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Abstract

The increasing demand for eco-friendly and functional packaging materials has driven
research on biodegradable materials incorporating bioactive compounds. In this study,
kefiran-based films (K; 3%) were developed and incorporated with grape pomace extract
(GPE) at different concentrations (3K-0.5GPE, 3K-1.0GPE, and 3K-1.5GPE). The films were
characterized based on their physicochemical, mechanical, antioxidant, and antimicrobial
properties. It was found that the incorporation of GPE into the films increased the L*,
a*, b*, and AE values, as well as the thickness, and improved UV radiation protection.
FT-IR analysis revealed interactions between kefiran and the phenolic compounds of
GPE, without altering the polymer structure. In addition, an increase in tensile strength
and elongation at break was observed, evidencing a plasticizing effect of GPE, which
also increased the water vapor permeability of 3K-1.5GPE. Solubility was not affected
by the incorporation of GPE into the films. Regarding bioactive properties, the addition
of GPE increased antioxidant activity and total phenolics. Antimicrobial assays showed
activity only for the 3K-0.5GPE film against Listeria monocytogenes, with no activity against
Escherichia coli. Overall, kefiran-based films containing GPE exhibit characteristics that
position them as potential alternatives for sustainable, bioactive food packaging materials,
thereby promoting the valorization of by-products from the wine industry.

Keywords: kefiran; edible films; grape pomace; phenolic compounds; active packaging

1. Introduction

At present, one of the greatest challenges in the food industry is food preservation
driven by the growing demand for sustainable alternatives that meet food safety require-
ments. Proper food preservation is essential to maintain the quality and safety of products
throughout the supply chain. This often involves the use of conventional plastic packaging,
which, although effective, causes serious environmental problems due to its long-term
persistence, resulting in harmful effects on marine and terrestrial ecosystems [1,2]. Some
reports estimate that the production of synthetic plastics reaches about 200 million tons
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per year [3], of which approximately 34 million enter aquatic ecosystems [4]. These ma-
terials can persist in the environment for long time periods and pose a severe threat
to biodiversity [5-7].

To address the environmental issues associated with conventional plastics, multiple
studies have focused on the development of new biodegradable packaging materials
derived from renewable sources. These materials include biopolymers such as proteins (e.g.,
gelatin, casein, whey protein, and soy protein), lipids (beeswax, carnauba wax, fatty acids,
and acylglycerols), and polysaccharides (chitosan, starch, pectin, carboxymethylcellulose,
and alginate), either as individual components or in combination [8-10]. Furthermore,
polymeric matrices developed from these compounds can be functionalized through the
incorporation of antioxidant and antimicrobial agents into the formulations, aiming to
produce sustainable packaging capable of providing functional benefits that help extend
the shelf-life of food products [11,12].

Kefiran is a microbial exopolysaccharide produced by lactic acid bacteria (LAB), com-
posed of roughly equal amounts of D-glucose and D-galactose and exhibiting a branched
structure [13-15]. This polymer is obtained during the fermentation of milk in the pro-
duction of kefir, a fermented dairy beverage whose starter culture consists of irregularly
shaped grains formed by a microbial consortium of LAB and yeasts. These grains are held
together by kefiran, which protects them from external factors such as desiccation, nutrient
deficiency, and osmotic stress, among others [16]. Kefiran is recognized as safe (GRAS),
biodegradable, and biocompatible, with film-forming capacity, excellent mechanical prop-
erties, solubility, and gas barrier characteristics [17,18], making it a promising material for
food packaging applications.

Some studies have focused on exploring the potential of kefiran in the development of
biodegradable packaging materials, either as an individual component [19-22] or combined
with other polymers such as starch [23], chitosan [24], carboxymethylcellulose [25,26],
chitosan—-nanocellulose [27], whey protein [28,29], water-based polyurethane [30], and
Malva neglecta mucilage [31], among others. Likewise, the functionalization of kefiran-
based films has been reported by incorporating active components, such as the essential
oils of Satureja khuzestanica [25], Zataria multiflora, and Rosmarinus officinalis [30], to impart
antimicrobial or antioxidant properties that extend the shelf life of various foods. Despite
these efforts, the potential of kefiran as a polymeric matrix for active packaging remains
poorly explored. Furthermore, since the performance of these materials depends on the
type and origin of the active compounds incorporated into the polymer, it is important to
investigate different bioactive sources for their functionalization.

Grape pomace is an agro-industrial by-product resulting from wine production, ob-
tained after the pressing of grapes. This by-product, composed of skins, seeds, and stems,
represents between 20 and 30% of the total processed grape volume [32]. Its disposal
generates environmental problems, such as soil and water contamination, unpleasant
odors, and attraction of undesirable fauna, resulting in an imbalance of surrounding ecosys-
tems [33,34]. Grape pomace contains a considerable amount of phenolic compounds, such
as anthocyanins, hydroxybenzoic and hydroxycinnamic acids, flavanols, flavonols, and
stilbenes, which exhibit notable antioxidant and antimicrobial activity [35,36], making it a
promising ingredient for the development of packaging materials with bioactive properties.
However, to the best of our knowledge, its incorporation into kefiran-based matrices has
not yet been reported.

Several studies have focused on the development of active polymeric films in-
corporated with grape pomace extract, among which those based on starch/GPE [37],
starch/cellulose nanocrystals/GPE [38], chitosan/GPE [39], chitosan/cellulose nanocrys-
tals/GPE [40], sodium alginate/GPE [41,42], pectin/GPE [43], polylactic acid/GPE [44],
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and polypropylene/GPE [45] stand out. These studies have mainly focused on evaluating
the antioxidant and/or antimicrobial properties conferred by the extract, demonstrating its
potential for the development of active packaging. However, to the best of our knowledge,
the incorporation of GPE into kefiran-based matrices has not yet been reported, represent-
ing an opportunity to explore new strategies for the functionalization of this biopolymer
for the development of active and sustainable packaging. In this context, the main objective
of this research was to develop and characterize kefiran-based films enriched with grape
pomace extract, evaluating their physicochemical, mechanical, and bioactive properties for
potential use in food preservation and valorizing wine industry by-products.

2. Materials and Methods

2.1. Materials
2.1.1. Chemicals and Reagents

ABTS radicals (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid), purity > 98%)
and DPPH radicals (1,1-diphenyl-2-picrylhydrazyl, purity > 98%), as well as Folin—
Ciocalteu reagent, potassium persulfate (purity 99.9%), gallic acid (purity 98%), Trolox
(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid, purity 98.5%), and Tween® 80
were purchased from Sigma-Aldrich® (Toluca de Lerdo, Mexico). Glycerol, ethanol, sodium
carbonate, and calcium chloride were obtained from CTR Scientific (Monterrey, Mexico).
Brain Heart Infusion (BHI) broth and agar were supplied by BD® Bioxon (Cuautitldn Iz-
calli, Mexico), and amoxicillin/clavulanic acid (20/10 pg) antibiotic sensitivity discs were
obtained from BD® BBL Sensi-Disc (Becton Dickinson, Sparks, MD, USA).

