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Abstract


The development of biocomposites derived from wheat flour and Hermetia illucens (black soldier fly) larvae flour presents a viable and sustainable alternative to conventional petroleum-based plastics, which contribute significantly to environmental degradation. The incorporation of cellulose nanocrystals (CNCs) is anticipated to enhance the functional properties of these materials, particularly for food packaging applications. The objective of this study was to develop and characterise biodegradable composites formulated from wheat and larvae flours, and to evaluate the effect of CNC addition on their physicochemical, mechanical, and structural properties. The biocomposites were produced using compression moulding and subsequently subjected to comprehensive characterisation. The results indicated that the addition of CNCs markedly improved the optical, barrier, and mechanical properties of the composites. These improvements render the materials suitable for packaging systems requiring moisture retention and reduced permeability to water vapour. From a mechanical perspective, composites incorporating CNCs exhibited increased tensile strength and stiffness, although a reduction in elongation at break was observed when compared to those prepared solely with larvae flour (LF). Scanning electron microscopy (SEM) analyses revealed that higher concentrations of larvae flour yielded composites with fewer surface fractures and reduced porosity. In conclusion, the utilisation of wheat and insect larvae flours, in combination with cellulose nanocrystals, represents an innovative and environmentally responsible approach for the development of biodegradable composites suitable for eco-friendly food packaging applications.
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1. Introduction


Petroleum-derived plastics have caused numerous environmental issues due to their high resistance to degradation. These plastics contaminate both terrestrial and aquatic ecosystems by introducing microplastics into the food chain, thereby posing potential risks to human health [1].



Biodegradable packaging is expected to have a direct impact on food quality, as well as on the development of the food industry and market, in the coming years. The most commonly used biopolymers for producing biodegradable films in food packaging include polysaccharides and proteins, which are derived from natural and renewable sources, such as plants, animals, or microorganisms [2]. Starch blends and cellulose films are projected to lead the production capacity of the sector. Additionally, the agricultural sector is expected to remain unaffected by this growth. It is estimated that the volume dedicated to the production of these renewable biopolymers represents only 0.06% of the global total, indicating that their production will not significantly compete with food production or essential raw materials [3]. This reinforces the feasibility of these materials as sustainable alternatives for industrial applications, including the production of biodegradable films.



The development of biocomposites based on wheat flour and insect larvae flour offers a potential alternative to conventional plastics, which have a considerable environmental impact. Wheat flour is primarily composed of starch and gluten, which facilitate the formation of flexible biopolymer composites [4]. On the other hand, Hermetia illucens larvae have attracted considerable interest for various applications due to their high nutritional content, particularly their elevated levels of proteins and lipids, which contribute to the formation of a dense matrix [5]. In 2023, global insect production for food reached a market value of USD 587 million, with a projected annual growth rate of 7.3% through to 2032 [6]. This growing demand has led to a rapid increase in the global production of Hermetia illucens larvae. Although consolidated global figures are not yet available, it is estimated that various companies produce thousands of tonnes of these larvae annually. In this context, the incorporation of larvae flour into biomaterials could enhance barrier and mechanical properties due to its high protein content [7]. Owing to its composition, which includes chitin, essential amino acids, and fatty acids [8], larvae flour represents a promising option for the development of biopolymer composites intended for biodegradable packaging applications. Additionally, the implementation of these larvae for the development of biodegradable materials exhibits characteristics that support their sustainability from environmental, ethical, and technical perspectives. Hermetia illucens larvae meal represents a low environmental impact protein source, as these insects can be reared on organic waste, require minimal water and space, and demonstrate high biomass conversion efficiency [9].



Cellulose nanocrystals (CNCs) possess outstanding mechanical strength and excellent barrier properties, making them highly suitable for reinforcing biopolymeric matrices in food packaging applications [10]. These nanoscale materials have demonstrated considerable potential in the formulation of nanocomposites, functional coatings, and biodegradable composites, thereby contributing to the advancement of sustainable packaging technologies [11]. In this study, the structural and barrier properties of cellulose nanocrystals (CNCs) were exploited to reinforce the polymer matrix of the films, enhancing their mechanical integrity and reducing water vapour permeability.



In this context, the aim of this study was to develop and characterise biocomposites based on wheat flour and black soldier fly (Hermetia illucens) larvae flour, evaluating the effect of cellulose nanocrystal incorporation for application in food packaging. This research aims to drive innovation in the field of biomaterials and to support the implementation of high-value-added, sustainable packaging alternatives.




2. Materials and Methods


2.1. Materials


Soft wheat flour (Cartagena variety) with the following composition was purchased from local retail outlets in Cartagena, Colombia: moisture 11.9%, total carbohydrates 73%, protein 12%, fat 1.4%, and ash 1.7%. The larvae were sourced from Hartompet (New York, NY, USA). Cellulose nanocrystals were supplied by CelluForce (Montreal, QC, Canada). Finally, glycerol was provided by PANREAC in Bogotá, Colombia.




2.2. Proximate Analysis of Black Soldier Fly (Hermetia illucens) Larvae


The proximate analysis included the determination of the protein, moisture, and crude fat content. The procedures were carried out according to standard methods established by the Association of Analytical Chemists [12]. The moisture content was determined by the weight difference following 24 h of drying at 105 °C. The protein content was assessed using the Kjeldahl method (N × 4.79 for insects and N × 6.25 for fishmeal), while the fat content was determined using the Soxhlet extraction system (Lenz Laborglas GmbH & CO.KG., Wertheim, Germany) All the analyses were conducted in triplicate.




2.3. Fabrication of the Composites


The methodology proposed by [2] was implemented with certain modifications. Initially, a milling process was carried out on the dried larvae, which were ground in a 1:1 ratio with wheat flour until a homogeneous mixture was achieved. Subsequently, this mixture was combined with wheat flour (see Table 1) and water in a ratio of 4:1; additionally, glycerol was added at 20% relative to the flour quantity as a plasticiser. Subsequently, the components were homogenised to achieve a uniform consistency, using a food mixer, model SL-B10 (500 W, 110 V, 50–60 Hz) (Jiangmen Shengli Food Machinery Co., Ltd., Jiangmen, China), operated at speed level 2 (medium), corresponding to the second setting on the equipment’s speed selector. After a period of 48 h, small 5 g portions were extracted to form the composites, which were subsequently introduced into a hydraulic press at a temperature of 120 °C. These portions were subjected to various pressures ranging from 0 to 100 bar. Firstly, a preheating step at 0 bar was carried out for 30 s, followed by the application of pressures of 50 and 100 bar for approximately 2 min at each pressure level.




2.4. Characterisation of the Biocomposites


2.4.1. Gloss


Gloss was measured at a 60° angle following the procedure described in reference [13], using a flat-surfaced glossmeter (multi-angle glossmeter 3NH YG268, Minolta, Langenhagen, Germany). A total of seven composites were evaluated, with three measurements taken for each individual sample. The results were expressed in gloss units (GU).




2.4.2. Colour


The colour of the composites was measured using a portable colorimeter (CHNSpec CS-10, CHN Spec Technology Co., Ltd., Hangzhou, China). The CIE Lab* coordinates, hue angle (h), and chroma (c) were recorded. Lightness (L*) is represented along the vertical axis, while the horizontal axes correspond to colour directions such as red/green (a*) and yellow/blue (b*) [14]. Colour variation relative to a reference sample was subsequently assessed by calculating the individual colour differences (ΔL, Δa, and Δb). The total colour difference (ΔE*) was then determined using the standard Equation (1).


