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Abstract


The growing need for sustainable strategies to reduce agro-industrial waste has stimulated interest in valorizing winery by-products as sources of high-value bioactive compounds. Wine lees, rich in phenolic compounds with well-documented antimicrobial activity, remain largely underutilized in the development of functional materials. In most cases, incorporation of bioactive agents relies on physical adsorption, which often results in weak adhesion and limited durability. In this study, phenolic extracts derived from wine lees and grape seed extract were incorporated into bacterial cellulose (BC) to develop bioactive materials with antimicrobial and antioxidant functionality. Two strategies were investigated: (i) direct immersion of BC in phenolic extracts and (ii) incorporation of extracts in BC membranes pre-modified with carboxymethyl cellulose (CMC) to enhance phenolic affinity and retention. The resulting materials were characterized for total phenolic content, antioxidant activity, and antimicrobial performance against bacterial strains (Escherichia coli, Salmonella Typhimurium, and Staphylococcus aureus). CMC-pretreated membranes significantly enhanced phenolic incorporation and antimicrobial performance, achieving a 99.9% reduction in E. coli after 24 h, while S. Typhimurium and S. aureus counts were below the detection limit (LOD < 1.0 log10 CFU/mL). These findings demonstrate the potential of wine lees as a sustainable source of bioactive compounds for the development of antimicrobial cellulose-based materials, supporting circular bioeconomy strategies and their potential application in food packaging.
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1. Introduction


The wine industry reflects an important sector of the global economy. According to the International Organization of Vine and Wine (OIV), the global wine production for 2024 reached about 225 mL [1]. However, this substantial level of wine production entails the generation of significant quantities of by-products, including grape pomace, seeds, stems, wine lees, and wastewater, with high organic load, in a short period of time. Specifically, the processing of 1000 kg of grapes yields approximately 750 L of wine but also generates around 1650 L of wastewater and about 200 kg of solid residues, highlighting the significant material flows associated with vinification. The management of these residues represents an environmental and economic challenge for wineries, while their valorization offers opportunities for the recovery of value-added compounds within integrated biorefinery approaches [2]. In this context, recent studies have demonstrated the feasibility of upgrading conventional wineries into circular biorefinery systems, where multiple waste streams are re-integrated into value chains, improving resource efficiency and overall process sustainability [3].



One of the major by-products of the winemaking process is wine lees. They constitute approximately 14–25% of total winemaking by-products and account for 2–6% of overall wine production, depending on grape variety and vinification process [4]. Wine lees are defined as the solid sediment accumulated at the bottom of vessels after fermentation, during storage, or after other authorized processes. They are commonly classified as “heavy” or “light” based on particle size and the racking process. They are primarily composed of dead yeast cells, grape-derived residues, organic acids including tartaric acid, as well as ethanol, water, and other inorganic compounds [5,6].



For decades, wine lees have been utilized by wineries during wine aging, contributing to reduced astringency and bitterness while enhancing mouth-feeling, wine body, and color stability [7,8]. Beyond enological applications, wine lees have been investigated for the recovery of ethanol and tartaric acid [9,10,11], as well as for their potential use in biofuel and fertilizer production, with composting also reported as a management strategy [12,13,14,15]. However, wine lees are characterized by high organic load, reflected in elevated chemical and biological oxygen demand (COD and BOD), rendering their disposal environmentally challenging and potentially harmful [16]. Despite these limitations, wine lees are increasingly recognized as a rich source of valuable bioactive compounds, particularly polyphenols, including phenolic acids, stilbenes, flavonols, anthocyanins, catechin derivatives and proanthocyanidins, which are widely recognized for their antioxidant and antimicrobial properties [17,18,19,20]. Consequently, in recent years, growing research interest has focused on both the extraction of phenolic compounds from wine lees using alternative methods and their direct incorporation into various food applications. Typical examples of food applications are cookies and cereal bars enriched with polyphenols [21,22], muffins [23], bread [24], dairy products, such as ice cream and yogurt [25,26], meat products [27,28], as well as tomato sauce [29], highlighting the potential of wine lees as functional food ingredients.



Beyond their use in food matrices, there is a quest for new antimicrobial surfaces and coatings [30]. To this end, the antimicrobial functionality of phenolic-rich extracts derived from wine lees has recently attracted attention for applications in bio-based materials [5,31,32]. The incorporation of such extracts into polymeric systems enables the development of antimicrobial materials capable of contributing to food safety and shelf-life extension, simultaneously reducing the use of other substances commonly used as antimicrobial compounds, which can exhibit adverse side effects (i.e., metals) [33].



In parallel, the scientific community is increasingly focused on replacing non-biodegradable, petroleum-based plastic materials used in food packaging with sustainable, environmentally friendly, and biodegradable biopolymers. Bacterial Cellulose (BC) has emerged as a particularly attractive alternative [34]. It is synthesized as a primary metabolic product by several bacterial species, with the most efficient producers belonging to the genus Komagataeibacter [35]. Importantly, increasing research efforts have demonstrated that BC can be efficiently produced using low-cost industrial by-products, such as brewers’ spent grain (BSG) and brewers’ spent yeast (BSY), as alternative fermentation substrates, contributing to both process sustainability and circular bioeconomy strategies [36]. Additionally, owing to its unique physicochemical and mechanical properties, such as high crystallinity, remarkable tensile strength, high water-holding capacity, and the nanoscale fibrillar network, BC is considered a highly promising biopolymer. These properties enable its application in a wide range of industrial sectors, including biomedical, such as wound dressing [37], as well as in the food sector, where it is considered “generally recognized as safe” (GRAS) and explored as a food additive and packaging material [38,39,40]. Its structural characteristics also render it highly attractive for advanced nanotechnology applications [41].



While phenolic extracts from wine lees have been extensively studied in food matrices, their integration into solid bio-based materials represents a logical extension of their antimicrobial functionality. In this context, BC provides a stable, food-compatible structure that enables the transformation of soluble bioactive extracts into functional solid materials. The use of carboxymethyl cellulose (CMC), a derivative of cellulose, as a secondary biopolymeric component can further support the interaction and retention of phenolic compounds within the BC network, enhancing their distribution and improving the functional performance of the resulting materials [42,43]. Additionally, marked differences in phenolic composition have been reported between red and white wines [44], with anthocyanins constituting a major fraction of phenolic compounds in red wines [45]. This compositional characteristic positions red wine-derived by-products as particularly attractive sources of antioxidant compounds. Based on this, a commercial grape seed extract (GSE), rich in proanthocyanidins, was selected as a comparative extract to represent a phenolic profile distinct from that of red wine lees [4,17,46].



Within this framework, the present study aims to explore the functional integration of phenolic-rich extracts derived from wine lees into BC, towards the development of a bioactive cellulose-based material with antimicrobial functionality. Wine lees are exploited as a sustainable source of natural bioactive compounds, while BSY is utilized as a low-cost substrate for BC biosynthesis, enabling the combined valorization of by-products from two major agro-industrial sectors. This integrated approach supports circular bioeconomy principles and enables the development of sustainable, biodegradable, and active materials with potential applications in food packaging and related bioactive systems.