2.1.2. Plant Material

Grape pomace (Vitis vinifera L.) from the red Syrah variety was supplied by the winery
Casa Madero, located in Parras de la Fuente, Coahuila, Mexico, in August 2022. The pomace
was transported under refrigerated conditions to the laboratory and stored at —20 °C,
protected from light, until further use.

2.2. Obtaining of Grape Pomace Extract (GPE)
2.2.1. Preparation of Grape Pomace

The entire grape pomace was used without separating skins, stems, or seeds. The
material was dried in a dehydrator (Hamilton Beach 32100A, Glen Allen, VA, USA) at
55 £ 3 °C for 8 h, reaching a moisture content of 6.3 & 0.13%. Subsequently, it was ground
using a coffee grinder (F2034251, Krups, Emmaus, PA, USA), and the resulting powder was
sieved to achieve a particle size < 425 pum (sieve No. 40). The pomace powder was stored
in polyethylene bags under frozen conditions (—20 =+ 2 °C) and protected from light until
further use.

2.2.2. Preparation of GPE

The GPE was prepared following the methodology described by Gaber-Ahmed
et al. [46] with some modifications. Pomace powder (50 g) was suspended in ethanol
ata 1:10 (w/v) ratio. The mixture was continuously stirred using a magnetic stirrer (Super
Nuova, Thermo Fisher Scientific, Waltham, MA, USA) at 600 rpm for 90 min, at room tem-
perature (25 & 2 °C) and protected from light. Subsequently, the mixture was centrifuged
(centrifuge Hermle 7326, Labnet International, Edison, NJ, USA) for 15 min at 9390x g.
The recovered supernatant was first filtered through Whatman No. 2 filter paper (8 um)
and then through a 0.45 um nylon membrane filter. The solvent was removed at 45 = 2 °C
under reduced pressure using a rotary evaporator (IKA RV10, Lauda, IKA Works, Inc.,
Wilmington, NC, USA) coupled to a controlled cooling system (Alpha 8, Lauda, Marlton,
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NJ, USA). Residual solvent was evaporated in an oven (FE-131, Felisa, Zapopan, Mexico)
at 45 &+ 2 °C. The resulting dry extract was weighed and stored at —20 °C, protected
from light, until further use. The extraction yield (%) was calculated according to the
following formula:

N Dry extract (g)
GPE yield(%) = Dry pomace powder (g) X100

2.3. Evaluation of the Antioxidant and Antimicrobial Capacity of GPE
2.3.1. Antioxidant Activity and Total Phenolic Content of GPE
Antioxidant Activity by the ABTS Method

The antioxidant capacity of GPE was determined using the ABTS method [47]. To
generate the radical, aqueous solutions of ABTS (7 mM) and potassium persulfate (2.45 mM)
were first prepared and then mixed in a 1:1 (v/v) ratio. The mixture was allowed to react
for 16 h at 25 + 2 °C under dark conditions. The resulting ABTS radical solution was
diluted with absolute ethanol until obtaining an absorbance of 0.700 £ 0.005 at 734 nm,
which was measured using a UV-Vis spectrophotometer (Genesys 10S, Thermo Scientific,
Waltham, MA, USA). For the analysis, 300 puL of the sample (appropriately diluted extracts)
were mixed with 2700 pL of the adjusted ABTS solution and allowed to react for 7 min
at 25 £ 2 °C under dark conditions. The absorbance was then measured at 734 nm, and
antioxidant activity was quantified using a calibration curve with Trolox as standard
(y = —0.0025x + 0.5804, R? = 0.99). Antioxidant activity was expressed as micromoles of
Trolox equivalents per gram of extract (umol TE/g extract).

Antioxidant Capacity by the DPPH Method

Additionally, the antioxidant capacity was evaluated using the DPPH free radical
method with some modifications [48]. For the analysis, 750 pL of the diluted extract were
mixed with 2250 pL of an ethanolic DPPH solution (0.03 mg/mL, absorbance 1.000 £ 0.005
at 517 nm). The mixture was homogenized using a vortex mixer (Mixer S0200, Labnet Inter-
national, Edison, NJ, USA) and incubated for 90 min at room temperature (25 £ 2 °C) in
the dark to allow the reaction to occur. The final absorbance of the samples was an-
alyzed using a UV-Vis spectrophotometer (Genesys 10S, Thermo Scientific, Waltham,
MA, USA) at 517 nm. A calibration curve was prepared using Trolox as the standard
(y = —0.0053x + 0.7172, R? = 0.99). Antioxidant activity was expressed as micromoles of
Trolox equivalents per gram of extract (umol TE/g extract).

Total Phenolic Content

The total phenolic content was determined using the Folin-Ciocalteu assay with some
modifications [49]. A volume of 100 pL of the diluted extract was mixed with distilled water
(1500 puL), followed by the incorporation of 100 uL of Folin—Ciocalteu reagent. The mixture
was homogenized using a vortex mixer (Mixer S0200, Labnet International, Edison, NJ,
USA). Subsequently, 300 pL of sodium carbonate solution (20% (w/v)) were added, and the
mixture was stirred again. The samples were allowed to stand for 90 min at 25 £ 2 °C in the
dark. Finally, the absorbance was determined at 760 nm using a UV-Vis spectrophotometer
(Genesys 10S, Thermo Scientific, Waltham, MA, USA). Quantification was carried out using
a calibration curve (y = 0.0675x — 0.2307, R? = 0.99) with gallic acid as the standard. Results
were reported as milligrams of gallic acid equivalents per gram of extract (mg GAE/g).
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2.3.2. Determination of Antimicrobial Activity
Preparation of Pathogenic Microorganism Inocula

The pathogenic microorganisms Listeria monocytogenes ATCC 7644 and Escherichia coli
(provided by the Department of Immunology and Virology, FCB, UANL) were cultured
in 10 mL of Brain Heart Infusion (BHI) broth at 37 &+ 2 °C for 16 h. After incubation, the
optical density was measured at 625 nm using a UV-Vis spectrophotometer (Genesys 10S,
Thermo Scientific, Waltham, MA, USA). The cultures were adjusted to a 0.5 McFarland
standard (=1 x 10® cells/mL) for each microorganism [48].

Minimum Inhibitory and Bactericidal Concentrations

The minimum inhibitory concentration (MIC) was determined using the microdilution
technique as described by Trevifio-Garza et al. [48]. In sterile 96-well plates, 90 uL of BHI
broth were added, followed by 100 uL of grape pomace extract at different concentrations
(50, 25, 12.5, and 6.25 mg/mL). Subsequently, 10 puL of each pathogen inoculum was
incorporated into the wells. The microplates were incubated at 37 & 2 °C for 24 h. The
MIC was determined by the absence of turbidity, indicating inhibition of microbial growth,
measured at 625 nm. Based on the MIC results, the minimum bactericidal concentration
(MBC) was determined. For this, a 10 uL aliquot from wells showing no visible growth
was plated by dropwise inoculation onto BHI agar plates. The plates were incubated at
37 £2°C for 24 h, and the MBC was considered as the lowest concentration showing
complete absence of bacterial growth.