        ∆ E =    ∆ L   2   +   ∆ b   2   +   ∆ a   2     



(1)








2.4.3. Transmittance and Opacity


The methodology reported by [15] was applied with slight modifications. The transmittance of the composite samples was measured in the UV–visible range using a spectrophotometer (BIOBASE BK-UV1900, Biobase Biodustry (Shandong) Co., Ltd., Jinan, China). The composites were cut into strips (1 × 3 cm) and placed against the inner wall of a quartz cuvette for analysis. Opacity was subsequently calculated using Equation (2):


  O p a c i t y =    A b s o r b a n c e   ( 600   n m )   T h i c k n e s s   ( m m )     



(2)








2.4.4. Thickness


The thickness of the composites was determined using a digital micrometer (TL268 TOP EU, HongKong Proster Trading Limited, Hong Kong, China). Seven random measurements were taken from each composite in order to report the mean value and standard deviation.




2.4.5. Water Vapour Permeability (WVP)


Water vapour permeability was determined gravimetrically, following the procedure described by [3] with several modifications. Environmental parameters were adjusted to establish a humidity gradient ranging from 52.8% relative humidity (RH) to 100% RH at a temperature of 25 °C. Defect-free composite samples were selected for the WVP evaluation. Payne-type permeability cups filled with distilled water were used, allowing one side of the composite to be exposed to 100% RH. These cups, along with the composites, were placed in controlled chambers maintained at 25 °C and 52.8% RH, using oversaturated magnesium nitrate solutions to regulate the humidity. Additionally, to enhance the applicability of the composites for products with high water activity, the free surface of the composites during their formation was exposed to a lower-humidity environment. The containers holding the composites were subjected to systematic weighing using a high-precision analytical balance with a sensitivity of 0.0001 g. Once a stable measurement condition was reached, the water vapour transmission rate (WVTR) was calculated from the slope of the regression line representing the weight loss over time. This value was then divided by the exposed surface area of the composite. The procedure was repeated three times, and the results were expressed as the mean value along with the corresponding standard deviation.




2.4.6. Moisture Content and Water Solubility


The methodology proposed by [16] was followed. Composite samples (2 × 2 cm) were initially weighed (W0) and then dried in an oven at 60 °C until a constant weight was reached (W1) to determine the moisture content. Subsequently, the samples were immersed in distilled water at a ratio of 1:10 (composite: water) for 24 h. After immersion, the undissolved material was collected and dried again to a constant weight (W2).


  M o i s t u r e   c o n t e n t   ( % ) =      W   0   −   W   1       W   1      × 100 %  



(3)






  S o l u b i l i t y   ( % ) =      W   1   −   W   2       W   2      × 100 %  



(4)








2.4.7. Water Absorption Capacity


The measurement of the water absorption capacity allows for the determination of the amount of water a sample can retain under controlled conditions [17]. In this procedure, the composite sample was first placed in a desiccator containing calcium chloride, maintaining 0% relative humidity. The sample weights were recorded at 24 h intervals until a constant mass was achieved, corresponding to the dry mass of the composite (Ws). Subsequently, the samples were transferred to another desiccator containing a saturated solution of potassium sulphate. As in the previous stage, the samples were weighed every 24 h until equilibrium was reached, with the final weight representing the fully hydrated mass of the composite (Wh). The water absorption capacity was then calculated using the following Equation (5).


  A b s o r p t i o n   c a p a c i t y   ( % ) =      W   h   −   W   s       W   s      × 100 %  



(5)








2.4.8. Water and Oil Contact Angle


A composite sample was placed on a horizontal surface with a white background. A drop of water (containing dye) or oil was then deposited onto the surface of the composite. After 30 s, an image was captured using a digital camera positioned at a constant distance of 20 cm from the droplet. The captured image was subsequently analysed using Goniotrans software (version 1.0.3). This procedure was performed in triplicate for each formulation, and the results were reported as mean values with their corresponding standard deviations [18].




2.4.9. Cumulative Weight Loss


To evaluate moisture loss, the films were cut into 2 × 2 cm specimens and placed in a desiccator containing anhydrous calcium chloride, which maintains an environment of 0% relative humidity at room temperature. The weight of each sample was recorded every 24 h over a period of 72 h. The final weight, corresponding to the dry or equilibrium weight, was defined as the point at which no significant variation was observed between consecutive measurements. Based on the data obtained, graphs were constructed to represent the cumulative weight loss of each formulation over time, calculated at 24 h intervals as described in Equation (6). This procedure was carried out in triplicate for each formulation tested [19].


  C u m u l a t i v e   l o s s =   P   0   −   P   t    



(6)








2.4.10. Mechanical Properties


The methodology proposed by [14] was employed. The elastic modulus (EM), tensile strength (TS), and elongation at break (E) of the composites were determined using a texture analyser (TX-700, Lamy Rheology, Champagne, France) equipped with a 500 N load cell, operating at a crosshead speed of 50 mm/min. Composite samples measured 1 cm × 100 cm, with a gauge length of 5 cm.




2.4.11. Microstructure


To analyse the structural properties of the composites, 1 cm × 1 cm samples were taken to observe the surface area using an optical microscope (ZEISS model 415500-1800-000, Primostar, Oberkochen, Germany) at 10× magnification. Prior to observation, the composites were conditioned at 52.8% relative humidity and 25 °C for one week [20]. Regarding the analysis of the cross-sectional microstructure, this was carried out using a scanning electron microscope (JSM-5910, JEOL Ltd., Tokyo, Japan). For sample preparation, the composites were stored in desiccators containing P2O5 for two weeks to ensure the absence of moisture. Fragments measuring 0.5 cm were cut, mounted on copper stubs, coated with gold, and examined under an accelerating voltage of 10 kV [2].





2.5. Statistical Analysis


For the statistical evaluation, an analysis of variance (ANOVA) was employed. Significant differences (p < 0.05) were assessed using Fisher’s Least Significant Difference (LSD) test among the various analyses conducted on the different samples. Statistical evaluations were performed using Statgraphics Plus for Windows 5.1 software (Manugistics Corp., Rockville, MD, USA).





3. Results and Discussion


3.1. Proximate Analysis of Black Soldier Fly Larvae


The proximate composition of black soldier fly (Hermetia illucens) larvae is summarised in Table 2. The protein content obtained was 38.59 ± 2.35%, which is consistent with the values reported by [21], where a value of 32.3% was recorded. This similarity may be attributed to the larvae being reared on the same feeding substrate and collected at the same developmental stage (larval phase). Regarding the moisture and fat contents, the values obtained were 6.14% and 35.84%, respectively. These findings align with the study conducted by [8], where the moisture content ranged from 4.14% to 6.46%. In terms of the fat content, values were reported between 25.78% and 38.6%. The chemical composition of the larvae depends on various factors, among which the type of feeding substrate plays a crucial role, highlighting the importance of selecting appropriate feed ingredients to optimise their nutritional value [22].




3.2. Optical and Colour Properties


The optical and colour properties of the composites produced from larval flour and wheat flour with added CNCs are presented in Table 3. Gloss at 60°, CIE Lab*parameters, hue angle, chroma, and colour difference were determined, providing a detailed visual characterisation of the obtained materials.



