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Abstract


The increasing demand for sustainable alternatives to non-biodegradable plastic packaging is driving the development of active packaging based on biopolymers such as methylcellulose. In this study, innovative methylcellulose nanocomposite films incorporating zein nanoparticles loaded with propolis and curcumin were developed for active packaging applications. The zein nanoparticles revealed excellent physicochemical properties, with a zeta potential above 30 mV, suggesting adequate stability. Transmission electron microscopy confirmed nanoparticles containing curcumin and propolis with uniform sizes ranging from approximately 130 to 140 nm with low polydispersity. Release studies revealed that approximately 25% of the curcumin and 35% of the propolis were released from the nanoparticles within 24 h. The release mechanism was best described by the Korsmeyer–Peppas model, suggesting a sustained release profile. The nanoparticles reduced the hydrophobicity and rigidity of the films, as evidenced by a lower elastic modulus and higher percentage elongation, thereby suggesting greater flexibility. Fourier Transform Infrared Spectroscopy (FTIR) analysis revealed the incorporation of bioactive compounds in the polymer matrix. Differential scanning calorimetry (DSC) revealed the thermal parameters of the synthesized films. Furthermore, the films exhibited antibacterial and antioxidant activities, making them highly suitable for use as biodegradable active packaging.
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1. Introduction


Owing to the significant environmental impact of fossil-based plastic packaging, there is growing interest in replacing these non-biodegradable synthetic polymers with more sustainable materials. Cellulose and its derivatives, such as methylcellulose, stand out among the biodegradable polymers used in the production of active packaging. Recent research highlights the versatility of methylcellulose in developing biodegradable nanocomposites, owing to its excellent film-forming properties, which provide an effective barrier to oxygen and lipids, while being odorless, tasteless, transparent, flexible, and moderately strong [1,2].



Thus, biopolymers are emerging as promising substitutes for conventional fossil-based polymers for use in various types of packaging, including active packaging in the form of fruit and vegetable coatings. In the food sector, packaging plays a vital role in preserving food quality over storage time, as food is susceptible to various deteriorating reactions such as lipid oxidation, lipid hydrolysis (lipolysis), and enzymatic browning [3].



Propolis is a complex natural resinous substance with diverse bioactive properties, such as antibacterial, antioxidant, anti-inflammatory, and healing activities. It is composed of balsams, resins, waxes, pollen, phenolic compounds, fatty acids, carbohydrates, and various other organic and inorganic substances [4,5]. These compounds are responsible for the effectiveness of propolis in food preservation. When incorporated into biodegradable films, cellulose and its derivatives combined with propolis enhance mechanical properties, gas barrier performance, and antibacterial activity. These materials are promising for extending the shelf life of foods such as fruits, meats, and dairy products. Incorporating propolis into polymeric films offers a sustainable alternative to conventional plastic packaging. However, challenges remain in controlling the release of active compounds and ensuring stability under varying environmental conditions [6]. The use of encapsulation techniques, such as microencapsulation and nanoemulsions, can improve bioavailability for use in active food packaging [7].



Curcumin, a natural polyphenol and the main bioactive compound of Curcuma longa, was selected for this study due to its numerous health-promoting properties, which are widely recognized and well-documented. These characteristics make curcumin a promising compound for applications in the food industry, especially in the development of functional products and active packaging. Among its main bioactive properties, its antioxidant activity stands out, which allows it to neutralize free radicals. Another important property is its antibacterial activity, characterized by its ability to act against a wide range of microorganisms, making it useful for food preservation and the promotion of food safety. In addition, curcumin has anti-inflammatory activity, demonstrating significant effects in the modulation of inflammatory processes [8]. A study has shown that active packaging films based on hydrolyzed zein and ethylcellulose, with incorporation of curcumin and thymol, can be used to extend the shelf life of ground lamb meat due to their antibacterial and antioxidant properties, thereby reducing bacterial counts in stored samples by up to 43% and increasing the tensile strength of the material [9]. Food packaging composed of regenerated cellulose and curcumin highlights the ability of the film to monitor fish freshness [10]. In addition, these films are capable of detecting shrimp spoilage in response to the release of ammonia and volatile nitrogen compounds during the decomposition process [11].



Both compounds have low bioavailability due to factors such as poor water solubility. One strategy to improve their applicability is nanoencapsulation in zein matrices [12]. Encapsulation is a technique used to protect and modulate the release of bioactive substances, and it has been successfully applied to safeguard compounds sensitive to temperature, oxidation, humidity, and undesirable reactions [13]. Active packaging containing nanocapsules offers advantages over conventional packaging; for example, such materials improve mechanical properties and water vapor permeability [14], enhancing properties such as availability and controlled release of bioactive compounds, owing to the high specific area of nanoparticles, which increases their reactivity [15]. A comparison between studies performed using methylcellulose and zein is shown in Table 1.



This study aims to develop innovative methylcellulose-based nanocomposite films functionalized with zein nanoparticles encapsulating propolis and curcumin, designed as sustainable active packaging systems. The main advantage of this approach lies in overcoming the limitations of low solubility and stability of these bioactive compounds by using nanoencapsulation, which enables their controlled release, enhances bioavailability, and preserves functionality during storage. The films combine desirable mechanical and barrier properties with antioxidant and antibacterial activities, thus extending food shelf life while reducing reliance on fossil-based plastics. The innovative aspect of this study is the integration of natural bioactives into biodegradable polymeric matrices through nanostructured carriers, offering an eco-friendly packaging alternative with multifunctional protective effects for food products.




2. Materials and Methods


2.1. Materials


Zein from maize (molecular weight 22–24 kDa), methyl cellulose (molecular weight 88 kDa, degree of substitution 1.5–1.9), Pluronic F68, curcumin from Curcuma longa, ferric chloride, TPTZ (2,4,6-tris(2-pyridyl)-s-triazine), Trolox, citric acid, potassium phosphate, potassium chloride (KCl), trichloroacetic acid (TCA), thiobarbituric acid (TBA), n-butyl alcohol and glycerol, were all purchased from Sigma–Aldrich (Darmstadt, Germany). Propolis was achieved from Extrato Farmaceutica (Lages, Santa Catarina, Brazil). The Amicon® Ultra Centrifugal Filter with a 30 kDa Ultracel membrane was purchased from Millipore (Carrigtwohill, Cork, Ireland). BHI medium, Mueller Hinton agar was achieved from Kasvi (Pinhais, Paraná, Brazil).




2.2. Synthesis of Zein Nanoparticles Containing Curcumin and Propolis


Zein nanoparticles were prepared as described by da Rosa et al. [12] using the nanoprecipitation method. A 20 mg mL−1 solution of zein in ethanol 85% (v/v) was prepared under magnetic stirring for 24 h. An aqueous solution of Pluronic F68 1.5% (m/v) was prepared and then added to the zein solution under Ultra Turrax agitation, containing 200 µL of ethanolic solution of Propolis 10% (m/v) for the production of NanoProp nanoparticles and 200 µL of ethanolic solution of curcumin 10% (m/v) for the production of NanoCur nanoparticles. The speed of the Ultra Turrax homogenizer was kept at 3000 rpm for 3 min, followed by evaporation of ethanol for 24 h in a fume hood to obtain the colloidal dispersion of the nanoparticles. A sample of nanoparticles without bioactives, called the Control sample, was also produced.




