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Abstract

The increasing demand for sustainable active packaging necessitates the development of
bio-based films with enhanced functional properties. This study aimed to functionalize
a quince (Cydonia oblonga) by-product film, formulated in clove (Syzygium aromaticum)
hydrosol by casting, incorporating varying concentrations (0–10% w/v) of broccoli (Bras-
sica oleracea var. italica) by-product extract. Increasing the extract concentration led to
increments in film thickness (102.2 to 120.2 µm), elongation at break (112.5 to 117.3%),
tensile strength (1.5 to 4.2 MPa), opacity (20.2 to 24.0%), and water vapor permeability
(2.0 to 2.3 × 10−8 g s−1 m−1 Pa−1). The total phenolic content also increased from 17.6 to
24.3 mg GAE/g film, correlating with a decrease in transmittance. While Fourier-Transform
Infrared spectra profiling revealed stable intermolecular interactions across all samples
without chemical disruption; scanning electron microscopy analysis confirmed distinct
morphological differences resulting from broccoli extract incorporation. Notably, while
2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity remained stable across
treatments, the 2.5% w/v extract concentration provided the highest antifungal efficacy
against Aspergillus puulaauensis (15.7%), A. jensenii (8.2%) and Penicillium nordicum (5.8%) by
the agar diffusion method. These results were comparable with a commercial natamycin-
containing coating used as a positive control. The synergy of clove hydrosol and broccoli
extract resulted in a quince-based film with superior mechanical and bioactive properties.

Keywords: bio-based active film; bioactivity; antifungal activity; FTIR; quince (Cydonia
oblonga); clove (Syzygium aromaticum); broccoli (Brassica oleracea var. italica)

1. Introduction
Active packaging derived from agri-food by-product polymers is emerging as a sus-

tainable, biodegradable alternative to conventional plastics [1]. This valorization of waste
into renewable materials addresses the growing demand for eco-friendly industrial solu-
tions [2]. A key strategy in this field is polymer blending, which yields composite films
that synergize the advantageous properties of their individual components [3]. For ex-
ample, while pectin is extensively used as a film-forming material for edible packaging,
its inherent physicochemical and mechanical limitations necessitate the incorporation of
reinforcing compounds [4]. Recent studies have demonstrated that blending pectin with
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starch extracted from potato or tapioca produces edible, biodegradable films characterized
by robust mechanical strength and superior oxygen barrier properties [5,6].

Quince (Cydonia oblonga Miller), a shrub native to Turkey and Iran, holds significant
industrial value due to its high content of pectin, a gelling agent widely used in the
production of marmalades, jellies, juices, and beverages [7]. Recently, the abundance of
natural polymers in quince by-products (QBs) has spurred extensive research into their
multi-sectoral applications [8,9]. Much of this research has focused on (4-O-methyl-D-
glucurono)-D-xylan (MGX), a unique hemicellulose-type heteropolysaccharide found in
quince seeds, capable of forming robust hydrogels and films [10,11]. While its primary
use has been in edible food preservation, its potential in biomedical fields—-including
drug delivery, wound healing, and cancer detection—-is increasingly being explored [12].
Despite these advancements, the integration of MGX with other quince components remains
largely unexplored. Indeed, only one study has characterized films composed of a mixture
of various QBs [13]. The authors found that films derived from total by-products generated
during fruit processing exhibited superior properties to those made from isolated seeds.
This enhancement was attributed to the synergistic combination lignin, cellulose, and
hemicellulose, identified within the composite matrix [13].

The optimization of green, active packaging extends beyond the study of material
compatibility and composite development. Enhancing film functionality through the
incorporation of plant extracts is a well-established strategy, largely due to the high con-
centrations of phenolic compounds that impart potent antioxidant activity [3]. Integrating
these natural extracts imbues food coating with bioactive functionality, providing a robust
defense against oxidative and microbial degradation [14]. Consequently, a primary objec-
tive in the valorization of agri-food by-products is the identification of bioactive compounds
capable of serving as natural preservatives.

Broccoli (Brassica oleracea var. italica) production generates substantial agricultural
waste, with approximately 60–75% of the total above-ground biomass discarded during
harvest [15]. This residue, comprising stalks, stems, leaves, outer florets, and unmarketable
heads, is a rich source of nutrients and bioactive compounds such as glucosinolates and
flavonoids. These constituents enhance antioxidant capacity by scavenging free radicals
and exhibit antimicrobial properties that inhibit spoilage microorganisms [2]. While their
bioactive potential has been validated in processed food such as biscuits or bread [16,17],
their integration into polymeric matrices represents a promising, sustainable strategy for
developing high-functionality active packaging.

Hydrosols (or hydrolates) are the aqueous by-products generated during the hydro-
or steam-distillation of plant material for essential oil extraction [18]. Although frequently
discarded as waste [19], hydrosols possess significant industrial potential due to their
high concentration of dissolved active constituents, particularly phenolic compounds with
demonstrated robust antimicrobial efficacy against a wide range of microorganisms [19].
Notably, hydrosols derived from clove (Syzygium aromaticum L. Myrtaceae) are enriched
with phenolic and antioxidant compounds [20], chief among which is eugenol. Due to
its inherent volatility and free radical-neutralizing capacity, eugenol serves as a potent
antioxidant agent [21,22]. Consequently, akin to plant extracts, these aqueous by-products
represent a sustainable, low-cost source for the synthesis of natural additives tailored for
food preservation applications.

This research proposes the functionalization of a film based on QBs through the dual
application of an active solvent (clove hydrosol) and a valorized plant extract (BDe). The in-
corporation of broccoli by-product extract (BDe), rich in phenolic compounds [2], combined
with the bioactive constituents of clove hydrosol is expected to yield a functional coating
with enhanced protective capacity against oxidative and microbial degradation [22,23].
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Furthermore, introducing the extract via an ethanol carrier may influence the microstruc-
ture of the film, potentially modulating its mechanical integrity and water vapor barrier
properties [24].