The optical properties of the studied formulations vary according to the addition of CNCs. These nanocrystals influence light scattering, thereby altering the perception of the gloss, lightness, and colour of the material. Figure 1 shows photographs of the films obtained. The presence of CNCs may promote the formation of a more organised and crystalline surface, which can enhance controlled light reflection and increase lightness [23]. In this context, the formulation FW-L0.75-CNC1 exhibited the highest gloss (13.4 ± 0.5) and the highest lightness (67.5 ± 0.3), which may be related to reduced light scattering. Conversely, the formulation FW-L0.5-CNC5 showed the highest hue angle (94.7 ± 0.1), suggesting an opaquer surface. The a* and b* values increased in the formulations containing CNCs, indicating reddish and yellowish tones, respectively. Regarding chroma (saturation), the formulation FW-L0.5-CNC1 exhibited the highest value for this parameter (27.4 ± 0.9), suggesting that the distribution of CNCs influences the interaction of light with the material, thus altering its optical appearance. With respect to colour difference (ΔE), an increase was observed in the formulations with CNC incorporation (FW-L0.5-CNC5, FW-L0.75-CNC5, and FW-L0.5-CNC1). A similar significant increase in ΔE was reported by [24] in chitosan-based composites incorporating CNCs.




3.3. Transmittance and Opacity


Figure 2 shows the direct transmittance spectrum in the UV–Vis range (200–900 nm) of the composites developed from larval flour and wheat flour with the addition of CNCs. Transmittance is a parameter that measures the passage of light through a material [25] and thus allows us to determine the transparency of the studied composites.



The formulation FW-075-CNC1 exhibited the highest transmittance, with a value of approximately 50%, reaching its peak in the visible and near-infrared region (600–800 nm). This suggests that at this concentration, the CNCs are homogeneously dispersed, allowing greater light transmission. However, in the formulations where transmittance decreased in the presence of CNCs (FW-L0.5-CNC5, FW-L0.5-CNC1, and FW-L0.75-CNC5), the reduction of this parameter may indicate increased light scattering due to particle aggregation. This aggregation could be influenced by the interaction among the CNCs, larval flour, and wheat flour, resulting in a decrease in the amount of light passing through the composite [26]. These findings indicate that the interaction between larval flour, wheat flour, and CNCs is essential to maintaining good transparency in the composite. In other words, the uniform distribution of CNCs and their compatibility with the matrix reduce light scattering and enhance the transmittance of the composites. Additionally, the difference in transmittance between FW-075-CNC1 and FW-L0.5-CNC1 can be explained by the proportion of ingredients in each formulation. FW-075-CNC1, which contains 75% larval flour and 25% wheat flour, promotes better CNC dispersion due to the adhesive and bioactive properties of larval flour, which interact favourably with CNCs and enable a more homogeneous distribution. This reduces particle agglomeration and enhances light transmission. In contrast, FW-L0.5-CNC1, with a 1:1 ratio of larval flour to wheat flour, exhibits a greater tendency toward CNC agglomeration due to the less homogeneous interaction between the two types of flour, which increases light scattering and decreases transmittance [21,27].



Table 4 presents the opacity values of the composites produced from larval flour and wheat flour with the addition of CNCs. Opacity is associated with the fraction of light that is blocked or absorbed by the composite, and this parameter is inversely related to transmittance [27]. In this context, the opacity data reveal significant differences among the formulations. The formulation FW-L0.75 exhibited the highest opacity value (2.21 ± 0.02), suggesting lower transmittance. Conversely, the least opaque formulation was FW-L0.75-CNC1, and is therefore more transparent (see Figure 2). This may be related to the light-scattering capacity of the larval and wheat flours, potentially due to their protein structure or interactions with other matrix components, which could have contributed to the formation of aggregates or networks that alter the interaction of light with the surface of the material, thereby increasing the opacity. However, the formulation composed solely of larval flour (FL) showed a lower opacity value (1.50 ± 0.03) compared to FW-L0.75. This could be attributed to a higher content of proteins and lipids, which may have contributed to the formation of a more homogeneous and compact structure, reducing light scattering and thus lowering the opacity [28].




3.4. Physical and Water Absorption Properties


Table 5 presents the mean values and standard deviations of the physical and water absorption properties of the composites developed from larval flour and wheat flour with the addition of CNCs. The evaluated parameters include the thickness (μm), water vapour permeability (WVP), solubility (Sw), moisture content (Xw), and water absorption capacity (WAC) of the studied composites.



The thickness of the studied composites ranged from 209.14 to 250.28 µm. It was observed that the incorporation of CNCs influences this parameter [29]. Composites containing CNCs tended to be thicker than those without CNCs, with the formulation FW-L0.5-CNC5 exhibiting the greatest thickness (250.28 µm) and FW-L0.75 the lowest (209.14 µm). These results are consistent with those reported by [30], who observed an increase in composite thickness with a higher CNC content. The increase in thickness can be attributed to the role of CNCs as fillers and reinforcements within the polymer matrix, preventing its compaction and consequently expanding the polymer network [31].



Regarding water vapour permeability (WVP), the results show significant differences (p < 0.05) among the formulations, confirming that the concentration of CNCs influences water vapour permeability. In this regard, the formulations with the highest WVP values were FW-L0.5-CNC1 and FW-L0.75-CNC1 (2.10 ± 0.08 g·mm/kPa·h·m2 and 2.16 ± 0.08 g·mm/kPa·h·m2, respectively), suggesting that at this CNC concentration, the structure of the matrix facilitates water vapour diffusion.



Conversely, the formulations with lower CNC concentrations (FW-L0.5-CNC05 and FW-L0.75-CNC05) exhibited the lowest WVP values (1.16 ± 0.02 g·mm/kPa·h·m2 and 1.19 ± 0.01 g·mm/kPa·h·m2), indicating that this concentration promotes a more compact structure, hindering water vapour transmission by reducing the availability of hydrophilic groups capable of interacting with water molecules [32]. It is noteworthy that the formulations without CNCs presented intermediate values, suggesting that CNCs indeed influence the microstructure and barrier capacity of the resulting composites. This contrasts with the findings reported by [33], in which water vapour permeability did not show significant variation following the incorporation of CNCs into their composites.



The statistical differences in WAC indicate significant variations among the formulations (p < 0.05). The formulations FW-L0.5-CNC05 and FW-L0.75-CNC05 (0.62 ± 0.09 and 0.61 ± 0.10, respectively) exhibited the highest WAC values, which may be associated with a composite structure that allows greater water absorption, possibly due to increased porosity or enhanced interaction with water. The formulation composed solely of larval flour (FL) showed a WAC value of 0.60 ± 0.03, which may be attributed to the presence of proteins with hydrophilic functional groups that promote water absorption. However, FW-L0.5 (0.40 ± 0.03) exhibited the lowest WAC value, which could be related to the incorporation of wheat flour and its starch content, modifying the composites microstructure and reducing the number of sites available for water absorption [34].