2. Materials and Methods


2.1. Materials


Brewer’s Spent Yeast was provided by Macedonian Thrace Brewery (Komotini, Greece). The BSY was autolyzed following the protocol of Tanguler and Erten [47]: the undiluted BSY was stirred at 600 rpm for 24 h at 50 °C and then heated to 80 °C for 1 h. After heating, the mixture was centrifuged (7.690 rcf, 4 °C, 10 min) and the resulting supernatant was stored at −20 °C until further use. The free amino nitrogen (FAN) content of BSY hydrolysates was quantified via the ninhydrin colorimetric method [48].



Red wine lees were provided by a local Lemnos Island winery (Chatzigeorgiou Winery, Myrina, Lemnos, Greece), which cultivates one of the oldest vine varieties, Limnio or Kalampaki [49]. Upon delivery to the laboratory, the lees sediments were separated by centrifugation of the samples (7.690 rcf, 4 °C, 10 min). The supernatant was decanted, and the solid fraction was freeze-dried for 24 h (−30 °C, 000.1 Pa) (Biobase, BK-FD10P, Jinan, China) and stored in airtight containers until further use.




2.2. Chemicals, Growth Media, and Reagents


Ethanol (99.8% denaturated with IPA), Folin–Ciocalteu Reagent, Sodium carbonate anhydrous (Na2CO3) and Citric acid anhydrous were bought from PanReac Applichem (Darmstadt, Germany), Dimethyl Sulfoxide (DMSO) and Sodium Chloride (NaCl) from Penta (Radiova, Praha), Tryptic Soy Agar (TSA) and Tryptic Soy Broth (TSB) from Condalab (Madrid, Spain), Carboxymethyl Cellulose (CMC) from TCI chemicals (Toshima, Tokyo, Japan), Pure Grape Seed Extract (GSE) (proanthocyanidins, 95%) from Hansen Supplements (Warszawa, Poland), Gallic acid monohydrate from Glentham life sciences (Corsham, UK) and 2,2-diphenyl-1-picrylhydrazyl (DPPH free radical) from Sigma-Aldrich (St. Louis, MO, USA).




2.3. Bacterial Strains


To produce BC, Komagataeibacter rhaeticus UNIWA AAK2 was used, which was kindly provided by the Department of Wine, Vine, and Beverage Sciences (School of Food Science, University of West Attica, Athens, Greece). The antimicrobial activity of extracts and BC films was evaluated against both Gram- and Gram+ bacterial strains of clinical interest from the microbial culture collection of Laboratory of Food Microbiology and Hygiene (LFMH) of the Department of Food Science and Nutrition (Lemnos, Greece), including Escherichia coli ATCC_8739 (DFSN_B76), Salmonella enterica serovar Typhimurium ATCC_14028 (DFSN_B81) and Staphylococcus aureus ATCC_25923 (DFSN_B82).




2.4. Preparation and Characterization of Red Wine Lees Phenolic Extract


2.4.1. Extraction of Phenolic Compounds from Red Wine Lees


Phenolic compounds were extracted from freeze-dried red wine lees according to a previously reported method [28] with minor modifications. Briefly, freeze-dried wine lees were mixed with an ethanol/water solution (80/20, v/v) at a solid-to-solvent ratio of 1:10 (w/v). The mixtures were subjected to ultrasonic-assisted extraction using a sonication bath (Elmasonic P 70 H, Singen, Germany) for 30 min, at 40 °C and 40 kHz. After the extraction, the samples were centrifuged at 7.690 rcf for 10 min, and the supernatant was collected. Ethanol was subsequently removed by evaporation, and the remaining aqueous phase was freeze-dried (−30 °C, 0.001 Pa, 24 h) to eliminate residual water. The dried extracts were then redissolved in dimethyl sulfoxide (DMSO) to ensure the solubilization of both polar and non-polar molecules. All extractions were performed in triplicate. The procedure showed good reproducibility, with a coefficient of variation (CV) equal to 9.5%, while the extraction yield was 8.4% (w/w, dry basis) of total extract. The extracts were stored at 4 °C until further use.




2.4.2. Determination of Total Phenolic Content (TPC)


The total phenolic content (TPC) of the extract was determined using the Folin–Ciocalteu colorimetric assay. Briefly, 5 mL of distilled water was mixed with 0.2 mL of the extract and 0.5 mL of Folin–Ciocalteu reagent and left for 3 min under dark conditions, after which 1 mL of Na2CO3 was added. Distilled water was then incorporated to adjust the final volume to 10 mL. After vigorous vortexing, the samples were left for 30 min in the dark at room temperature, then measured spectrophotometrically at 750 nm. The standard curve was prepared with gallic acid, and the results were expressed as mg gallic acid equivalents (GAE) per g. For GSE, samples were appropriately diluted with DMSO prior to analysis to ensure absorbance values within the linear range of the calibration curve (R2 = 0.946).




2.4.3. Antioxidant Activity of Extracts


The antioxidant activity of the extracts was evaluated using the DPPH (2,2-diphenyl-1-picrylhydrazyl) method. In brief, 40 μL of the extract was added to 1.96 mL of DPPH free radical solution freshly prepared in methanol (10−4 M). The reaction mixture was then shaken vigorously for 10 s in a Vortex apparatus (OHAUS, Parsippany, NJ, USA), and the samples were incubated in the dark, at room temperature, for 30 min. The absorbance of the samples was measured spectrophotometrically at 515 nm against a blank solution (without radicals). The radical scavenging activity (RSA) of each sample was determined according to the following equation:





   R S A   ( % )   =    (    A  T 0   −  A sample     A  T 0     )   ×   100  



(1)




where AT0 is the absorbance of the control sample at 515 nm and Asample is the absorbance of the sample at the same wavelength.





2.5. Production of Bacterial Cellulose


The K. rhaeticus strain was maintained on Hestrin-Schramm (HS) agar plates (20 g/L glucose, 5 g/L yeast extract, 5 g/L peptone, 2.27 g/L NaH2PO4, 1.15 g/L citric acid, and 20 g/L agar) at 4 ± 2 °C and sub-cultured before each experimental use. Culture medium consisted of 20 g/L glucose, as a carbon source, and ~350 mg/L FAN of pre-treated BSY. pH value was maintained at 5.0–5.5 prior to sterilization (121 °C, 20 min). The media were inoculated with 10% (v/v) of a 48 h exponential-phase pre-culture grown in HS medium. Fermentations were conducted under fully aerobic conditions by incubating the flasks in an orbital shaker (Labwit ZWY-105 211C, Burwood, VIC, Australia) at 180 ± 5 rpm for 48 h, followed by incubation at 30 °C under static conditions for 10–12 days. Bacterial cellulose (BC) was recovered by harvesting the membranes and washing them with deionized water. To remove residual bacterial cells, the BC membranes were immersed in 1 M NaOH at 80 °C for approximately 80 min. Subsequently, the membranes were rinsed with deionized water until the pH was neutral, then dried at 40 °C to constant weight.