2.3. Preparation of Nanocomposite Films by Casting


The nanocomposite films were achieved using the casting technique by preparing an aqueous dispersion of methylcellulose at a concentration of 2.5% (m/v) with and without the nanoparticles; they were deposited on a support, followed by evaporation of the solvent. To prepare the films, 10 g of the methylcellulose dispersion was dissolved and mixed with 5 g of the nanoparticle dispersion and 0.1% glycerol. The mixture was then placed in Petri dishes and taken to an oven at 35 °C. The samples containing propolis nanoparticles were called Film NanoProp and the samples containing curcumin nanoparticles were called Film NanoCur. A control sample was also prepared without the nanoparticles.




2.4. Characterization


2.4.1. Encapsulation Efficiency


Encapsulation efficiency was assessed using the methodology outlined by Xavier et al. [16]. Samples of NanoCur and NanoProp nanoparticle suspension were filtered through an Amicon® Ultra Centrifugal Filter with a 30 kDa Ultracel membrane (Millipore, Carrigtwohill, Cork, Ireland) and centrifuged for 30 min at 6000× g to separate encapsulated from non-encapsulated compounds. The non-encapsulated compounds passed through the filter membrane and were assessed using a Bel LGS53 UV-Vis Spectrophotometer (Monza, Italy). A calibration curve at 425 nm was used for curcumin, while a calibration curve at 290 nm was employed for propolis [17]. Encapsulation efficiency (EE) was then calculated according to Equation (1):


  E E     %   =      I n i t i a l   e s s e n t i a l   o i l − F r e e   e s s e n t i a l   o i l   I n i t i a l   e s s e n t i a l   o i l      × 100  



(1)








2.4.2. Antioxidant Activity (AA) and Total Phenolic Content (TPC)


For antioxidant activity analysis, 1000 μL of the nanoparticles was suspended in 1000 μL of absolute ethanol. The dispersion was sonicated for 30 min and left to stand for 15 h. Antioxidant activity via iron reduction (FRAP) was determined according to the methodology of Benzie & Strain [18]. In aliquots of 100 µL of sample, 100 µL of 3 mM ferric chloride solution and 1800 µL of 1 mM TPTZ (2,4,6-tris(2-pyridyl)-s-triazine) solution were added, and kept for 30 min in a water bath at 37 °C. The reading was performed using a Bel LGS53 UV-Vis Spectrophotometer(Monza, Italy) at 620 nm, and Trolox was used as the standard for the calibration curve. The results were expressed as mg of Trolox Equivalent Antioxidant Capacity (TEAC). To assess the antioxidant activity of the films, 3 g of each sample was solubilized in 40 mL of absolute ethanol under agitation at 120 rpm for 24 h at 25 °C. The solution was then filtered and assessed as described above.



The antioxidant activity was evaluated using the DPPH (2,2-diphenyl-1-picrylhydrazyl) free radical inhibition assay, following the methodology described by Brand-Williams et al. [19]. For the analysis, 150 µL of each extract was diluted in 2850 µL of a 0.1 mM DPPH solution and incubated for 24 h. The absorbance was then measured at 515 nm using a Bel LGS53 UV-Vis Spectrophotometer (Monza, Italy). The experiments were performed in triplicate, and the antioxidant capacity was expressed as scavenging activity (%), according to Equation (2), where ABS blank represents the absorbance of the control and ABS sample corresponds to the absorbance of the sample:


Scavenging activity (%) = ((ABS blank − ABS sample)/ABS blank) × 100



(2)







The ABTS assay was performed following the methodology of Re et al. [20]. The reaction mixture consisted of 30 µL of the sample and 3000 µL of ABTS solution. After incubation in the dark for 6 min, the absorbance was measured at 734 nm using a Bel LGS53 UV-Vis Spectrophotometer (Monza, Italy). The results were expressed as micromoles of Trolox Equivalent Antioxidant Capacity (TEAC) per milliliter of film extract (µmol TEAC mL−1).



The total phenolic content (TPC) in extracts of films and nanoparticles was determined according to the method of Swain & Hillis [21], with modifications. The reaction mixture consisted of 104 μL of the sample, 1667 μL of deionized water, 104 μL of Folin–Ciocalteu reagent (0.25 N), and 208 μL of sodium carbonate (1 mol L−1). After a 2 h reaction, the absorbance was measured at 725 nm using a Bel LGS53 UV–Vis Spectrophotometer (Monza, Italy). A standard curve was constructed using a gallic acid solution, and the results were expressed as milligrams of gallic acid equivalent (mg GAE) per mL of extract (mg GAE mL−1).




2.4.3. Transmission Electron Microscopy (TEM)


The morphology of the nanoparticles was evaluated by TEM using a JEOL microscope model JEM-1011 (Tokyo, Japan) operating at 70 kV. The 5 µL nanoparticle dispersions were deposited on 200 mesh carbon-coated copper grids. After drying at room temperature, the grids were observed under a microscope.




2.4.4. Zeta Potential, Polydispersity Index, and Average Size


NanoProp and NanoCur nanoparticles were analyzed by measurements of zeta potential (ζ, mV), polydispersity index (PI), and mean particle diameter (Z-ave, nm), carried out by dynamic light scattering (DLS) in Zetasizer Nano Series equipment Malvern Instruments (Worcestershire, UK) at an angle of 173°.




2.4.5. Release Studies


Release studies of nanoparticles encapsulating curcumin and propolis were performed in a citric acid–potassium phosphate-buffer solution at pH 7.0, following the method described by da Rosa et al. [22]. In this procedure, 1 mL of the nanoparticle dispersions NanoCur and NanoProp was placed in a dialysis membrane (cut-off with a molecular weight of 12,000–16,000 and porosity of 25 Å) and immersed in 100 mL of buffer. Samples were collected at intervals of 1 h up to 8 h, and then subsequently at 12 and 24 h. The collected samples were assessed using a Bel LGS53 UV-Vis Spectrophotometer (Monza, Italy). A wavelength of 425 nm was used to measure curcumin, with its released amount determined from a calibration curve prepared with curcumin. For the NanoProp sample, a wavelength of 290 nm [17] was used, and the released amount of propolis was calculated based on a calibration curve prepared with propolis. The assays were performed in triplicate. The release profile of the nanoparticles was evaluated to determine the fit of various kinetic models. Straight-line regression equations were achieved for the trend lines of the corresponding graphs. The most appropriate mathematical model was selected based on the coefficient of linear correlation (R2) [13]:


Zero Order: Q0 = Qt + K0 × t



(3)






First Order: ln Qt = ln Q0 + K1 × t



(4)






Higuchi: Qt = KH × t1/2



(5)






Korsmeyer–Peppas: Mt/M∞ = K × tn



(6)




where Q0 = initial amount of encapsulated oil; Qt = amount of oil released in time t; Mt/M∞ = fraction of oil released in time; K0, K1, KH, K = constant characteristics of each model; t = time; n = indication of transport type.



The films were evaluated for bioactive release under conditions based on the guidelines established by the United States Food and Drug Administration [23], using a 10% (v/v) ethanol solution as a food simulant. This approach allows for determining the migration profile of bioactives from the films into the liquid phase of the simulant. For the analysis, 650 mg of Film NanoCur and Film NanoProp were placed in a vial containing 30 mL of the food simulant. The vials were hermetically sealed, and aliquots were collected over 48 h to assess the migration of bioactive compounds. The experiment was performed in triplicate at 25 ± 2 °C. Bioactives release was quantified based on total antioxidant capacity, determined through DPPH free radical inhibition (Section 2.4.2) [16]. The release profile was calculated according to Equation (7).