The moisture content is a key factor in the stability of food packaging composites. This parameter varied among the different formulations. The composites without CNCs—FL (0.180 ± 0.07), FW-0.50 (0.183 ± 0.01), and FW-L0.75 (0.184 ± 0.07)—showed the highest moisture content values. However, these differences were not statistically significant (p > 0.05). This increase may be attributed to the composition of the wheat and larval flours, which contain proteins and starches with hydrophilic functional groups capable of interacting with water [35]. In contrast, the formulations containing CNCs exhibited lower moisture values: FW-L0.5-CNC1 = 0.146 ± 0.08, FW-L0.75-CNC1 = 0.167 ± 0.04, FW-L0.5-CNC05 = 0.146 ± 0.03, and FW-L0.75-CNC05 = 0.164 ± 0.04. Although a general reduction in the moisture content was observed with the incorporation of CNCs, increasing their concentration (from 0.5% to 1%) did not result in significant differences. This suggests that CNCs contribute to the structural stability of the composite, but their effect on moisture may could be masked due to the effect of other components of the larval meal. This finding is consistent with [24], who reported a slight decrease in moisture content in composites composed of CNCs and chitosan, likely due to the interaction between the chitosan matrix and the CNCs, which reduces the water content within the composite network.



The solubility results indicate greater resistance to dissolution in water for the composites containing CNCs (FW-L0.5-CNC1 = 0.29 ± 0.03, FW-L0.75-CNC1 = 0.26 ± 0.08, FW-L0.5-CNC05 = 0.30 ± 0.03, FW-L0.75-CNC05 = 0.27 ± 0.01). In contrast, the composites without CNCs showed the highest solubility values (FL = 0.38 ± 0.06, FW-0.50 = 0.36 ± 0.07, FW-L0.75 = 0.45 ± 0.08), indicating a more hydrophilic behaviour. Water solubility is an indicator of a composite’s resistance to water; high solubility reflects a strong affinity for water, which can be a drawback for certain biodegradable composites [36].



Therefore, these findings suggest that the incorporation of CNCs increases thickness, reduces water vapour permeability, and enhances water absorption capacity in wheat and larval flour-based composites. These modifications may influence their potential applications as coatings or bioplastics.




3.5. Contact Angle


Figure 3 compares the water contact angles (CAws) and oil contact angles (CAos) of various composite formulations developed from larval flour and wheat flour with the addition of CNCs. The contact angle serves as an indicator of the hydrophilic or hydrophobic properties of the composites.



In this context, the composites without CNCs, composed of wheat flour and larval flour (FL = 62.6 ± 2.52, FW-0.50 = 57.3 ± 1.53, FW-L0.75 = 56.0 ± 2.12), exhibited the lowest CAw° values, indicating a greater affinity for water. This observation is consistent with the solubility and moisture content results. It is worth noting that the FL formulation showed a significantly high CAw° value, which may be attributed to the fat content of the larval flour, suggesting a reduced affinity for water.



Regarding the formulations containing CNCs, an increase in the CAw° was observed, suggesting a structure more resistant to moisture. CNCs possess hydroxyl groups on their surface, enabling the formation of hydrogen bonds with functional groups in the polymer matrix, such as proteins, polysaccharides, etc. [37]. This interaction enhances the material’s structure.



Similarly, the CAo values increased in the formulations with CNCs, indicating a lower affinity for oily substances. This behaviour may result from increased cohesion within the polymer matrix due to the incorporation of CNCs, which limits the availability of sites for interaction with oil [38]. Taken together, these results suggest that the composites exhibit both hydrophilic and oleophilic characteristics, although the incorporation of CNCs tends to reduce interaction with both polar and non-polar liquids, thereby enhancing the material’s structural integrity and barrier properties.




3.6. Cumulative Weight Loss of Films


Figure 4 illustrates the cumulative weight loss of the composites stored at room temperature (25 °C). It is evident that the formulations without CNCs, primarily composed of wheat flour and larval flour, exhibit higher weight loss rates in their fitting equations, indicating greater susceptibility to material degradation and a more hydrophilic structure. This facilitates increased water diffusion into the composite, leading to the leaching of water-soluble components [39]. On the other hand, the formulations containing CNCs display lower weight loss rates, with FW-L0.5-CNC5 and FW-L0.75-CNC5 showing the lowest values. This suggests that CNCs reinforce the polymer matrix by reducing water diffusion and the degradability of the composite [40].



Moreover, the determination coefficients (R2s) of graphs were considerably high, indicating a good fit of the data to the linear models.




3.7. Mechanical Properties


The mechanical properties provide insight into the strength and flexibility of the composites. Table 6 presents the mean values and standard deviations of the mechanical properties (EM: elastic modulus; TS: tensile strength; E: elongation at break) of the studied formulations.



The tensile strength (TS), the formulations containing CNCs also display significantly higher values compared to those without these nanomaterials, particularly FW-L0.5-CNC5 (9.3 ± 0.2 MPa) and FW-L0.75-CNC5 (8.3 ± 0.3 MPa), indicating greater resistance compared to composites made solely with larval flour (FL = 6.1 ± 0.2 MPa). This improvement may be attributed to the ability of CNCs to enhance continuity within the polymer matrix, reducing polymer chain mobility and thus increasing tensile strength. Additionally, potential interactions between protein and polysaccharide components in the composite may lead to the formation of supplementary bonds that reinforce the material structure [41]. These findings are consistent with those of [42], who reported that the incorporation of cellulose nanocrystals increased the TS of corn-starch-based composites. A similar trend was observed for the Young’s modulus (EM) of the composites. The Young’s modulus is a measure of the stiffness of the material.



The formulations with CNCs have a significantly higher elastic modulus, indicating greater rigidity compared to the formulations without CNCs, with FL showing the lowest value. The highest values of this parameter were also recorded for the formulations FW-L0.5-CNC5 (24.2 ± 0.4 MPa) and FW-L0.75-CNC5 (23.4 ± 0.3 MPa), which included the addition of cellulose nanocrystals (CNCs), indicating greater stiffness in comparison with the composites made with larval flour (FL = 20.2 ± 0.2 MPa). These results are consistent with those reported by [43], where an increase in the Young’s modulus was also observed in biocomposites containing CNCs. On the other hand, deformation assesses the ability of the composites to elongate before breaking, i.e., their flexibility. The composites based on larval flour (LF = 230 ± 3%) exhibited the highest elongation (E) values, thus indicating greater elasticity or flexibility. This may be attributed to the potential plasticizing effects conferred by the proteins and lipids present in the larval flour [8,44]. Elongation decreased in all the formulations containing CNCs, indicating that the composites are less flexible but more resistant.



Therefore, these findings suggest that composites incorporating cellulose nanocrystals (CNCs) are more resistant and rigid, albeit less elastic, in comparison with formulations made solely with larval flour (FL). This indicates that both the type of flour and the inclusion of CNCs not only enhance the mechanical strength but also reduce the flexibility of the composites. These mechanical properties could render CNC-containing formulations more suitable for applications requiring higher strength and rigidity, whereas formulations without CNCs may be more appropriate for applications demanding greater flexibility.



The incorporation of cellulose nanocrystals (CNCs) led to a significant increase in the elastic modulus (EM) and tensile strength (TS), particularly in formulations FW-L0.5-CNC5 and FW-L0.75-CNC5, which bear the superscript letters “a” and “b”, corresponding to the highest rigidity and strength values. This behaviour demonstrates the reinforcing filler effect of CNCs within the matrix. Conversely, the elongation at break (E) significantly decreased with increasing CNC concentration, as indicated by the shift in superscript letters from “a” to “c” and “d”, reflecting a loss of flexibility. Collectively, these results confirm that the addition of CNCs alters the mechanical behaviour of the material, impacting both its strength and deformability.




