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ABSTRACT
Transforming agro-industrial waste into gourmet functional foods offers a dual solution to environmental sustainability and consumer nutrition. This study valorizes grape pomace and okara, nutrient-dense by-products of the wine and soy-milk industries into a high-fiber, protein-rich extruded snack. To bridge the gap between “healthy” and “highly acceptable,” we evaluated the impact of a milk chocolate coating on the snack’s physicochemical and sensory profile compared to uncoated samples. Using a completely randomized design (CRD) and paired t-tests for analysis, results revealed that, moisture and ash remained stable, the chocolate coating significantly balanced the product’s profile by increasing pH from 4.69 to 5.33 and reducing titratable acidity from 0.74% to 0.40%. While fat content increased due to the cocoa butter and milk fat, the structural integrity of the extrudates remained intact. Most notably, the coating triggered a synergistic boost in antioxidant activity, despite non-significant changes in total phenolic content, the significant rise in antioxidant activity suggests a powerful interaction between grape and cocoa polyphenols. Sensory results confirmed a marked improvement in overall acceptability, proving that chocolate coating is not just an additive, but a strategic tool to transform industrial by-products into value-added, market-ready functional delicacies.
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1. INTRODUCTION
Valorization of the agro-industrial by-products has gained significant attention in the recent years, due to its potential to reduce food waste and promote sustainable food production. Building upon the development of grape pomace and okara enriched product in our previous report (Sindhu et al., 2026). We used extrusion technology, a versatile, high-temperature short-time (HTST) process to transform these fibrous residues into expanded, crispy snacks. Although extrusion yields products with an acceptable expansion ratio, the inherent bitterness and mouthfeel of the by-products necessitate further refinement. Chocolate coating is known to improve sensory acceptability, flavour, and visual appeal, while providing a protective barrier against moisture uptake and oxidative deterioration. Using grape pomace and okara in an extruded product help in valorizing the agro-industrial byproduct, although it produces the good extrudates with acceptable expansion ratio and crispness, fiber content in grape made it little difficult for the consumers to accept the product, to overcome this problem we have tried coating the optimized product with commercially available milk chocolate in order to enhance the sensory properties and other physico-chemical properties of the extruded snacks. Edible and lipid-based chocolate coating is a widely recognized strategy to improve product acceptability, shelf life, and consumer appeal, by acting as semi-permeable barriers that reduce moisture and gas transfer (Gounga et al., 2017; Matloob et al., 2023).  While such coatings have been applied in a range of food products to improve quality and longevity, there is limited research on their application to extruded snacks enriched with agro‑industrial by‑products. 
The present study focuses on the development and evaluation of chocolate‑coated extrudates formulated from an optimized okara–grape pomace blend, investigating the effects of chocolate coating on physicochemical properties, functional characteristics, and storage stability. The chocolate coated extrudates found to have better sensory acceptability than the uncoated extrudate along possessing higher polyphenols and antioxidant activity. Our study supports the sustainable development goal (SDG) 12 – Responsible consumption and production. This work aims to bridge the gap between valorization of underutilized residues and practical product enhancement strategies for commercialization and sustainable snack development.
2. MATERIALS AND METHODS
2.1 Materials
Grape pomace was prepared from ‘Pusa Navrang’ grapes and okara is prepared from the soyabeans, the detailed procedure for the preparation is given in our previous study (Sindhu et al., 2025). Maize flour, sugar, cocoa powder, and milk chocolate were procured from a local market. All the chemicals used in the study were of analytical grade.
2.2 Extrudate preparation
Grape pomace was used to partially replace maize flour in the formulation, keeping the ingredient ratio unchanged, to create extrudates enhanced with grape pomace. An optimized formulation comprising 7.5% grape pomace, 71.5% maize flour, 10% okara, 10% sugar, and 1% cocoa powder was prepared. The ingredients were mixed and conditioned to a moisture content of 11% before extrusion at a screw speed of 300 rpm and a barrel temperature of 117–121 °C. This optimized process yielded a desirability value of 0.76. After experimental validation, the improved extrudates were uniformly coated with milk chocolate at 5% (w/w) on a weight basis to evaluate changes in physico-chemical characteristics and sensory quality.
2.3 Bio-chemical properties. 
2.3.1 pH
pH was measured using a digital pH meter (AOAC, 2016).
2.3.2  Titratable acidity
