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Abstract
Aims: This study aimed to develop and evaluate nanoclay-reinforced PBAT-starch biodegradable films for toast packaging, with a focus on quality retention and sustainability during storage.
Study design: An experimental design was adopted with four film formulations: T0 (PBAT-only), T1 (PBAT:Starch 95:5), T2 (90:10), and T3 (85:15), each reinforced with 3% nanoclay.
Place and Duration of Study: The research was carried out in the Department of Processing and Food Engineering, SHUATS, Prayagraj, India, over a three-month experimental period.
Methodology: Films were synthesized and characterized for mechanical, chemical, microbiological, and migration properties. Toast samples were packaged in these films and stored at ambient conditions for three months. Quality parameters including moisture retention, peroxide and acid values, microbial counts, and texture were periodically evaluated.
Results: In films with starch and nanoclay, all parameters showed better preservation. Over a three-month period, T3 demonstrated the best results, with lower AV (0.88 mg KOH/g fat vs. 1.16 in T0), lower PV (6.00 meq O₂/kg vs. 8.33 in T0), less microbial growth (TPC 5.9×10³ CFU/g and YMC 4.9×10² CFU/g vs. 8.1×10³ and 7.8×10² CFU/g in T0, respectively), and better texture retention (3.13 kg vs. 2.75 kg in control).
Conclusion: Nanoclay-reinforced PBAT-starch films, particularly T3, demonstrated strong potential for eco-friendly packaging of baked products. Their application can contribute to extending shelf life while reducing environmental stress caused by synthetic plastics.
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Introduction
The increasing demand for environmentally friendly and sustainable packaging has led to a great deal of research into biodegradable substitutes for traditional polymers derived from petroleum (Hou et al., 2024). In recent years, biodegradable polymers and composites have been extensively investigated as alternatives to synthetic plastics for food packaging. In particular, the incorporation of natural additives has been shown to improve both functional and active packaging properties (Atarés and Chiralt, 2016). Because of its biodegradability, flexibility, and compatibility with starch and nanofillers, poly (butylene adipate-co-terephthalate) (PBAT) has stood out among other polymers as a promising candidate (Roy et al., 2024).
The mechanical and barrier qualities required for food packaging, particularly for products that are sensitive to fat and moisture, such as bread and baked goods, may be insufficient for PBAT alone. Researchers have looked into using modified starch and nanoclay to improve the functional performance of PBAT-based films (Trajkovska Petkoska et al., 2021). These materials aid in better food preservation, decreased oxygen and moisture permeability, and increased structural integrity (Venkatesan et al., 2025).
A naturally occurring, plentiful, and renewable polysaccharide, starch has exceptional film-forming and biodegradable properties (Gupta et al., 2022). By adding mechanical strength when crosslinked or plasticized, its incorporation into PBAT enhances the hydrophilicity and cost-effectiveness of the film (H.-H. Wang et al., 2023). In a similar manner, nanoclay, usually montmorillonite, serves as a reinforcement filler by enhancing mechanical robustness and thermal stability while forming a convoluted channel for the passage of gases and moisture. In actual food storage situations, its synergistic action with starch improves the performance of composite films (Nath et al., 2022). 
Toast is a baked good, it is quite vulnerable to lipid oxidation and texture changes while being stored. One of the most important sensory and quality factors that degrades over time as a result of moisture gain or loss is hardness. Maintaining this textural quality over time is crucial for customer appeal, as toast typically has a hardness of 2.0 to 8.0 kg (Bhise and Kaur, 2014). In this situation, texture analysis is a crucial instrument for evaluating how well biodegradable sheets maintain the integrity of the product (Perera et al., 2023). 
This work examines the possibility of using nanoclay-reinforced PBAT-starch films to increase toasts shelf life by thoroughly assessing their mechanical, chemical, microbiological, and migratory qualities. The film’s ability to preserve toast quality over a three-month period was methodically investigated.
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Materials and Methods 
TGP Chemical Industry Pvt. Ltd. (Satara, Maharashtra, India) supplied the poly (butylene adipate-co-terephthalate) (PBAT), while Loba Chemie Pvt. Ltd. (Mumbai, India) supplied the modified potato starch (MPS), nanoclay, and 99% pure glycerol. Four composite film compositions T0 (PBAT alone), T1 (95:5 PBAT: MPS), T2 (90:10), and T3 (85:15) were produced using consistent applications of 30% glycerol and 3% nanoclay.
