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This study presents the development of an eco-sustainable smart active packaging system based on a
PBS/PVOH biodegradable film coated with a PLA layer functionalized with 3% quercetin, a natural antioxidant.
The effects of quercetin incorporation on the thermal properties of the PLA coating, as well as on the mechanical,
optical, and barrier properties of the resulting films, were evaluated. Additionally, the release kinetics and
antioxidant activity of quercetin were investigated in both aqueous and fatty food simulants. The results showed
that quercetin slightly reduced the stiffness of the coating, while flexibility was maintained. The oxygen
permeability remained at levels suitable for packaging fresh fruits and vegetables, which require films that allow
gas exchange for respiration. Release tests demonstrated a markedly higher and faster release in the fatty
simulant, corresponding to greater antioxidant capability, highlighting the influence of food matrix composition
on film active performance. These findings support the potential of quercetin-functionalized coatings as a
sustainable and effective strategy for active food packaging, particularly for oxidation-sensitive products.

1. Introduction

The food packaging sector is undergoing significant transformation, driven by the growing need for advanced
systems capable of improving food quality, safety, and shelf-life (Dérnyei et al., 2023). In this context, smart
packaging technologies have emerged as a new frontier, integrating functions that go beyond passive
containment (D’Almeida and De Albuquerque, 2024). Among these, active packaging plays a key role, enabling
direct interaction with the food or the internal atmosphere of the package (Kuai et al., 2021).This interaction
helps reduce spoilage and degradation by limiting oxidative reactions, microbial growth, and other processes
that compromise food quality (Baghi et al., 2022). An increasingly investigated approach in active packaging
involves the incorporation of functional agents—such as oxygen scavengers, antimicrobials, or antioxidants—
directly into the polymer matrix, thereby eliminating the need for separate, visible devices (Lai 2021; Apicella et
al., 2018a; Apicella et al., 2018b). Among emerging technologies, functional coatings represent a versatile
strategy for incorporating active agents while avoiding thermal degradation, enabling controlled and tunable
release, and simultaneously functionalizing the substrate (Apicella et al., 2019; Barbato et al., 2023a).
Furthermore, smart packaging technologies can represent a comprehensive approach to sustainable food
preservation aligned with circular economy principles, combining advanced functional performance with a
reduced environmental footprint. To this end, increasing efforts are being directed toward the design of
packaging systems that integrate biodegradable materials with natural bioactive compounds, both considered
promising alternatives to conventional plastics and synthetic additives (Cheng et al., 2024; Deshmukh and
Gaikwad, 2024).

Among these natural compounds, quercetin, a plant-derived flavonoid, has gained significant attention due to
its wide range of biological activities, including antioxidant, antimicrobial, and UV-protective effects (Jakubowska
et al., 2023; Roy et al., 2023). In recent years, quercetin has been successfully incorporated into various
biodegradable matrices such as chitosan, starch, proteins, and biodegradable polyesters (Aytac et al., 2018;
Ezati and Rhim, 2021; Lopusiewicz et al., 2021). These systems have proven effective in mitigating oxidative
spoilage and prolonging the shelf life of highly perishable foods, including meat and vegetables (Gupta et al.,
2024).
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In this work, coating technology was explored as a green strategy to develop a smart, active, and biodegradable
packaging material for food preservation. A PLA-based coating layer, incorporating quercetin at a concentration
of 3% w/w relative to the PLA content, was applied to a biodegradable substrate composed of a blend of
polybutylene succinate (PBS) and polyvinyl alcohol (PVOH). This blend was specifically designed in a previous
work (Barbato et al. 2023bb) to enhance overall packaging performance by combining the excellent barrier
properties of PVOH with the toughness and flexibility provided by PBS. Importantly, the incorporation of
quercetin via a coating process avoids the risk of thermal degradation associated with melt-processing methods,
thus preserving its functional activity. The effects of quercetin incorporation on the thermal transitions of the PLA
matrix were investigated, along with the evaluation of the mechanical, optical, and barrier properties of the
coated films. Additionally, the release kinetics of quercetin from the films and its antioxidant activity were
evaluated in both aqueous and fatty food simulants, in order to assess its effectiveness in delivering the
antioxidant across different food environments.