2.4. Kefiran Production
2.4.1. Kefir Grain Fermentation

The kefiran polymer was obtained through the fermentation of homemade milk kefir
grains from Nuevo Leén, Mexico, which were used as inoculum. Commercial UHT whole
milk purchased from local supermarkets served as the fermentation medium. Aseptically,
30 g of kefir grains were placed in sterile 900 mL glass jars with 500 mL of milk. The
jars were covered with gauze to allow air exchange and maintained at 28 4= 2 °C for 24 h,
without agitation. Daily, the fermented milk was removed using a strainer and replaced
with fresh milk to promote microbial biomass growth until the required amount for polymer
recovery was achieved [50].

2.4.2. Kefiran Extraction

Kefiran was extracted following the method reported by Sabaghi et al. [24] with some
modifications. At the end of the fermentation, the kefir grains were recovered using a
strainer, washed with distilled water, and placed in distilled water (1:10 w/7v), maintaining
constant boiling and stirring for 1 h. The mixture was centrifuged (Hermle Z326, Labnet
International, Edison, NJ, USA) for 20 min at 9390 x g to recover the supernatant, which
was then precipitated with ethanol (1:2 v/v) at —20 °C for 12 h. In a second centrifugation
at 9390x g for 20 min, the precipitate (exopolysaccharide) was recovered and dried in an
oven at 60 + 2 °C for 48 h (FE-131, Felisa, Zapopan, Mexico). The kefiran weight was
recorded using an analytical balance (XT 220A, Precisa, Dietikon, Switzerland), and the
extraction yield (%) was quantified using the following formula:

. . 210\ Drykefiran (g)
Kefiran yield (%) = Fresh kefir grains (g) x 100

2.4.3. Kefiran Characterization by Fourier Transform Infrared (FT-IR) Spectroscopy

The dried kefiran was ground in a coffee grinder (F2034251, Krups, Emmaus, PA,
USA) to obtain a fine powder, which was characterized using FT-IR spectroscopy on an
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infrared spectrometer (Frontier, PerkinElmer Inc., Waltham, MA, USA) in the range of
4000-500 cm~! by identifying the bands corresponding to its functional groups [50].

2.5. Development of Kefiran Films Incorporated with GPE
2.5.1. Preparation of Film-Forming Solutions

Four film-forming solutions were prepared using 3.0% (w/v) kefiran. The polysac-
charide was dissolved in distilled water at 60 £ 2 °C under constant magnetic stirring
(600 rpm). Tween® 80 (0.05% v/v) and glycerol (0.75% v/v) were subsequently added into
the formulation. Finally, GPE was incorporated at concentrations of 0.5, 1.0, and 1.5% (w/v).
The control formulation consisted of the film without extract (3K). The formulations are
summarized in Table 1.

Table 1. Chemical composition of film-forming solutions.

Formulation Kefiran (%) Tween 80 (%) Glycerol (%) GPE (%)
3K 3.00 0.05 0.75 0.0
3K-0.5GPE 3.00 0.05 0.75 0.5
3K-1.0GPE 3.00 0.05 0.75 1.0
3K-1.5GPE 3.00 0.05 0.75 15

K: Kefiran; GPE: Grape pomace extract.

2.5.2. Film Preparation

The films were prepared using the casting method [48]. Film-forming solutions (10 mL)
were placed into Petri dishes (60 x 15 mm) and dried in an oven at 42 & 2 °C for 24 h. The
dried films were then carefully removed from the dishes and stored at 50 £ 5% relative
humidity, protected from light, until further characterization.

2.6. Characterization of Kefiran/GPE Based Films
2.6.1. Evaluation of Physicochemical and Mechanical Properties
Color Analysis

Color analysis was performed over the entire surface of the films (60 mm diameter)
using a colorimeter (Colorflex® EZ, Hunterlab, Reston, VA, USA), according to the CIELab
color system [38]. The coordinates L* (lightness, 0 = black, 100 = white), a* (— = green,
+ =red), and b* (— = blue, + = yellow) were measured. The total color difference (AE)
between the films containing grape pomace extract and the control film (3K) was calculated
using the following equation:

AE = \J(L* — L) + (a* — a)® + (b* — b)?

where L*, a*, and b* represent the color parameters of the developed films, while L, 4, and b
are the reference values taken from the 3K control film (L =90.09, a2 = —0.66, b = —4.22).

UV-Vis Barrier Capacity

To evaluate the protective effect of the films against UV-Vis radiation, samples were
cut into pieces measuring 30 x 10 mm and analyzed using a UV-Vis spectrophotometer
(Genesys 10S, Thermo Scientific, Waltham, MA, USA) in the range of 190-800 nm [51]. The
results were expressed as percentage transmittance (%T).

FT-IR Spectroscopy Analysis

The films (20 x 10 mm) were analyzed using an FI-IR infrared spectrometer (Perki-
nElmer Frontier, PerkinElmer Inc., Waltham, MA, USA) in the range of 4000-500 cm ! to
identify the functional groups present [39].
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Thickness and Mechanical Properties

For thickness determination, the films (60 mm diameter) were measured at 10 points
per sample randomly selected across the entire circular surface to ensure coverage of
both central and peripheral areas, using a digital micrometer (Coolant Proof IP 65, Mitu-
toyo USA Inc., Aurora, IL, USA). For mechanical testing, the films were cut into strips
measuring 50 x 20 mm. Measurements were performed using a texture analyzer (CT3,
Brookfield Engineering Labs Inc., Middleboro, MA, USA) equipped with a tensile grip
accessory (TA-RCA). The films were secured between the grips with an initial separation
of 10 mm and tested using a 25 kg load cell, an activation load of 1 N, and a speed of
0.5 mm/s. Tensile strength (MPa) and elongation at break (%) were determined using the
following formulas [52]:

Tensile strength (MPa) = Frr;lax
Elongation at break (%) = L L_ Lo x 100
0

where Frmax corresponds to the maximum force before fracture (N), A is the cross-sectional
area of the film (mm?), L; is the film length after stretching (mm), and Ly is the initial
length (mm).