2.6. Preparation of Antimicrobial Films


Two different approaches were employed for the incorporation of wine lees extract (WLE) and GSE: (i) Direct immersion into BC, and (ii) Incorporation into BC membranes pre-modified with CMC.



2.6.1. Direct Immersion into BC


Bacterial Cellulose membranes were cut into square samples (2 × 2 cm) and placed in a small beaker containing 1.0 mL of either WLE or GSE, sufficient to fully immerse the membranes. The containers were sealed to prevent solvent evaporation, and the samples were maintained at room temperature under mild agitation for 24 h. Afterwards, the BC membranes were removed from the extracts and air-dried at room temperature until constant weight.




2.6.2. Incorporation into BC Membranes Pre-Modified with CMC


For the second incorporation strategy, CMC was used as a binder to promote stronger interactions between the BC matrix and the bioactive extracts. BC films were prepared according to Isopencu et al. [50], with minor modifications. Briefly, a wet BC membrane was dispersed in 100 mL of distilled water containing 0.2% (w/v) CMC and 0.06% (w/v) citric acid (CA), used as a crosslinking agent. The mixture was stirred at 40 °C for 1 h to ensure adequate dispersion and component interaction. Following homogenization, the corresponding extract (WLE or GSE) was added to the mixture, and stirring was continued for an additional 1 h. The resulting suspension was then transferred to 250 mL Erlenmeyer flasks and left overnight on an orbital shaker at 40 °C and 150 rpm. After incubation, the BC films were thoroughly washed with distilled water to remove unbound extract and residual reagents. The films were subsequently placed on non-adhesive paper and dried in an air oven at 40 °C for 4 h under moderate air circulation. Control samples were prepared following the same procedure, without the addition of extracts. The detailed composition and the respective abbreviations of the investigated BC samples are summarized in Table 1.





2.7. Physico-Chemical Determination of BC Films


2.7.1. Film Thickness


The thickness of BC films was measured with high accuracy using a digital micrometer (IP65, Mitutoyo Corp, Japan) with a precision of 0.001 mm. For each sample, at least three measurements were taken at different points of the same BC film.




2.7.2. Color Analysis


The portable colorimeter Lovibond SV 100 was used to assess the color of BC films. The CIE values were recorded in L* (lightness), a* (red/green), and b* (yellow/blue). For each BC film, at least 5 independent measurements were taken.




2.7.3. Light Absorption and Film Opacity


The light absorption of BC films was characterized using white-light spectroscopy. The experimental setup consisted of an Ossila Spectrometer (G2001A1), Ossila Broadband White Light Source (370–850 nm), and Ossila Spectroscopy Transmission Holder (Ossila Ltd., UK) that were connected through optical fibers, while the Ossila spectroscopy software (G2001A1, Ossila Ltd., UK) was used to obtain the measurements. BC films (3 × 3 cm) were placed in the holder, and at least two independent measurements were conducted at room temperature under dark conditions, with a 30 ms integration time and an average of 50 spectra to minimize background noise. A blank substrate was used to acquire the reference spectrum.



Film opacity was determined through the absorption of each sample at 600 nm and was calculated by the following equation, according to Koukoumaki et al. [51]:





  O p a c i t y =      A   600     x     



(2)




where A600 is the absorbance at 600 nm and x is the film thickness (mm)




2.7.4. Scanning Electron Microscopy


The characterization of the morphology induced on the surfaces was completed using scanning electron microscopy (SEM) with two instruments (i) a JEOL JSM-7401F FEG at 2 kV beam voltage, Source: Cold field emission electron gun (Tungsten single crystal emitter), Beam Voltage: 0.1 to 30 kV, Resolution: 1.0 nm (15 kV), 1.5 nm (1 kV), Detectors: Three Electron Detectors + Camera: Upper secondary electron in-lens (SEI), Lower secondary electron (LEI), Retractable backscattered electron detector (RBEI) & IR camera, Stage: Eucentric goniometer stage. Computer controlled 3-axis: X-Y: 70 × 50 mm, rotation R: 360° and manual handling of Z-axis: 1.5 up to 25 mm and tilt up to +70°, Other Capabilities: Magnification up to ×1,000,000, Vacuum down to 10−8 Pa, Sample Size: From 10 mm × 10 mm to 10 cm × 10 cm, wafers with diameter 3″ or 4″, Maximum Sample Height: 10 mm and (ii) FEI Quanta Inspect SEM with a Thermionic gun W, Beam Voltage 0.2–30 kV, Resolution 3.5 nm@30 kV, Detectors E-T, BS, LFD (low vacuum), EDX (light elements down to B), CCD IR inspection camera, motorized Stage x,y (±50 mm), z (25 mm), rotation (360 continuous), tilt (−10 to +80°) and Low vacuum mode (up to 0.70 Torr). A Pt platinum sputtering step was done prior to SEM observation for 30 s to deposit a thin (a few nanometers), conductive coating on BC substrates. This layer prevents charging effects.




2.7.5. Fourier Transform Infrared Spectroscopy


Fourier transform infrared spectroscopy (FTIR) was used to analyze the chemical compositions of the BC surfaces and the applied coatings (PerkinElmer Spectrum 100 spectrometer, PerkinElmer Inc., MA, USA). Spectra were recorded using a Universal Attenuated Total Reflectance (UATR) accessory with Diamond and Germanium crystals. Spectral range: 7800–370 cm−1 with a best resolution of 0.5 cm−1. A special press is used to bring samples into good contact with the single reflection elements.





2.8. Antimicrobial Activity of Extracts and Bacterial Cellulose Films


2.8.1. Antimicrobial Activity of Extracts


The antimicrobial activity of WLE and GSE was evaluated using two complementary methods: (i) the agar well diffusion assay and (ii) a direct contact (inoculation) assay.



For the agar well diffusion assay, Petri dishes containing TSA were inoculated with 0,1 mL of approximately 1 × 108 CFU/mL of the corresponding bacterial strain, under aseptic conditions. Wells with a diameter of approximately 6 mm were aseptically formed in the agar and filled with 70 μL of the tested extract. The plates were incubated at 37 °C for 24 h. For each bacterial strain, both extracts, the solvent control (DMSO) and a negative control (only the inoculum), were tested on the same Petri dish. Following incubation, the diameter of the inhibition zones was measured in millimeters using a digital optical microscope (Dino-Lite AM8917MZTL, Taiwan) with DinoCapture 2.0 software.