  R e l e a s e     %   =    S c a v e n g i n g   a c t i v i t y   a t   t i m e   “ n ”   T o t a l   s c a v e n g i n g   a c t i v i t y    × 100  



(7)




where the antioxidant activity at time “n” refers to the capacity of the collected aliquots to neutralize free radicals over the 24 h period, while the total antioxidant activity corresponds to the overall capacity of the films, as determined in Equation (2).




2.4.6. Evaluation of the Mechanical Properties


The mechanical properties of the films were determined following the ASTM D882-95a [24]. Testing was performed using an IPAEL-1000 Impac (São Paulo, Brazil) universal testing machine equipped with a 100 kg load module. The Modulus of Elasticity, maximum stress, and elongation percentage were calculated to assess the films’ mechanical performance. The film thickness (mm) was measured using a digital micrometer. Five measurements were taken at different locations on each film sample, and the mean values were used to calculate the mechanical properties.




2.4.7. Thermal Analysis


Differential Scanning Calorimetry (DSC) analysis was performed using a Multi Cell DSC from TA Instruments (New Castle, DE, USA). A 2 mg sample of each material was cooled from room temperature to −15 °C, then heated under a nitrogen atmosphere at a heating rate of 1 °C min−1 up to 145 °C, with a nitrogen flow rate of 2 mL min−1.




2.4.8. Color Analysis, Transmittance, and Opacity of the Films


Color parameters L* (luminosity, white to black), a* (red to green), b* (yellow to blue), and ∆E (total color difference) were determined using a digital colorimeter Delta Color 71421 Delta Vista(Rio Grande do Sul, Brazil). The equipment was calibrated using a standard white plate. The analysis was performed in triplicate on three different regions of each film. The transmittance rate (%) of each film was measured using a Bel LGS53 UV-Vis Spectrophotometer (Monza, Italy) at wavelengths of 200 nm and 600 nm. Opacity was calculated using a wavelength of 600 nm, and it is reported as Absorbance units per millimeter (A mm−1), according to Equation (8).


  Opacity        A   m m      =      A b s o r b a n c e   600 n m     F i l m   T h i c k n e s s     



(8)








2.4.9. Contact Angle Measurement


The contact angle was determined using Ramé-Hart model 590 equipment (Succasunna, NJ, USA), with a DROPimage Advanced high-resolution image processing system. The tests were performed at room temperature (25 ± 2 °C) and the volume of liquid deposited on the surface of each film was 2 μL. The static angle measurements and the data showed correspond to the final average value. For this measurement four different liquids were tested for each film: Deionized water (γT = 72.8 mN m−1; γd = 21.8 mN m−1; γp = 51.0 mN m−1), Dimethyl Sulfoxide (γT = 43.5 mN m−1; γd = 36.0 mN m−1; γp = 7.5 mN m−1), Ethylene Glycol (γT = 47.7 mN m−1; γd = 29.0 mN m−1; γp = 18.7.0 mN m−1), Glycerol (γT = 63.4 mN m−1; γd = 34.0 mN m−1; γp = 29.4 mN m−1).



The surface free energy and its components (polar and dispersive) of the films were calculated using the Owens-Wendt model (Equations (9) and (10)) [3]:


   γ S T  =  γ S d  +  γ S p   



(9)






    γ   L   ( 1 +   cos   θ ) = 2     γ S d   γ L d   +   γ S p   γ L p        



(10)




where γST = total surface free energy; γSd = dispersive surface free energy; γSp = polar surface free energy; and γL = surface tension of the liquid.




2.4.10. Fourier Transform Infrared Spectroscopy (FTIR)


The FTIR spectra of the samples were recorded in the range of 4000 to 500 cm−1 using a Bruker FTIR model INVENIO-S (Ettlingen, Germany). The analysis was performed with 32 scans at a resolution of 4 cm−1, utilizing the ATR module.




2.4.11. Water Vapor Permeability


The water vapor permeability was determined at 29 °C by a gravimetric method based on ASTM E96-22 [25]. The films were fixed in permeability cells containing calcium chloride, maintaining a distance of more than 6 mm between the film and the desiccant. The cells were kept at 29 °C inside desiccators containing distilled water. The cell weight was recorded at 24 h intervals for seven days. Water vapor permeability was calculated using Equation (11).


  W V P =    m   t    .    x   A ∆ p     



(11)




where WVP: water vapor permeability (g.mm/dm2kPa), x: film thickness (mm), t: time at which mass gain occurs (day), A: exposed area of the film, and ∆p: difference in partial pressure of water vapor, both at 29 °C of 4.216 kPa.




2.4.12. Scanning Electron Microscopy (SEM) of Films


The morphological characterization of the films was performed using a JEOL Neo Scope JCM-7000 scanning electron microscope (Tokyo, Japan). The samples were mounted on metallic copper stubs using double-sided carbon tape and coated with a thin layer of gold in a Leica EM SCD500 vacuum sputter coater (Wetzlar, Germany). For cross-section images, films were cryofractured by immersion of the samples in liquid nitrogen. Imaging was achieved with a voltage of 15 kV.




2.4.13. Antibacterial Activity


Analysis of antibacterial activity was performed for Staphylococcus aureus (ATCC 25923) and Escherichia coli (ATCC 25922). Microorganism cultures were maintained at 4 °C on nutrient agar. Samples were recovered in Mueller–Hinton broth and incubated without shaking for 24 h at 36 °C. Culture suspensions were prepared and adjusted in 0.85% saline solution using the 0.5 McFarland standard, corresponding to approximately 1.5 × 108 colony-forming units per milliliter (CFU·mL−1). The macrodilution method was used using microtubes containing BHI (Brain Heart Infusion) broth. Specimens 6 mm in diameter, containing 10 mg of film, were added to these tubes. The tubes were incubated at 36 °C for 24 h. Bacterial growth inhibition was determined by measuring turbidity at 600 nm using a UV–Vis Spectrostar Nano BMG Labtech spectrophotometer (Ortenberg, Germany), in comparison with the control. Results were expressed as colony-forming units per mL (CFU·mL−1).




2.4.14. Application of Films as Packaging


As an experimental model to verify the antioxidant properties of the films produced, they were used as primary packaging for fresh ground peanuts. The peanut samples were assessed for their oxidation by TBARS [16]. To this end, 2 g of the sample was homogenized with a 1.15% (m/v) potassium chloride (KCl) solution and centrifuged at 4000 rpm to separate the solid from the liquid phase. The supernatant was subjected to the TBARS reaction, involving the sequential addition of reagents: 30% (w/v) trichloroacetic acid (TCA) solution, 0.67% (w/v) thiobarbituric acid (TBA) solution, and deionized water, followed by heating in a boiling water bath for 15 min. After cooling to room temperature, 6 mL of n-butyl alcohol was added to the tube, shaken, and centrifuged at 3000 rpm. The upper phase was assessed at 535 nm using a Bel LGS53 UV–Vis Spectrophotometer (Monza, Italy) to quantify malondialdehyde (MDA), with a control tube used to correct the measurement.




2.4.15. Statistical Analysis


Data are showed as means and standard deviations from triplicate determinations. Statistical significance was assessed by one-way ANOVA followed by Tukey’s post hoc test (p < 0.05). All analyses were performed using Statistica® software (v.10.0).






