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Development, Nutritional Profiling and Sensory Evaluation of Vegan Oat Milk Lassi Fortified with Ashwagandha

Abstract
[bookmark: _Hlk214375709]Objective: To formulate a vegan lassi using oat milk base fortified with ashwagandha powder, sugar, cardamom, and saffron, to assess its physicochemical, microbiological, antioxidant, texture, color, and sensory properties to identify the most acceptable formulation.
Methods: Three formulations (S1, S2, S3) differing in ashwagandha levels (0.2 g, 0.3 g, and 0.4 g per batch), with sugar fixed at 16 %, were prepared. Physicochemical analyses included moisture, ash, protein, fat, pH, titratable acidity, total sugars, dietary fiber. Functional analysis: antioxidant capacity (DPPH, total phenolic content). Microbiological safety: total viable count, lactic acid bacteria count, yeast & mold. Sensory evaluation (appearance, aroma, taste, texture, overall acceptability) was performed by 30 semi-trained panelists using 9-point hedonic scales. Statistical analysis via ANOVA and post-hoc Tukey’s test (p < 0.05).
Results: The moisture contents were 33.1 ± 1.2 % (S1), 36.8 ± 1.5 % (S2), and 48.5 ± 2.0 % (S3). Ash increased with ashwagandha, being 3.0 ± 0.3 %, 7.5 ± 0.7 %, and 10.2 ± 0.9 % in S1-S3, respectively. Protein was approx. 8.4-8.6 % in all samples; fat decreased modestly (1.6 ± 0.1 % to 1.2 ± 0.1 %). Antioxidant activity and total phenolics increased significantly with higher ashwagandha. Microbiological counts were within acceptable limits for fermented non-dairy beverages. Color and viscosity values varied: S3 was darker with higher viscosity but had lower sensory acceptability due to bitter taste. Sensory panel judged S1 best overall (mean score: 8.5 ± 0.3), followed by S2 (7.2 ± 0.5) and S3 (6.1 ± 0.7).
Conclusion: S1 (0.2 g ashwagandha) is optimal for balancing sensory acceptability with good nutritional and functional properties. The developed oat milk lassi offers a promising dairy-free alternative for consumers intolerant to milk, with added health benefits. Further work needed on shelf-life stability and cost-analysis for commercialization.
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1. Introduction
The increasing global demand for plant-based milk alternatives is driven by health, environmental, and ethical considerations (e.g. McCarron et al., 2024). Oat milk in particular is gaining attention due to its favorable nutritional profile, including dietary fiber (especially β-glucan), moderate protein, and unsaturated fatty acids (Zhou et al., 2023). Fortification and fermentative techniques are often used to improve flavor and functional properties of plant milks (Tangyu et al., 2023). Ashwagandha (Withania somnifera) is a medicinal herb well known for its apoptogenic, antioxidant and immune-modulating properties; its phytochemicals may impart additional health benefits.	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Delete	Comment by ahmed: Italic	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Bold	Comment by ahmed: Italic
Lassi is a traditional fermented dairy beverage commonly consumed in the Indian subcontinent; however, its vegan analogues remain underexplored. Thus, this study aims to develop a vegan oat milk lassi fortified with ashwagandha and evaluate its physicochemical, functional, microbial, and sensory properties to identify the optimal formulation.	Comment by ahmed: Starting distance of paragraph
2. Materials and Methods
2.1 Materials
Commercial oat milk (Only Earth brand) was used as base. Ashwagandha powder was procured locally and authenticated. Sugar, cardamom, saffron were food-grade. A vegan lactic acid bacterial culture (e.g. Streptococcus thermophilus, Lactobacillus plantarum) was purchased from ULTx, used as starter (initial inoculum ~10^7 CFU/mL).	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: 107
2.2 Experimental Design
Preliminary trials tested sugar (12 %, 15 %, 18 %) and ashwagandha (0.2 g, 0.3 g, 0.4 g) levels via sensory screening (n = 10). Based on those, sugar 16 % and three ashwagandha levels were selected. Formulations S1, S2 and S3 were prepared in Table 1.	Comment by ahmed: Starting distance of paragraph
Table 1: Composition of Vegan Oat Milk Lassi
	Samples
	Oat milk curd (mL)
	Ashwagandha (g)
	Sugar (%)
	Cardamom (g)
	Saffron (mg)