3.8. Microstructure


Figure 5 presents surface 2.5D micrographs of the films under study, which reveal variations in surface roughness and elevation, allowing for the observation of significant differences in surface morphology. The formulations FL, FW-L0.5, and FW-L0.75 exhibit relatively homogeneous surfaces. In contrast, the FW-L0.5-CNC1 formulation displays increased roughness and heterogeneity, likely resulting from the interaction between the larval flour matrix and the cellulose nanocrystals (CNCs). The micrograph corresponding to FW-L0.5-CNC5 shows more pronounced peaks and valleys, indicating a substantial increase in surface roughness. This may be attributed to CNC oversaturation, leading to the formation of micro-aggregates or localised domains that disrupt surface continuity.



The addition of cellulose nanocrystals induces the formation of rough and relief-rich zones, suggesting greater heterogeneity, which could be associated with interactions between the larval flour matrix and CNCs. Such interactions may generate microdomains or local aggregates, compromising the structural continuity of the film. Furthermore, these alterations could directly affect functional properties such as permeability, surface adhesion, or the mechanical behaviour of the material [45].



Figure 6 presents the cross-sectional microstructure of the biodegradable composites as observed through scanning electron microscopy (SEM). The SEM images reveal differences in the microstructure of the biodegradable composites depending on their formulation. Composites based on larval flour (FL) tend to exhibit fewer fractures and pores, which may be related to the fat and protein content of the larvae, acting as plasticising and structuring agents that confer greater stability to the composites [8,44]. In contrast, composites formulated with a mixture of wheat and larval flour (FW-L0.5 and FW-L0.75) display a rougher texture with more pronounced cracks. In the composites with added cellulose nanocrystals, both smooth and rough areas are observed, suggesting a possible combination of compact and porous regions. Additionally, brighter zones are visible, particularly in the FW-L0.75-CNC1 composite. The presence of cracks and rough areas could be associated with the interaction between the larval flour matrix and the cellulose nanocrystals. CNCs reinforce the polymer matrix by reducing porosity; however, at higher concentrations, they may affect the uniformity of the structure, leading to pore formation, which in turn impacts the overall structural integrity of the material [46].



Considering the mechanical properties, the microstructure observed by SEM is consistent with the values of the tensile strength (TS), elongation at break (%E), and Young’s modulus (EM). The greater homogeneity of the FL composites without cellulose nanocrystals is reflected in their higher elongation (230%), indicating better cohesion within the polymeric matrix. In contrast, the increased roughness and presence of cracks in the composites containing cellulose nanocrystals are associated with greater stiffness and mechanical strength, as evidenced by the higher Young’s modulus (24.2 MPa in FW-L0.5-CNC5). The reduced deformability in these formulations suggests that the more heterogeneous and porous structure hinders polymer chain mobility, resulting in stiffer composites. With regard to barrier properties, the microstructure also accounts for the differences in water vapour permeability (WVP). The incorporation of cellulose nanocrystals enhances the water vapour barrier; however, at higher concentrations (FW-L0.5-CNC1 and FW-L0.5-CNC10), composites exhibit increased water vapour permeability. This may be attributed to the formation of aggregates that disrupt structural uniformity, thereby increasing WVP in certain formulations.





4. Conclusions


The incorporation of cellulose nanocrystals into biodegradable composites based on larvae and wheat flour improved their optical, barrier, and mechanical properties. The FW-L0.5-CNC5 composite exhibited the highest thickness values and the lowest water vapour permeability, enhancing its moisture barrier properties. This makes it suitable for applications requiring moisture retention and reduced permeability. On the other hand, FW-L0.75-CNC1 showed the highest gloss (13.4 ± 0.5) and luminosity, associated with reduced light scattering, whereas FW-L0.75 presented the highest opacity value (2.21 ± 0.02), suggesting lower transmittance. Conversely, the least opaque formulation was FW-L0.75-CNC1; therefore, it was the most transparent. Overall, the materials developed in this study are considered translucent, which may be advantageous for food products sensitive to UV radiation or excessive light exposure.



Regarding the water interaction properties, the incorporation of cellulose nanocrystals reduced water vapour permeability and improved the water absorption capacity, with the most notable effect observed in the FW-L0.5-CNC05 composite. The FW-L0.5-CNC1 formulation exhibited the highest CAw° value. However, it is also worth highlighting the FL formulation, which showed a significantly high CAw° value, possibly related to the fat content of the larval flour, indicating a lower affinity for water.



With respect to mechanical properties, the composites incorporating cellulose nanocrystals were stronger and stiffer, although less deformable, compared to the formulations prepared solely with larval flour (FL). These mechanical characteristics suggest that formulations containing nanocrystals may be more suitable for applications requiring higher strength and rigidity, whereas formulations without nanocrystals could be more appropriate for applications where greater flexibility is desired. Additionally, SEM micrographs indicate that as the larval flour (FL) content increases, the composites exhibit fewer fractures and reduced porosity. On the other hand, the addition of nanocrystals reinforces the polymer matrix by decreasing porosity; however, at high concentrations, they may affect structural uniformity, leading to the formation of pores that compromise the material’s overall structure.



In this context, the use of wheat and Hermetia illucens larvae flour combined with cellulose nanocrystals (CNCs) for film production represents a sustainable and innovative alternative for environmentally friendly packaging. The use of these flours not only utilises a non-conventional protein and lipid source, but also provides significant improvements in the mechanical, barrier, and optical properties of the material.



The developed composite exhibits characteristics that support its sustainability from environmental, ethical, and technical perspectives. Hermetia illucens larvae flour is a low-impact protein source, as these insects can be reared on organic waste, require minimal water and land, and display high biomass conversion efficiency. Moreover, its application in non-food products such as biodegradable packaging helps to avoid direct competition with human food consumption. This research contributes not only to plastic reduction but also promotes circular economy principles and the development of materials with lower environmental impacts.







Author Contributions


Conceptualisation, A.L.-P. and R.O.-T.; formal analysis, D.C.-C.; funding acquisition, R.O.-T.; investigation, A.L.-P.; methodology, D.C.-C., A.L.-P. and R.O.-T.; project administration, R.O.-T.; resources, A.L.-P. and R.O.-T.; software, D.C.-C.; supervision, R.O.-T.; validation, D.C.-C.; visualisation, A.L.-P. and R.O.-T.; writing—original draft, D.C.-C.; writing—review and editing, R.O.-T. All authors have read and agreed to the published version of the manuscript.




Funding


No external funding was received for the conduct of this research.




Data Availability Statement


The data supporting the results of this study are available upon request from the corresponding author.