3. Results and Discussion


3.1. Stability and Size Distribution of Synthesized Nanoparticles


Zeta potential, polydispersity index, and particle size parameters were assessed by dynamic light scattering. The results are shown in Table 2. The average sizes of the synthesized particles were 141.2 ± 1.0 nm for the samples containing curcumin, 132.6 ± 0.2 nm for the samples containing propolis, and 128.5 ± 0.7 nm for the control samples. In this study, there was an increase in the size of the nanoparticles when the compounds were encapsulated. Zein nanoparticles show an increase in size due to the filling of their core by the encapsulated compound, a result similar to that achieved by da Rosa and collaborators [12]. Small particle sizes can be advantageous in the release of the encapsulated active ingredients. The polydispersity index (PDI) values achieved by dynamic light scattering were 0.236 ± 0.0180, 0.280 ± 0.00665, and 0.270 ± 0.0275 for NanoCur, NanoProp, and control samples, suggesting particles with a narrow size distribution and homogeneous particle size. The results revealed that the nanoprecipitation method is efficient in the synthesis of nanoparticles. The zeta potential (ζ), which measures the stability of colloidal dispersions by evaluating the electrostatic repulsion between particles, was 36.5 ± 1.2 mV for the NanoCur sample and 38.2 ± 1.7 mV for the NanoProp samples. These values confirm that the synthesized nanoparticles are stable, as they exceed the theoretical stability threshold of 30 mV [26]. Zeta potential values can vary depending on the type of polymer, surfactant, and pH, and they do not follow a theoretical stability rule. It is therefore a function of the surface charge of the particle, the layer of molecules adsorbed at the interface, and the nature and composition of the surrounding suspension medium [16].




3.2. Encapsulation Efficiency and Release Studies


3.2.1. Encapsulation Efficiency


Encapsulation efficiency served to evaluate the percentage of curcumin and zein encapsulated. For NanoCur, the encapsulation efficiency was 97.5 ± 0.4%, and for NanoProp, it was 98.4 ± 0.3%. The results show that zein is an excellent wall material for encapsulation using the nanoprecipitation method. These results are in agreement with the work developed by De Melo et al. [27].




3.2.2. Release Studies of the Nanoparticles


The release studies were performed by monitoring the release of curcumin and propolis from the zein nanoparticles. The release profile, shown in Figure 1a, suggests that after 24 h of evaluation, approximately 25% of the encapsulated curcumin in NanoCur sample had been released. For the NanoProp sample, approximately 35% of the encapsulated propolis content was released after 24 h of the release study. This suggests a slow and sustained release of the encapsulated content, consistent with previous studies on the release of bioactive compounds, such as those by da Rosa and collaborators, where approximately 50% of the encapsulated thymol and carvacrol content was released from zein nanoparticles over 48 h [22]. The authors attributed this behavior to the strong interaction between the encapsulated content and the wall material. The release is influenced by various factors, including the pH of the medium, ionic strength, the solvent used in the process, and particle size [13].



The parameters of the different kinetic models for the release study of curcumin (NanoCur) and propolis (NanoProp) encapsulated in zein nanoparticles are shown in Table 3. For the NanoCur sample, the Korsmeyer–Peppas model provided the best fit (Figure 1b), with R2 = 0.96 and n = 0.99, indicating super case-II transport, in which polymer relaxation predominates over Fickian diffusion [28]. The value of K = 0.035 suggests a moderate release rate, corroborating the percentage release data achieved.



For NanoProp, the Korsmeyer–Peppas model also provided the best fit (R2 = 0.91), with n = 1.05, indicating super case-II transport in which polymer relaxation predominates [28]. The K value (0.22) suggests a faster release rate compared with NanoCur, likely due to specific interactions between propolis and the zein matrix. These findings confirm that the release is not governed solely by simple Fickian diffusion, as described by the Higuchi model, but also involves progressive restructuring of the polymer matrix over time.



The results suggest that the zein matrix enables sustained release of both curcumin and propolis, following a release profile best described by a nonlinear model. The slight variation in release rates suggests that propolis release is more sensitive to structural changes in the matrix than curcumin. These findings underscore the effectiveness of the zein matrix in modulating the release of active ingredients, supporting its potential application in sustained-release systems.




3.2.3. Release Studies of the Films


The release of bioactive compounds incorporated into methylcellulose films was monitored through antioxidant activity against the DPPH free radical in an ethanolic food simulant. Figure 2 indicates the release profile of the bioactive compounds over time, illustrating the system’s kinetic behavior. An initial release was more pronounced during the first hours, a typical feature of diffusion-controlled systems, suggesting the presence of bioactive compounds on the surface or near the film interface. Similar results were achieved in hydroxypropyl methylcellulose films [4]. After this initial period, the release rate revealed a progressive decrease, tending to stabilize, which suggests a limitation imposed by the polymer matrix on the diffusion of the remaining bioactive compounds. This behavior can be attributed to a release mechanism governed by the methylcellulose structure, which acts as a semipermeable barrier. The measured antioxidant activity indicates that the compounds maintained their functionality after release, a fundamental aspect for applications in active systems, such as packaging with functional properties [16]. The release profiles of bioactive compounds from the films resembled those of the nanoparticles. Furthermore, the different release rates in 48 h observed between Film NanoCur (11.78 ± 0.65) and Film NanoProp (19.80 ± 0.66) can be attributed to the interaction between the bioactive compounds and the methylcellulose matrix, as well as factors such as solubility, polarity, and possible intermolecular bonds.





3.3. Microstructural Analysis of Nanoparticles


Figure 3 indicates Transmission Electron Microscopy (TEM) images of zein nanoparticles achieved by the nanoprecipitation method. The micrographs in Figure 3a (NanoCur) and Figure 3b (NanoProp) reveal predominantly spherical particles, with sizes around 150 nm for both samples. In addition, it can be seen that some particles have a variation in size. This structural analysis allows us to understand the physical and chemical properties of the nanoparticles, directly influencing their functionality in various applications. The uniformity in shape, without the presence of nanoparticle aggregates, suggests a controlled nanoprecipitation process, which is crucial for applications in food packaging. This behavior is directly influenced by the synthesis method and the stability of the colloidal suspension. Small differences may be effects of sample preparation, such as drying on the TEM grid [12].




3.4. Structural Analysis of Nanocomposite Films


The structural characterization of methylcellulose films functionalized with zein nanoparticles loaded with curcumin and propolis was performed using Fourier Transform Infrared Spectroscopy (FTIR) to identify the main functional groups present and to assess possible interactions among the system’s components. The FTIR spectra in Figure 4 revealed a broad band around 3300 cm−1, attributed to the stretching vibration of the hydroxyl groups (–OH) present in methylcellulose [29], curcumin [30] and, the phenolic compounds of propolis [31]. The width of this band suggests the occurrence of hydrogen bonds between the constituents, suggesting intermolecular interactions in the composite system. The presence of a band at approximately 2900 cm−1 is related to the stretching of the aliphatic C–H groups of the methylcellulose main chain and the aliphatic residues of zein. The bands observed in the region of 1650 and 1540 cm−1 correspond, respectively, to the amide I (C=O vibration) and amide II (N–H vibration associated with C–N stretching) bands, characteristic of zein, confirming their presence in the films and suggesting maintenance of their secondary structure. In the region of 1000 to 1150 cm−1, an intense band attributed to the asymmetric stretching of the C–O–C bonds of the glucosidic ring of methylcellulose was observed, with possible overlap of signals from the phenolic compounds present in the propolis extract and curcumin. The presence of these bands evidences the incorporation of bioactive agents into the polymeric matrix, without significant degradation of their functional groups. Overall, the FTIR spectra indicate compatibility among the formulation components, suggesting physical and chemical interactions that favor the formation of a stable polymeric network functionalized with the target bioactive compounds. The overlap and shift of bands between films and nanoparticles may indicate molecular interactions, such as hydrogen bonding and encapsulation of the active compounds. Differences observed in the spectra of isolated propolis and curcumin compared to their respective nanoformulations suggest successful and efficient encapsulation [31].