The blending process was carried out using a co-rotating twin screw extruder (Make: RKP Drives India Pvt. Ltd., Model: 16.5/7.5/1.0) at barrel temperatures between 70°C and 150°C and a screw speed of 240 rpm. Following pelletization, the extrudates were stored in an airtight container (Model: SKJ2-350B, Make: KBM Extrusion Pvt. Ltd.).
The film was developed using a blown film extruder (Model: NE GIAR, Make: Rashisons International FZE) at temperatures ranging from 130°C to 160°C. The resulting films were stored in desiccators for further analysis after cooling and conditioning.
AOAC Method 925.10 (AOAC International, 2016a) was used to measure the moisture content, and the samples were oven-dried at 105°C until they attained a constant weight. The moisture loss indicates how much water was held in the toast during storage.
The peroxide value (PV) was determined using the iodometric titration method, as outlined by the Association of Official Analytical Chemists (AOAC International, 2016b). In accordance with AOAC Official Method 965.33, the technique measures the hydroperoxides generated in the initial phases of lipid oxidation using milliequivalents of oxygen per kilogram of extracted fat (meq O₂/kg fat).
The acid value (AV) of the fat extracted from the toast matrix was calculated by titrating a standardized potassium hydroxide (KOH) solution to assess the amount of free fatty acids present. AOAC Official Method 940.28 (AOAC International, 2016c) was used to compute and report this as mg KOH/g fat.
The overall migration (OM) from the biodegradable films into food simulants was measured using food simulants (10% ethanol, 3% acetic acid) in accordance with European Union Regulation EU 10/2011 and IS 9845:1998. The migration values were expressed as mg/dm² of the contact surface area, per the European Commission, (2011) and the Bureau of Indian Standards (BIS), (1998). 
The texture (hardness) of the toast was tested using a texture analyzer (TA. XT Plus, Stable Micro Systems) in compression mode. A cylindrical probe was used to measure the maximum force (kg) required to shatter the toast at a test speed of 1.0 mm/s. The study was conducted using AACC Method 74-09 (American Association of Cereal Chemists, 2000).
The total plate count (TPC) was determined using the pour plate technique on plate count agar (PCA), which was cultured for 48 hours at 37°C in compliance with ISO 4833-1:2013. After counting the colonies, the results were expressed as colony forming units per gram (CFU/g) (International Organization for Standardization (ISO), 2013).
The plates were placed on potato dextrose agar (PDA), acidified with tartaric acid to a pH of 3.5, and cultured for five days at 25°C to assess the amount of mold and yeast. The results were reported as CFU/g, and the enumeration was carried out in accordance with ISO 21527-1:2008 (International Organization for Standardization (ISO), 2008).
Results and Discussion
Moisture content
The amount of moisture in toast has a significant impact on its quality and shelf life while it is being stored (Marianelli et al., 2025). The moisture content of all treatments increased during the course of the three-month storage period, as seen in Table 1 and Figure 1. All samples began with a constant moisture content of 2.60%. The treated samples T1, T2, and T3 displayed marginally higher values of 5.20%, 5.47%, and 5.65%, respectively, as compared to the control sample (T0) packaged with pure PBAT, which reached 5.00% by the third month.
The penetration of ambient moisture through the packaging films is responsible for the steady rise in moisture content observed in all treatments. The PBAT-only film (T0) showed comparatively lower moisture uptake than the starch-containing films (T1– T3). This could be because starch is naturally hydrophilic and affects the film matrix (Agarwal, 2021). Further evidence that larger starch loading may jeopardize the water barrier ability of PBAT films, even in the presence of nanoclay, comes from the fact that T3 had the highest moisture.
The layered silicate structure of nanoclay makes water molecules travel in a circuitous path, it probably helped reduce moisture penetration when added at a constant 3% in all treatments (Müller et al., 2011). Nevertheless, at greater concentrations, the overall effect of the hydrophilicity of starch seemed to overwhelm the barrier improvement of the nanoclay. These results are in accordance with previous studies that found that adding starch to biodegradable films increased moisture absorption during storage because of its polar functional groups and affinity for water molecules (X. Wang et al., 2021).
Table 1. Moisture content (%) of toast packaged in pbat-based composite films over 3 months storage
	Treatments
	Moisture Content (%)