Acknowledgments


The authors thank the Universidad de Cartagena for providing equipment and reagents to conduct this research.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Taktak, F.; Kaya, H.N. Biodegradable PVA/chitosan-based films enriched with rose hip extract and seed oil: Investigation of the influence of tragacanth gum ratio on functional properties and its application in cherry preservation. Int. J. Biol. Macromol. 2025, 307, 141023. [Google Scholar] [CrossRef] [PubMed]

	



López-Padilla, A.; Cortés-Rodríguez, M.; Ortega-Toro, R. Development and Comparative Analysis of Hard and Soft Wheat Flour Films Enriched with Yellow and White Chlorella vulgaris Algae. Polymers 2025, 17, 785. [Google Scholar] [CrossRef] [PubMed]

	



Sri Agustini, N.W.; Kusmiati, K.; Admirasari, R.; Nurcahyanto, D.A.; Hidhayati, N.; Apriastini, M.; Afiati, F.; Priadi, D.; Fitriani, B.M.; Adalina, Y.; et al. Characterization of corn-starch edible film with the addition of microalgae extract Chlorella vulgaris as an antioxidant applied to dodol (glutinous-rice cake) products. Case Stud. Chem. Environ. Eng. 2023, 8, 100511. [Google Scholar] [CrossRef]

	



Kazmi, M.; Feroze, N.; Siddique, H.; Rustam, M.; Ikhlaq, A. An Investigation on Modification and Characterization of Environment Friendly Wheat Gluten based Packaging Films. J. Pak. Inst. Chem. Eng. 2014, 42, 109–116. [Google Scholar]

	



Salahuddin, M.; Abdel-Wareth, A.A.A.; Hiramatsu, K.; Tomberlin, J.K.; Luza, D.; Lohakare, J. Flight toward Sustainability in Poultry Nutrition with Black Soldier Fly Larvae. Animals 2024, 14, 510. [Google Scholar] [CrossRef]

	



Global Market Insights. Informe de Participación y Tamaño del Mercado de Proteína de Insectos Para Alimentación Animal, 2032. Available online: https://www.gminsights.com/industry-analysis/animal-feed-insect-proteins-market (accessed on 4 April 2025).

	



Gautam, B.; Tiwari, S.; Pokhrel, M.R.; Tomberlin, J.K.; Khanal, P. Expanding black soldier fly (BSF.; Hermetia illucens; Diptera: Stratiomyidae) in the developing world: Use of BSF larvae as a biological tool to recycle various organic biowastes for alternative protein production in Nepal. Biotechnol. Rep. 2025, 45, e00879. [Google Scholar] [CrossRef]

	



Zozo, B.; Wicht, M.M.; Mshayisa, V.V.; van Wyk, J. The Nutritional Quality and Structural Analysis of Black Soldier Fly Larvae Flour before and after Defatting. Insects 2022, 13, 168. [Google Scholar] [CrossRef]

	



Cruz-Tirado, J.P.; dos Santos Vieira, M.S.; Ferreira, R.S.B.; Amigo, J.M.; Batista, E.A.C.; Barbin, D.F. Prediction of total lipids and fatty acids in black soldier fly (Hermetia illucens L.) dried larvae by NIR-hyperspectral imaging and chemometrics. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2025, 329, 125646. [Google Scholar] [CrossRef]

	



Rampazzo, R.; Alkan, D.; Gazzotti, S.; Ortenzi, M.A.; Piva, G.; Piergiovanni, L. Cellulose Nanocrystals from Lignocellulosic Raw Materials, for Oxygen Barrier Coatings on Food Packaging Films. Packag. Technol. Sci. 2017, 30, 645–661. [Google Scholar] [CrossRef]

	



Li, J.; Zhang, F.; Zhong, Y.; Zhao, Y.; Gao, P.; Tian, F.; Zhang, X.; Zhou, R.; Cullen, P.J. Emerging Food Packaging Applications of Cellulose Nanocomposites: A Review. Polymers 2022, 14, 4025. [Google Scholar] [CrossRef]

	



Baur, F.J.; Ensminger, L.G. The Association of Official Analytical Chemists (AOAC). J. Am. Oil Chem. Soc. 2005, 54, 171–172. [Google Scholar] [CrossRef]

	



ASTM.D 523-89; Standard Test Method for Specular Gloss. ASTM International: West Conshohocken, PA, USA, 1999.

	



Acevedo-Puello, V.; Figueroa-López, K.J.; Ortega-Toro, R.; Co, K.J. Gelatin-Based Hydrogels Containing Microcrystalline and Nanocrystalline Cellulose as Moisture Absorbers for Food Packaging Applications. J. Compos. Sci. 2023, 7, 337. [Google Scholar] [CrossRef]

	



Dong, M.; Tian, L.; Li, J.; Jia, J.; Dong, Y.; Tu, Y.; Liu, X.; Tan, C.; Duan, X. Improving physicochemical properties of edible wheat gluten protein films with proteins, polysaccharides and organic acid. LWT 2022, 154, 112868. [Google Scholar] [CrossRef]

	



Aguirre, A.; Borneo, R.; Leon, A.E. Antimicrobial, mechanical and barrier properties of triticale protein films incorporated with oregano essential oil. Food Biosci. 2013, 1, 2–9. [Google Scholar] [CrossRef]

	



Pirsa, S. Nanocomposite base on carboxymethylcellulose hydrogel: Simultaneous absorbent of ethylene and humidity to increase the shelf life of banana fruit. Int. J. Biol. Macromol. 2021, 193, 300–310. [Google Scholar] [CrossRef]

	



Martinelli, E.; Hill, S.D.; Finlay, J.A.; Callow, M.E.; Callow, J.A.; Glisenti, A.; Galli, G. Amphiphilic modified-styrene copolymer films: Antifouling/fouling release properties against the green alga Ulva linza. Prog. Org. Coat. 2016, 90, 235–242. [Google Scholar] [CrossRef]

	



Gómez-Contreras, P.; Figueroa-Lopez, K.J.; Hernández-Fernández, J.; Rodríguez, M.C.; Ortega-Toro, R. Effect of Different Essential Oils on the Properties of Edible Coatings Based on Yam (Dioscorea rotundata L.) Starch and Its Application in Strawberry (Fragaria vesca L.) Preservation. Appl. Sci. 2021, 11, 11057. [Google Scholar] [CrossRef]

	



Navarro Arrieta, C.; Acevedo-Puello, V.; Fuentes Ordoñez, E.G.; Fonseca-Florido, H.; Ortega-Toro, R. Biodegradable monolayer film based on the collagen extracted from Oreochromis sp. processing byproducts blended with chitosan and assembled with PCL and PLA monolayers to form bilayers films. J. Food Process Eng. 2024, 47, e14696. [Google Scholar] [CrossRef]

	



Aizah, N.; Yusoff, M.; Thian, H.C.; Komilus, C.F. Proximate Composition of Larvae, Prepupae and Adult in Black Soldier Fly (Hermetia illucens). J. Agrobiotechnol. 2022, 13, 109–117. [Google Scholar] [CrossRef]

	



Sánchez-Muros, M.J.; Barroso, F.G.; Manzano-Agugliaro, F. Insect meal as renewable source of food for animal feeding: A review. J. Clean. Prod. 2014, 65, 16–27. [Google Scholar] [CrossRef]

	



Caixeiro, S.; Peruzzo, M.; Onelli, O.D.; Vignolini, S.; Sapienza, R. Disordered Cellulose-Based Nanostructures for Enhanced Light Scattering. ACS Appl. Mater. Interfaces 2017, 9, 7885–7890. [Google Scholar] [CrossRef] [PubMed]

	



Ngasotter, S.; Xavier, K.A.M.; Sagarnaik, C.; Sasikala, R.; Mohan, C.O.; Jaganath, B.; Ninan, G. Evaluating the reinforcing potential of steam-exploded chitin nanocrystals in chitosan-based biodegradable nanocomposite films for food packaging applications. Carbohydr. Polym. 2025, 348, 122841. [Google Scholar] [CrossRef]

	