For the direct contact assay, a cellular suspension of 1 × 108 CFU/mL was prepared for each bacterial strain. Briefly, bacterial strains were activated and grew from glycerol stock cultures stored at −80°C, through two consecutive subcultures. Briefly, one cryobead of each strain was inoculated into 10 mL of TSB and incubated at 37 °C for 24 h. Subsequently, 100 μL of that subculture was transferred to 10 mL of fresh TSB and incubated under the same conditions. Following activation, bacterial suspensions with an optical density at 600 nm (OD600) of approximately 0.1, corresponding to 1 × 108 CFU/mL, were used. Serial decimal dilutions of the bacterial suspension for each strain (OD600 0.1) were then prepared in 0.15 M NaCl solution to achieve a final inoculation concentration of 105 CFU/mL. An aliquot of 0.5 mL of that bacterial inoculum was then added to 1 mL of each extract and vortexed briefly. The samples were incubated at 37 °C for 24 h. Subsequently, 0.1 mL of each sample was plated onto TSA without further dilution using the spread-plate method. The plates were incubated at 37 °C for an additional 24 h, after which the developed colonies were counted and expressed as CFU/mL.




2.8.2. Antimicrobial Activity of BC Films


The antimicrobial activity of BC films was evaluated according to ISO 22196 [52]. The BC films were cut into 2 × 2 cm squares and placed in a 6-well tissue plate (CytoOne, Hamburg, Germany). Each well was inoculated with 2 mL of the diluted bacterial suspension, prepared as mentioned above in 2.8.1. Then, the samples were incubated for 24 h and 48 h at 37 °C under static conditions. After each incubation period, an aliquot of 0.1 mL from each well was collected and spread onto TSA plates. The plates were incubated at 37 °C for 24 h, after which the resulting colonies were counted and expressed as CFU/mL. The antimicrobial activity of the BC films was evaluated based on the reduction in viable bacterial counts relative to the control. Similar methodology has also been used in the literature [53].





2.9. Statistical Analysis


Differences between mean values were assessed using one-way ANOVA, followed by the Games–Howell post hoc test at a significance level of α = 0.05 (p < 0.05). Statistical analyses were performed using jamovi software (version 2.6.44).





3. Results and Discussion


3.1. TPC and Antioxidant Activity of Extracts


Significant differences were observed in the TPC of WLE and GSE. Specifically, WLE exhibited a TPC of 11.27 ± 1.08 mg GAE/g dried extract, corresponding to a functionalization solution of 1.39 ± 0.08 mg GAE/mL, whereas the corresponding values for GSE were 28.83 ± 3.93 mg GAE/g dried extract and 3.60 ± 0.49 mg GAE/mL, respectively. When expressed on a raw material basis, the TPC of wine lees reached 12.27 ± 0.16 mg GAE/g dry wine lees, a value comparable to those reported in the literature, depending on grape variety and vinification conditions [5,54].



Concentrations used for film functionalization were selected based on practical formulation considerations, including solubility of the extracts in the solvent system and their subsequent dispersion within the BC matrix. In particular, higher concentrations led to limited solubility and non-uniform distribution, while excessive amounts resulted in aggregation phenomena and local saturation of the matrix. Therefore, the applied extract concentrations were selected to ensure homogeneous incorporation and stable film formation under realistic processing conditions rather than achieving an equimolar antioxidant benchmarking. When compared with literature data, differences in TPC values were expected due to variations in extraction design and expression basis. For example, Athanasiou et al. [31] reported TPC values of 5.95 mg GAE/mL for wine lees extracts obtained under optimized UAE conditions (1:5 solid-to-solvent ratio, 50% ethanol). In contrast, the present study employed an 80% ethanol system and a 1:10 solid-to-solvent ratio, followed by solvent removal and reconstitution prior to analysis. These methodological differences may significantly influence phenolic recovery and apparent concentration values. It should be noted that the extraction protocol was designed for laboratory-scale proof-of-concept. Industrial applications would require optimized and scalable extraction strategies (e.g., solvent recovery, continuous or greener extraction techniques).



Regarding antioxidant activity, both extracts displayed a pronounced effect, with significant differences between them. The higher RSA observed for WLE (91.5 ± 0.1%) compared to GSE (68.4 ± 7.4%) indicates greater radical-quenching efficiency. The inverse relationship observed between TPC and RSA indicates that radical-scavenging capacity is not solely determined by TPC. While GSE exhibited higher phenolic equivalents in the functionalization solution, WLE showed superior DPPH scavenging efficiency, suggesting that qualitative differences in phenolic composition play a decisive role. The radical-scavenging efficiency of phenolic compounds is strongly governed by their molecular structure, particularly the number and position of hydroxyl groups, degree of conjugation, and electron-donating capacity, which determine redox behavior and influence electron-transfer mechanisms in DPPH-based assays [55,56]. Thus, the higher antioxidant efficiency of WLE compared to GSE may be partly attributed to qualitative differences in phenolic composition. Anthocyanins, which constitute a major fraction of phenolic compounds in red wines, have been widely reported to exhibit strong radical scavenging activity [57,58]. Studies on anthocyanin-rich extracts have demonstrated that these compounds can significantly contribute to antioxidant performance, depending on their molecular structure and reaction kinetics [59]. In contrast, commercial grape seed extracts are predominantly enriched in proanthocyanidins, whose antioxidant behavior depends on their degree of polymerization [60]. Although radical scavenging activity may increase with polymer size up to a critical point, further polymerization can result in reduced apparent DPPH activity, indicating that higher molecular weight proanthocyanidins do not necessarily exhibit stronger radical scavenging efficiency [60]. Therefore, differences in phenolic class distribution rather than total phenolic equivalents alone may explain the lower DPPH scavenging activity observed for GSE compared to WLE.



Overall, these results demonstrate that WLE constitutes a highly effective antioxidant system despite having lower phenolic equivalents than GSE, underscoring the importance of phenolic composition rather than total phenolic content alone. From a sustainability perspective, the high radical scavenging efficiency of a minimally processed winery by-product extract highlights the functional potential of agro-industrial residues as competitive natural antioxidant systems, supporting circular bioeconomy strategies.