2. Experimental
2.1 Materials

PBS FZ91 (density: 1.26 g cm™, Tm: 115 °C; Mitsubishi Chemical Corporation, Tokyo, Japan) and PVOH
Mowiflex LP002 (density: 0.6—-0.9 g cm=, Tm: 210-220 °C; Kuraray Europe GmbH, Hattersheim am Main,
Germany) were selected to produce the biodegradable film (BF) substrate, for the reasons previously described.
The active coating formulations were prepared using PLA 4060D (amorphous, 12 wt% D-isomer, density: 1.24
g cm®; NatureWorks, Minnesota, USA) as the polymeric matrix due to its biodegradability, sealability and film-
forming capability. Quercetin (295% purity, Mw: 302.24 g mol"'; Sigma-Aldrich) was selected as the active
compound for its antioxidant properties. Acetone (analytical grade, Sigma-Aldrich) was used as the solvent for
PLA dissolution. Tween 80 (Sigma-Aldrich) was employed as a non-ionic surfactant to enhance quercetin
solubilization and dispersion within the PLA matrix. Additional reagents included ethanol and distilled water
(used in the preparation of simulants), DPPH (2,2-diphenyl-1-picrylhydrazyl; Sigma-Aldrich) for evaluating
radical scavenging activity, and Trolox (()-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid; Sigma-
Aldrich) as a reference antioxidant standard.

2.2 Films preparation

PBS and PVOH granules were pre-dried at 70 °C for 8 hours to prevent hydrolytic degradation during extrusion,
and then melt-compounded at an 80/20 wt% ratio using a Collin ZK 25-48D co-rotating twin-screw extruder
(screw diameter: 25 mm; L/D ratio: 42) under a flat temperature profile of 220 °C. The resulting blend was
subsequently processed into film using a GIMAC blown film line equipped with a single-screw extruder (D =
12 mm, L/D = 24), operating at the same temperature profile and a take-up speed of 3 m/min. The final BF film
substrate had a thickness of 33 + 3 um, measured at five random points and averaged.

The PLA coating solution was prepared by dissolving PLA in acetone at approximately 50 °C for 3 h, using a
solvent-to-solid ratio of 85:15. Quercetin (Q) was incorporated at 3% w/wpLa, and Tween 80 was added at 1%
w/waq to ensure full solubilization of the active compound. This concentration was preliminarily selected, also
based on previous studies carried out on natural antioxidants (Apicella et al., 2019), with the aim of investigating
a minimum effective amount capable of ensuring sufficient radical scavenging activity of the film, while
preserving the structural integrity and stability of the coating. The coating solution was applied to the upper side
of BF substrate using a K Hand Coater (RK Printcoat Instruments Ltd., UK) equipped with a 0.64 mm stainless-
steel wire-wound rod, and the coated films were dried at room temperature overnight.

Two coated films were prepared for comparison: BF/PLA, with a PLA-only coating layer (thickness: 7 £1 ym),
and BF/PLA-Q3, functionalized with 3 wt% quercetin (coating thickness: 6 +2 ym). The inclusion of both films
aimed to distinguish the specific effects of quercetin incorporation from those of the PLA matrix alone.

2.3 Films characterization

Thermal analysis of the coating layers was performed using a Differential Scanning Calorimeter (DSC 822,
Mettler Toledo, USA) over a temperature range of 30—110 °C at a heating rate of 10 °C/min under nitrogen flow
(50 mL min-"). Measurements were conducted in triplicate.

Tensile properties were evaluated with a SANS CMT 6000 testing machine (MTS, China) using ASTM D882-
91. Rectangular specimens (12.7 x 80 mm?), cut along the coating direction, were conditioned (23 °C, 50 £ 5%
R.H., 48 h) and tested under the same conditions. Elastic modulus (E) was determined at a crosshead speed of
3 mm min!, elongation at break (g, [%]) were measured at 300 mm min-'. At least ten replicates were tested for
each sample.Film transparency was assessed by UV-Vis spectrophotometry (Agilent Cary 60, USA) according
to ASTM D1746, recording on five samples transmittance at 560 nm.
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Oxygen transmission rate (OTR) was measured in triple with a gas permeabilimeter (GTT, Brugger, Germany)
following ISO 15105-1 at 23 °C, 50% R.H., oxygen pressure difference of 1 bar, and flow rate of 80 mL min-'.
Oxygen permeability (PO,) was calculated by multiplying OTR by film thickness.