3.5. Mechanical Characterization of Nanocomposite Films


After the tensile tests, the mechanical properties of the methylcellulose films were evaluated, and values for maximum stress, elasticity, and percent elongation were achieved. The data is shown in Table 4. The Film Controls had a maximum stress value of 1041.74 ± 113.02 MPa, with a Modulus of Elasticity of 397.62 ± 174.22 MPa. The films functionalized with the nanoparticles revealed a maximum stress value of 862.78 ± 152.61 for the films containing NanoCur and 1156.74 ± 378.37 for NanoProp, with Modulus of Elasticity values of 174.66 ± 94.5 MPa for Film NanoCur and 99.37 ± 19.91 MPa for Film NanoProp. As for the elongation values, the Film NanoCur sample revealed a value of 785.33 ± 72.18%, the Film NanoProp 614.00 ± 186.61%, while the Film Control had an elongation value of 286.00 ± 33.62%. These elongation values indicate how much the film has stretched compared to its initial size. It was found that the addition of nanoparticles had an effect on the properties of the films. The values revealed that the samples with nanoparticles significantly increased elongation (p < 0.05). The thickness results did not show any significant (p < 0.05) difference between the control film and the films with added nanoparticles. The incorporation of zein nanoparticles containing curcumin and propolis within the polymeric chains of methylcellulose induces changes in the polymer’s physicochemical properties and decreases film rigidity.



The results show that the nanoparticles can interact with the polymer chains. The formation of nanocomposites alters the mechanical properties of the films, since the nanoparticles can allocate themselves between the polymeric chains of methylcellulose [1]. The tensile tests revealed a decrease in the stiffness of the films with the addition of the nanoparticles. This was confirmed by a decrease in the modulus of elasticity and an increase in elongation when compared to films without nanoparticles.



These results are consistent with the literature, which reports that incorporating curcumin-containing particles into composite films reduces their tensile strength, as the particles increase the film’s volume and disrupt hydrogen bonding between fibrils [32]. In studies using hydroxypropyl methylcellulose (HPMC) films, the incorporation of propolis-loaded zein nanoparticles was found to increase elongation at break, due to the plasticizing effect of the zein nanoparticles [4]. However, at higher nanoparticle concentrations, this effect was offset by the restriction of chain mobility.



Table 4 presents the water vapor permeability (WVP) values of the methylcellulose films. An increase in the WVP values was observed with the addition of nanoparticles. The control film showed an average WVP value of 3.22 ± 0.15 g mm/m2 d kPa, statistically similar to the Film NanoCur sample (4.19 ± 0.11 g mm/m2 d kPa) (p > 0.05). However, the Film NanoProp sample showed a significantly higher value (5.50 ± 0.67 g mm/m2 d kPa) (p < 0.05). This behavior can be attributed to a series of factors, such as the modification in the structure of the methylcellulose polymer matrix caused by the presence of zein nanoparticles, which may have reduced internal cohesion and increased porosity or decreased the tortuosity of the diffusion paths, in addition to changes in the hydrophobicity and crystallinity of the films [4,29]. As a consequence, the transport of water vapor molecules through the film was facilitated. The results suggest that the addition of zein nanoparticles could be a promising strategy for developing packaging with adjustable barrier properties, particularly for applications requiring increased material breathability. These results are in agreement with those achieved in the study by Dag et al. [4], where the addition of zein nanoparticles in hydroxypropyl methylcellulose films increased vapor permeability.




3.6. Surface Energy and Color Analysis of Nanocomposite Films


Contact angles with liquids of different polarities were measured to estimate the total surface free energy (γT) and its dispersive (γd) and polar (γp) components of the synthesized films, as shown in Table 5. The Owens-Wendt method was applied for the calculations based on the contact angles obtained. The control film presented the lowest contact angle values with all the liquids tested, standing out for its high affinity with water (16.77 ± 1.07°), evidencing hydrophilic behavior. This profile is correlated to a high total surface energy (γT = 82.35 mN m−1), predominantly of a polar nature (γp = 82.09 mN m−1), with a practically negligible dispersive contribution (γd = 0.26 mN m−1). These data indicate a surface with a strong presence of polar functional groups, such as hydroxyls, originating from the polymeric matrix of methylcellulose. With the incorporation of nanoencapsulated curcumin (Film NanoCur), an increase in the contact angles with all liquids was observed, particularly with water (34.07 ± 3.56°), reflecting a reduction in wettability. This modification was accompanied by a decrease in the total surface energy (γT = 59.33 mN m−1) and a proportional decrease in the polar component (γp = 55.57 mN m−1), although the latter still remains predominant. The introduction of curcumin promoted a partial masking of the polar groups on the surface, which may be related to its aromatic structure and hydrophobic properties. On the other hand, the film containing nanoencapsulated propolis (Film NanoProp) presented intermediate behavior between the two previous ones. The water contact angle (24.83 ± 1.59°) indicates a still wettable surface, although less hydrophilic than the control. The total surface energy (γT = 71.49 mN m−1) and the polar component (γp = 69.75 mN m−1) remained high, with a slight increase in the dispersive component (γd = 1.74 mN m−1), suggesting that the presence of the propolis extract constituents may confer a slightly more heterogeneous surface structure in terms of intermolecular interaction. These results demonstrate that the modification of the films by the addition of nanoencapsulated actives directly affects their interfacial properties, particularly with regard to wettability and surface polarity. Similar behavior was reported by da Rosa et al. [33], who verified an increase in the hydrophobicity of polyethylene oxide films upon the incorporation of zein nanoparticles. Similarly, Noronha et al. [2] observed an enhancement in the hydrophobicity of methylcellulose films with the incorporation of α-tocopherol nanocapsules. Such changes may influence their performance in technological applications, especially those that depend on interaction with aqueous fluids or adhesiveness to biological or synthetic surfaces.



The control methylcellulose films and those containing the nanoparticles were assessed by colorimetry, and the results are shown in Table 6. The results show that the three films exhibit significantly different color properties (p < 0.05); the presence of zein nanoparticles, which are yellow, along with encapsulated curcumin and propolis, altered the color of the films. In terms of brightness (L*), NanoCur was darker than the other two films. The a* values represent the green-red value, where higher values indicate redder and lower values indicate greener, and b* represents the yellow-blue value, where higher values indicate yellower and lower values indicate bluer [34]. NanoCur had the most negative a* values and the highest b* value, suggesting that it is the greenest and yellowest sample. NanoProp has the L* and a* values closest to the Control Film, but a higher b* value, suggesting that it is slightly lighter, greener, and yellower than the Control Film. The color difference ∆E, revealed a noticeable difference (p < 0.05) between the films containing the nanoparticles and the Control, with the NanoCur having the greatest difference, evidenced by the film images shown in Figure 5.