Titratable acidity of the extrudates was determined and expressed as percentage of tartaric acid, following the procedure described by Ranganna (2010). 2.3.3  Moisture content  
Moisture content of the extrudates was determined using the oven-drying method by drying a 5 g sample at 105 ± 2 °C to constant weight, as per AOAC (2000). 2.3.4  Ash content
Ash content of the extrudates was determined by dry ashing in a muffle furnace at 600 °C, following the standard AOAC (2000) method. 2.3.5  Fat content
Crude fat content of the extrudates was determined using a Soxhlet extraction system (DET-GRAS N, P SELECTA, Spain) with petroleum ether as the solvent, following the method described by Ojure and Quadri (2012). 
2.3.6  Total phenolic content 
 Total phenolic content of the extrudates was estimated following the method described by Sulaimankhil et al. (2021) with slight modifications. The extrudates were first ground into a fine powder using a laboratory grinder. Approximately 1 g of the powdered sample was mixed with 10 mL of methanol (80%) and extracted by shaking at room temperature for 2–3 h. The mixture was then centrifuged at 5000 rpm for 10 min, and the supernatant was collected for analysis. For TPC determination, 0.5 mL of the extract was mixed with 2.5 mL of 10% Folin–Ciocalteu reagent and allowed to react for 5 min. Subsequently, 2.0 mL of 7.5% sodium carbonate solution was added, and the mixture was incubated in the dark at room temperature for 30 min. The absorbance was measured at 765 nm using a UV–Visible spectrophotometer. Total phenolic content was calculated from a gallic acid standard curve and expressed as mg gallic acid equivalents (GAE) per 100 g of sample. 
2.3.7  Total antioxidant activity (FRAP)
Total antioxidant activity (TAA) was determined using the ferric reducing antioxidant power (FRAP) assay as described by Sethi et al. (2020). The assay was performed using the same extract prepared for total phenolic content analysis. Briefly, the FRAP reagent was freshly prepared by mixing 300 mM acetate buffer (pH 3.6), 10 mM TPTZ solution in 40 mM HCl, and 20 mM ferric chloride (FeCl₃·6H₂O) in a ratio of 10:1:1 (v/v/v). An aliquot of 0.1 mL of the sample extract was added to 3.0 mL of FRAP reagent and incubated at 37 °C for 30 min in the dark. The increase in absorbance was measured at 593 nm using a UV–Visible spectrophotometer. The antioxidant activity was calculated using a Trolox standard curve and expressed as µmol Trolox equivalents (TE) per g of sample.
2.3.8  Sensory evaluation
A descriptive sensory analysis was carried out with a semi-trained panel consisting of 25 individuals aged between 25 and 35 from the Division of Food Science and Postharvest Technology, ICAR-Indian Agricultural Research Institute. Sensory descriptors such as Appearance, taste, texture, aroma were recorded using a 9-point hedonic scale, where 0 indicated not acceptable and 9 denoted most acceptable (Ranganna, 2010).
2.4  Statistical analysis. 
The experiment followed a completely randomized design (CRD), and all analyses were carried out in triplicate (n = 3). Results are presented as mean ± standard deviation (SD). One-way ANOVA was used to analyze differences among formulations using IBM SPSS Statistics 19 (SPSS Inc., USA). Paired t-tests were employed to evaluate the effect of chocolate coating by comparing samples before and after coating. Statistical significance was accepted at p < 0.05. 
3. RESULTS AND DISCUSSION
3.1 pH and titratable acidity (TA)
	The pH of the grape pomace extrudate was 4.69 ± 0.14, whereas the chocolate-coated extrudate showed a higher pH of 5.33 ± 0.09. There is a statistically significant change in the pH (p = 0.009 < 0.05). The milk chocolate used for coating, which contains buffering components like milk solids, sugar, and fats that would lessen the overall acidity of the underlying grape pomace extrudate, could be a plausible explanation for the rise in pH seen in the chocolate-coated extrudate (Atalar et al., 2025). The TA of the chocolate-coated extrudate (0.40 ± 0.10%) was much lower than that of the grape pomace extrudate (0.74 ± 0.07%), with a significant decrease after coating (p = 0.04 < 0.05). This implies that the product’s measured acid content was neutralized by the chocolate. A lower measured TA in the coated product can result from the chocolate’s contents diluting or masking the acidity found in the grape pomace extrudate matrix (Kumar et al., 2021). Figure 1 displays the chocolate-coated and uncoated extrudates.
3.2  Moisture content  
The grape pomace extrudate had a moisture content of 4.05 ± 1.00%, whereas the chocolate-coated extrudate had a somewhat lower value of 2.85 ± 0.27%. Nevertheless, the change was not statistically significant (p = 0.07). The chocolate coating's barrier effect, which may lessen moisture retention or evaporation during handling and storage, is responsible for the somewhat reduced moisture content in the chocolate-coated extrudate. The trend is consistent with the finding that fat-rich coatings frequently lower the water activity at the surface, so modestly lowering the overall moisture content measured in coated items, even if the difference was not statistically significant (Joardder et al., 2019). Additionally, the extrudate and chocolate-coated extrudate's low moisture content (<5%) indicates that they are low-moisture foods, which are preferred for improved microbiological stability and shelf life. The chocolate coating is appropriate for preserving the physicochemical stability of the extrudate (Syamaladevi et al., 2016) (Table 1).