3.2. Characterization of BC Films


3.2.1. Optical Properties


The optical performance of BC films is a critical parameter for their application in sustainable packaging, as it directly influences transparency, appearance, and consumer perception. Table 2 summarizes the color coordinates (L*, a*, b*), thickness, and opacity values of all prepared samples. Specifically, the chromatic properties of BC films were significantly influenced by both matrix composition and incorporation strategy. The BC film exhibited the highest lightness (L* = 90.25 ± 0.52), along with near-zero a* (−0.38 ± 0.84) and low b* values (4.43 ± 0.48), confirming its high transparency and optical neutrality. The modification with CMC resulted in a noticeable decrease in lightness (L* = 82.95 ± 3.59) and a shift toward positive a* (3.52 ± 1.67) and higher b* values (11.71 ± 2.48), indicating increased redness and yellowness. This behaviour may be associated with increased solid content and structural heterogeneity introduced by CMC, which can enhance light scattering within the composite network. Incorporation of phenolic extracts without CMC (BC:WLE and BC:GSE) induced moderate chromatic modifications compared to BC. Lightness values decreased to approximately 83–85, indicating a slight reduction in transparency. The a* values remained close to zero and comparable to those of the control BC. In contrast, b* values increased substantially relative to BC (from 4.43 to approximately 10–11), indicating a moderate shift toward yellowish tones. This shift is consistent with the presence of phenolic chromophores that absorb in the blue region of the visible spectrum, resulting in increased yellowness [61]. Notably, these b* values were comparable to those observed for BC:CMC, suggesting that immersion alone primarily affected yellowness without leading to pronounced pigmentation. A markedly different behavior was observed when phenolic extracts were incorporated in the presence of CMC. Both BC:CMC:WLE and BC:CMC:GSE exhibited pronounced decreases in lightness and significant increases in both a* and b* parameters. The most substantial chromatic modification was observed for BC:CMC:GSE (L* = 63.38 ± 2.42; a* = 15.44 ± 2.05; b* = 29.3 ± 3.67), indicating intensified pigmentation and increased optical density. These findings demonstrate that CMC-assisted incorporation enhanced phenolic retention and promoted stronger matrix–pigment interactions, thereby amplifying color development. Moreover, in Figure 1, the samples of BC pre-modified with CMC and incorporated with the phenolic extracts (WLE and GSE) are presented.



Film thickness is a critical structural parameter, as it directly affects mechanical stability, optical behavior, and mass transfer properties of biopolymer-based packaging materials [62]. The BC film exhibited a thickness of 0.022 ± 0.001 mm, whereas all functionalized films showed increased thickness. The most pronounced increase was observed for BC:CMC:GSE (0.030 ± 0.001 mm), corresponding to a 34.3% increase relative to the control. The increase in thickness following CMC incorporation and extract addition is consistent with previous reports demonstrating that film thickness increases with higher solid content and additive concentration [63]. Studies on CMC and composite films have shown that incorporating antioxidant compounds or lignin derivatives results in measurable thickness increase due to the contribution of additional solids and modification of the polymer network structure [64,65]. Such increases have been attributed to enhanced interactions between additives and the polymer matrix, including hydrogen bonding and other intermolecular forces, which can alter film organization and packing density. In the present system, the more pronounced thickening observed in CMC-containing films suggested that CMC facilitated stronger interactions between BC matrix and phenolic compounds, promoting improved integration of extract components within the composite matrix rather than mere surface deposition. Such structural modifications are expected to influence not only film thickness but also the mechanical response of the material, particularly under varying environmental conditions. Particularly, environmental moisture plays a critical role in the mechanical behavior of cellulosic materials, as water molecules act as a plasticizer, reducing intermolecular interactions and decreasing stiffness. Conversely, structural organization and intermolecular interactions, particularly hydrogen bonding, enhance the stiffness and durability of cellulose-based systems. These effects are particularly relevant in BC-based materials, where matrix structuring and additive incorporation may influence their mechanical stability under varying environmental conditions [66,67]. In the present study, the enhanced structuration induced by CMC and phenolic incorporation may contribute to the observed increase in film thickness and overall structural integrity and may also affect their response to environmental moisture.



Optical performance is a critical functional parameter for films intended for food packaging applications, as it determines their ability to protect food products from photo-oxidative degradation, pigment discoloration, and nutrient loss [68]. Therefore, while high transparency is desirable for consumer visibility, increased opacity can be technologically advantageous for light-sensitive products [69,70,71]. The literature reports that highly transparent packaging materials typically exhibit relatively low opacity values, whereas increased opacity is associated with enhanced light-barrier performance. In the present study, pure BC exhibited the lowest opacity (9.68 ± 2.83), confirming its inherently high optical clarity and homogeneous film structure. Modification with CMC and phenolic extracts significantly altered the optical behavior. As shown in Table 2, all modified films exhibited greater opacity than BC. This trend is consistent with previous findings on CMC-based films, where incorporation of essential oils or other functional compounds increased opacity due to enhanced matrix heterogeneity and formation of dispersed domains within the polymer network [72]. Similarly, adding reinforcing phases to BC systems can modify light transmission by altering the film’s microstructure and interactions within the matrix [73]. Consistent with the previously presented color analysis, the increase in opacity was accompanied by a progressive decrease in L* values. BC exhibited the highest lightness (L* = 90.25 ± 0.52), whereas extract-containing composites showed significantly lower L* values, with BC:CMC:GSE reaching 63.38 ± 2.42. This inverse relationship indicates that the darker appearance of the composite films is associated with enhanced light reduction within the matrix. Phenolic compounds present in the extracts are characterized by conjugated aromatic structures that absorb radiation in the UV–visible region and have been reported to protect chromophore systems against photo-induced degradation [74]. Their incorporation, therefore, contributed not only to bioactivity but also to increased intrinsic light absorption in the films. In parallel, the introduction of additional solid phases may increase structural heterogeneity, thereby further promoting light-scattering effects. Overall, the elevated opacity values observed for the composite films indicate enhanced light-barrier functionality compared to neat BC. Such behavior may be advantageous for the packaging of light-sensitive food systems, including lipid-rich or pigment-containing products.




3.2.2. Light Absorption


The UV-Vis absorption spectra of the BC films are presented in Figure 2. All samples exhibited a pronounced UV absorption band, with maxima centered at 350–370 nm. The BC film exhibited the lowest absorbance across the entire spectrum, confirming its high transparency and limited intrinsic chromophore content. The CMC-modified samples showed slightly higher absorbance, likely due to increased solid content. However, the most pronounced increase in light absorption was observed in extract-containing films. Among the formulations, BC:CMC:GSE exhibited the highest absorbance intensity in the UV region, followed by BC:CMC:WLE and BC:WLE. The enhanced absorption in these samples reflects the higher phenolic content and the presence of chromophore groups that absorb UV radiation. The strong absorbance peak around 360 nm is consistent with the characteristic absorption of polyphenols and flavonoids, which are known to contribute to UV-blocking functionality [75].



In the visible region (400–800 nm), extract-containing films maintained higher absorbance levels compared to BC and BC:CMC samples, explaining the observed reduction in L* values and increased opacity. The gradual decline in absorbance toward longer wavelengths indicates partial, rather than complete, blocking of visible light, suggesting a balance between transparency and protective functionality. These findings complement the opacity results, confirming that the increased opacity of composite films arises not only from enhanced light scattering due to microstructural heterogeneity, but also from intrinsic light absorption by phenolic compounds. Therefore, the developed films demonstrated combined UV-absorbing and light-diffusing behavior, reinforcing their suitability as functional light-protective packaging materials.