Table 6 presents the opacity and transmittance values. The values show that transmittance at 200 nm is very low (0.1%), with no significant variation between them. This suggests that the films do not transmit UV light in this range, likely due to strong absorption or scattering, which is typical for materials containing bioactive compounds that absorb in this region [3]. For transmittance in the visible region (500 nm), the results revealed that the Control has a transmittance rate of 15.2%, while the films with nanoencapsulated particles show lower values, 6.0% for NanoCur and 7.5% for NanoProp. The lower transmittance of the films with nanoencapsulated particles may be due to the presence of nanoparticles, which scatter or absorb more light, reducing the passage of visible light. Among the two films with nanoparticles, the NanoCur film indicates the lowest transmittance, suggesting greater light scattering or absorption, possibly due to the nature of the encapsulated curcumin [35]. The opacity values revealed that the Film Control has an opacity of 0.45, which was significantly lower than that of the films with nanoparticles. The NanoCur film has the highest opacity (1.16), followed by the NanoProp film (1.02). The greater opacity of the films with nanoparticles reflects the lower visible light transmittance, possibly caused by the interaction of the nanometric particles with light, thereby increasing scattering and absorption. The difference in opacity between the NanoCur and NanoProp films suggests that nature and concentration of the particles influence the ability to block the passage of light. This suggests that nanoparticles impact the interaction between the material and light, which may be relevant for applications requiring light barriers, such as packaging for light-sensitive products [36].




3.7. Thermal Behavior of Methylcellulose Films


The results of the DSC analysis of the methylcellulose films are shown in Figure 6. There was an endothermic peak corresponding to a heat absorption event by the sample. The addition of nanoparticles shifts this peak to higher temperatures, with the peak observed at 40.0 °C for the Control sample, and at 41.6 °C and 44.9 °C for the NanoCur and NanoProp samples, respectively. This endothermic peak is associated with a phase transition, such as an order–disorder transition or thermal gelation, due to the presence of water in the films. When the methylcellulose films were heated, dehydration of the polymer chains occurred; it is an endothermic process, as heat absorption is required to break the interactions between the water molecules and methylcellulose. This is known as the thermal breakdown of the hydration layer [37]. This process occurs when the dominant water network breaks into smaller, more disordered clusters as a result of a decrease in the number of hydrogen bonds, which are broken by the increase in temperature [38]. It is important to note that the amphiphilic nature of MC results from the presence of hydrophilic -OH groups and hydrophobic -OCH3 groups in its molecular chain [37]. The shift in the endothermic peak to higher temperatures with the addition of nanoparticles can be attributed to their interactions with the MC polymer network, such as hydrogen bonding between the nitrogen atoms of the zein protein and the -OH groups of MC. DSC analysis revealed that the glass transition temperature (Tg) of methylcellulose (MC)-based films was 116 °C for the Film Control and 114 °C for both the NanoCur and NanoProp films. The Tg of MC is known to depend on its chemical composition and degree of polymerization and can be further affected by the presence of plasticizers [37], such as glycerol and zein nanoparticles. In this study, the slight variations in Tg observed among the Control, NanoCur, and NanoProp films are attributed to differences in residual water content and to specific interactions between the nanoparticles and the polymer matrix, which modulate chain mobility.




3.8. Antioxidant Activity


Oxidative rancidity, characterized by non-enzymatic chemical reactions, is responsible for changes in nutritional value through the degradation of essential fatty acids and fat-soluble vitamins, leading to unpleasant tastes and odors, changes in color, and loss of food consistency. Analysis of the data achieved from antioxidant capacity assays (FRAP, ABTS, and DPPH) and total phenolic content (TPC) tests revealed differences among the materials tested. The results were statistically assessed using Tukey’s test (p < 0.05). The results of the analysis are shown in Table 7.



The FRAP assay measures the antioxidant capacity based on the reduction of Fe3+ to Fe2+. Film NanoProp revealed the highest value (197.33 mg TEAC mL−1), statistically equivalent to NanoProp (194.14 mg TEAC mL−1), both significantly higher than NanoCur (162.85 mg TEAC mL−1) and Film NanoCur (110.86 mg TEAC mL−1). These data suggest that propolis increases the reducing capacity of the system. The ABTS assay evaluates the antioxidant capacity by neutralizing the ABTS+• radical. NanoProp revealed the highest value (17.88 mg TEAC mL−1), followed by NanoCur (16.77 mg TEAC mL−1). The films revealed lower antioxidant activity by ABTS, with values of 15.34 mg TEAC mL−1 for Film NanoCur and 14.70 mg TEAC mL−1 for Film NanoProp, suggesting that incorporation into the film matrix may reduce the antioxidant activity measured by this method. The DPPH assay measures antioxidant capacity by inhibition of the DPPH• radical. NanoProp revealed the highest inhibition (23.93%), followed by NanoCur (11.24%). The films revealed lower antioxidant capacities (8.20% for Film NanoProp and 5.81% for Film NanoCur), reinforcing the trend observed in the other assays that incorporation of the compounds into the film matrix reduces their antioxidant activity. The phenolic compound content (TPC) was higher in the NanoCur and NanoProp systems (0.40 and 0.37 mg GAE mL−1, respectively), while the films showed lower values (0.078 mg GAE mL−1 for Film NanoCur and 0.063 mg GAE mL−1 for Film NanoProp). This decrease in the TPC for the films suggests that the incorporation of the compounds into the polymer matrix may hinder the extraction and detection of free phenolic compounds. The TPC values achieved were consistent with the antioxidant tests, since the systems with higher phenolic content exhibited better performance in the FRAP, ABTS, and DPPH tests.



The antioxidant activity of propolis and curcumin can vary significantly depending on their chemical composition and region of origin, as environmental factors such as climate, soil, and local biodiversity influence the chemical makeup of these natural compounds [39,40]. The action of the bioactive compounds present in the samples prevents oxidation [41]. Curcumin is the main bioactive compound in Curcuma longa rhizomes. Its antioxidant activity can be attributed to the phenolic rings and the resonant structure of the curcumin molecules [42].



Propolis is a resinous substance produced by Apis mellifera bees, composed of a complex mixture of bioactive compounds, including flavonoids, which exhibit antioxidant and antibacterial properties and modulate the immune system [43]. The composition of propolis varies according to the flora available in the collection region, resulting in different antioxidant activity profiles. The results achieved in the present study are consistent with those reported by Andrade et al. [40], considering a similar dilution.



Encapsulation and film preparation have variable impacts on the antioxidant capacity of the substances. The decrease in antioxidant activity may be due to several factors, such as a lower release of the encapsulated active compounds. The decrease in release is directly linked to the greater affinity of the bioactives for the wall material. In the case of the sample containing curcumin, these results are corroborated by the release profile shown in Figure 1, where the encapsulated curcumin showed a lower release when compared to the sample containing encapsulated propolis. These observations highlight the potential of propolis and curcumin as antioxidants in various application forms, which may be relevant for active formulations and packaging.




3.9. Antibacterial Activity


The results of the microbiological analysis revealed that films containing nanoparticles loaded with curcumin and propolis inhibited the growth of Staphylococcus aureus and Escherichia coli, as shown in Table 8. The microorganisms were selected as models for this study because they are bacteria primarily transmitted to food through handling. S. aureus can also colonize food production or cooking equipment in areas that are more difficult to clean [44]. E. coli can contaminate food products through vehicles such as contaminated water used to wash products or equipment [45].