	
	Month

	
	0
	1
	2
	3

	T0
	2.60
	3.07
	4.80
	5.00

	T1
	2.60
	3.38
	5.00
	5.20

	T2
	2.60
	3.55
	5.20
	5.47

	T3
	2.60
	3.71
	5.40
	5.65
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Figure 1 Moisture Content of Toast in Biodegradable Films Over 3 Months
Peroxide value (PV)
Peroxide value (PV) is a key measure of lipid oxidation in packaged foods, especially toast and other foods high in fat. PV rose for all treatments during the three-month storage period, as shown in Table 2 and Figure 2, suggesting gradual oxidative degradation. Nonetheless, the degree of oxidation differed greatly according on the type of packaging.
The uniform PV of 1.40 meq O₂/kg at the start of all treatments at month 0 confirmed that the initial oxidation was minimal. Using solely PBAT film, the control sample (T0) had the greatest PV (8.33 meq O₂/kg) by month 3, indicating that there was little protection against oxygen penetration. T1, T2, and T3, on the other hand composite films that contained 3% nanoclay and starch exhibited relatively lower PVs of 7.13, 6.27, and 6.00 meq O₂/kg, respectively.
The barrier-enhancing effect of nanoclay, which creates a convoluted channel for oxygen passage through the film matrix, slows down oxidative reactions and is responsible for the decreased PV in nanoclay-reinforced films (Jung et al., 2021). Higher starch concentrations in combination with nanoclay may help create a more cohesive film structure with better barrier functionality, as seen by the improved performance of T2 and T3.
These outcomes are in line with other research that found that nanocomposite films in baked goods that were stored exhibited decreased oxygen permeability and postponed lipid oxidation (San et al., 2022). A higher starch content (15%) may work in concert with nanoclay to provide a more compact matrix, further reducing oxidative breakdown, as suggested by the somewhat reduced PV in T3 as opposed to T2.
Table 2. Peroxide Value (meq O₂/kg) of Toast Packaged in PBAT-Based Composite Films During 3 Months Storage
	Treatments
	Peroxide Value (meq O₂/kg)

	
	Month

	
	0
	1
	2
	3

	T0
	1.40
	3.98
	6.20
	8.33

	T1
	1.40
	3.72
	5.40
	7.13

	T2
	1.40
	3.05
	5.17
	6.27

	T3
	1.40
	2.90
	5.02
	6.00
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Figure 2 Peroxide value of toast in biodegradable films over 3 months
Acid value (AV) 
The amount of free fatty acids (FFA) produced from triglycerides as a result of lipid degradation is reflected in the acid value (AV), a crucial measure of hydrolytic rancidity. Over the course of the three-month storage period, AV increased gradually in all treatments, as indicated in Table 3 and Figure 3, though at varying rates based on the packaging formulation. At month 0, the acid value of all samples was 0.40 mg KOH/g fat, indicating little lipid hydrolysis at first. The T0, which used simply PBAT as the packaging medium, had the highest AV at the end of the storage period (1.16 mg KOH/g fat). This implies that PBAT by itself might provide only a limited level of defense against oxygen and moisture intrusion, which would speed up hydrolytic reactions.
The final AV values of 1.10, 1.00, and 0.88 mg KOH/g fat, respectively, showed that the composite films with starch and nanoclay (T1, T2, and T3) had better oxidative and hydrolytic stability. Interestingly, T3 showed the lowest AV despite having the greatest starch content (15%). According to this, using starch and nanoclay together enhances the films barrier qualities by limiting the entry of water molecules that encourage hydrolysis (Mujtaba et al., 2022). 
The tortuous path of nanoclays lamellar structure restricts the diffusion of moisture, whereas starch increases the density of the film matrix, resulting in decreased permeability (Adak et al., 2025). By delaying hydrolysis, these interactions increase the packed products oxidative stability. Cheng et al., (2024) published similar findings, indicating decreased acid values in meals packed with biodegradable films reinforced with nanoclays.
Table 3. Acid Value (mg KOH/g fat) of Toast Packaged in PBAT-Based Composite Films During 3 Months of Storage
	Treatments
	Acid Value (mg KOH/g fat)

	
	Month

	
	0
	1
	2
	3

	T0
	0.40
	0.70
	0.89
	1.16

	T1
	0.40
	0.66
	0.84
	1.10

	T2
	0.40
	0.58
	0.77
	1.00

	T3
	0.40
	0.51
	0.68
	0.88
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Figure 3 Acid value of toast in biodegradable films over 3 months