The main objectives of the present study were: (1) to assess the compatibility and
potential chemical interactions between the BDe and the matrix; (2) to analyze the effect
of the direct incorporation of the extract into the film through their characterization and
bioactivity studies; and (3) to optimize the film by incorporating various concentrations of
BDe. Comprehensive characterization of the resulting QB-BDe film enabled a systematic
evaluation of the impact of the extract on the structure, physical and bioactive properties of
the film. Therefore, this approach introduces several noteworthy innovations on bio-based
active packaging. While quince by-products have been previously investigated for their
film-forming capacity [13,25], no prior studies have combined it with a hydrosol and an
ethanolic extract. Secondly, most studies use essential oils as functionalizing agent [5,26–29];
in contrast, hydrosols are rarely explored despite their bioactive content and their potential
advantages in terms of safety, miscibility, and regulatory acceptance. Finally, although
biopolymer films enriched with ethanolic plant extracts have been studied, the application
of ethanolic extracts derived from by-products broccoli in a film matrix has not been
previously reported. Given that the solvent strongly influences the phenolic profile, the use
of an ethanolic broccoli fraction provides new insights into the behavior of hydrophobic
and semi-polar bioactive compounds within bio-based films. This research represents
technological advancement, and its importance lies fact that these findings may be applied
to any water-based films, using different hydrosols and incorporating ethanolic extracts
from diverse plant sources.

2. Materials and Methods
2.1. Materials

Quince by-products were provided by Membrillo Emily S.L. (Murcia, Spain) after
processing the fruit to produce paste from the flesh. The QBs consisted of the peel, seeds,
and the pulp of the endocarp, which were removed using a combination of water peeling at
50 ◦C and rotatory sieving. The materials were immediately transported to the laboratory
and frozen at −20 ◦C for 24 h. Subsequently, the QBs were lyophilized using a freezer dryer
(Sublimator 30 EKS, Tiel, The Netherlands) at −40 ◦C for 48 h under vacuum (0.2 mbar).
Lyophilized samples were stored under vacuum in polyethylene bags (22 × 30 cm, 90 µm)
at room temperature until analysis. Clove hydrosol was supplied by El Jarpil S.R.L (Almería,
Spain) and broccoli discards (BD) by Ultracongelados Campoverde S.L. (Albacete, Spain).
Glycerol (food grade) was purchased from Guinama (Barcelona, Spain), and polysorbate
20 (1227.5 g/mol) from Sigma-Aldrich (Saint-Louis, MO, USA).

2.2. Polymer Obtainment

The polymer was extracted from lyophilized QB using a ratio of 2.4:30 (by-product:
water), according to Codina et al. [13]. For extraction, the corresponding sample was
dissolved in distilled water and stirred constantly at 1000 rpm for 30 min at 45 ± 2 ◦C using
an RCT basic magnetic stirrer (IKA-Werke, Staufen, Germany). The resulting solution was
then centrifuged (Eppendorf Ultracentrifuge, 5910 Ri; Eppendorf, Hamburg, Germany) at
6500 rpm for 15 min at 20 ◦C. The supernatant was filtered through a cotton gauze, spread
on a tray, and dried overnight in an oven at 45 ± 1 ◦C. Finally, the dried polymer was
removed from the tray and stored in a desiccator with silica gel (Scharlab, Barcelona, Spain)
at room temperature until use.
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2.3. Broccoli Discards Extraction

Broccoli discards were lyophilized in a freezer dryer (Sublimator 30 EKS) at −40 ◦C
and a vacuum of 0.2 mbar was applied for 48 h. Lyophilized samples were ground with
a Waring Commercial 7010 HS blender (Torrington, CT, USA) and sieved to obtain a
powder with a particle size of 4-2 mm. Samples were subsequently stored under vacuum
in polyethylene bags (22 × 30 cm, 90 µm) at room temperature until analysis.

Extractions were carried out in a BÜCHI E-914 Speed Extractor (Postfach, Switzerland)
according to Rozalén et al. [30]. Briefly, 1.5 g of sample was homogenized with approxi-
mately 32 g of sand as a dispersing agent and packed with 37 g of sand above and below
to fill the stainless steel 80 mL extraction cell, leaving 1 cm free upper space. A cellulose
acetate filter (BÜCHI) was also placed at the top and bottom of each cell to avoid sample
particles leaking into the cells. The extraction was carried in a single cycle, using ethanol
as the solvent at 40 ◦C and pressure at 100 bar as follows: hold for 28 min, heat-up 1 min,
discharge 3 min, flush with solvent 2 min and flush with N2 5 min.

The resulting ethanolic extract was evaporated in a Multivapor BÜCHI P-6 parallel
evaporator at 40 ◦C and 100 mbar. The flasks were stored for 30 min in a desiccator before
weighing. Subsequently, the resulting dry matter was dissolved in ethanol at 10 mg/mL
and the pH was recorded.

2.4. Production of the QB-BDe Films

Four types of films were prepared in three independent replicates, varying the BDe
concentration (0, 2.5%, 5% and 10% w/v). The concentration range selected for incorpora-
tion of the extract into the film matrix was established on the basis of a previous literature
review and a preliminary optimization stage [6,31–33]. An initial screening was carried out
using concentrations between 0% and 5% (w/w). This exploratory phase confirmed that the
ethanolic extract did not adversely impact the fundamental barrier properties of the films
and revealed that antifungal and antioxidant activities at the lowest incorporation levels
were minimal. Consequently, the concentration range was expanded, and the lower limit
was set at the level at which a reproducible and functionally relevant bioactive response
was observed. This stepwise approach, based on both bibliographic evidence and empirical
optimization, ensured the selection of extract concentrations capable of exerting measurable
bioactivity while preserving the structural integrity of the film matrix The film-forming
solutions were prepared dissolving the polymer (1.8% w/v) together with 35% glycerol and
15% polysorbate 20 (w/w based on the polymer weight) in clove hydrosol [13,25]. The solu-
tion was heated to 45 ± 2 ◦C for 30 min with constant stirring at 1000 rpm. Subsequently,
the mixture was stored until the temperature decreased to 30 ◦C, and BDe was then added
at different concentrations with stirring for 15 min. Air bubbles were removed using a
vacuum pump and the film solutions were cast at a surface density of 0.55 g/cm2 onto Petri
dishes of 55 and 140 mm diameter. Finally, the samples were dried in an air convection
oven (Heraeus, Hanau, Germany) at 25 ◦C overnight and stored at room temperature in a
desiccator containing a saturated solution of magnesium nitrate hexahydrate (52% relative
humidity) for at least 48 h until their characterization.