Cazón, P.; Vázquez, M.; Velázquez, G. Regenerated cellulose films with chitosan and polyvinyl alcohol: Effect of the moisture content on the barrier, mechanical and optical properties. Carbohydr. Polym. 2020, 236, 116031. [Google Scholar] [CrossRef]

	



Zhang, Q.; Myers, D.; Lan, J.; Jenekhe, S.A.; Cao, G. Applications of light scattering in dye-sensitized solar cells. Phys. Chem. Chem. Phys. 2012, 14, 14982–14998. [Google Scholar] [CrossRef]

	



Ng, R.; Park, J. Inquiring into a spectral concept in the physics classroom. Phys. Educ. 2024, 59, 063003. [Google Scholar] [CrossRef]

	



Cruz-Tirado, J.P.; dos Santos Vieira, M.S.; Amigo, J.M.; Siche, R.; Barbin, D.F. Prediction of protein and lipid content in black soldier fly (Hermetia illucens L.) larvae flour using portable NIR spectrometers and chemometrics. Food Control 2023, 153, 109969. [Google Scholar] [CrossRef]

	



Nazrin, A. Sugar palm (Arenga p innata) thermoplastic starch nanocomposite films reinforced with nanocellulose. Phys. Sci. Rev. 2024, 9, 2253–2272. [Google Scholar] [CrossRef]

	



Costa, S.M.; Ferreira, D.P.; Teixeira, P.; Ballesteros, L.F.; Teixeira, J.A.; Fangueiro, R. Active natural-based films for food packaging applications: The combined effect of chitosan and nanocellulose. Int. J. Biol. Macromol. 2021, 177, 241–251. [Google Scholar] [CrossRef]

	



Fu, M. Research on the Properties of Zein, Soy Protein Isolate, and Wheat Gluten Protein-Based Films Containing Cellulose Nanocrystals. Foods 2022, 11, 3010. [Google Scholar] [CrossRef]

	



Escamilla-García, M. Properties and Biodegradability of Films Based on Cellulose and Cellulose Nanocrystals from Corn Cob in Mixture with Chitosan. Int. J. Mol. Sci. 2022, 23, 10560. [Google Scholar] [CrossRef]

	



He, R.; Gai, L.; Zhu, Z.; Gu, H.; Sun, P. Industrial by-products of tiger nut starch as a source of cellulose nanocrystals for biodegradable packaging materials. Int. J. Biol. Macromol. 2025, 306, 141422. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J. Wheat Flour-Based Edible Films: Effect of Gluten on the Rheological Properties, Structure, and Film Characteristics. Int. J. Mol. Sci. 2022, 23, 11668. [Google Scholar] [CrossRef] [PubMed]

	



Collar, C. Significance of heat-moisture treatment conditions on the pasting and gelling behaviour of various starch-rich cereal and pseudocereal flours. Food Sci. Technol. Int. 2017, 23, 623–636. [Google Scholar] [CrossRef] [PubMed]

	



Saman, W.R.; Yuliasih, I.; Sugiarto. Production of biodegradable film based on sweet potato starch with hydroxypropylation-crosslinking. IOP Conf. Ser. Earth Environ. Sci. 2020, 472, 012009. [Google Scholar] [CrossRef]

	



Ahmad, K. Preparation and Characterization of Bio-based Nanocomposites Packaging Films Reinforced with Cellulose Nanofibers from Unripe Banana Peels. Starch-Stärke 2022, 74, 2100283. [Google Scholar] [CrossRef]

	



Sirviö, J.A.; Honkaniemi, S.; Visanko, M.; Liimatainen, H. Composite Films of Poly(vinyl alcohol) and Bifunctional Cross-linking Cellulose Nanocrystals. ACS Appl. Mater. Interfaces 2015, 7, 19691–19699. [Google Scholar] [CrossRef]

	



David, O.; Arthur, E.; Kwadwo, S.O.; Badu, E.; Sakyi, P.; Nkrumah, K. Proximate Composition and Some Functional Properties of Soft Wheat Flour. Int. J. Innov. Res. Sci. Eng. Technol. 2015, 4, 753–758. [Google Scholar]

	



Nandi, S.; Nayak, P.P.; Guha, P. Valorization of betel leaf industry waste: Extraction of cellulose nanocrystals and their compatibility with starch-based composite films. Biomass Bioenergy 2025, 194, 107678. [Google Scholar] [CrossRef]

	



Zhang, L.; Zhao, J.; Zhang, Y.; Li, F.; Jiao, X.; Li, Q. The effects of cellulose nanocrystal and cellulose nanofiber on the properties of pumpkin starch-based composite films. Int. J. Biol. Macromol. 2021, 192, 444–451. [Google Scholar] [CrossRef]

	



Torres-Vargas, O.; Campos Paéz, M.; Lema González, M. Corn starch based biocomposite films reinforced with cellulosic nanocrystals extracted from corn husks (Zea mays L.): Characterization and application in cherry tomato packaging. Ind. Crops Prod. 2025, 225, 120486. [Google Scholar] [CrossRef]

	



Chen, C.; Sun, W.; Wang, J.; Gardner, D.J. Tunable biocomposite films fabricated using cellulose nanocrystals and additives for food packaging. Carbohydr. Polym. 2023, 321, 121315. [Google Scholar] [CrossRef] [PubMed]

	



Tapia-Blácido, D.; Mauri, A.N.; Menegalli, F.C.; Sobral, P.J.A.; Añón, M.C. Contribution of the Starch, Protein, and Lipid Fractions to the Physical, Thermal, and Structural Properties of Amaranth (Amaranthus caudatus) Flour Films. J. Food Sci. 2007, 72, E293–E300. [Google Scholar] [CrossRef] [PubMed]

	



Deng, Z.; Wu, Z.; Tan, X.; Deng, F.; Chen, Y.; Chen, Y.; Zhang, H. Preparation, Characterization and Antibacterial Property Analysis of Cellulose Nanocrystals (CNC) and Chitosan Nanoparticles Fine-Tuned Starch Film. Molecules 2022, 27, 8542. [Google Scholar] [CrossRef] [PubMed]

	



Choque-Quispe, D.; Choque-Quispe, Y.; Ligarda-Samanez, C.A.; Peralta-Guevara, D.E.; Solano-Reynoso, A.M.; Ramos-Pacheco, B.S.; Taipe-Pardo, F.; Martínez-Huamán, E.L.; Aguirre Landa, J.P.; Agreda Cerna, H.W.; et al. Effect of the Addition of Corn Husk Cellulose Nanocrystals in the Development of a Novel Edible Film. Nanomaterials 2022, 12, 3421. [Google Scholar] [CrossRef]








[image: Jcs 09 00249 g001] 





Figure 1. Photographs of the films studied. 
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Figure 2. UV–Vis direct transmittance spectra of the different treatments. 
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Figure 3. Mean values and standard deviations of the water contact angle (CAw, °) and oil contact angle (CAo, °) of the composites under study. Letters indicate significant differences (p < 5). 
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Figure 4. Cumulative weight loss of the composites under study, stored at room temperature (25 °C). Dashed lines indicate the trend. 
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Figure 5. Surface 2.5D optical micrographs (10×) of the biodegradable films under study. Yellow colors indicate the presence of wheat flour, while gray colors indicate the presence of larvae flour. 
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Figure 6. SEM cross-sectional micrographs of the studied composites. 
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Table 1. Mass fractions of the composites studied.
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	Formulations
	Soft Wheat Flour
	Larvae Flour
	CNCs





	FL
	0
	1
	0



	FW-L0.5
	0.5
	0.5
	0



	FW-L0.75
	0.25
	0.75
	0



	FW-L0.5-CNC1
	0.495
	0.495
	0.01



	FW-L0.75-CNC1
	0.2475
	0.7425
	0.01



	FW-L0.5-CNC5
	0.4975
	0.4975
	0.005



	FW-L0.75-CNC5
	0.2487
	0.7462
	0.005










 





Table 2. Proximate analysis of black soldier fly (Hermetia illucens) larvae.
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	Parameter
	Weighted (%)





	Moisture
	6.140 ± 0.20



	Protein
	38.59 ± 2.35



	Fat
	35.84 ± 0.48







Data are presented as mean ± standard deviation.