	S1
	85.96
	0.2
	16
	0.2
	0.2

	S2
	83.60
	0.3
	16
	0.1
	0.2

	S3
	83.50
	0.4
	16
	0.2
	0.2






2.3 Preparation of Vegan Oat Milk Lassi
Oat milk was inoculated with starter culture and incubated at 40 °C until pH 4.5 (approx. 8 h). After fermentation, mixtures were cooled and sugar, spices added. Samples homogenized and filled into sterilized containers (Sayyad et al.,2022).	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic
Receiving of oat milk
↓
Filtration / Clarification
↓
Pasteurization (at 80-90° C for
5-6 minutes)
↓ 
Cooling (40-45° C)
           ↓
Addition of probiotics starter culture
↓
Incubation (at 30-32° C for 10-12 hours)
 Dahi
↓
Addition of Ashwagandha powder and sugar
↓
Addition of cardamom powder and churning
↓
Lassi and packaging
   ↓
Cooling and Storage (at 4-6° C)

Fig 1: Flow chart for preparation of Vegan Oat Milk Lassi
2.4 Physicochemical Analyses
Moisture, ash, fat, protein determined by AOAC methods. pH measured by pH meter; titratable acidity expressed as % lactic acid. Total and reducing sugars via DNS (or Somogyi–Nelson) methods. Dietary fiber via enzymatic-gravimetric method.	Comment by ahmed: Starting distance of paragraph
2.5 Functional Analyses
Total phenolic content (TPC) via Folin-Ciocalteu method (mg GAE/100 g). Antioxidant (DPPH radical scavenging) assay performed.	Comment by ahmed: Starting distance of paragraph
2.6 Microbiological Analyses
Total viable count, lactic acid bacteria, yeast & mold quantified by plate counts. Pathogen checks for E. coli, Salmonella.	Comment by ahmed: Starting distance of paragraph
2.7 Sensory Evaluation
Thirty semi-trained panelists evaluated appearance, aroma, taste, texture, mouthfeel, overall acceptability on 9-point hedonic scale. Samples coded, served at 8-10 °C, water rinsing between samples.	Comment by ahmed: Starting distance of paragraph
2.8 Statistical Analysis
Data are mean ± SD (n = 3 for physicochemical/microbiological, n = 30 for sensory). One-way ANOVA performed and means compared by Tukey’s post-hoc test; significance at p < 0.05.	Comment by ahmed: Starting distance of paragraph
3. Results
3.1 Physicochemical Properties
Moisture ranged from 33.1 ± 1.2 % (S1) to 48.5 ± 2.0 % (S3). Ash contents rose with ashwagandha levels: 3.0 ± 0.3 % (S1), 7.5 ± 0.7 % (S2), 10.2 ± 0.9 % (S3). Protein remained ~8.5 %. Fat decreased from 1.6 ± 0.1 % (S1) to 1.2 ± 0.1 % (S3). pH and titratable acidity varied modestly among samples; total sugars and dietary fiber increased with ashwagandha (Table 2).	Comment by ahmed: Starting distance of paragraph
Table 2: Chemical analysis of Vegan Oat Milk Lassi of S1, S2 and S3 samples
	Sample
	Moisture (%)
	Ash (%)
	Fat (%)
	Protein (%)
	pH
	Titratable Acidity (%)
	Total Sugar (%)
	Dietary Fiber (%)