Overall migration
A crucial safety metric, especially for biodegradable packaging materials, is overall migration (OM), which is the total amount of non-volatile compounds that can move from packaging material into food. The overall migration limit for materials that come into contact with food is 10 mg/dm2, as per Indian Standard IS 9845:1998 and European Regulation EU 10/2011. All film samples, as indicated in Table 4, stayed under this regulation limit for the duration of the three-month storage period, proving their appropriateness for use in food packaging. Nonetheless, there were significant variations between the therapies. The highest OM values were seen in the PBAT-only film (T0), which rose from 1.90 mg/dm² at month one to 6.20 mg/dm² by month three. The addition of starch and nanoclay, on the other hand, considerably decreased the amount of migration; T3 (15% starch + 3% nanoclay) had the lowest OM values (1.27 to 5.04 mg/dm²).
The barrier-enhancing properties of nanoclay, which provide a convoluted channel that limits the diffusion of migratory chemicals through the film matrix, are responsible for this decrease in OM (Fahmy et al., 2020). Furthermore, starch improves hydrogen bonding and the films compactness, both of which reduce migration rates (Fatima et al., 2024).
The better performance of T3 implies that a larger starch content works in concert with nanoclay to build a denser polymeric network, which lowers the mobility of potentially migrating additives or residues. Oliver-Ortega et al., (2021) found diminished migration values in nanocomposite biodegradable films, exhibiting similar patterns.
Table 4. Overall Migration (mg/dm²) from PBAT-Based Composite Films Used in Toast Packaging During Storage
	Treatments
	Overall Migration (mg/dm²)

	
	Month

	
	1
	2
	3

	T0
	1.90
	4.00
	6.20

	T1
	1.80
	3.70
	5.40

	T2
	1.50
	3.23
	5.16

	T3
	1.27
	2.98
	5.04
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The duration of three months of storage, the texture analysis of toast samples was carried out in terms of hardness; the findings are compiled in Table 5. The inclusion of starch and nanoclay increased the toasts initial firmness, as seen by the hardness of the samples throughout the first month, which ranged from 7.16 kg in the control sample (T0) to 8.13 kg in T3. In comparison to the control, treatments T1 and T2 also had greater hardness values, weighing 8.04 kg and 7.46 kg, respectively. All treatments showed a decrease in hardness by the second month. While T1, T2, and T3 displayed hardness values of 6.58 kg, 6.11 kg, and 6.72 kg, respectively, T0 fell to 5.30 kg. This decrease is explained by the toasts texture being softer due to moisture absorption during storage. However, as evidenced by their somewhat higher hardness, the films supplemented with starch and nanoclay showed superior resistance to moisture-induced softening.
The pattern of diminishing texture persisted in the third month, when T0 dropped even further to 2.75 kg. T1 and T2 observed values of 2.88 kg, 2.77 kg, and 3.13 kg, respectively, in contrast. The synergistic effect of 15% starch and 3% nanoclay in the film matrix may have contributed to T3 s improved capacity to keep texture, as it continuously maintained the maximum hardness throughout the storage time.
These findings demonstrate that adding starch and nanoclay to PBAT films improves packaging performance by postponing the toasts texture degradation. According to earlier research, biopolymer-based nanocomposite films have enhanced mechanical strength and barrier qualities, which help to better preserve food texture (Gao et al., 2022). All of the samples stayed within the allowed range of toast hardness, which is typically between 2.0 kg to 8.0 kg based on industry norms (Kinner et al., 2021). T3, on the other hand, demonstrated the best textural stability, which makes it a viable option for commercial biodegradable packaging uses.
Table 5. Texture (Hardness) of Toast Samples During 3-Month Storage
	Treatments
	Texture (Hardness) (Kg)