2.5. Density, Viscosity, and pH of the Film Solutions

The density of the coatings was calculated using a 25 mL pycnometer and applying
the follow Equation (1):

D = (Ws + p − Wp)/(Ww + p − Wp) (1)

where Ws + p is the weight of the sample and pycnometer, Wp is the weight of empty
pycnometer, and Ww + p is the weight of the water and the pycnometer.
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The viscosity of the coatings was measured with a rotational viscometer (Visco Basic
Plus, Fungilab, Barcelona, Spain) equipped with a low viscosity adapter (LCP/B). Measure-
ments were taken at 12 rpm and 25 ± 1 ◦C. The pH was measured with a GLP 22 pH-meter
(Crison, Barcelona, Spain). Both tests were performed in triplicate.

2.6. Characterization of the QB-BDe Films
2.6.1. Moisture Content and Water Solubility

The moisture content (MC) and water solubility (WS) of the films were determined in
triplicate according to Dick et al. [34] with minor modifications. The MC was determined
gravimetrically. The films were cut into circles 2 cm in diameter, and their initial weight was
recorded. The samples were then dried in an oven at 105 ◦C (J.P. Selecta, Barcelona, Spain)
for 24 h and MC was calculated as the difference between the initial sample weight and the
weight of the dried film (Wi). The procedure used to measure the WS films was to immerse
in 30 mL of distilled the resulting dried film and to stirrer it in an orbital shaker (OVAN,
Barcelona, Spain) at 150 rpm and 22 ◦C for 24 h. Finally, the samples were filtered with a
pre-weighed desiccated filter paper, and the undissolved fractions of the film retained on
the filter paper were dried in an oven at 105 ◦C for 24 h. The resulting dried material was
weighed (Wf), and the WS was calculated using the following Equation (2):

WS (%) = [(Wi − Wf)/Wi]× 100 (2)

2.6.2. Water Vapor Permeability

The water vapor permeability (WVP) of the films was determined in triplicate accord-
ing to Ortiz de Elguea-Culebras et al. [35] based on the ASTM E96/E96M-16c [36] with
some modifications. Briefly, circular films (55 mm diameter) were adhered to the top of
permeation cells (1.22 × 10−2/m2) containing 50 mL of distilled water, placed inside a
desiccator with silica gel (0% RH, 24 ◦C) and weighed along 10 h at 2 h intervals. The WVP
was calculated with the following Equation (3):

WVP
(

gs−1m−1Pa−1
)
= (WVTR × L)/(∆P) (3)

where WVTR is calculated by dividing the slope of the straight line (g/s) by testing area
(m2), L is the film thickness (m), and ∆P is the water vapor partial difference (Pa) across the
two sides of the film.

2.6.3. Thickness and Mechanical Properties

The thickness (mm) was measured in triplicate at three different points of the sample
using an IP65 Coolant-Proof digital micrometer (Mitutoyo, Tokyo, Japan) with a precision
of ± 0.01 mm. The mechanical properties of films were determined using a TA-XT2i-Plus
texture analyzer (Stable Micro Systems Ltd., Godalming, Surrey, UK) according to the
ASTM E96/E96M-16 standard method [37]. Nine strips of film, each measuring 2 × 10 cm,
were tested for each film type. Film strips were placed between a tensile grip (A/MTG)
with an initial distance of 80 mm, and the force and deformation were recorded at a speed
of 0.00083 m/s until the film broke. The tensile strength (TS) and Young’s Modulus (YM)
were expressed in MPa, and elongation at break (EB) as % elongation.

2.6.4. Color and Opacity

The CIEL*a*b* coordinates of the films were determined using a Minolta CR-400
colorimeter (Minolta, Tokyo, Japan) in reflection mode. Measurements were taken in
triplicate on films placed in 140 mm diameter plates. The colorimeter was configured with
a D65 illuminant, a 10◦ standard observer angle, and a CR-A33a cone. Calibration was
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performed with a white standard color plate (L* = 97.24, a* = 0.09 and b* = 1.86). The
opacity of the films was calculated in triplicate according to the Hunter Lab method [37]
using the following Equation (4):

Opacity(%) = [(Yb)/Yw]× 100 (4)

where Yb is the opacity on a black standard, and Yw is the opacity on a white standard.

2.6.5. Water Contact Angle

The surface hydrophobicity of the films was evaluated in triplicate by measuring the
water contact angle using the sessile drop technique on an OCA 11 Dataphysics goniometer
(DataPhysics Instruments GmbH, Filderstadt, Germany). Following the methodology of
Gomes et al. [38], a water droplet (5 µL) was deposited at different points on the film
surface. Images of the droplet shape were then captured via a digital camera, and the
contact angle was automatically calculated by the system software using the Laplace-Young
equation. At least four measurements were performed per tested film.

2.7. Fourier-Transform Infrared Spectroscopy (FTIR)

Fourier-Transform Infrared Spectroscopy (FTIR) spectra of the films were recorded on
a VERTEX 80v FTIR spectrometer (Bruker Optics, Karlsruhe, Germany) equipped with a
Platinum Attenuated Total Reflection (ATR) accessory. Following the procedure described
by Gomes et al. [38], spectra were acquired in the wave number range of 4000–400 cm−1 at
a resolution of 4 cm−1. To facilitate comparison between samples, the absorbance of each
spectrum was min-max normalized to a scale of 0 to 1.

2.8. Light Transmittance

Transmittance (%) of film samples (4 × 0.8 cm) was measured in triplicate on both
sides using a UV-Vis GENESYS 150 spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA) by spectrum scanning (wavelengths from 200 to 900 nm) following the method
of Dick et al. [34].

2.9. Scanning Electron Microscopy

Films were cut into pieces of 0.5 × 0.5 cm and analyzed without a conductive coat-
ing [13]. Samples were secured onto the specimen holder and scanning electron microscopy
(SEM) micrographs were captured on a JEOL 6490LV electron microscope (Tokyo, Japan)
operating at 20 kV.