3.2.3. Surface Morphology Characterization


BC membranes synthesized under static culture conditions are characterized by an exceptional structural network and superior physicochemical properties. Specifically, they exhibit high crystallinity, a high degree of polymerization, and significant porosity, features that affect their overall performance [76]. Figure 3 presents SEM micrographs of BC films and modified ones. As observed in Figure 3a, the neat BC exhibited a highly textured and granular surface. This morphology was consistent with previous reports describing BC as a three-dimensional interconnected nanofiber network with open porosity [77,78]. The incorporation of CMC (Figure 3b) resulted in partial coverage of the nanofibrils and reduced surface porosity, leading to a smoother and more uniform surface. A similar surface densification has been reported in the literature in BC:CMC:CA films [50]. This structural densification could be correlated with the film thickness increase as mentioned above (i.e., Section 3.2.1). The surface of BC modified with WLE (Figure 3c) preserved the original BC pore structure, indicating that the extract treatment did not drastically alter the nanofibrillar framework. However, the fibrils appeared slightly more defined and contrasted, suggesting surface adsorption of phenolic constituents rather than bulk structural disruption. A comparable morphology was observed in the BC:GSE sample (Figure 3e), where the porous network and fiber-induced roughness remained evident. In contrast, BC:CMC:WLE (Figure 3d) and BC:CMC:GSE (Figure 3f) exhibited a more compact and continuous surface morphology with visible folds and wrinkle-like features. The reduction in visible pores suggests that CMC formed a coating layer over the BC network, while the extracts were incorporated within the composite structure. The observed smoothing effect was consistent with the structural modification induced solely by CMC addition.




3.2.4. BC Surface Chemistry Characterization


FTIR analysis was employed to examine the chemical composition of BC and BC- modified films, aiming to identify potential interactions arising from the different approaches (Figure 4). Specifically, the FTIR spectra of all BC-based films exhibited highly similar profiles, indicating that the fundamental chemical structure of BC was preserved following functionalization. Characteristic cellulose absorption bands were observed in all samples [79,80], including the broad O–H stretching band at 3300–3400 cm−1 associated with extensive intermolecular hydrogen bonding, C–H stretching vibrations around ~2900 cm−1, the band at ~1640 cm−1 attributed to absorbed or bound water (H–O–H bending), and the characteristic cellulose vibrations at ~1420 cm−1 (CH2 bending), ~1160 cm−1 (C–O–C stretching), and ~1050–1030 cm−1 (C–O stretching).



The FTIR spectra of BC and BC–CMC films were highly similar, indicating that the incorporation of CMC did not alter the chemical structure of BC. Minor intensity variations, particularly in the O–H stretching region, are attributed to enhanced hydrogen bonding between BC and CMC chains. The increased absorbance observed in the ~1600–1650 cm−1 region is associated with the presence of carboxylate groups (−COO−) of CMC, in agreement with literature reports for BC–CMC systems [50]. The absence of new absorption bands, particularly in the ~1730–1740 cm−1 region, further confirms that CMC incorporation occurred without covalent bonding or ester formation. Additionally, subtle intensity variations in the 1200–900 cm−1 region are attributed to overlapping C–O–C and C–O stretching vibrations [79].



The incorporation of GSE or WLE resulted in subtle but systematic modifications of the FTIR profiles of BC-based films, depending on the presence of CMC. For BC films functionalized with extracts alone, the FTIR spectra remained highly similar to that of BC, with no new absorption bands detected, indicating that incorporation of GSE or WLE did not alter the chemical structure of the cellulose matrix. Minor changes in band shape and relative contributions were observed, mainly as slight broadening in the O–H stretching region (3200–3400 cm−1), which is consistent with overlapping contributions from hydroxyl-rich phenolic constituents and/or changes in bound water content [81]. These limited spectral differences are consistent with a relatively low effective interaction or exposure of the extracts within the BC matrix, which may explain the comparatively modest antimicrobial activity observed later in the absence of CMC.



In contrast, the incorporation of GSE or WLE into the BC–CMC matrix led to more discernible variations in band profiles, particularly in the O–H stretching region (3200–3400 cm−1) and, to a lesser extent, within the 1500–1650 cm−1 and fingerprint (~1050–900 cm−1) regions [53,79]. In the latter, BC–CMC films further modified with GSE or WLE exhibited noticeable changes in band profile and the appearance of shoulder features compared to BC–CMC alone, reflecting overlapping contributions from cellulose, CMC, and extract components rather than the formation of new chemical bonds. Importantly, no new absorption bands were observed in any of the spectra, supporting that extract incorporation occurred predominantly through non-covalent interactions and physical association within the BC network, without chemical modification of the cellulose backbone, in agreement with previous reports on phenolic–cellulose interactions [82]. Similar FTIR spectral variations upon incorporation of wine lees or phenolic-rich extracts into biopolymer matrices have been previously reported, mainly reflected as changes in relative band intensities and spectral profiles, without the appearance of new absorption bands [32,83].



Overall, FTIR analysis confirms that none of the applied functionalization strategies induced substantial chemical modification of the bacterial cellulose backbone, while supporting the presence of CMC-mediated interactions and consistent with the incorporation of phenolic extracts. These interaction patterns are consistent with the morphological densification observed in SEM analysis and may contribute to the modified optical and light-attenuation properties detected in UV–Vis and opacity measurements.





3.3. Antimicrobial Activity of Extracts


The antimicrobial activity of WLE and GSE was evaluated using both the agar well diffusion method and direct inoculation assay. Figure 5 presents the agar plates for the diffusion assay performed against E. coli (Gram-negative) and S. aureus (Gram-positive), selected as model pathogens for each bacterial classification. Each plate contained wells filled with WLE, GSE, or DMSO (as the reference sample), as well as control wells without extract (C0) to allow direct comparison among treatments.



Both extracts exhibited a dark brown color, and clear inhibition zones (i.e., transparent regions indicating absence of bacterial growth) were observed around the wells containing the extracts. In contrast, no inhibition zone was detected around the DMSO or control wells, confirming the absence of antimicrobial activity from the solvent. The visual inspection of the agar plates revealed well-defined inhibition zones with clear boundaries, facilitating reliable measurements of inhibition zone diameters. The zones appeared consistent in shape and intensity between the plates, indicating the good reproducibility of the assay.



The quantitative results of the agar well diffusion assay are summarized in Table 3. As shown, GSE exhibited higher inhibitory activity compared to WLE against both tested microorganisms, with inhibition zones of 3.58 mm ± 0.19 for E. coli and 3.60 mm ± 0.24 for S. aureus. The comparatively lower inhibition diameters observed for WLE may be associated with differences in phenolic composition and concentration between the two extracts. As reported previously, GSE contained substantially higher TPC than WLE, which may contribute to enhanced antimicrobial performance. In both cases, inhibition zones were slightly larger against S. aureus than against E. coli. This difference can be attributed to structural variations between Gram-positive and Gram-negative bacteria. The outer membrane of Gram-negative bacteria, composed of lipopolysaccharides, acts as an additional permeability barrier that limits the penetration of hydrophobic phenolic compounds, thereby increasing resistance. In contrast, Gram-positive bacteria lack this outer membrane, allowing phenolic compounds to interact more readily with the phospholipid bilayer, thereby increasing membrane permeability, leading to leakage of intracellular constituents and disruption of enzymatic systems [84]. Similar trends have been reported in BC-based antimicrobial systems, where inhibition zones were more pronounced against S. aureus than E. coli [78].