	
	Month

	
	1
	2
	3

	T0
	7.16
	5.30
	2.75

	T1
	8.04
	6.58
	2.88

	T2
	7.46
	6.11
	2.77

	T3
	8.13
	6.72
	3.13


Total Plate Count (TPC)
A crucial microbiological metric for assessing the overall hygienic conditions and microbial load in food items is the total plate count (TPC). Moisture migration and exposure to the environment during storage frequently result in an increase in TPC. A strong initial microbiological quality was indicated by the first TPC of 1.5×10³ CFU/g for all toast samples in the current study. Microbial counts, however, gradually rose in all treatments over the course of the three-month storage period (Table 6). At the conclusion of the second month, TPC varied between 5.9×10³ CFU/g (T3) and 8.1×10³ CFU/g (T0). The TNTC (Too Numerous To Count) level, which denotes microbial deterioration, was attained by all samples at month three. The content of the packaging, however, had a substantial impact on the rate of microbial development.
The maximum microbial proliferation was seen in T0 (PBAT alone), suggesting inadequate oxygen and moisture barriers that potentially promote microbial development. The slowest rate of microbial growth, however, was shown in T3 (PBAT + 15% starch + 3% nanoclay), which was followed by T2 and T1. The enhanced barrier qualities provided by the nanoclay and starch, which decreased moisture permeability and minimized microbial contamination, are responsible for the decreased microbial growth in T3.
The formation of a tortuous channel that impedes the transfer of oxygen and moisture, nanoclay suppresses microbial activity and helps to maintain microbial stability (Mukherjee et al., 2022). Moreover, starch delays microbial growth by strengthening the film matrixs structural integrity and indirectly affecting the water activity surrounding the food (Liu et al., 2022). A lot of research has been done on using antimicrobial packaging solutions to increase the shelf life of baked goods. According to X. Wang et al., (2021), PBAT-based composites might prolong microbial lag phases due to their decreased permeability, even if they are not intrinsically antibacterial.
Table 6. Total Plate Count (CFU/g) in Toast Packed with PBAT-Based Composite Films During Storage
	Treatments
	Total Plate Count (CFU/g)

	
	Month

	
	0
	1
	2
	3

	T0
	1.5×10³
	6.1×10³
	8.1×10³
	TNTC

	T1
	1.5×10³
	5.6×10³
	7.6×10³
	TNTC

	T2
	1.5×10³
	5.2×10³
	6.8×10³
	TNTC

	T3
	1.5×10³
	4.8×10³
	5.9×10³
	TNTC


TNTC = Too Numerous To Count (≥10⁴ CFU/g)
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A major sign of fungal spoiling in baked goods is the formation of yeast and mold, which is usually made worse by high moisture content and extended storage. The initial yeast and mold count for all treatments was 90 CFU/g, as shown in Table 7, and it gradually rose over the course of storage. At 4.7×10² CFU/g at month one and 7.8×10² CFU/g by month two, the PBAT-only film (T0) showed the maximum fungal proliferation. By month three, TNTC (Too Numerous To Count) was evident, suggesting obvious spoiling.
In contrast, films with increased starch and a constant nanoclay content showed slower fungal growth with time. The lowest number of yeast and mold was found in the T3 treatment, which reached 1.9×10² CFU/g at month 1 and 4.9×10² CFU/g at month 2. According to this pattern, which is consistent with findings from other criteria, the inclusion of starch and nanoclay greatly enhances the films barrier qualities, postponing fungal contamination (Lemos et al., 2025).
The improving the films impermeability to oxygen and moisture, which are necessary for fungal growth, nanoclay indirectly confers antimicrobial properties. Furthermore, a major component of fungal control, the combination of starch and nanoclay probably results in increased film matrix density, which lowers water activity surrounding the packaged toast (Zahra Afsharian, 2019). These outcomes are in accordance with Bajpai et al., (2018) research, which found that fungal spoiling of baked goods can be postponed by using biodegradable sheets that contain nanomaterials.
Table 7. Yeast and Mold Count (CFU/g) in Toast Packed with PBAT-Based Composite Films During Storage
	Treatments
	Yeast and Mold Count (CFU/g)

	
	Month

	
	0
	1
	2
	3

	T0
	90.00
	4.7×10²
	7.8×10²
	TNTC

	T1
	90.00
	3.7×10²
	6.4×10²
	TNTC

	T2
	90.00
	2.3×10²
	5.4×10²
	TNTC

	T3
	90.00
	1.9×10²
	4.9×10²
	TNTC


TNTC = Too Numerous To Count (≥10³ CFU/g)
Conclusion
The PBAT-starch-nanoclay composite films were effectively created and assessed in this work as biodegradable toast packaging materials. The functional performance of the films was considerably impacted by the addition of starch (5–15%) and a consistent 3% nanoclay. The T3 film (PBAT:Starch 85:15 with nanoclay) showed the highest toast quality preservation over a three-month storage period out of all the treatments. It demonstrated restricted moisture absorption, improved texture retention (3.13 kg), the least increase in peroxide and acid values, and efficient microbial load reduction. These findings demonstrate the T3 film’s potential as an environmentally friendly substitute for traditional plastic packaging. According to the results, PBAT-starch-nanoclay coatings can successfully prolong the shelf life of baked goods like toast while preserving their texture and sensory qualities. Future studies could evaluate the effectiveness of PBAT-starch-nanoclay films with other perishable food items and investigate their scalability for industrial packaging applications.
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