Release kinetics of Q were studied using a UV-Vis spectrophotometer equipped with an optical probe (Agilent
Cary 60, USA) in two food simulants selected according to EC Regulation No. 10/2011: aqueous simulant (A)
consisting of 10% ethanol v/v, and fatty simulant (D2) consisting of 95% ethanol v/v. Film samples (0.6 dm?)
were immersed in 100 mL of simulant (surface-to-volume ratio = 6dm? L") and stored in the dark at room
temperature. The concentration of Q was continuously monitored at 376 nm, using the corresponding blank
simulant as reference. Antioxidant activity at the release plateau was evaluated by DPPH assay: 50 pL of
simulant was mixed with 1.95mL of DPPH ethanolic solution (6 x 107*M), left in the dark for 30 min, and
absorbance was recorded at 517 nm. Results were expressed as pmol Trolox equivalents per liter
(umol Trolox eq L"), based on a Trolox standard curve.

All instruments were regularly calibrated according to the manufacturers’ specifications. Their sensitivity and
accuracy ensured reliable detection of signal variations and reproducibility of the measurements

3. Results and discussions
3.1 Coating layers thermal transitions

DSC analyses were conducted on different coating layers to highlight the effect of Q on the thermal transitions
of the PLA matrix, and the results from the heating cycle are displayed in Figure 1.

The thermograms of the neat PLA coating layer (PLA_coat) and the PLA layer containing 3 wt% quercetin (PLA-
Q3_coat) revealed a slight shift in the glass transition temperature (Tg) of PLA. The PLA_coat sample exhibited
a Tg of 59.1 °C, accompanied by a characteristic enthalpic relaxation associated with physical aging. Upon
quercetin incorporation, the Tg decreased to 56.3 °C, corresponding to a ATg of 2.8 °C, which was found to be
statistically significant (p < 0.05). This reduction in Tg suggests that quercetin interferes with the polymer chain
packing, increasing the mobility of PLA chains by weakening intermolecular interactions. These findings are
consistent with previous studies reporting plasticization effects of phenolic compounds in biodegradable polymer
systems(Lopusiewicz et al., 2021; Rubini et al., 2020).

T exo

T,=56.3°C+1.1°C

T,=59.1°C+ 0.6 °C

Heat flow [W/g]
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Temperature [°C]

—PLA_coat PLA-Q3_coat

Figure 1: DSC heating thermogram of PLA and PLA-Q3 coating layers.

3.2 Evaluation of mechanical, barrier and optical properties

The coated films were evaluated for mechanical properties, oxygen permeability, and optical transparency to
assess the impact of the coating layers and quercetin incorporation on the overall performance of the substrate,
as these features play a key role in food packaging applications.The addition of the PLA coating layer to the
biodegradable substrate resulted in a stiffer structure, as indicated by the increase in E from 636 MPa (BF) to
942 MPa (BF/PLA), accompanied by a reduction in elongation at break from 42% to 30%. This effect is due to
the inherent properties of PLA, which is a rigid and brittle polymer with an elastic modulus of approximately
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2000 MPa (Tabi et al., 2021), one order-of-magnitude higher than that of the substrate. The incorporation of Q
reduced the elastic modulus to 882 MPa in the BF/PLA-Q3 sample, due to a plasticizing effect confirmed by
DSC analysis. Ductility was not affected and remained nearly identical to that of the BF/PLA sample.

Table 1: Elastic modulus (E), elongation at break (s5,), oxygen permeability (POz) and percentage transmittance
at 560 nm (Tseo) for the coated films and the uncoated substrate.

Film sample E £ PO:2 Tse0
[MPa] [%] [cm3® mm m~2 day ~tatm™!]  [%]
BF 6361232 42432 9.0x0.72 6.1+£0.82
BF/PLA 942+46° 3045 12.4+0.9° 11.6+0.8°
BF/PLA-Q3 882+64° 32+6° 11.4+1.0° 8.9+0.7°¢

In terms of oxygen permeability, the amorphous PLA layer itself has intrinsically low barrier properties (Wu et
al., 2021) , and its addition as a coating may appear to compromise the overall barrier performance. However,
the slight increase observed in PO, values after coating is not due to greater oxygen diffusion, but rather to the
normalization of permeability by the total film thickness, which increases with the addition of the PLA layer, as
also reported in previous studies (Apicella et al., 2019). Despite this, the films maintain PO, values that are
within the acceptable range for packaging applications involving products that require moderate gas exchange,
such as respiring fresh fruits and vegetables (Apicella et al., 2021; Trinh et al., 2023). Moreover, the presence
of Q into the PLA coating did not significantly affect oxygen permeability, which remained around 11.4 cm® mm
m2 day' atm™'. The transparency of the films, expressed as transmittance at 560 nm (Ts¢,), increased notably
with the addition of the transparent amorphous PLA (Barbato et al., 2023). In particular, the Ts¢, value nearly
doubled, rising from 6.1% in the neat BF to 11.6% in the BF/PLA sample. This enhancement in light
transmittance is desirable in food packaging to improve product visibility and consumer appeal. However, the
inclusion of Q slightly reduced transmittance to 8.9%, likely due to its light-absorbing/scattering properties (Gore
and Prajapat, 2022; Roy et al., 2023), though transparency remained higher than that of the uncoated BF film.

