safety is an important
parameter to consider a complex food-contact packaging system such as
pectin/RO-SLN. Therefore, a multidisciplinary approach that combines
further microbiological, chemical, physical, and toxicological analyses
must also address nanoparticle migration behavior and potential
toxicity. (ii) Although pectin/RO-SLN films demonstrated preservative
potential, this packaging system significantly increased the weight loss
of RTE chicken breast compared to the CS (p < 0.001). This effect may
represent a techno-economic drawback, especially if the film is intended
to be removed before consumption. Regarding product yield, weight loss
during storage directly lowers the mass of a product that can be sold and
degrades the product’s appearance. In terms of juiciness, RTE chicken
breast can become drier and feel firmer. Overall, the 13.57% weight loss
indicates limited commercial applicability, and future studies should
focus on optimizing the developed films. Instead, if the film system is
intended for consumption with the food product, further research is
required to obtain regulatory approval as a novel food. Sensory quality
also remains a relevant challenge, especially given the distinctive visual

appearance and structural changes of the films during storage. Due to
water absorption and swelling at the sample surface, the films showed
progressive loss of integrity and partial disintegration after day 5 of
storage. The edible nature of pectin-based films is compatible with
swelling and partial disintegration, although severe disintegration dur-
ing refrigerated storage may adversely compromise their handling
qualities and structural integrity. In this work, this phenomenon is
considered a formulation limitation and is mainly explained by the hy-
drophilic pectin matrix absorbing water during extended contact with
the high-moisture RTE chicken breast surface. (iii) Furthermore, the
antioxidant efficacy is also lost after day 5 of storage. Further studies
should therefore focus on complementary antioxidant analyses to
strengthen the oxidative stability profile of developed films. (iv) In
addition, protein denaturation analyses would bring valuable mecha-
nistic insights into the shelf life extension potential of the film system for
RTE chicken breast. (v) Migration study represents a critical next step for
the regulatory validation of this packaging system. Specifically, inves-
tigating the diffusion kinetics of RO bioactive compounds using appro-
priate food simulants would help to establish thresholds for regulatory
approval as a food contact material. Future optimization strategies
should also address the stability of developed films under high-moisture
food storage conditions or alternatively evaluate their applicability in
lower-moisture food matrices, where improved functionality and dura-
bility may be achieved. (vi) Techno-economic feasibility of the pack-
aging system represents another important parameter in comparison to
commercial plastic-based films. The proposed packaging system
involved in this study combines biopolymer technology, EO as a clean-
label alternative to synthetic preservatives, and nanoencapsulation.
Life Cycle Assessment (LCA) can better assess its feasibility and should
be considered for future development. Among biopolymers, pectin is a
suitable, cost-effective choice because it is produced annually in large
quantities from fruit waste, agricultural waste, and food by-products.
Pectin production supports the circular economy by reducing waste
and pollution (Syarifuddin et al., 2025). RO was incorporated into the
pectin matrix to increase its functionality. RO is used as a natural
flavoring in the food industry, and it is Generally Recognized as Safe
(GRAS) and regulated by the European Food Safety Authority (EFSA)
with specific properties (Simi¢ & Ulrih, 2026). Nowadays, traditional
extraction methods of RO are being replaced by optimized and enhanced
extraction methods, which reduce production costs. Furthermore,
because of its volatile nature, nanoencapsulation is required to enhance
bioactivity and reduce the amount needed for antimicrobial and anti-
oxidant activity (Yang et al., 2023). Therefore, the lower the RO amount,
the lower the cost. Compared to other nanoencapsulation systems, SLN
have the benefits of easy, high-scale production at a low cost (Katopodi
& Detsi, 2021). Despite the higher cost of the overall production process
(materials, technology, formulation, and drying) compared to
plastic-based films, the key benefits of the proposed packaging system
meet the consumer-driven need for the next generation of food
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packaging. Overall, future studies addressing these aspects would sup-
port the practical application and potential sustainability advantages of
pectin/RO-SLN films for RTE chicken breast.

4. Conclusion

This study evaluated the effects of pectin/RO-SLN films on the mi-
crobial, antioxidant, and sensory quality of RTE chicken breast stored
under refrigeration conditions (4 + 1 °C) for 7 days. TSRO and PSRO
influenced the properties of pectin films and their efficacy in extending
the microbiological, oxidative, and sensory shelf life of RTE chicken
breast differently, showing greater effectiveness than CRO. PSRO per-
formed better than TSRO in maintaining the quality of RTE chicken
breast, which was attributed to stronger and greater entrapment of RO.

Physical characterization of dried pectin-based films showed
improved water-barrier properties in the absence of food contact. Add-
ing RO-SLN decreased moisture content, water solubility, and water
vapor permeability by up to 51%, 47%, and 97%, respectively. However,
when in direct contact with the surface of RTE chicken breast, the
pectin/RO-SLN films swelled and adsorbed water, resulting in weight
loss of up to 13% and loss of film integrity. Except for CRO, the initial pH
(6.15) remained stable until the end of storage (p > 0.05). Wrapped RTE
chicken breast with pectin/RO-SLN films showed strong control of mi-
crobial growth, with PSRO maintaining 3.63 + 0.03 log1o CFU/g at day
7, compared with CS, which exceeded the limit of acceptance at 6.61
+ 0.04 logyo CFU/g. Pectin/RO-SLN films slowed lipid oxidation until
day 5 of storage. TSRO and PSRO maintained MDA values lower than
0.5 mg/kg on day 5 of storage and exceeded the limit of acceptance
(1.0 mg/kg MDA) on day 7. Encapsulation of RO in SLN and the type of
SLN emulsifier directly influenced the quality of RTE chicken breast
during storage. Before storage, CS had the highest sensory score
compared to all wrapped samples. By day 7, PSRO maintained all sen-
sory attributes in an acceptable range (>5), whereas the other samples
showed unacceptable scores for smell (CS) and juiciness (CS, CRO,
TSRO). In conclusion, the proposed pectin/RO-SLN films represent a
promising clean-label packaging system for preserving RTE chicken
breast, with potential sustainability advantages as a packaging
alternative.
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