2.10. Total Phenolic Content

The total phenolic content (TPC) of the film was quantified in triplicate using the
Folin–Ciocalteu method according to Codina et al. [13]. Film samples were dissolved in
water (6.25 mg/mL), after which 150 µL of the solution was mixed with 750 µL of the redox
reagent (Sigma-Aldrich) and allowed to react at room temperature for 5 min. Subsequently,
600 µL of 0.7 N sodium carbonate (Sigma-Aldrich) was added to the mix, and the final
mixture was incubated for 2 h in the dark at room temperature. The absorbance was then
measured at 765 nm using a UV-Vis GENESYS 150 spectrophotometer (Thermo Fisher
Scientific) against a blank of distilled water. A standard curve was generated using gallic
acid across a concentration of 0 to 100 µg/mL and the TPC of the films was expressed as
milligrams of gallic acid equivalent per gram of film (mg GAE/g film).
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2.11. Scavenging Activity of DPPH

The 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging activity of the film was
determined in triplicate using the method described by Codina et al. [13]. A 150 µL sample
of film (6.25 mg/mL in water) was combined with 1.85 mL of DPPH (0.1 mM in ethanol)
and incubated in the dark at room temperature for 30 min. The absorbance was then
measured at 515 nm. The inhibition activity (%) of DPPH radicals was calculated according
to the following Equation (5):

DPPH inhibition(%) = [(A0 − A1)/A0]× 100 (5)

where A0 is the absorbance of DPPH, and A1 is the absorbance of samples. The samples
were measured in triplicate.

2.12. Antifungal Activity

The antifungal activity of the films was evaluated against a panel of mold strains pro-
vided by the University of Castilla-La Mancha and the University of León (deposited in the
Spanish Type Culture Collection as CECT20939). The strains used were Penicillium nordicum
M32, P. expansum QZ1, P. commune 301, Aspergillus jensenii 501, and A. puulaauensis 1A05, all
isolated from cheeses factories [39,40]. Prior to the assay, mold strains were cultured for
7 d at 25 ± 1 ◦C. Spores were collected using a solution containing Tween 20 suspended
in sterile saline solution (0.9% w/v) and then diluted at 1–2 × 106 colony forming units
(CFU)/mL. For each assay, 100 µL of the prepared inoculum was spread onto the surface
of duplicate Potato Dextrose Agar (PDA) plates (Merck, Darmstadt, Germany) [41]. Films
were cut into 10 mm diameter discs and placed in the center of the inoculated PDA plate.
Plates were incubated for 7 days at 25 ± 1 ◦C. As a reference, film discs of 10 mm were
made with a commercial coating of polyvinyl acetate containing natamycin at a concen-
tration of 1.5 mg/mL (Derplast Inmersión 3 E-Pro S/S, DOMCA, Granada, Spain). Plates
were examined for halos of growth inhibition. Images were captured with a Countermat
flash instrument (IUL S.A., Barcelona, Spain) and the diameter of inhibition zones was
measured four times (in mm) using ImageJ v1.52a (NIH) software. The percentage of
growth inhibition was calculated with the following Equation (6):

Inhibition(%) = [(Ac − Af)/Ac]× 100 (6)

where Ac refers to the plate diameter less the film diameter and Af is the growth zone. The
samples were measured in triplicate.

2.13. Statistical Analysis

In this study, three independent replicates were made for each type of film (3 × 4),
and three different samples from each replicate were used for each test. Statistical analysis
of data was performed using SPSS software (IBM SPSS Statistics version 25; IBM Corp.,
Armonk, NY, USA). Normality was assessed using the Shapiro–Wilk test and Q–Q plots
for each treatment group, and homogeneity of variances was verified using Levene’s test.
No significant deviations from normality (p > 0.05) nor heteroscedasticity were detected;
therefore, analysis of variance (ANOVA) was considered appropriate. Tukey’s post hoc test
was calculated using a confidence level of 95% to determine significant differences between
the samples according to the BDe concentration in each formula.
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3. Results and Discussion
3.1. Properties of the Film Solutions

The pH, density, and viscosity of the film-forming solutions are summarized in Table 1.
The pH of the BDe was measured at 4.74 ± 0.02. No significant differences between samples
were found for pH (4.4–4.6), density (0.99–1.01 g/mL), or viscosity (112.2–119.3 cp). The
uniformity in pH is attributed to the extract and the coating solution possessing nearly
identical values. These viscosity values are comparable with established pharmaceutical
excipients, such as hydroxypropyl methylcellulose (80–120 cp) or a gum arabic-pectin
mixture (120 cp) [42,43].

Table 1. Effect of ethanolic extract of broccoli discards (BDe) concentration on the solution properties
of the film 1.

Parameters Control
Broccoli By-Product Extract (BDe)

p-Value
2.5% 5% 10%

pH (24 ◦C) 4.62 ± 0.02 4.40 ± 0.01 4.43 ± 0.01 4.51 ± 0.03 0.170
Density (g/mL) 1.01 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 0.99 ± 0.00 0.410
Viscosity (cp 2) 119.30 ± 0.03 109.29 ± 1.49 112.17 ± 1.73 113.52 ± 1.80 0.668

1 mean ± SD; 2 cp: centipoise.