3.3 Fat content and ash content 
The grape pomace extrudate had a fat content of 1.59 ± 0.20%, while the chocolate-coated extrudate had a fat level of 2.63 ± 0.20% (p = 0.0007) (Table 1). Since milk chocolate contains considerable amounts of fats, such as milk fat and cocoa butter, which directly contribute to the coated product’s overall fat content, this notable increase is anticipated. The incorporation of chocolate not only enhances the energy content but also influences the texture, mouthfeel, and overall sensory acceptance of the extrudate (Lenin et al., 2021). On the other hand, the ash content, which is a measure of the total mineral matter, was 2.65 ± 3.23% for the grape pomace extrudate and 3.23 ± 0.20% for the chocolate-coated extrudate. Nevertheless, this rise did not reach statistical significance (p = 0.1). The mineral contributions from the chocolate ingredients such as milk solids and cocoa, which contain calcium, potassium, magnesium, and trace elements may be responsible for the modest rise. The absence of significance suggests that the extrudate’s mineral composition was not significantly changed by the chocolate coating (Singh et al., 2024).
3.4 Sensory evaluation
The grape pomace extrudate's sensory score was 6.54 ± 0.05, whereas the chocolate-coated extrudate scored much higher at 7.69 ± 0.12 (p = 0.009) (Table 1), suggesting that the chocolate coating greatly improved overall acceptability. A more pleasing flavor profile results from the milk chocolate coating’s extra sweetness, which counteracts the grape pomace's moderate acidity and bitterness (Harwood & Hayes, 2017). Chocolate coating added a creamy texture and a pleasant snap or crunch to the extrudate depending on its crystallization, which enhances the tactile feel of the extrudate, making it more acceptable by the consumers (Kumar et al., 2021). Additionally, the chocolate coating enhances aesthetic appeal by providing a consistent, glossy surface that is typically favored by customers. Visual characteristics have a significant impact on extrudate’s perceived flavor and general acceptability (Doğan & Yılmaz, 2023). In order to improve general acceptance, the chocolate coating might partially cover up unfavorable flavors from the grape pomace, such as astringency or off-notes from polyphenols.
3.5 Total phenolic content and total antioxidant activity
The grape pomace extrudate had a total phenolic content (TPC) of 773.76 ± 8.57 mg GAE/100 g, whereas the chocolate-coated extrudate had a slightly higher TPC of 814.69 ± 9.57 mg GAE/100 g. But according to Table 1, this increase was not statistically significant (p = 0.08 > 0.05). On the other hand, the extrudate's total antioxidant activity as determined by FRAP rose from 185.52 ± 2.21 µmol TE/g to 202.33 ± 2.89 µmol TE/g in the chocolate-coated extrudate (p = 0.005 < 0.05). Grape pomace, which is known to be a rich source of polyphenols such flavonoids, phenolic acids, and anthocyanins, is responsible for the high phenolic content seen in both samples (Sindhu et al., 2025). Chocolate and cocoa are known to include flavanols and other antioxidant chemicals, the small, non-significant rise in TPC following chocolate coating may be the result of cocoa-derived polyphenols (Di Mattia et al., 2017). But given the already high phenolic load of the grape pomace matrix, the absence of statistical significance indicates that the phenolic contribution from chocolate was somewhat small.
It is interesting to note that after chocolate coating, the FRAP values dramatically rose despite the non-significant change in TPC. This increase in antioxidant capacity of the coated extrudates may be attributed to the synergistic interaction between polyphenolic compounds from grape pomace (such as flavonoids, phenolic acids, anthocyanins, and resveratrol) and cocoa-derived antioxidants, particularly flavan-3-ols and procyanidins.  (Subroto et al., 2022). According to reports, the strong reducing power of cocoa polyphenols can improve ferric reducing antioxidant potential without necessarily increasing total phenolic content proportionately. This effect has been documented in composite food systems, where the type, structure, and bioactivity of individual phenolic compounds influence antioxidant activity in addition to the overall phenolic concentration (Skroza et al., 2022). Higher antioxidant activity may also have resulted from the chocolate coating's protective matrix, which lessened the oxidative destruction of phenolic components during processing and analysis. Similar findings have been documented in coated or composite functional meals, where coatings improve the efficacy and stability of antioxidants (Hu et al., 2016).
Table 1. Physicochemical, functional, and sensory properties of uncoated and chocolate-coated grape pomace extrudates.
	Attributes
	Extrudate
	Chocolate coated extrudate
	p value