Water Solubility Evaluation

The solubility of the films was determined following the methodology reported by
Sabaghi et al. [24], with some modifications. The films (20 x 20 mm) were dried in an
oven at 70 &+ 2 °C for 24 h and weighed to obtain their initial dry matter content (wy).
The dried samples were then placed in distilled water (20 mL) and stirred at 200 rpm
for 24 h at 25 & 2 °C. The resulting samples were recovered by filtration (Whatman No.
1 filter; 11 um) and dried at 70 &+ 2 °C for 24 h to determine the dry matter remaining
undissolved in water (wy). The percentage (%) solubility of the films was calculated using
the following equation:

W1 — W3

Water solubility (%) = x 100

Wi

Determination of Water Vapor Permeability (WVP)

The water vapor permeability (WVP) of the kefiran-based films was determined
following the methodology reported by Knapp et al. [53]. The films were placed in plastic
permeation containers (28 mm in diameter) containing anhydrous CaCl, (1.5 g), which
were then sealed. After sealing the containers, they were placed in a desiccator containing
a saturated NaCl solution (55 £ 2% relative humidity) and maintained at 25 + 2 °C for
48 h. The WVP values were determined using the following equation:

Aw X
WVP = 2 X AAP
where Aw represents the weight gain of CaCl; (g), t is the elapsed time (days), x is the film
thickness (mm), A is the exposed area (m?), and AP is the partial vapor pressure difference
(kPa). The results were expressed in g-mm/m?-d-kPa.

2.6.2. Biological Activity of the Kefiran/GPE Films
Antioxidant Activity

To evaluate the free radical scavenging activity of the films, 1 g of each film was
dispersed in 10 mL of ethanol. The mixture was allowed to rest for 90 min and then
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centrifuged (centrifuge Labnet Spectrafuge 6C, Labnet International, Edison, NJ, USA)
at 4000x g for 10 min. The supernatant was analyzed using the ABTS, DPPH, and total
phenolic methods, as described in Section 2.3.1. Antioxidant capacity was expressed as
umol TE/g of film, and phenolic content as mg GAE/g of film.

Antimicrobial Activity

The antimicrobial activity of kefiran-based films was evaluated using the agar diffusion
method [48]. Bacterial strains, L. monocytogenes ATCC 7644 and E. coli, were cultured as
described in Section Preparation of Pathogenic Microorganism Inocula until reaching an
optical density of 0.5 on the McFarland scale (=~ 1 x 108 cells/mL). Subsequently, 0.1 mL of
each microorganism was inoculated and evenly spread over the surface of ICC agar using
sterile swabs. Films, previously cut into 6 mm diameter discs, were placed onto the plates.
For the negative control, 6 mm paper discs with 10 pL of isotonic saline solution (0.85%)
were used, while for the positive control, 6 mm discs of amoxicillin with clavulanic acid
(20/10 ng) were employed. The plates were incubated for 24 h at 37 °C, and inhibition
zones were finally expressed in millimeters.

2.7. Statistical Analysis

A completely randomized design was employed. Extraction yields of GPE and kefiran
were obtained from three independent extractions (n = 3). The antioxidant and antimicrobial
properties of GPE were carried out in triplicate (1 = 3). For the films, physicochemical
analyses were performed in triplicate (n = 3), while mechanical tests were carried out
with six replicates (n = 6). Antioxidant and antimicrobial properties of the films were
also determined in triplicate (n = 3). The obtained data were subjected to a normality
test (Shapiro-Wilk), followed by analysis of variance (ANOVA) and Tukey’s multiple
comparison test (p < 0.05), using SPSS Statistics 25 software (IBM Corp., Armonk, NY, USA).

3. Results and Discussion
3.1. Extraction of GPE

The extraction yield of GPE was 10.42 £ 1.11% using ethanol as the solvent. This
result is consistent with that reported by Xu et al. [54], who obtained a yield of 12.4 & 0.55%
for pomace extracts from the Cabernet Franc variety, using an acetone-water (80% v/v)
mixture as the solvent. According to previous studies, the extraction yield is influenced by
various factors, such as the nature of the solvent, grape variety, extraction conditions, po-
mace composition, and pretreatment, among others [49,55], which explains the differences
observed among different studies.

3.2. Antioxidant and Antimicrobial Activity of GPE

The GPE showed high antioxidant activity, with values of 1081 &+ 26.73 umol TE/g
(ABTS) and 819 + 10.57 umol TE/g (DPPH), as well as a total phenolic content of
21.65 mg GAE/g (Table 2). These results agree with those reported by Ky and Teisse-
dre [56] for polyphenolic extracts from grape pomace of the Syrah variety obtained
with ethanol or hydroalcoholic solutions. Compared with other studies, the antioxidant
capacity of our extracts was higher than that reported by Ky et al. [55] for Syrah po-
mace (83.3-262.9 umol TE/g ABTS and 49.7-208.4 umol TE/g DPPH) and by Moutinho
et al. [57] for a mixture of pomaces from Touriga Nacional and Sousao varieties ex-
tracted with aqueous ethanol (294 and 456 umol TE/g by ABTS and DPPH, respectively;
44.06 mg GAE/g). Likewise, our results are comparable to those of Xu et al. [54], who
obtained 1013 umol TE/g (ABTS) in pomace from the Cabernet Franc variety using an
80% acetone-water mixture, and to those of Batista et al. [58], who found 644 umol TE/g
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(DPPH) in extracts from a mixture of Syrah and Seibel pomaces (75% and 25%, respectively).
In contrast, Chengolova et al. [59] reported higher values in seeds of the Cabernet Sauvignon
variety extracted with 70% ethanol (2246.23 pmol TE/g by ABTS and 432.25 pymol TE/g
by DPPH; 88.22 mg GAE/g), a tissue known to present greater antioxidant capacity than
grape skins [60]. In the same study, the skin extracts showed significantly lower activities
(99.05 and 81.23 umol TE/g for ABTS and DPPH, respectively), with a phenolic content of
42.32 mg GAE/g.

Table 2. Antioxidant and antimicrobial activities of the grape pomace extract.

Antioxidant Activity and Total Phenolic Content Antimicrobial Activity and Total Phenolic Content

ABTS DPPH Total Phenolics MIC £ coli MBC 1\?1(7:” onocytogi'f[egc
(umol TE/g) (umol TE/g) (mg GAE/g) (mg/mL) (mg/mL) (mg/mL) (mg/mL)

1081.11 +26.73  819.46 4 10.57 21.65 +£1.92 50.00 50.00 6.25 25.00

TE: Antioxidant activity expressed as Trolox equivalents; GAE: Total phenolic content expressed as gallic acid
equivalents; MIC: Minimum inhibitory concentration; MBC: Minimum bactericidal concentration.

In general, the antioxidant capacity observed is related to the phenolic content and
profile of the extracts (phenolic acids, flavonols, flavanols, anthocyanins, and stilbenes),
which can effectively neutralize free radicals [57]. Cheng et al. [61] note that factors such as
grape variety, the type of plant tissue (e.g., stems, seeds, and/or skins), and the extraction
solvent used directly influence antioxidant properties. Overall, the use of ethanol as a
GRAS solvent provides an adequate balance between efficacy and safety for obtaining
phenolic extracts with potential applications in food products.