3.2. Characterization of the QB-BDe Films
3.2.1. Moisture Content, Water Vapor Permeability, Solubility, and Thickness

Properties related to the water affinity of films are essential for determining their
potential to preserve stored products. While MC and WS of the films were not signifi-
cantly influenced by the treatment, both thickness and WVP increased significantly with
the addition of the extract (Table 2). The values obtained in this study (MC: 34.0–36.7%;
WVP × 10−8: 2.0–2.26 g s−1 m−1 Pa−1; WS: 67.9–70.7%; thickness: 102.2–120.3 µm) are con-
sistent with those reported by Codina et al. [13] for QB films dissolved in water (MC: 41.0%;
WVP: 2.0 g s−1 m−1 Pa−1; WS: 76.8%; thickness: 96.2 µm). Film permeability is directly
influenced by the nature of its constituent polymers [44]. BDe is rich in hygroscopic poly-
mers such as pectins, which have high water-retention capacities [15,45]. Consequently, a
higher concentration of BDe not only yields a thicker film due to increased total solids but
also enhances permeability. A similar trend was observed in carboxymethyl cellulose and
polyvinyl alcohol bio-composite films containing lyophilized broccoli sprout seed extract
(0.7%, 1.4%, and 2.1%); the formulation with the highest extract concentration exhibited
significantly greater thickness and permeability than the control [3]. Although the relative
increase in WVP after BDe addition (14%) was moderate, the absolute magnitude indicates
a weak moisture barrier. However, this does not limit its application to certain foods. Corn
starch films loaded with limonene particles, whose permeability values were similar to
those obtained in this study (2.26–7.04 × 10−8 g s−1 m−1 Pa−1) extended the shelf life of
rice cakes to five days regarding control [46]. Other examples of active films based on
starch or pectin isolated from different plant sources with similar WVP values have been
shown to preserve different foods such as nuts, bakery items and fruits [47–49]. This is due
to the great ability of these polymers to carry and release a variety of active compounds,
including antioxidants, flavorings, antibrowning and antimicrobial compounds, among
others [50,51].
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Table 2. Influence of the increasing concentration of ethanolic extracts of broccoli discards (BDe) on
moisture, water vapor permeability (WVP), water solubility, thickness, mechanical properties (tensile
strength, elongation at break, young’s modulus), color, including opacity and color coordinates
(L, a, b*) and contact angle of the films 1.

Parameters Control
Broccoli By-Product Extract (BDe)

p-Value
2.5% 5% 10%

Moisture (%) 36.67 ± 0.95 35.04 ± 1.12 34.32 ± 1.64 33.95 ± 1.18 0.108
WVP × 10−8 (g s−1 m−1 Pa−1) 1.98 ± 0.12 a 2.05 ± 0.09 ab 2.14 ± 0.07 ab 2.26 ± 0.07 b 0.031
Water Solubility(%) 70.24 ± 5.91 67.88 ± 5.76 70.70 ± 4.81 70.02 ± 5.41 0.923
Thickness (µm) 102.22 ± 8.19 a 113.19 ± 3.42 ab 114.79 ± 3.14 ab 120.31 ± 6.75 b 0.029

Mechanical
properties

Elongation at break (%) 112.13 ± 0.94 a 117.30 ± 1.63 b 116.27 ± 1.14 b 116.47 ± 1.81 b 0.036
Tensile strength (MPa) 1.48 ± 0.29 a 3.62 ± 0.58 b 4.15 ± 0.14 b 3.79 ± 0.37 b <0.001
Young’s Modulus (MPa) 18.17 ± 2.58 20.28 ± 3.15 21.97 ± 1.42 20.80 ± 2.31 0.350

Color

L* 76.40 ± 3.45 c 71.43 ± 3.38 bc 67.62 ± 3.03 ab 63.15 ± 2.16 a 0.004
a* 1.93 ± 0.53 c 1.52 ± 0.37 c 0.43 ± 0.10 b −0.42 ± 0.15 a 0.165
b* 30.62 ± 5.68 a 40.43 ± 2.19 b 44.60 ± 2.29 b 46.54 ± 1.13 b 0.002
Opacity (%) 20.17 ± 1.33 a 21.31 ± 1.36 ab 22.26 ± 1.81 ab 24.00 ± 0.51 b 0.041

Contact angle (◦) 20.45 ± 0.93 a 22.4 ± 0.3 b 20.55 ± 1.17 a 20.17 ± 0.52 a 0.004
a–c superscripts in the same row indicate significant differences (p < 0.05) between quince by-products films at
different concentrations of broccoli by-products extract (BDe); 1 mean ± SD.

Numerous strategies have been explored to improve the water vapor barrier of the
films. Different preparation methods to elaborate more hydrophobic films are widely
reported: electrospinning, modification of hydrophilic biopolymers, addition of hydropho-
bic compounds (lipids, plasticizers or emulsifiers) and modification of hydrophilic film
surfaces by vapor deposition, self-assembly, and layer-by-layer deposition by repeatedly
casting/dipping/spraying [50,52,53]. These strategies highlight the potential for future
optimization, strengthening the applied relevance of QB active films and enabling their
adaptation to a broader range of food-packaging scenarios.

3.2.2. Mechanical Properties

Critical parameters that describe the mechanical behavior of a film include EB, TS,
and YM. As shown in Table 2, the incorporation of BDe led to a concurrent increase
in both EB (112.5–117.3%) and TS (1.5–4.2 MPa). These results are consistent with QB-
based films dissolved in water (EB: 106.7%; TS: 2.0 MPa) and corn starch bio-based films
(EB: 128.6%; TS: 2.9 MPa) reported in the literature [13,54]. Furthermore, YM values
(18.2–20.8 MPa) were comparable with those reported for pectin- (21.8 MPa) and starch-
based (22.5 MPa) films [55,56]. These components were previously identified in QB-based
films via thermogravimetric analysis [13] and further confirmed by FTIR in the present
study (see Section 3.3). The enhancement of mechanical properties following the addition of
BDe aligns with previous findings [2,3]. Broccoli extracts are rich in low-molecular-weight
phenolics (flavonoids, phenolic acids), soluble sugars and other small metabolites that
can interact with polysaccharide/protein chains via hydrogen bonding and van der Waals
forces [6]. This structural enhancement combined with the plasticizing effect exerted by
residual ethanol (which enhances chain mobility) during film drying likely explains the
simultaneous improvement in both TS and EB [57,58].