	pH
	4.69±0.14
	5.33±0.09
	0.009*

	Titratable acidity
	0.74±0.07
	0.40±0.10
	0.04*

	Moisture content
	4.05±1.00
	2.85±0.27
	0.07

	Fat content
	1.59±0.20
	2.63±0.20
	0.0007*

	Ash content
	2.65±3.23
	3.23±0.20
	0.1

	Sensory score
	6.54±0.05
	7.69±0.12
	0.009*

	Total phenolic content (mg GAE/100 g)
	773.76±8.57
	814.69±9.57
	0.08

	Total antioxidant activity (FRAP) (µmol TE/g)
	185.52±2.21
	202.33±2.89
	0.005*


Values are expressed as mean ± standard deviation (SD) (n = 3). Different parameters were analyzed using paired t-test and one-way ANOVA. Values marked with an asterisk (*) are significantly different at p < 0.05.

 
Fig. 1.  Visual appearance of grape pomace extrudates before and after chocolate coating.

4. CONCLUSION
The current work assessed the effects of chocolate coating on the physicochemical, functional, and sensory properties of grape pomace-based extrudates and proved their effective development. Grape pomace’s potential as a useful functional ingredient was confirmed by the extrudates it produced, which had a noticeable phenolic content and antioxidant activity. Chocolate coating has reduced the acidity of the extrudates, while moisture and ash content did not show any significant change. Total phenolic content did not show a significant change, the chocolate-coated extrudates exhibited a significantly higher antioxidant activity, suggesting synergistic interactions between grape pomace polyphenols and cocoa-derived antioxidants. Additionally, a sensory assessment showed that the chocolate-coated extrudates' overall acceptability had significantly improved, underscoring the contribution of chocolate coating to improving consumer appeal. The results show that chocolate coating is a viable method for grape pomace valorization and the creation of nutritionally enhanced, value-added functional snack products by enhancing the sensory quality and antioxidant potential of grape pomace extrudates without sacrificing their stability.
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