Regarding the antimicrobial activity, the GPE showed an effect against L. monocytogenes
and E. coli, with L. monocytogenes being the most sensitive (MIC: 6.25 mg/mL) compared to
E. coli (MIC: 50 mg/mL) (Table 2). These results are comparable to those reported by Peixoto
et al. [35], who reported minimum inhibitory concentrations (MICs) for E. coli ESBL of >20,
20, and 20 mg/mL, and for L. monocytogenes of >20, 10, and 20 mg/mL, corresponding to
hydromethanolic extracts of skins, seeds, and stems, respectively. Likewise, our results are
consistent with those reported by Silva et al. [62], who found MIC values of 25 mg/mL for
E. coli and 0.78 mg/mL for S. aureus in seed extracts of the Pinot Noir variety. Similarly,
Grosu et al. [63] obtained MIC and MBC values of 2.23 mg/mL against L. monocytogenes in
grape pomace extracts of the Feteasca Neagra variety, using 50% ethanol as the solvent. In
turn, Xu et al. [54] reported MIC values of 4.69 and 18.8 mg/mL for L. monocytogenes ATCC
7644 in pomace extracts from the Cabernet Franc and Chambourcin varieties, respectively,
without observing antimicrobial activity against E. coli O157:H7 ATCC 3510.

According to the literature, the antimicrobial activity of the phenolic compounds
present in grape pomace is attributed to their ability to disrupt cell membrane integrity,
altering its permeability and causing the loss of intracellular components. They can also in-
terfere with essential enzymes and generate reactive oxygen species that damage structures
such as lipids, proteins, and nucleic acids. This effect is more evident in Gram-positive
bacteria, such as L. monocytogenes, whose cell structure is more vulnerable [64].

3.3. Kefiran Production by Fermentation

Figure 1 shows the milk kefir grains (Figure 1a) and the kefiran, which appears as a
pale cream-colored powder (Figure 1b). The extraction yield of the polysaccharide on a dry
weight basis was 4.94 £ 1.01%, similar to the 4.26% reported by Radhouani et al. [15] and
higher than the 2.01% described by Hasheminya et al. [25].
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Figure 1. (a) Milk kefir grains; (b) kefiran, appearing as a pale cream-colored powder, obtained
by fermentation.

Kefiran Characterization by FT-IR

The FI-IR analysis of kefiran showed characteristic bands providing information about
its chemical structure (Figure 2).
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Figure 2. FT-IR spectrum of kefiran.

The most intense band at 3309 cm ! corresponds to O-H stretching, indicating mainly
the presence of hydroxyl groups in kefiran and, to a lesser extent, water adsorbed by the
polymer [15,20,50]. At 2900 cm~!, the C-H stretching of methyl (—CHj3) and methylene
(—CH,™) groups is observed [18,20], typical groups in polysaccharides [65]. The signal at
1625 cm ™! is associated with the H-O-H bending of water bound in the exopolysaccha-
ride [20,66]. The bands in the 1420-1250 cm ™! region can be attributed to C-H and O-H
groups [50]. Intense absorptions were recorded at 1125 cm~! and 1025 cm ™!, characteristic
of C-O-C bonds, which are fundamental in carbohydrate structures [18,65]. Finally, the
signal at 880 cm~! corresponds to B-glycosidic bond vibrations, indicating the presence
of a monosaccharide backbone, typically glucose and galactose, within the structure of
kefiran, confirming that the obtained compound is a polysaccharide [15]. Overall, the FT-IR
spectrum evidences a material composed mainly of carbohydrates with glycosidic bonds
and hydroxyl groups, suitable as a base material for film development [67].

3.4. Development of Kefiran-Based Films with Grape Pomace Extract

Figure 3 shows the films obtained from kefiran (3K) and with the addition of grape
pomace extract at different concentrations (0.5, 1.0, and 1.5% w/v). The films obtained
were homogeneous, flexible, and elastic, with a smooth surface and slight gloss. The
control (3K) was colorless and transparent, whereas in the formulations containing the
extract, the intensity of reddish tones and the opacity increased with the GPE concentration.
Similar results have been reported in chitosan nanocomposite films incorporating cellulose
nanocrystals and GPE [40] and arrowroot starch films incorporated with GPE [68].
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(a) 3K (b) 3K-0.5GPE (c) 3K-1.0GPE (d) 3K-1.5GPE

Figure 3. Kefiran-based films containing grape pomace extract at different concentrations (0, 0.5, 1.0,
and 1.5%).

3.5. Characterization of the Kefiran/GPE-Based Films
3.5.1. Physicochemical and Mechanical Properties
Color

In general, the color of the films depended on the extract concentration. The incor-
poration of GPE significantly (p < 0.05) affected the color parameters L*, a*, b*, and AE
of the kefiran films (Table 3). Luminosity (L*) decreased from 90.09 £ 0.64 in the control
(8K) to 55.07 £ 1.67 in the film with the highest extract concentration (3K-1.5GPE). The a*
coordinate increased from —0.66 + 0.03 (3K) to 1.70 4+ 0.09 (3K-0.5GPE), and as the extract
concentration increased, higher values were observed, similar for 3K-1.0GPE (4.47 =+ 0.08)
and 3K-1.5GPE (4.20 £ 0.18), showing a trend toward redder tones with the addition of
GPE; this effect is associated with the color contribution of phenolic compounds, mainly
anthocyanins, as well as flavonols and tannins [41,43].

Table 3. Color parameters of kefiran-based films containing different concentrations of GPE.

Films L* a* b* AE
3K 90.09 +0.642  —0.66+0.032 —4224+0.212 0.00 **
3K-0.5GPE 7538 + 091 b 1.70 £ 0.09®  —1.68 +0.09? 151140922
3K-1.0GPE 62.50 &+ 0.42 ¢ 447 +0.08 4 022 +0.04¢ 28.42 4+ 0.43b
3K-1.5GPE 55.07 +1.67¢ 4204 0.18¢ 246 £0.159 3598 +1.71°¢

** AE values were calculated relative to the extract-free film (3K). Data are expressed as means + standard

deviation. Different superscripts letters within the same column indicate significant differences (p < 0.05). K:
Kefiran; GPE: Grape pomace extract.

Furthermore, the b* values increased significantly, from —4.22 £+ 0.21 (3K) to
2.46 + 0.15 (3K-1.5GPE), indicating a trend toward yellowish tones. These findings are
consistent with those reported by Xu et al. [40] and Etxabide et al. [69], who observed a
decrease in L* values and an increase in a* and b* values when raising the concentration
of grape pomace extracts in chitosan/cellulose nanocrystal films and gelatin films, respec-
tively. Finally, the AE values of the films incorporated with GPE relative to the control
(3K) increased as the extract concentration increased (15.11-35.98; Table 3), indicating a
perceptible change in film color, in accordance with Mileti et al. [70] in starch films with
anthocyanins from pomace and red cabbage. Since color affects consumer perception of
quality in packaged products [71], these results highlight the effect of GPE on the optical
properties of kefiran films.