3.2.3. Color and Opacity

As food packaging, a film must ensure both food protection and an aesthetic appeal
that meets consumer expectations. In this study, all formulations yielded homogeneous,
continuous films with a distinctive glossy (yellow) finish. The incorporation of BDe in-
duced a visible shift toward a greenish and more opaque appearance (Figure 1 and Table 2).
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Colorimetric analysis showed that L* (lightness) increased, a* (redness/greenness) did not
vary significantly and b* (yellowness/blueness) increased with increasing extract concen-
tration. These results indicate that higher concentrations of BDe significantly reduce film
transparency while simultaneously shifting the chromaticity toward more pronounced
green and yellow hues. The predominantly yellow hue of the films is likely attributable
to carotenoids present in the quince matrix [59]. The subsequent increase in the b∗ coor-
dinate upon BDe addition further suggests the contribution of yellow pigments inherent
to broccoli [60]. Conversely, the characteristic green pigmentation of broccoli, primarily
derived from chlorophyll, accounts for the significant decrease in a* values [23]. Further-
more, the thermal degradation of chlorophyll during film processing may be associated
with the reduction in L* and the corresponding increase in opacity [61]. The control film
exhibited significantly lower opacity (20.2%) compared with the BDe-enriched formula-
tions (21.3–24.0%). These opacity values are consistent with values reported from chia
seed-based films [41].

 

Figure 1. Appearance of the different films in Petri dishes: control (A), 2.5% (B), 5% (C) and
10% broccoli by-product extract (BDe) (D).

3.2.4. Water Contact Angle

The WCA is a key indicator of the interaction of the film with water (hydrophobicity)
and ambient humidity. This parameter is governed by the chemical nature of the con-
stituent polymers and surface topography (roughness) [62]. As summarized in Table 2, all
formulations exhibited low WCA values (20.2–22.4◦), reflecting the inherently hydrophilic
nature of the biopolymer matrix. These results align with previous studies on pectin- and
starch-based films, which typically report WCA values well below 90◦ [63,64]. Orhoto-
hwo et al. [2] compared starch-based films enriched with broccoli by-products powder
versus extracts and observed that those made from powder possessed higher WCA values
(76.5–77.4◦) due to increased surface roughness, whereas extract-enriched films were more
homogeneous and hydrophilic (42.9–47.8◦). In the present study, the low WCA values are
consistent with the observed high surface homogeneity. Notably, a slight increase in WCA
was noted at the 2.5% BDe concentration. We hypothesize that at higher concentrations, the
extract may begin to disrupt the matrix homogeneity or weaken internal bonding through
phase separation or increased porosity.

3.3. Fourier-Transform Infrared Spectroscopy

FTIR was employed to investigate structural changes and intermolecular inter-
actions within the film matrix upon the incorporation of different BDe concentra-
tions (Figure 2). The spectral profile displayed characteristic absorption bands at
3400–3100 cm−1, 2875–2925 cm−1, 1500–1700 cm−1, 1400 cm−1, 1228 cm−1, 1027 cm−1 and
916–771 cm−1, corresponding to the functional groups of the film components. The spectral
profiles for all formulations were practically identical, indicating that no new covalent
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species were formed. The broad band at 3400–3100 cm−1, attributed to the stretching vibra-
tions of –OH groups and extensive hydrogen bond interactions, showed intensity variations
likely due to non-covalent interactions between the extract phenolics and the biopolymer
matrix [10]. A decrease in –OH band intensity with increasing extract concentration may
be explained by the formation of molecular aggregates and the associated increase in film
thickness [65,66]. These findings suggest that the interaction between the matrix and BDe
is primarily physical rather than a chemical modification of the polymer backbone. Similar
spectral profiles have been reported for polysaccharide and chitosan films loaded with
plant extracts [6,57,67]. Specific aliphatic C–H stretching (from –CH2 and –CH3 groups)
was identified between 2925 and 2875 cm−1 [68]. The peak at 1600 cm−1 is assigned to
the –C=O stretching of carboxylate ions (COO–) from non-esterified galacturonic acids,
typical of low-methoxyl pectins [69]. Furthermore, the sharp peak at 1029 cm corresponds
to C–O–C and C–O stretching vibrations, characteristic of glycosidic bonds in hemicellulose
(e.g., xylose, arabinose, and galactose) [2]. The fingerprint region (917–711 cm−1) confirms
the presence of cell wall material (pectin, cellulose, and hemicellulose). Specifically, the
band at 899 cm−1 arises in C1 group/ring vibrations in cellulose, indicating β-glycosidic
linkages. Bands at 914 and 830 cm−1 denote the ring vibrations of α-(1,4) galacturonic
acid units, the backbone of pectin molecules [70]. Finally, galactomannans within the
hemicellulose molecules were identified at 807 cm−1 [69]. These results are complemented
by the thermogravimetric analyses of Codina et al. [13], which also identified cellulose
and hemicellulose in QB films. As a result of the limitations of FTIR in the context of
the present study, these results provide qualitative compositional information but cannot
elucidate more detailed interaction mechanisms. This information would be reinforced
using complementary analytical approaches such as x-ray diffraction, nuclear magnetic
resonance, differential scanning calorimetry or dynamic mechanical analysis [69].

 

Figure 2. FTIR-ATR spectra of the control and of the films containing different concentrations of
broccoli by-product extract (BDe) extract (2.5%, 5% and 10% w/v) measured across 400 to 4400 cm−1.
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3.4. Light Transmittance

Exposure to visible and, more critically, UV radiation accelerates food spoilage by
inducing photo-oxidation and photo-degradation reactions [71]. Consequently, evaluat-
ing the light transmittance of packaging films in these spectral regions is essential for
determining their protective capacity. The light-barrier properties of the different formu-
lations were assessed by measuring transmittance across a broad spectrum (200–900 nm),
as illustrated in Figure 3. In the UV region (200–400 nm) the transmittance values of
all film formulations were near 0, indicating exceptional UV-shielding capacity. This is
likely attributable to the presence of aromatic compounds (phenols, lignin, antioxidant
plant extracts), as reported by others [72]. Phenolic-based UV absorbers are particularly
effective due to their ability to dissipate UV energy as less harmful thermal energy [71]. In
the visible (400–700 nm) and infrared (700–900 nm) regions, transmittance increased with
longer wavelengths; however, the control film consistently exhibited the highest transmit-
tance, indicating the lowest protection. The incorporation of BDe significantly decreased
transmittance in a concentration-dependent manner. This decrease in transmittance in the
films containing broccoli extract is likely due to the protective effect of chlorophyll, which
absorbs strongly in the 400–500 nm range, and carotenoids, which absorb in the 500–620 nm
range; both pigments are present in broccoli [73]. These results indicate that BDe confers
greater photoprotection to films, especially in the visible and infrared regions.