	S1
	33.1 ± 1.2*
	3.0 ± 0.3*
	1.6 ± 0.1*
	8.5 ± 0.2*
	4.8 ± 0.1*
	0.17 ± 0.01*
	14.2 ± 0.5*
	1.8 ± 0.1*

	S2
	36.8 ± 1.5
	7.5 ± 0.7
	1.4 ± 0.1
	8.4 ± 0.2
	4.8 ± 0.1
	0.21 ± 0.01
	14.5 ± 0.5
	2.5 ± 0.1

	S3
	48.5 ± 2.0
	10.2 ± 0.9
	1.2 ± 0.1
	8.6 ± 0.2
	4.7 ± 0.1
	0.17 ± 0.01
	14.7 ± 0.6
	3.0 ± 0.2


Means sharing same letter in same column are not significantly different (Tukey’s, p > 0.05).
3.2 Functional Properties and Microbiological Safety
Total Phenolic Content increased from S1 to S3 (45.3 to 78.9 mg GAE/100 g). DPPH scavenging also rose (35 % to 62 %). Total viable counts ranged 3.5 ×105 to 6.2 ×105 CFU/mL; lactic acid bacteria 1.2–1.8 ×106 CFU/mL. Yeast & mold <102 CFU/mL. No E. coli or Salmonella detected. (Table 3).	Comment by ahmed: Starting distance of paragraph
Table 3: Antioxidant profiling and microbial Count of Vegan Oat Milk Lassi
	Sample
	Total Phenolic Content (mg GAE / 100 g)
	DPPH Radical Scavenging (%)
	Total Viable Count (CFU/mL)
	Lactic Acid Bacteria (CFU/mL)
	Yeast & Mold (CFU/mL)
	E. coli / Salmonella

	S1
	45.3
	35
	3.5 × 10⁵
	1.2 × 10⁶
	< 10²
	Not detected

	S2
	62.1
	48.5
	4.8 × 10⁵*
	~1.5 × 10⁶*
	< 10²
	Not detected

	S3
	78.9
	62
	6.2 × 10⁵
	1.8 × 10⁶
	< 10²
	Not detected






3.4 Sensory Evaluation
S1 scored highest in appearance (8.7 ± 0.4), aroma (8.6 ± 0.4), taste (8.5 ± 0.5), texture (8.4 ± 0.5), overall acceptability (8.5 ± 0.3). S2 and S3 were lower, with S3 penalized for bitterness and overly thick mouthfeel (Table 4).	Comment by ahmed: Starting distance of paragraph
Table 3: Sensory analysis of Vegan Oat Milk Lassi (S1, S2 and S3 samples)
	Attribute
	S1
	S2
	S3