 





Table 3. Mean values and standard deviation of the gloss (GU) and the colour parameters (lightness (L), red/green (a*), yellow/blue (b*), chroma (C), and hue angle (h, °) of the composites studied.
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Formulations

	
Gloss 60°

	
Colour Parameters




	
L*

	
a*

	
b*

	
C

	
h

	
ΔE






	
FL

	
12.5 ± 0.8 b

	
62.3 ± 0.7 c

	
3.7 ± 0.1 b

	
25.6 ± 0.2 b

	
25.9 ± 0.2 b

	
81.7 ± 0.1 cd

	
-




	
FW-L0.5

	
13.3 ± 0.5 a

	
66.0 ± 0.7 a

	
2.8 ± 0.1 c

	
22.4 ± 0.2 d

	
24.1 ± 0.01 c

	
78.7 ± 1.3 bc

	
-




	
FW-L0.75

	
12.9 ± 0.4 ab

	
67.4 ± 0.5 a

	
2.4 ± 0.5 c

	
21.8 ± 0.5 d

	
22.3 ± 0.4 c

	
83.1 ± 0.7 b

	
-




	
FW-L0.5-CNC1

	
7.30 ± 0.5 c

	
60.1 ± 0.2 d

	
4.5 ± 0.2 b

	
27.4 ± 0.9 a

	
27.4 ± 0.9 a

	
80.6 ± 0.4 d

	
6.9 ± 0.5 a




	
FW-L0.75-CNC1

	
13.4 ± 0.5 a

	
67.5 ± 0.3 a

	
2.9 ± 0.1 c

	
23.7 ± 0.3 c

	
23.5 ± 0.8 c

	
83.7 ± 0.7 b

	
2.3 ± 0.6 c




	
FW-L0.5-CNC5

	
7.28 ± 0.9 c

	
62.9 ± 0.6 c

	
4.0 ± 0.2 ab

	
26.0 ± 0.7 ab

	
26.3 ± 0.1 ab

	
94.7 ± 0.1 a

	
5.3 ± 0.2 b




	
FW-L0.75-CNC5

	
13.1 ± 0.4 ab

	
63.4 ± 0.7 c

	
3.7 ± 0.5 b

	
25.2 ± 0.4 b

	
25.4 ± 0.3 b

	
81.6 ± 1.0 d

	
7.5 ± 0.1 a








Different superscript letters indicate statistically significant differences (p < 0.05) between formulations. These values are used as blanks to calculate the colour change of the respective samples containing the same amount of larvae flour.













 





Table 4. Mean values and standard deviations of the opacity of the studied composites.
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	Formulations
	Opacity





	FL
	1.50 ± 0.03 d



	FW-L0.5
	1.48 ± 0.02 d



	FW-L0.75
	2.21 ± 0.02 a



	FW-L0.5-CNC1
	1.74 ± 0.04 d



	FW-L0.75-CNC1
	1.44 ± 0.03 c



	FW-L0.5-CNC5
	1.71 ± 0.06 c



	FW-L0.75-CNC5
	1.93 ± 0.01 b







Different superscript letters indicate statistically significant differences (p < 0.05) between formulations.













 





Table 5. Mean values and standard deviations of the thickness (μm), water vapour permeability (WVP, g·mm/kPa·h·m2), water absorption capacity (WAC, g of dry composite/g of wet composite), moisture content (Xw, g of water/g of dry composite), and solubility (Sw, g of solubilised composite/g of initial composite) of the studied composites.
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	Formulations
	Thickness
	WVP
	WAC
	Xw
	Sw





	FL
	228.14 ± 0.035 ab
	1.79 ± 0.08 b
	0.60 ± 0.03 a
	0.180 ± 0.07 a
	0.38 ± 0.06 ab



	FW-L0.5
	235.14 ± 0.057 ab
	1.80 ± 0.035 b
	0.40 ± 0.03 c
	0.183 ± 0.01 a
	0.36 ± 0.07 ab



	FW-L0.75
	209.14 ± 0.042 b
	1.20 ± 0.09 c
	0.55 ± 0.05 ab
	0.184 ± 0.07 a
	0.45 ± 0.08 a



	FW-L0.5-CNC1
	237.28 ± 0.015 ab
	2.10 ± 0.08 a
	0.60 ± 0.06 a
	0.146 ± 0.08 c
	0.29 ± 0.03 b



	FW-L0.75-CNC1
	238.00 ± 0.019 ab
	2.16 ± 0.08 a
	0.46 ± 0.07 bc
	0.167 ± 0.04 b
	0.26 ± 0.08 b



	FW-L0.5-CNC05
	250.28 ± 0.030 a
	1.16 ± 0.02 c
	0.62 ± 0.09 a
	0.146 ± 0.03 c
	0.30 ± 0.03 b



	FW-L0.75-CNC05
	210.85 ± 0.022 b
	1.19 ± 0.01 c
	0.61 ± 0.10 a
	0.164 ± 0.04 b
	0.27 ± 0.01 b







Different superscript letters indicate statistically significant differences (p < 0.05) between formulations.













 





Table 6. Mean values and standard deviations of mechanical properties (EM: elastic modulus; TS: tensile strength; E: elongation at break) of the studied formulations.
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	Formulations
	EM (MPa)
	TS (MPa)
	E (%)





	FL
	20.2 ± 0.5 f
	6.1 ± 0.2 d
	230 ± 3 a



	FW-L0.5
	22.1 ± 0.4 cd
	6.7 ± 0.3 c
	203 ± 5 bc



	FW-L0.75
	21.3 ± 0.2 e
	6.4 ± 0.3 cd
	211 ± 3 b



	FW-L0.5-CNC1
	22.5 ± 0.3 c
	6.9 ± 0.2 c
	198 ± 2 c



	FW-L0.75-CNC1
	21.6 ± 0.2 de
	6.5 ± 0.3 cd
	208 ± 5 b



	FW-L0.5-CNC5
	24.2 ± 0.4 a
	9.3 ± 0.2 a
	185 ± 3 d



	FW-L0.75-CNC5
	23.4 ± 0.2 b
	8.3 ± 0.3 b
	197 ± 5 c







Different superscript letters indicate statistically significant differences (p < 0.05) between formulations. The superscript letters (a, b, c, d, e, f) indicate statistically significant differences among the mean values of each mechanical property evaluated (EM, TS, and E), as determined by the analysis of variance (ANOVA) followed by a multiple comparison test (p < 0.05). Values bearing different letters within the same column reflect significant differences between formulations.
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