3.3 Release kinetics and antioxidant activity of smart coated film in different food simulants

In order to evaluate the smart active performance of the developed films in contact with foods of different
compositions, 10% ethanol (aqueous simulant, A) and 95% ethanol (fatty simulant, D2) were selected. Release
tests were carried out on the BF/PLA-Q3 sample in both simulant solutions, and the release kinetics are
displayed in Figure 2.
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Figure 2: Release kinetics of the active BF/PLA-Q3 coated film in aqueous (ethanol 10% v/v) and fatty (ethanol
95% v/v) simulants
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The amount of quercetin released in the first 15 minutes (M5 ,,in), the total quercetin released (M,,), release
time, and corresponding antioxidant activity (AA) are reported in Table 2.

Table 2: Maximum amount of quercetin released (M), release time and antioxidant activity (AA) in aqueous
and fatty simulants for sample film BS/PLA-Q3.

Simulant Mis min M Release time AA

[umol L™  [umol L71] [h] [Hmoleloxeq L‘l]
A 0.87 2.63 6.75 22.6
D2 92.2 236.4 2 415.4

Release tests and antioxidant activity were also performed on BF and BF/PLA films, used as reference samples
(data not shown). As expected, these controls showed no significant release of active compounds or measurable
antioxidant activity.The BF/PLA-Q3 film exhibited an initial similar burst release, with approximately 34% of the
total quercetin diffusing from the film surface within the first 15 minutes in both simulants. This initial phase was
then followed by distinct release patterns depending on the nature of the simulant. In the fatty simulant, Q was
released more rapidly and in higher amounts, reaching 236.4 ymol L' within 2 hours. In contrast, the aqueous
simulant showed a slower and lower release, with a maximum of 2.63 umol L' over 6.75 hours.

The faster and higher release in the fatty medium is due to quercetin’s greater affinity for less polar components
like ethanol (Ezati and Rhim, 2021), which enhances its solubility and diffusion. As a result, the AA expressed
by the film was significantly higher in the fatty simulant (415.4 umol Trolox eq L") compared to the aqueous one
(22.6 pmol Trolox eq L"), underlining the influence of food composition on film performance.

4. Conclusions

In this study, a PLA coating layer functionalized with 3% quercetin was applied onto a PBS/PVOH substrate
with the aim of developing a smart active film with antioxidant properties, suitable for food packaging
applications.The PLA coating increased the stiffness of the substrate, as shown by the rise in elastic modulus
from 636 to 942 MPa. The incorporation of quercetin slightly reduced this value to 882 MPa due to a plasticizing
effect, confirmed by DSC analysis. Despite the reduction in stiffness, ductility was maintained around 32%, and
oxygen permeability (PO2= 11.4 cm® mm m2 day-! atm-') remained within a suitable range for packaging fresh
food items such as respiring fruits and vegetables.

The release behavior of quercetin was strongly influenced by the polarity of the food simulant. In the fatty less
polar simulant, a rapid and consistent release was observed (236.4 ymol L™ in 2 h), resulting in high antioxidant
activity (415.4 ymol Trolox eg/L). Conversely, in the aqueous simulant, both the amount released (2.63 ymol L
1) and the antioxidant activity (22.6 umol Trolox eq L-') were lower, with a prolonged release time of up to 6.75
hours. These findings highlight the crucial role of the food matrix composition in modulating the functional
performance of the film, making it particularly promising for packaging fresh products with a short shelf life,
where the release of active compounds over a timescale of a few hours can provide an immediate protective
effect. Future research developments will focus on the control of active compound release kinetics, to be
achieved through its incorporation into multilayer structures or by adopting tailored encapsulation strategies.
These approaches, by modulating diffusion mechanisms and the barrier properties of the polymer matrix, are
expected to enhance compound stability during processing and enable more gradual release profiles aligned
with food preservation requirements.
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