Analysis of the antimicrobial activity data suggests a significant reduction in colony-forming unit (CFU) counts of S. aureus and E. coli with the incorporation of curcumin and propolis into the films, compared to the control. For S. aureus, the count in the Film Control was 29.2 × 106 CFU, while the films containing nanoparticles reduced this count to 9.01 × 106 CFU (Film NanoCur) and 9.31 × 106 CFU (Film NanoProp). This reduction represents considerable antimicrobial activity, suggesting that both curcumin and propolis have an inhibitory effect against S. aureus, with the effect being similar between the two active films. In the case of E. coli, the count on the control film was 45.3 × 106 CFU, while the NanoCur and NanoProp films revealed reduced counts to 9.21 × 106 CFU and 9.06 × 106 CFU, respectively. As observed for S. aureus, the films containing nanoparticles significantly reduced the viability of the bacteria, suggesting a potential antimicrobial effect against E. coli. The similarity between the effects of the two compounds suggests that both may act via similar mechanisms, such as the interaction of curcumin molecules and propolis components, including flavonoids, phenols, diterpenes, and aliphatic compounds, with the bacterial cell wall [46]. The results reported here are in line with the work of Ma et al. [47], who indicated that curcumin nanoencapsulated in a chitosan matrix is a potential antibacterial agent for use in the food industry. Propolis extracts, according to the work of Bouchelaghem [48], revealed greater antibacterial activity against Gram-positive bacteria such as S. aureus.




3.10. Scanning Electron Microscopy (SEM)


Scanning Electron Microscopy (SEM) served to characterize the methylcellulose films, providing information on their structural characteristics, surface morphology, and cross-section. Figure 5 indicates images of the produced films, and Figure 7 presents SEM micrographs, where images (a), (b), and (c) correspond to the film surfaces, and images (d), (e), and (f) depict the cross-sections. The control film (Figure 7a) showed a relatively smooth surface, marked by some irregularities, which is associated with the intrinsic properties of pure methylcellulose and the absence of reinforcing agents [1,49]. The NanoCur (Figure 7b) and NanoProp (Figure 7c) films exhibited considerably smoother surfaces, although discrete agglomerates were present. These agglomerates are likely due to incomplete dispersion of nanoparticles within the polymer matrix, a common phenomenon when dealing with nanomaterials, which tend to cluster as a result of high surface energy and van der Waals forces [50]. In the cross-sectional images, particularly for the NanoCur sample (Figure 7e), these agglomerates are distinctly visible, embedded in the film matrix, further confirming partial aggregation of nanoparticles. Cross-sectional micrographs of the control (Figure 7d) and NanoProp (Figure 7f) films revealed more uniform internal structures and no apparent discontinuities or phase separations. This suggests a better distribution of nanoparticles in the NanoProp film compared to NanoCur, potentially suggesting differences in the interaction mechanisms between the nanoparticles and the methylcellulose matrix. The information obtained by SEM provides information on the production method, structure, and properties of methylcellulose films, ensuring the quality and conformity of the materials for specific applications, such as food packaging [51].




3.11. Application of Films in Packaging


To evaluate the antioxidant properties of films when applied in the production of primary packaging, the concentration of the oxidation compound malondialdehyde (MDA) was assessed in films functionalized with nanoparticles, one containing propolis and one containing curcumin. The results are shown in Figure 8. MDA is a highly reactive organic compound formed during the oxidative degradation of unsaturated fatty acids, with higher MDA values suggesting increased lipid peroxidation.



Peanuts, which are rich in fatty acids, have high levels of oleic and linoleic acids, accounting for approximately 80% of their fatty acid profile. The oxidative stability of peanuts is due to the proportion of these acids; samples with low linolenic acid and high oleic acid content are more oxidatively stable [52].



Thus, when a sample indicates a reduction in MDA values, this suggests antioxidant activity. The findings suggest that the compounds encapsulated in the zein nanoparticles are gradually released and interact with the sample over the course of storage [16]. Films with nanoparticles loaded with propolis revealed a greater reduction in oxidation compared to films containing nanoparticles with curcumin. These findings are in line with the analysis of antioxidant activity, where the Film NanoProp exhibited higher antioxidant activity than the Film NanoCur. Additionally, the release studies revealed that NanoProp nanoparticles exhibit greater release of their encapsulated content, facilitating interaction with the food matrix. Monitoring over four weeks revealed an increase in MDA levels in the samples during the second week, followed by a decrease in the subsequent weeks, with a significant reduction by the fourth week. In the Film Control, the values remained practically unchanged throughout the study period.





5. Conclusions


In this study, nanocomposite films based on methylcellulose incorporated with zein nanoparticles containing propolis and curcumin were produced, demonstrating their potential as active biodegradable packaging. The nanoparticles exhibited colloidal stability as shown by DLS analysis. Transmission electron microscopy (TEM) confirmed the spherical morphology and nanometric distribution of the synthesized particles. High encapsulation efficiency was observed, and release studies revealed a sustained release profile of the bioactive compounds, correlated with the maintenance of antioxidant activity measured by FRAP, ABTS, and DPPH assays, as well as antimicrobial activity against Staphylococcus aureus and Escherichia coli. Fourier-transform infrared spectroscopy (FTIR) analyses confirmed chemical interactions among the components, favoring the formation of a stable polymeric network. From a mechanical perspective, a reduction in rigidity and an increase in flexibility were observed without compromising structural integrity. The incorporation of zein nanoparticles altered the water vapor permeability values for the sample containing nanoparticles loaded with propolis. Wettability characterization through contact angle measurements revealed differences in the surface energy of the films, with the presence of nanoparticles and encapsulated compounds leading to an increase in contact angle and hydrophobicity. Regarding color, the compounds present in propolis, particularly curcumin, imparted a characteristic yellowish coloration to the films, differentiating them from the control. Differential scanning calorimetry (DSC) analyses allowed the identification of thermal transitions associated with the film structure, showing that the addition of nanoparticles did not significantly affect the thermal stability of the films. Scanning electron microscopy (SEM) revealed that the films showed homogeneous surfaces, with no significant aggregates, confirming the adequate dispersion of the nanoparticles in the matrix. Cross-sectional analysis revealed a compact structure, consistent with the efficient incorporation of the nanoparticles. The films also revealed satisfactory performance when applied as food packaging, delaying oxidative processes. Thus, the results confirm that methylcellulose films functionalized with zein nanoparticles represent a sustainable and efficient alternative for the development of active packaging, contributing to the reduction in conventional plastic use and to the extension of food shelf life.
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Figure 1. (a) Release profile of encapsulated curcumin and propolis; (b) Korsmeyer–Peppas release model. 
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Figure 2. Release profile from films by DPPH assay. 
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Figure 3. TEM images obtained at 5000× magnification: (a) NanoCur, (b) NanoProp and (c) NanoControl. 
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Figure 4. FTIR spectra of samples. 
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Figure 5. Images of the produced films. 
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Figure 6. DSC analysis of nanocomposite films. 
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Figure 7. Scanning electron microscopy (SEM) images of nanocomposite film surfaces: (a) Film Control; (b) Film NanoCur; (c) Film NanoProp. Cross section: (d) Film Control; (e) Film NanoCur; (f) Film NanoProp. 
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Figure 8. TBARS analysis of ground peanuts stored in the packaging. 
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Table 1. Comparison of studies on methylcellulose films functionalized with zein nanoparticles.
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	Aspect
	Present Work
	[4]
	[9]
	[14]





	Polymeric matrix
	Methylcellulose (MC) reinforced with zein nanoparticles loaded with propolis or curcumin.
	HPMC reinforced with cellulose nanofibers and zein nanoparticles loaded with propolis.
	Hydrolyzed zein–ethylcellulose films containing curcumin and thymol.
	Methylcellulose (MC) and zein nanoparticles.