 

Figure 3. Light transmittance for the control and films containing different concentrations of broccoli
by-product extract (BDe) (2.5%, 5% and 10% w/v) across different wavelengths. Superscript letters
(a–c) indicate significant differences (p < 0.05) between film types (control, 2.5%, 5% and 10% BDe) at
the same wavelength. ns denotes not significantly different.

3.5. Scanning Electron Microscopy

Scanning electron microscopy (SEM) was employed to evaluate surface morphology of
the films, providing insights into the structural integration of the film-forming substrate [4].
Cross-sectional and surface SEM micrographs of the films are shown in Figures 4 and 5,
respectively. In general, all formulations exhibited a compact, continuous matrix devoid
of visible pores or cracks, suggesting high compatibility between components. However,
closer examination of the surface morphology revealed a concentration-dependent increase
in surface roughness and heterogeneity (Figure 5). While the lower extract concentration
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(2.5%) maintained a highly integrated structure, the highest BDe concentration displayed
large-sized localized particles (Figure 5D). This observation suggests that BDe achieves
optimal interfacial interaction with the QB matrix at lower loading levels. This structural
homogeneity could explain the superior performance of the 2.5% formulation. As sum-
marized in Table 2, mechanical properties improved significantly at this threshold but
plateaued with further BDe addition. The uniform dispersion of small bioactive molecules
(phenolics and sugars) facilitates a more effective plasticizing effect and structural rein-
forcement when the molecules are well-distributed [67]. Furthermore, the peak WCA
values observed for the 2.5% QB-BDe formulation are consistent with this high matrix
integrity, as surface wetting is highly sensitive to homogeneity [2]. The appearance of
these large-sized localized particles has been previously reported in carboxymethyl cellu-
lose/alginate films enriched with Thymus vulgaris extracts [74] and carboxymethyl cellulose
and polyvinyl alcohol films incorporating broccoli sprout seed extract [3], where excessive
loading resulted in analogous morphological defects. However, a comprehensive chemical
characterization would be required to discard the presence of co-extracted impurities that
may also contribute to the formation of these surface features.

 

Figure 4. Scanning electron microscopy cross-sectional micrographs at 200× magnification (scale
bar = 100 µm) of the quince by-products films: control (A), 2.5% (B), 5% (C) and 10% broccoli by-
product extract (BDe) (D).
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Figure 5. Scanning electron microscopy surface micrographs at 200× magnification (scale
bar = 100 µm) of the films: control (A), 2.5% (B), 5% (C) and 10% broccoli by-product extract
(BDe) (D).

3.6. Total Phenolic Content and Scavenging Activity of DPPH

The TPC of the film formulations was measured by the Folin–Ciocalteu method
(Table 3). While no significant differences were observed between the control and the film
with the lowest BDe concentration (17.6 and 17.8 mg GAE/g film, respectively), TPC values
increased significantly at higher BDe incorporation, reaching 23.1 mg GAE/g film and
24.3 mg GAE/g film at 5% and 10% BDe formulations, respectively. This upward trend is
attributed to the high phenolic content inherent in broccoli by-products. Indeed, Gudiño
et al. [75] reported substantial TPC values in broccoli leaves (2435 mg GAE/100 g DW), fol-
lowed by the inflorescences (1074 mg GAE/100 g DW) and stems (939 mg GAE/100 g DW).
Notably, all formulations in this study exhibited higher TPC than the water-based QB films
(6.6 mg GAE/g film) reported by Codina et al. [13], confirming that both the BDe and the
clove hydrosol contribute significantly to the total phenolic profile of the matrix.
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Table 3. Total phenolic content (TPC) measured in mg GAE/g film and antioxidant activity (DPPH
inhibition) measured in (%) of quince by-products films 1 at different broccoli by-product extract
(BDe) concentrations.

Parameters Control
Broccoli By-Product Extract (BDe)

p-Value
2.5% 5% 10%

TPC (mg GAE/g film) 17.61 ± 0.00 a 17.84 ± 0.11 a 23.15 ± 0.21 b 24.34 ± 0.00 c <0.001
DPPH inhibition (%) 51.43 ± 8.56 53.59 ± 3.87 54.06 ± 3.33 51.85 ± 0.64 0.935

a–c superscripts in the same row indicate significant differences (p < 0.05) between quince by-products films at
different broccoli by-product extract (BDe) concentrations. 1 mean ± SD.

No significant differences in DPPH radical scavenging activity were observed among
the various film formulations (Table 3). These results together with the marked increase
in antioxidant capacity compared with previously reported water-based QB films [13]
suggests that the clove hydrosol is the primary contributor to this bioactive property. The
composition of the clove hydrosol used in this work was previously analyzed by HPLC,
revealing catechin gallate as the major constituent [76]. This compound has also been
identified in aqueous clove extracts by other authors [77,78]. The potential of catechin
gallate as antioxidant agent could explain the high DPPH inhibition values shown by the
films [22,79]. For comparison, Ju et al. [80] reported a TPC of 10.9 mg GAE/g and a DPPH
inhibition of 37.8% for wheat starch films incorporated with moringa leaf extract. The
superior values obtained in the present study relative to other bio-based films underscore
the high potential of these materials for active food packaging applications [81–83].

Nevertheless, the increase in TPC values resulting from extract incorporation did not
translate into a proportional enhancement of the antioxidant activity exhibited by the film.
The decoupling between the TPC values and DPPH radical scavenging activity has been
documented previously in several active packaging systems and is consistent with known
interactions between phenolic compounds and polymer matrices. Although phenolic
compounds are widely used as natural antioxidants in bio-based films and edible coatings,
their increased incorporation does not always result in proportional enhancements in rapid
in vitro antioxidant assays such as DPPH (2,2-diphenyl-1-picrylhydrazyl) despite higher
measured TPC values [84]. One possible explanation is that phenolic compounds can
establish strong interactions with the polymer network, as physical entrapment, which
can immobilize these molecules and reduce their accessibility to react with radicals in
solutions. Phenolic–matrix interactions have been highlighted as a limiting factor for
antioxidant activity expression in starch-based and composite films where the nature and
strength of intermolecular interactions influence the release and functional performance of
incorporated bioactive compounds [85].