To further assess the antimicrobial efficacy of extracts, direct inoculation assays were performed. The viable cell counts (log10 CFU/mL) after 24 h of incubation are presented in Table 3. DMSO was again used as the reference control to evaluate any solvent-related effects. Complete inactivation of both microorganisms was observed after 24 h of exposure to WLE and GSE, with no detectable viable cells observed. These findings are consistent with previous reports demonstrating strong antimicrobial effects of wine lees extracts [5] and phenolic-rich bioactive systems incorporated into polymer matrices [85]. In contrast, the DMSO control showed no substantial reduction in viable counts, with bacterial populations remaining around 3.9 log10 CFU/mL, confirming that the antimicrobial activity originated from the phenolic extracts.



Taken together, the agar diffusion and direct contact results demonstrate that both extracts exhibit strong antimicrobial activity against Gram-positive and Gram-negative bacteria. The higher antimicrobial efficacy observed for GSE compared to WLE is consistent with its significantly higher TPC, suggesting that phenolic concentration plays a central role in determining antimicrobial performance. Phenolic compounds are known to interact with bacterial cell membranes, increase permeability, and disrupt essential cellular functions, which may explain the observed inhibition patterns [86].




3.4. Antimicrobial Activity of BC-Based Composite Films


Following confirmation of the antimicrobial activity of both extracts in solution, their incorporation into BC films was investigated to provide a new, robust functionalization route using agro-industrial by-products. Two functionalization strategies were tested and evaluated, (i) direct immersion into extract solutions and (ii) incorporation into BC pre-modified with CMC, enabling improved retention of extracts within the BC network. Since DMSO exhibited no inhibitory activity, BC and BC-CMC films were used as reference control samples.



Figure 6 presents the antimicrobial performance of the films prepared via the two aforementioned functionalization strategies. Considering E. coli (Figure 6a), samples prepared by immersion (BC:WLE and BC:GSE) exhibited limited antimicrobial activity. Specifically, a statistically significant reduction of 1 log10 CFU/mL was observed only for the BC:GSE at 24 h. This behavior is consistent with limited extract retention and/or rapid diffusion of phenolic compounds from the film surface into the surrounding medium. In contrast, films prepared using CMC as a binder demonstrated significantly enhanced antimicrobial activity. BC:CMC:GSE achieved a reduction of 5.3 log10 CFU/mL (99.9% reduction relative to the initial microbial load) after 24 h, whereas BC:CMC:WLE showed a lower reduction of 2.7 log10 CFU/mL. After 48 h, both samples maintained substantial inhibition (reduction of ~3 log10 CFU/mL). The improved performance of binder-containing systems indicates that CMC facilitated more stable incorporation and controlled availability of phenolic compounds within the BC matrix. Although release kinetics were not directly evaluated, this interpretation is indirectly supported by SEM and FTIR findings. SEM analysis showed that BC films largely retained their native porous structure, whereas BC–CMC films exhibited a denser morphology. In parallel, FTIR analysis indicated stronger intermolecular interactions in BC–CMC–extract systems, suggesting improved extract retention compared to immersion-treated films. Similar improvements in antimicrobial efficacy have been reported following the incorporation of phenolic compounds into CMC matrices. For instance, CMC films containing resveratrol and eugenol exhibited enhanced antimicrobial activity compared to neat CMC, with Gram-positive bacteria being more susceptible [84]. This supports the role of CMC as an effective carrier matrix that stabilizes and gradually releases bioactive phenolic compounds.



For S. Typhimurium, a noticeable reduction of almost 4 log10 CFU/mL in bacterial population was observed only for the BC:CMC:GSE at 24 h and complete inhibition after 48 h. This reduction was statistically significant compared to the respective control and immersion-treated samples (p < 0.05). In contrast, immersion-treated films showed either negligible reduction or slight bacterial growth. The superior efficacy of BC:CMC:GSE may be attributed to the higher phenolic content of GSE combined with improved extract retention within the CMC-modified matrix. A similar pattern was observed for S. aureus. Immersion-treated films failed to suppress bacterial growth, whereas BC:CMC:GSE resulted in a 3.2 log10 CFU/mL reduction at 24 h and complete inhibition after 48 h (LOD < 1.0 log10 CFU/mL). These differences were also statistically significant (p < 0.05). BC:CMC:WLE showed only a transient reduction. These findings confirm that effective antimicrobial performance depends strongly on the integration strategy rather than solely on extract potency. The pronounced activity of BC:CMC:GSE against both S. Typhimurium and S. aureus is consistent with previous reports demonstrating strong bacteriostatic and bactericidal effects of grape pomace polyphenolic extracts against foodborne pathogens [87]. However, in contrast to several CMC-based systems, where activity was primarily observed against Gram-positive strains [84,88], the present study achieved substantial inhibition against Gram-negative bacteria as well, indicating improved bioactivity within the BC–CMC composite matrix.



The markedly enhanced antimicrobial activity of CMC-containing films correlates with the structural and spectroscopic findings discussed previously. SEM analysis revealed a more compact, continuous surface morphology in BC–CMC–extract systems, suggesting improved entrapment and distribution of phenolic compounds. FTIR analysis further indicated stronger hydrogen-bonding interactions within BC–CMC–extract matrices, supporting non-covalent stabilization of phenolics. These interaction patterns are likely to reduce rapid extract leaching and promote sustained antimicrobial action. In contrast, immersion-treated films preserved the native porous BC structure, which may facilitate rapid diffusion and depletion of active compounds, explaining the limited long-term antimicrobial effect. Comparable findings have been described for CMC-based active films incorporating plant extracts, in which matrix–bioactive interactions influenced antimicrobial efficiency [88]. The improved performance observed in the present BC–CMC–GSE system may therefore be attributed to enhanced phenolic stabilization and distribution within the composite network, rather than solely to extract potency. Furthermore, the consistently superior performance of GSE-based systems aligns with its significantly higher TPC compared to WLE, reinforcing the role of phenolic concentration in determining antimicrobial efficacy. These differences were statistically significant among samples within each incubation time (p < 0.05), further supporting the observed trends. Overall, the results demonstrate that antimicrobial efficacy is governed not only by the intrinsic bioactivity of the extracts but also by the incorporation protocol and the CMC-assisted functionalization strategy, which significantly enhanced both extract retention, improving their antimicrobial performance.