	Bioactive compounds
	Propolis or curcumin.
	Propolis.
	Curcumin and thymol.
	Indications of phenolic compounds encapsulated.



	Mechanical properties
	Increase in tensile strength and elongation.
	Elongation at break increased and TS unchanged.
	Hydrolysis increased tensile strength; thymol/curcumin affected solubility.
	Tensile strength, elongation at break improved.



	Barrier properties
	Lower water vapor permeability and improved hydrophobicity compared with control.
	WVP and hydrophobic contact improved.
	WVP slightly increased after bioactive addition.
	Water vapor permeability improved.



	Antioxidant/antimicrobial activity
	High DPPH scavenging; confirmed bacterial inhibition.
	Films reduced lipid oxidation in cheese; antioxidant properties and sealing suitable for food packaging.
	Significant bactericidal effect. Great antioxidant activity.
	Not reported.



	Food application tested
	Primary packaging for fresh ground peanuts.
	Active packaging for refrigerated cheddar cheese.
	Preservation of minced mutton under refrigeration.
	Suggested for active food packaging.










 





Table 2. Zeta potential, polydispersity index (PI), and size of nanoparticles.
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	Sample
	Zeta Potential (mV)
	PI
	Z-Ave (nm)





	NanoControl
	39.8 ± 2.7 a
	0.270 ± 0.0275 ab
	128.5 ± 0.7 c



	NanoCur
	36.5 ± 1.2 a
	0.236 ± 0.0180 b
	141.2 ± 1.0 a



	NanoProp
	38.2 ± 1.7 a
	0.280 ± 0.00665 a
	132.6 ± 0.2 b







The results are expressed as mean ± standard deviation (n = 3). Different letters in the same column indicate a significant difference when analyzed by Tukey’s test (p < 0.05).













 





Table 3. Coefficient of linear correlation for the applied models.
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Sample

	

	
Zero Order

	
First Order

	
Korsmeyer–Peppas

	
Higuchi






	
NanoCur

	
R2

	
0.80

	
0.68

	
0.96

	
0.82




	
K

	
0.020

	
0.097

	
0.035

	
18.87




	
NanoProp

	
R2

	
0.75

	
0.50

	
0.91

	
0.65




	
K

	
0.15

	
0.045

	
1.05

	
0.059











 





Table 4. Mechanical properties and water vapor permeability of nanocomposite films.
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	Film
	Tensile Strength (MPa)
	Modulus of Elasticity (MPa)
	Elongation (%)
	Thickness (mm)
	Water Vapor Permeability (g mm/m2 d kPa)





	Film Control
	1041.74 ± 113.02 a
	397.62 ± 174.22 a
	286.00 ± 33.62 a
	0.98 ± 0.22 a
	3.22 ± 0.15 b



	Film NanoCur
	862.78 ± 152.61 a
	174.66 ± 94.5 ab
	785.33 ± 72.18 b
	1.26 ± 0.21 a
	4.19 ± 0.11 b



	Film NanoProp
	1156.74 ± 378.37 a
	99.37 ± 19.91 b
	614.00 ± 186.61 b
	1.56 ± 0.67 a
	5.50 ± 0.67 a







The results are expressed as mean ± standard deviation (n = 3). Different letters in the same column indicate a significant difference when analyzed by Tukey’s test (p < 0.05).













 





Table 5. Contact angle and surface free energy of MC films.
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Films

	
Contact Angle (°)

	
Owens-Wendt (mN m−1)




	
Water

	
Dimethyl

Sulfoxide

	
Ethylene

Glycol

	
Glycerol

	
γT

	
γp

	
γd






	
Film Control

	
16.77 ± 1.07 c

	
48.60 ± 0.36 a

	
54.57 ± 2.76 a

	
65.70 ± 2.34 b

	
82.35

	
82.09

	
0.26




	
Film NanoCur

	
34.07 ± 3.56 a

	
34.63 ± 2.77 c

	
46.60 ± 2.00 b

	
70.20 ± 1.35 a

	
59.33

	
55.57

	
3.75




	
Film NanoProp

	
24.83 ± 1.59 b

	
42.10 ± 2.52 b

	
48.33 ± 1.71 b

	
62.33 ± 0.83 b

	
71.49

	
69.75

	
1.74








The results are expressed as mean ± standard deviation (n = 3). Different letters in the same column indicate a significant difference when analyzed by Tukey’s test (p < 0.05).













 





Table 6. Color parameters (L*, a*, b* and, ∆E), transmittance and opacity of methylcellulose films.
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Film

	

	
Color values

	

	

	
Transmittance (%)

	
Opacity




	

	
L*

	
a*

	
b*

	
∆E

	
200 nm

	
500 nm

	






	
Film Control

	
88.44 ± 0.083 c

	
1.31 ± 0.13 a

	
−4.98 ± 0.015 a

	
8.34 ± 0.078 a

	
0.1 ± 0.01 a

	
15.2 ± 0.1 a

	
0.45 ± 0.02 a




	
Film NanoCur

	
89.86 ± 0.12 a

	
−8.79 ± 0.045 b

	
56.62 ± 6.01 b

	
25.22 ± 1.15 b

	
0.1 ± 0.02 a

	
6.0 ± 0.01 b

	
1.16 ± 0.03 b




	
Film NanoProp

	
88.95 ± 0.090 b

	
−1.28 ± 0.15 c

	
13.09 ± 1.53 c

	
11.45 ± 0.78 c

	
0.1 ± 0.02 a

	
7.5 ± 0.02 c

	
1.02 ± 0.02 c








The results are expressed as mean ± standard deviation (n = 3). Different letters in the same column indicate a significant difference when analyzed by Tukey’s test (p < 0.05).













 





Table 7. Antioxidant activity and total phenolic content in the nanoparticles and films.
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	Sample
	FRAP

(mg TEAC mL−1)
	ABTS

(mg TEAC mL−1)
	DPPH

(% Inhibition)
	TPC

(mg GAE mL−1)





	Film NanoCur
	110.86 ± 4.59 c
	15.34 ± 0.49 c
	5.81 ± 1.70 c
	0.078 ± 0.0024 b



	Film NanoProp
	197.33 ± 8.64 a
	14.70 ± 0.23 c
	8.20 ± 1.71 bc
	0.063 ± 0.0053 b



	NanoCur
	162.85 ± 5.94 b
	16.77 ± 0.083 b
	11.24 ± 2.52 b
	0.40 ± 0.084 a



	NanoProp
	194.14 ± 5.61 a
	17.88 ± 0.022 a
	23.93 ± 3.92 a
	0.37 ± 0.11 a







The results are expressed as mean ± standard deviation (n = 3). Different letters in a column indicate significant differences according to Tukey’s test (p < 0.05).













 





Table 8. Antibacterial activity of nanocomposite films.
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	Sample
	Staphylococcus aureus

(106 CFU Ml−1)
	Escherichia coli

(106 CFU mL−1)





	Film Control
	29.2 ± 9.6 a
	45.3 ± 6.6 a



	Film NanoCur
	9.01 ± 0.65 b
	9.21 ± 0.53 b



	Film NanoProp
	9.31 ± 0.3 b
	9.06 ± 0.086 b







The results are expressed as mean ± standard deviation (n = 3). Different letters in a column indicate significant differences according to Tukey’s test (p < 0.05).
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