Additionally, diffusion and release limitations inherent to the film structure may
restrict the migration of phenolics from the bulk matrix to the surrounding medium during
assays. Modeling studies on gelatin/chitosan films containing embedded phenolic acids
have demonstrated that the kinetics of phenolic release are strongly dependent on diffusion
barriers and the physicochemical conditions of the release environment, which can in turn
impact measured antioxidant activity in assays such as DPPH [85].

Finally, phenolic compounds are susceptible to oxidative degradation or aggregation
during film drying and storage. Oxidation of phenolic compounds can lead to the formation
of quinones or other reaction products with reduced radical scavenging activity, and at high
concentrations it may coalesce into domains that are less accessible, further diminishing
measurable antioxidant activity [86]. Encapsulation and protective strategies have been
shown to mitigate some of these limitations in other systems.

https://doi.org/10.3390/foods15040691

https://doi.org/10.3390/foods15040691


Foods 2026, 15, 691 16 of 22

3.7. Antifungal Activity

To explore their application as protective food packaging, the films were tested for their
inhibitory activity against mold strains previously isolated from natural cheese [41]. Anti-
fungal activity (% inhibition) of the commercial film and the QB-BDe films against strains
isolated from naturally contaminated cheeses (A. jensenii 501, and A. puulaauensis 1A05,
P. nordicum M32) is shown in Figure 6. The films exhibited no activity against P. commune
(301) and P. expansum (QZ1). Among the QB-BDe formulations, the 2.5% QB-BDe film
showed the highest inhibition (15.7%) against 1A05, which was statistically comparable
with the commercial film (17.1%). Furthermore, this formulation demonstrated superior
antifungal activity (5.8%) against strain M32, significantly outperforming the commercial
film (1.7%). For strain 501, the commercial film and the 2.5% and 5% QB-BDe films showed
the highest inhibition levels (9.9%, 8.2%, and 7.8%, respectively), while the 10% QB-BDe
film showed no significant difference from the control. The low inhibition by both the
reference coating and the QB-BDe films indicate that these mold strains are highly resistant.
Overall, the 10% QB-BDe film exhibited the weakest antifungal performance, whereas the
2.5% formulation consistently provided the greatest inhibition across the three susceptible
strains. These results correlate with the physical properties observed in previous sections.
Fungal proliferation is favored in humid environments; therefore, a film that fails to re-
strict vapor transport or possesses a highly hydrophilic surface facilitates the formation
of water layers that promote conidia attachment [87,88]. As shown in Table 2, the 10%
QB-BDe film was the most permeable (the highest WVP) and hydrophilic (the lowest WCA),
whereas the 2.5% QB-BDe film was the least permeable (the lowest WVP along with the
control) and most hydrophobic (the highest WCA). Similar relationships between moisture
barrier deterioration and diminished antifungal performance have been demonstrated in
active packaging films [89,90]. Moreover, cross-sectional SEM micrographs of the films
revealed a concentration-dependent increase in both surface roughness and heterogeneity.
This phenomenon along with the appearance of large-sized localized particles has been
previously observed in biopolymer films and was linked to phase separation effects and
extract migration during drying, ultimately impacting barrier performance and structural
integrity [6]. This could lead to a different distribution of the extract in the film, even
clustering in localized areas, which would affect its bioavailability [7].

Figure 6. Antifungal activity assay of the quince by-products films at different broccoli by-product
extract (BDe) concentrations (control, 2.5%, 5% and 10%) and commercial film with natamycin
against 3 strains (1A05, M32 and 501). a–c superscripts in the same fungi strain (colour bar) indicate
significant differences (p < 0.05) between quince by-products films at different broccoli by-product
extract (BDe) concentrations.
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These results were comparable to those reported for other bio-based films function-
alized with plant extracts against Aspergillus and Penicillium species [91,92]. Moreover,
although the inhibition percentages were relatively low, in some cases the antifungal effect
was comparable to the commercial film containing natamycin and even exceeded it (in
the case of the 2.5% formulation against M32). These results may be explained by the
high intrinsic and acquired resistance exhibited against various strains of these genera,
which has been widely documented in food and environmental matrices. These resistances
highlight the broader adaptive capacity of theses genera, making them less susceptible
to antifungal agents compared with some other fungal genera. In the literature, there
are numerous works that describe the antifungal potential of clove hydrosol, broccoli or
quince by-products against different mold species. The catechin gallate, present in clove
hydrosol, has demonstrated the ability to inhibit the growth of different molds [76,79,93].
Moreover, this compound, along with epicatechin, has also been described in ethanolic and
methanolic extracts of broccoli [94,95]. Another major constituent of the clove hydrosol is
eugenol [20], whose antifungal activity against various Aspergillus and Penicillium species,
among others, has been widely documented [96,97].

These insights underscore the need for further optimization of active compound
delivery and formulation strategies to enhance antifungal efficacy in practical applica-
tions. Implementing encapsulation strategies could potentially enhance the stability and
bioavailability of the extract, allowing for a more controlled and effective release [98].

4. Conclusions
The incorporation of broccoli by-product extracts into a QB film formulated with

clove hydrosol yielded a bioactive coating with significantly enhanced mechanical and
functional properties. This study serves as a critical preliminary step toward food-scale
applications, demonstrating that low-concentration extract loading (2.5%) produces a
homogeneous matrix with optimal performance. Specifically, the 2.5% QB-BDe formulation
exhibited the highest antimicrobial efficacy, the most robust water vapor barrier, and
superior structural integrity. Moreover, the present work demonstrates that clove hydrosol
can serve simultaneously as a solvent. The compatibility demonstrated between these
components supports future exploration of advanced delivery strategies to further enhance
the bioavailability and controlled release of the extract. By functionalizing a bio-based
matrix with a secondary agri-food residue, this research achieves a dual-valorization
strategy that promotes the maximum utilization of natural resources. However, large-scale
production would require overcoming certain technical challenges, such as purifying the
extract, carefully controlling the drying kinetics, and maintaining the uniform distribution
of bioactive compounds. These findings advance the circular economy and expand the
current knowledge base for sustainable, green packaging materials.
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