UV-Vis Protection

Kefiran films incorporated with GPE showed a decrease in UV-Vis transmittance
values (Figure 4), particularly in the ultraviolet region (200—400 nm). As the extract con-
centration increased, the UV-blocking capacity improved relative to the control, with this
effect being more pronounced in the 3K-1.0GPE and 3K-1.5GPE formulations. Likewise, in
the visible region (400-700 nm), increasing the GPE concentration reduced transmittance;
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this behavior is associated with increased opacity and lower visible light transmission as
the concentration of phenolic compounds in the films rises [69,72]. These compounds (e.g.,
anthocyanins, flavonols, and tannins) have conjugated structures capable of absorbing
radiation in the UV-Vis region, acting as natural filters and reducing the amount of light
passing through the films [73,74].
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Figure 4. Protective effect of kefiran-based films containing GPE (0, 0.5, 1.0, and 1.5%) against
UV-Vis radiation.

The results observed in kefiran-based films with GPE are consistent with those re-
ported by Gubitosa et al. [42], who found the same trend in sodium alginate films with
aqueous grape pomace extract, observing a progressive decrease in UV transmittance as
the extract concentration increased (10, 20, and 40%). Similarly, Ji et al. [75] reported UV-
blocking values close to 100% in cellulose films containing grape seed extract. Likewise, da
Silva et al. [45] observed that polypropylene films incorporated with grape pomace extracts
blocked transmittance in the UV region (200-300 nm). This attenuation of radiation, particu-
larly in the UV range, is desirable in food packaging materials, as it protects photosensitive
components without excessively compromising transparency in the visible region [76].

FT-IR Spectroscopy

In general, the FT-IR spectra of the films were similar across treatments (Figure 5)
and exhibit the typical bands of a kefiran-based polysaccharide matrix. The broad bands
centered at 3292-3303 cm !, corresponding to O-H stretching, are characteristic of the hy-
droxyl groups of kefiran [15,66], adsorbed water [25], and the phenolic/sugar compounds
present in GPE [77]. The shift of these bands toward higher wavenumbers, from 3292 (3K)
to 3297, 3299, and 3303 cm~! in 3K-0.5GPE, 3K-1.0GPE, and 3K-1.5GPE, respectively, as the
extract concentration increases, indicates a weakening of hydrogen bonds, possibly due to
the incorporation of phenolic compounds from the pomace, which induces a reorganization
of the hydrophilic interaction network of kefiran. This effect has been documented in
corn starch/ k-carrageenan films incorporated with ethanolic grape seed extract [78] and in
cellulose/grape seed extract matrices [75].
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Figure 5. FT-IR spectrum (4000-500 cm 1) of kefiran-based films incorporating grape pomace extract
(0,05, 1.0, and 1.5%).

As shown in Figure 5, in the 3000-2800 cm ™! region, the C-H stretching bands of
methyl and methylene groups, characteristic of kefiran, are observed [20]. With the highest
extract concentration (3K-1.5GPE), the intensity of the bands at 2924 cm~! and 2855 cm !
increased compared to the other films, a behavior related to a higher aliphatic content due
to the contribution of lipid components, such as fatty acids from the extract. These results
are consistent with the findings of Hasheminya et al. [25], who observed the intensification
of the bands at 2927 and 2848 cm ! as the concentration of Satureja khuzestanica essential oil,
rich in lipid compounds, increased in kefiran/carboxymethylcellulose films. Similarly, in
alginate films, the bands at 3009 and 2855 cm ! intensified after the addition of raspberry
seed oil [79].

Additionally, the signal at 1745 cm ™!, attributable to the C=O stretching of carbonyl
groups typical of esters and carboxylic acids, intensified with the addition of the extract
in the 3K-1.5GPE formulation, which could be related to its lipid content [79], suggesting
interactions between these components and the kefiran structure. Likewise, the band at
1645 cm ™! may be associated with the H-O-H bending of adsorbed water in the films [80].

On the other hand, according to Hasheminya et al. [25], the bands in the
1135-1070 cm ! range are associated with the ring stretching of carbohydrates and with
the C-O-C, C-OH, and C-H groups of polysaccharides. The band at ~1024 cm~! (C-O-
C/C-0 stretching of ethers and alcohols), common in polysaccharides such as kefiran [20],
indicates that the glycosidic structure is maintained in the films despite the incorporation
of GPE; its high intensity in all formulations supports that the polymer backbone is not
altered. However, a slight shift in the wavenumber is observed, increasing with the addi-
tion of GPE from 1024 cm~! (3K) to 1028, 1029, and 1030 cm~! (3K-0.5GPE, 3K-1.0GPE,
and 3K-1.5GPE, respectively), suggesting possible interactions between the hydroxyl
groups of kefiran and the phenolic compounds. This same behavior has been described in
K-carrageenan matrices, where the addition of pomegranate peel polyphenols increased
the wavenumber from 1029 to 1033 cm ™! [81].

Finally, the band at 897 cm~!, associated with the 3-anomeric configuration of gly-
cosidic bonds in polysaccharides such as kefiran [50], did not show significant changes
in position or intensity after the incorporation of GPE. This indicates that the primary
structure of kefiran remained intact and that interactions with the phenols in the extract did
not affect either the glycosidic bonds or the local conformation of the biopolymer. Similar
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results have been reported in sodium alginate films with grape pomace extract [42], where
this band also showed no shifts.

Thickness, Tensile Strength, and Elongation

The thickness of the kefiran-based films ranged from 0.052 £+ 0.004 mm to
0.133 £ 0.010 mm (Table 4) and increased significantly as the GPE concentration in
the films increased (p < 0.05). This increase is attributed to the higher solid content
provided by GPE, which raises the total volume of the film [82]. Regarding the mechani-
cal properties, the tensile strength values ranged from 3.91 £ 0.69 MPa (3K-1.5GPE) to
9.48 £ 1.61 MPa (3K), while elongation at break ranged from 40.82 + 8.72% (3K-0.5GPE)
to 104.68 + 14.13% (3K-1.5GPE; Table 4). These results are consistent with those re-
ported by Ghasemlou et al. [22] (5-11 MPa and 40-162%, respectively) and Pop et al. [67]
(5.45-8.46 MPa and 65.85-95.89%, respectively), who developed polymeric films based
on kefiran.

Table 4. Physicomechanical properties of kefiran-based films with different concentrations of GPE.

Films Thickness (mm) Tensile Strength (MPa) Elongation at Break (%)
3K 0.052 + 0.004 @ 948 +1.612 58.03 + 14.912
3K-0.5GPE 0.069 + 0.006 559 +1.14b 40.82 +8.722
3K-1.0GPE 0.089 + 0.007 © 529 +0.35P 95.02 + 16.48 P
3K-1.5GPE 0.113 £ 0.0104 391 +0.69°¢ 104.68 + 14.13P

Means with different superscripts in the same column indicate significant differences (p < 0.05). K: Kefiran; GPE:
Grape pomace extract.