4. Conclusions


This study demonstrated the successful development of bioactive BC-based composite films functionalized with phenolic-rich extracts derived from winery by-products. The effectiveness of the extracts when incorporated into BC films was enhanced by CMC pre-modification. In particular, the BC:CMC:GSE system achieved up to 99.9% reduction in E. coli and complete inhibition of S. Typhimurium and S. aureus after 48 h. Spectroscopic (FTIR) and morphological (SEM) analyses confirmed that extract incorporation occurred primarily through non-covalent interactions without altering the cellulose backbone. These structural modifications were consistent with reduced lightness (L*) and increased opacity in extract-containing films. From a sustainability perspective, the valorization of red wine lees as a source of functional phenolic compounds, combined with the use of brewer’s spent yeast for BC production, demonstrates an integrated circular bioeconomy approach. The developed BC–CMC–extract composites exhibited combined antimicrobial and light-protective functionality, supporting their potential application as active bio-based packaging materials for light-sensitive and perishable food systems. Overall, this work provides a pathway for developing bio-based antimicrobial compounds from agro-industrial by-products as alternatives to conventional materials (e.g., metals). In addition, a controlled bioactive integration strategy is demonstrated for their incorporation into cellulose-based materials, supporting the development of sustainable packaging solutions. Future research should address the optimization of extract release kinetics, process scalability, and validation of these materials under real food packaging conditions.
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Figure 1. Representative images of CMC-modified BC films incorporated with phenolic extracts: (a) BC:CMC, (b) BC:CMC:WLE, and (c) BC:CMC:GSE. 
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Figure 2. White Light Spectroscopy measurement in UV–Vis absorbance spectra (300–1000 nm) of BC and modified BC films: BC (●), BC:CMC (●), BC:WLE (●), BC:GSE (●), BC:CMC:WLE (●), and BC:CMC:GSE (●). Extract-containing films exhibit increased absorbance in the UV region (≈320–380 nm) and enhanced light attenuation across the visible range compared to neat BC. 
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Figure 3. SEM micrographs (5000× magnification) showing the surface morphology of (a) BC (working distance: 10.4 mm, SE mode, 20 KV), (b) BC:CMC (working distance: 12.7 mm, SE mode, 5 KV), (c) BC:WLE (working distance: 5.7 mm, GB-L mode, 2 KV), (d) BC:CMC-WLE (working distance: 12.8 mm, SE mode, 5 KV), (e) BC:GSE (working distance: 5.7 mm, GB-L mode, 2 KV), and (f) BC:CMC:GSE (working distance: 12.4 mm, SE mode, 5 KV) films. Neat BC exhibits a porous nanofibrillar network, while the incorporation of CMC and phenolic extracts progressively modifies surface compactness and pore visibility. 
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Figure 4. FTIR absorbance spectra (4000–400 cm−1) of bacterial cellulose (BC) and BC-based films functionalized with wine lees extract (WLE) and grape seed extract (GSE), with and without CMC pre-modification: BC (●), BC-CMC (●), BC-WLE (●), BC-GSE (●), BC-CMC-WLE (●), BC-CMC-GSE (●). Variations in band intensity and profile, particularly in the 1200–900 cm−1 region, indicate modifications in intermolecular interactions and surface composition. 
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Figure 5. Agar well diffusion assay against (a) E. coli and (b) S. aureus. Wells contained wine lees extract (WLE), grape seed extract (GSE), DMSO (negative control), and control wells without extract. Clear inhibition zones surrounding extract-containing wells indicate antimicrobial activity. 
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Figure 6. Antimicrobial activity of BC-based films evaluated by direct contact assay after 24 h and 48 h of incubation against (a) E. coli, (b) S. Typhimurium, and (c) S. aureus. Results are expressed as log10 CFU/mL (mean ± SD). Different letters indicate statistically significant differences among samples within each time point (Games–Howell post hoc test, p < 0.05). No viable cells were detected for BC:CMC:GSE against S. Typhimurium and S. aureus after 48 h (LOD < 1.0 log10 CFU/mL). 
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Table 1. Full names and corresponding abbreviations for BC samples.
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	Full Name of Sample
	Abbreviation





	Bacterial Cellulose
	BC



	Bacterial Cellulose pre-modified with CMC
	BC:CMC



	Bacterial Cellulose immersed in WLE
	BC:WLE



	Bacterial Cellulose immersed in GSE
	BC:GSE



	Bacterial Cellulose pre-modified with CMC and incorporation of WLE
	BC:CMC:WLE



	Bacterial Cellulose pre-modified with CMC and incorporation of GSE
	BC:CMC:GSE










 





Table 2. Color parameters (L*, a*, b*), thickness, and opacity values of BC-based films*.
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	Samples
	L*
	a*
	b*
	Thickness (mm)
	Film Opacity





	BC
	90.25 ± 0.52
	−0.38 ± 0.84
	4.43 ± 0.48
	0.022 ± 0.001
	9.68 ± 2.83



	BC:CMC
	82.95 ± 3.59
	3.52 ± 1.67
	11.71 ± 2.48
	0.028 ± 0.003
	10.84 ± 1.36



	BC:WLE
	83.35 ± 1.08
	0.05 ± 0.85
	10.60 ± 2.28
	0.025 ± 0.001
	12.59 ± 0.08



	BC:GSE
	85.08 ± 0.30
	−0.50 ± 0.49
	11.20 ± 0.33
	0.027 ± 0.001
	11.87 ± 0.22



	BC:CMC:WLE
	79.25 ± 1.16
	7.72 ± 1.02
	17.22 ± 1.26
	0.024 ± 0.001
	13.21 ± 0.49



	BC:CMC:GSE
	63.38 ± 2.42
	15.44 ± 2.05
	29.30 ± 3.67
	0.030 ± 0.001
	10.72 ± 1.41







* Values are expressed as mean ± standard deviation. Measurements were performed in triplicate (n = 3) or quintuplicate (n = 5), depending on the parameter analyzed (please check Section 2).













 





Table 3. Inhibition zone diameters (mm) determined by agar well diffusion and viable cell counts (log10 CFU/mL) from direct contact assays for GSE and WLE against Escherichia coli and Staphylococcus aureus. DMSO was used as the negative control.
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Type of Extract

	
Agar Well Diffusion

	
Direct Contact Assay




	
E. coli

	
S. aureus

	
E. coli

	
S. aureus




	
(mm) *

	
log10 (CFU/mL) *






	
Grape Seed Extract

	
3.58 ± 0.19

	
3.60 ± 0.24

	
N.D.

	
N.D.




	
Red Wine Lees

	
1.99 ± 0.02

	
2.22 ± 0.02

	
N.D.

	
N.D.




	
DMSO

	
N.I.A.

	
N.I.A.

	
3.97 ± 0.01

	
3.91 ± 0.02








* Mean values of three independent samples, N.I.A.: No Inhibitory Activity, N.D.: LOD < 1.0 log10 CFU/mL.
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