In general, the addition of GPE caused a decrease (p < 0.05) in tensile strength in
all treatments and an increase (p < 0.05) in elongation at break in the 3K-1.0GPE and 3K-
1.5GPE films as the concentration of this component in the formulation increased (Table 4),
suggesting a plasticizing effect [78]. This behavior can be explained by the intercalation of
phenolic compounds from GPE between kefiran chains, weakening their cohesive interac-
tions and enhancing the mobility of the polymer matrix; this interpretation is consistent
with the changes observed in the FT-IR, mainly in the O-H region (Figure 5), indicating
modifications in the hydrogen-bonding network of the polysaccharide in the presence
of the extract [40,78,83]. The plasticizing effect of the phenolic compounds observed in
our study has also been previously reported in starch/k-carrageenan matrices, where the
incorporation of ethanolic grape seed extract reduced tensile strength from 9.07 to 3.50 MPa
and increased elongation from 22.37 to 36.87% [78]. Similarly, the addition of pomace
anthocyanins to whey protein/«k-carrageenan films slightly decreased tensile strength
(from 7.47 to 6.97 MPa) and increased elongation (from 27.74 to 32.36%) [84]. Consistently,
Hedayati Rad et al. [30] found that phenolic compounds from rosemary oil improved the
flexibility of kefiran/aqueous polyurethane films by reducing molecular interactions within
the polymer matrix.

However, the films with the lowest extract concentration (3K-0.5GPE) showed the
lowest elongation values, although without a significant difference (p > 0.05) compared to
the control (3K). This behavior has been previously reported by Ramirez-Tapias et al. [85]
in kefiran films plasticized with glycerol, where the lowest concentration of plasticizer
(10%) caused a decrease in elongation compared to the control without glycerol, with
increases observed from 20% onwards. The authors attributed this initial effect to an
anti-plasticization phenomenon, which occurs when low concentrations of plasticizers
form relatively strong localized interactions with the polymer (mainly hydrogen bonds),
restricting chain mobility and reducing flexibility [86]. Similarly, in films incorporated with
GPE, a low concentration (0.5%) could induce an anti-plasticizing effect, whereas increasing
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the extract content (1.0 and 1.5%) would favor the plasticizing behavior, enhancing matrix
mobility and increasing elongation at break [83].

Water Solubility

Solubility is a critical parameter for materials intended for food packaging applications,
as low water solubility prevents dissolution during use [87]. In this study, no significant
differences (p > 0.05) were observed among the solubility values of the 3K films and
those incorporated with GPE (3K-0.5GPE, 3K-1.0GPE, and 3K-1.5GPE), which ranged
from 31.18 to 33.50% (Figure 6). These findings are consistent with those reported by
Motedayen et al. [26] (28.42%) and Pop et al. [67] (30.32-38.51%) in kefiran-based polymeric
films. The results suggest that GPE concentrations (0.5, 1.0, and 1.5%) do not alter the
organization of kefiran chains [88]. The phenolic compounds from GPE appear to interact
with the polymeric network without increasing the soluble fraction, while maintaining
similar solubility in the films (Figure 6); however, such interactions could influence their
mechanical properties.
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Figure 6. Water solubility (%) of kefiran-based films containing GPE at different concentrations (0,
0.5, 1.0, and 1.5%). Means with the same letters are not significantly different (p < 0.05).

A similar behavior has been described in various polymeric matrices enriched with
plant extracts rich in phenolic compounds. Kuan et al. [87] reported solubility values of
75.57-79.74% in alginate films containing mulberry leaf extract (Morus australis, 1-4%),
without a significant effect from extract addition. Likewise, Goiana et al. [37] observed
no changes in the solubility of corn starch films incorporated with GPE (74.1-79.3%) and
reported a comparable behavior when acerola extract was added, with statistically similar
values (70.5-79.3%). Consistently, Amadeu et al. [51] found no differences in the solubility
of pectin films, which were fully soluble in water, after the addition of llex paraguariensis
extract. Similarly, Choi et al. [88] showed that the incorporation of apple peel extract (1, 1.5,
and 2%) did not modify the solubility of carboxymethyl cellulose films (47.41%).

Water Vapor Permeability (WVP)

WVP is a fundamental property of food packaging, as it indicates its ability to limit
moisture transfer from the environment, thereby contributing to food stability and extending
shelf life [83]. In this study, the WVP of the films ranged from 5.22 + 0.20 g-mm/m?-d-kPa
for the control without extract (3K) to 8.62 £ 0.75 g-mm/ m?-d-kPa for the film containing
1.5% GPE (3K-1.5GPE; Figure 7), showing an increase as the GPE concentration in the for-
mulation increased. This behavior has also been reported in films based on whey protein,
k-carrageenan, and grape pomace anthocyanins [84]. In general, the increase in the perme-
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ability values of the films with higher GPE concentrations is associated with a plasticizing
effect of the phenolic compounds present in the extract, which reduces the interactions among
kefiran polymer chains, thereby increasing their mobility and facilitating water vapor diffu-
sion through the material [37]. This is consistent with the shifts observed in the O-H region
of the FTIR spectra (Figure 5), which suggest a weakening or lower density of hydrogen
bonds between polymer chains [78], as discussed in previous sections (Thickness, Tensile
Strength, and Elongation and Water Solubility). Furthermore, these changes could reflect a
slight reduction in the internal cohesion of the polymer in the presence of higher amounts of
GPE, contributing to the observed increase in WVP [89].
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Figure 7. Water vapor permeability of kefiran-based films incorporating GPE at different concentra-
tions (0, 0.5, 1.0, and 1.5%). Means with different letters are significantly different (p < 0.05).

According to the literature, similar values have been reported in various polymeric
matrices enriched with polyphenolic extracts, such as corn starch/k-carrageenan with
ethanolic extract of grape seed pomace (Wang et al. [78]; 1.08-1.58 g-mm/ m?-d-kPa) and
starch with yerba mate extract (Knapp et al. [53]; 5.95-9.08 g-mm/m?-d-kPa), with an
increase in WVP observed as the concentration of phenolic extracts in the films increased.

3.5.2. Bioactive Properties of the Kefiran/GPE-Based Films
Antioxidant Capacity of the Films

Regarding antioxidant activity, all formulations showed antioxidant properties, with
values ranging from 9.87 £ 1.07 to 89.15 £ 2.53 umol TE/g (ABTS) and 5.83 £ 0.89 to
56.67 £ 1.57 umol TE/g (DPPH; Table 5). Consistently, the antioxidant activity obtained
by DPPH was lower compared to that obtained using ABTS, as the latter method re-
sponds to both hydrophilic and lipophilic compounds, whereas DPPH is more selective
toward lipophilic or slightly polar molecules [90]. The activity observed in the 3K film
suggests that kefiran possesses a slight antioxidant capacity, as previously reported [13].
In contrast, films incorporated with GPE (3K-0.5GPE, 3K-1.0GPE, and 3K-1.5GPE) ex-
hibited significantly higher antioxidant activity (p < 0.05) than the control (3K), with
antioxidant capacity increasing progressively as the GPE concentration in the formulation
increased. This behavior is attributed to the presence of phenolic compounds, such as
hydroxycinnamic and hydroxybenzoic acids, flavonoids, stilbenes, and tannins, among
others [91]. Moreover, this effect was also evidenced in the total phenolic content of the
films (6.33 &= 0.61 to0 16.62 &= 1.14 mg GAE/g; Table 5), which increased proportionally with
the GPE concentration.
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Table 5. Antioxidant capacity and total phenolic content of kefiran-based films incorporating GPE at
different concentrations.

Films ABTS DPPH Total Phenolics
(umol TE/g) (umol TE/g) (mg GAE/g)
3K 9.87 +1.072 5.83 +0.892 1.00 + 0.06 2
3K-0.5GPE 51.72 + 448" 3456 +1.21°b 6.33 £ 0.61P
3K-1.0GPE 66.11 +2.37°¢ 4127 +1.60°¢ 12.31 +0.82°¢
3K-1.5GPE 89.15 + 2534 56.67 + 1.57 4 16.62 +1.14 4

TE: Trolox equivalents; GAE: Gallic acid equivalents; K: Kefiran; GPE: Grape pomace extract. Means with different
superscript letters within a column indicate significant differences (p < 0.05).

Several studies have documented the antioxidant capacity of polymeric matri-
ces enriched with polyphenols. Gorrasi et al. [41] reported an antioxidant activity of
~ 35mg TE/g (ABTS) in films based on alginate/pectin incorporated with Negroa-
maro grape pomace extract. Marudova et al. [92] found an antioxidant activity of
16.54 umol TE/g (DPPH) in hydroxypropyl methylcellulose films containing grape seed oil.
Martins et al. [93] developed alginate/Arthrospira sp. extract films that showed activities
of 1537.50 and 190.75 uM TE/mg (ABTS and DPPH, respectively). Similarly, de Moraes
et al. [94] reported that the incorporation of papaya peel powder into gelatin films in-
creased antioxidant activity (0.66-1.44 umol TE/g, DPPH). Likewise, Nguyen [95] observed
that chitosan films with gallic acid (0.5 mM) exhibited an increase in antioxidant activity
(1.743-2.218 mM TE /g, DPPH), demonstrating that the addition of phenolic compounds
enhances this property. Overall, these findings indicate that the incorporation of phenolic
extracts into biopolymer matrices is an effective strategy for developing active films with
potential applications in food packaging.

Antimicrobial Activity of the Films

Regarding antimicrobial activity, the 3K-0.5GPE formulation showed inhibition against
L. monocytogenes, with a zone of 7.50 &= 0.50 mm, whereas the 3K-1.0GPE and 3K-1.5GPE
films did not exhibit activity against this bacterium. Although GPE exhibited activity
against E. coli (Table 2), the films incorporated with this extract did not show any inhibitory
effect against this microorganism (Table 6).

Table 6. Antimicrobial activity of kefiran-based films incorporating GPE at different concentrations.

Inhibition Zone Diameter (mm)

Films E. coli L. monocytogenes
3K nd.? nd.?
3K-0.5GPE n.d. 7.50 +0.50 P
3K-1.0GPE n.d.2 n.d.?
3K-1.5GPE n.d.? n.d.?
Control (—) * n.d.@ n.d.?
Control (+) ** 17.50 £ 0.71° 33.00 +2.82°¢

K: Kefiran; GPE: Grape pomace extract. n.d.: Not detected. * Isotonic saline solution. ** Amoxicillin—clavulanate.
Means with different superscript letters indicate significant differences (p < 0.05).

The behavior observed in the antimicrobial activity test is consistent with that re-
ported by Mauro et al. [96] in chitosan-based films incorporated with grape seed oil extract
(GSO), where films with the lowest extract dose (chitosan + 0.5 mL GSO) showed higher
antimicrobial activity compared to films with the highest dose (chitosan + 1.0 mL GSO)
against certain strains of L. monocytogenes (DHPS 11B0 and DHPS 13B0) and E. coli (ATCC
25922). Similarly, Bruna et al. [44] observed that polylactic acid films incorporated with
grape pomace showed lower antimicrobial activity at higher residue concentrations (15%)
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than at lower concentrations (10%), likely due to slower diffusion of phenolic compounds
caused by aggregation of pomace particles within the polymer matrix and the presence of
cellulose fibers. This behavior could be attributed to a shielding effect or partial encapsu-
lation phenomenon, which limits the availability of bioactive compounds to diffuse into
the medium [96].

In kefiran films incorporated with GPE, the absence of antimicrobial activity could
also be related to intermolecular interactions, mainly hydrogen bonds between kefiran and
the hydroxyl groups of the phenols, as well as the formation of extract-rich aggregates,
which could generate encapsulated regions where the compounds remain trapped and
less available to diffuse into the culture medium [97]. These results are consistent with
FT-IR analyses (Section Thickness, Tensile Strength, and Elongation), which showed shifts
in the bands corresponding to O-H and C-O-C groups, indicative of new intermolecular
interactions between the polysaccharide and the phenolic compounds [67,75]. Further-
more, the intensification of these interactions at higher GPE concentrations suggests the
formation of a more compact and ordered matrix, restricting the mobility of the phenolic
compounds and, therefore, limiting their diffusion into the culture medium and reducing
their antimicrobial effectiveness [44,98,99].

Additionally, the lack of activity against E. coli could also be due to the higher resistance
of this microorganism, attributed to its outer lipopolysaccharide membrane, which acts as
a barrier against certain antimicrobial compounds [100]. Overall, these findings suggest
that higher concentrations of the active agent do not necessarily translate into greater
antimicrobial efficacy, as the polymer matrix may act as a barrier or encapsulating system,
limiting the migration and availability of bioactive compounds [43].

4. Conclusions

In this study, active films based on the microbial polymer kefiran were developed
and enriched with grape pomace extract (GPE) at different concentrations (3K-0.5GPE,
3K-1.0GPE, and 3K-1.5GPE). The incorporation of GPE increased the color parameters
(L% a* b*, and AE; 15.11-35.98), thickness (0.052-0.133 mm), and improved UV-Vis light
protection as the extract concentration in the formulation increased. FT-IR analysis re-
vealed that the phenolic compounds from GPE established intermolecular interactions with
kefiran without altering the glucosidic structure of the polymer. Regarding mechanical
properties, a decrease in tensile strength (9.48-3.91 MPa) and an increase in elongation at
break (40.82-58.03%) were observed as the GPE concentration increased in the formulations,
suggesting a plasticizing effect of the extract. Solubility was not affected by the incorpora-
tion of the extract (31.18-33.50%), whereas the water vapor permeability increased with
1.5% GPE incorporation (from 5.22 £ 0.20 to 8.62 + 0.75 g-mm/m?-d-kPa). Moreover, the
films exhibited remarkable antioxidant activity in all formulations containing the extract, as
well as antimicrobial activity against L. monocytogenes in the 3K-0.5GPE formulation. These
results suggest that kefiran-based films containing GPE possess properties that make them
a potential, sustainable alternative for active food packaging. Their potential ability to pre-
serve the quality characteristics of food products addresses the growing demand for more
efficient, safer preservation systems while promoting the use of renewable, biodegradable
materials derived from agro-industrial residues.
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