	Appearance
	8.7 ± 0.4
	7.8 ± 0.6
	6.9 ± 0.7

	Aroma
	8.6 ± 0.4
	7.5 ± 0.8
	6.5 ± 0.9

	Taste
	8.5 ± 0.5
	7.2 ± 0.7
	5.9 ± 1.0

	Texture / Mouthfeel
	8.4 ± 0.5
	7.0 ± 0.7
	6.2 ± 0.8

	Overall Acceptability
	8.5 ± 0.3
	7.2 ± 0.5
	6.1 ± 0.7


S1 was judged significantly (p < 0.05) more acceptable in taste, aroma, appearance and overall acceptability than S2 & S3. S3 was least acceptable due to bitterness and thick texture.
4. Discussion
The increasing consumer demand for plant-based dairy alternatives has stimulated research into the nutritional characterization of oat-derived beverages, including traditional dairy analogues and fermented products such as lassi. Oat-based beverages and derivatives have been extensively studied due to their potential health benefits, particularly regarding carbohydrate composition, β-glucan content, and functional dietary fiber (Zhou et al., 2023).  The present study indicates that increasing ashwagandha levels enhances functional properties (TPC, antioxidant activity) but also increases ash content, viscosity, and induces bitter taste, reducing sensory score. Similar trade-offs have been reported in studies fortifying oat milk with β-glucan or protein, where sensory acceptance dropped once functional additive levels exceeded a threshold.  Christy Alsado et al, 2023 demonstrated that adding β-glucan increased perceived thickness but that high protein levels decreased acceptability. The trade-off between increased functional (antioxidant) benefits and sensory acceptability is evident: ashwagandha addition raised phenolic and antioxidant levels but also ash, viscosity and bitterness which reducing panel scores. This is similar to what has been observed in fortified oat milks up to a point, fortification enhances appeal, but if too much is added like extra protein, aspects like flavor intensity, texture become excessive and overall liking drops (Babolanimogadam et al., 2023).	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Bold	Comment by ahmed: Italic
In the study Vahini et al., 2025 the pH of the sesame-cow’s milk lassi was (4.32 ± 1.15), the pH value of the cow milk lassi (4.25 ± 1.89) showed lesser than our values (4.8) in Vegan Oat Milk Lassi. Moisture content in plant-based milk alternatives is generally high due to their predominantly aqueous composition, which is influenced by formulation and processing parameters. Oat drinks commonly exhibit moisture ranges above 85%, consistent with extensive panel studies of plant-based analogues (Babolanimogadam et al., 2023). This high moisture is tyF vaccineal of cereal-based beverages and is vital for mouthfeel and sensory acceptability. Comparatively, Present study oat milk lassi samples demonstrate similar hydration levels, reflecting substantial water binding and appropriate dilution prior to fermentation.	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Bold	Comment by ahmed: Italic
Fermentation by LAB influences flavor development and can mitigate off-flavours in plant milks (Tangyu et al. 2023). Indeed, effective strain selection (e.g. S. thermophilus) may help optimize aroma and acceptability.	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic
The moisture rise in S3 suggests water retaining capacity of ashwagandha compounds; consistency in protein across formulations indicates that the added ashwagandha is lower in protein relative to oat milk, thus dilution effects are modest. Microbiological safety parameters were within acceptable limits, aligning with other non-dairy fermented beverage studies.	Comment by ahmed: Starting distance of paragraph
Ash content reflects mineral presence, which varies widely across plant milks depending on raw material and extraction efficiency. oat beverages have ash values that generally align with cereals due to inherent mineral content from the bran and endosperm (Seifu et al., 2025). The comparison shows that oat-based beverages can offer appreciable ash/minerals relative to some nut-based or legume blends, a finding that supports the potential for oat lassi to contribute micronutrients, especially if enriched or fermented to improve bioavailability.	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic
Low fat and moderate protein contents are characteristic of oat drinks, as reported by Babolanimogadam et al. (2023), who documented low lipid fractions (0.11–0.66%) and relatively modest protein levels (generally <3.5%) in oat milks. These results are consistent with our formulations, where fat is low and protein remains within typical plant-based beverage ranges. However, oat proteins are known to be lower in essential amino acids compared with dairy proteins, which may affect nutritional scoring and perceived satiety (Xie, 2023). Notably, protein enrichment approaches (e.g., using hydrolysates or legume blends) have been proposed in recent studies to elevate oat beverage protein quality and functional properties (Grosso et al., 2025). Such strategies may be relevant in optimizing oat lassi to meet dietary recommendations or improve texture and mouthfeel through fermentation.	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Bold	Comment by ahmed: Bold	Comment by ahmed: Italic
The acidity profile of fermented oat beverages is strongly influenced by microbial activity. Although direct comparison with non-fermented oat milks is limited in literature, plant-based analogue studies show that pH values tend to be near neutral without fermentation, frequently in the range of 6.0–6.8 (Lohita & Mupparapu, 2025). In fermented oat lassi, acid production during lactic fermentation reduces pH and increases titratable acidity, contributing to microbial safety and sensory characteristics. The carbohydrate profiles of oat milks typically include soluble sugars and β-glucans, which serve as substrates during fermentation, thus influencing residual sugar and total sugar measurements post-fermentation.	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold
Dietary fiber, especially β-glucan, is one of the distinguishing nutritional elements in oat products. Zhou et al. (2023) identified significant β-glucan levels in oat milk formulations, which are associated with cholesterol-lowering effects and improved gut health. Fermented oat products like lassi can retain or even enhance the functional impacts of soluble fiber. The presence of dietary fiber in your oat lassi samples supports the potential health benefits associated with cereal-based fermented beverages.	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic
Fermentation not only can enhance bioactive compounds such as phenolics but also modulates microbial populations, establishing a balance between beneficial lactic acid bacteria and spoilage organisms (El-Sayed et al., 2021). Recent research has emphasized that the fermentation of cereal-based drinks, including oat-derived products, creates synergistic modifications in antioxidant activity due to metabolic transformations by starter cultures (Ganesan et al., 2022).	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Bold	Comment by ahmed: Italic
Phenolic compounds and free radical scavenging activity are widely used indicators for antioxidant capacity in plant-based ferments. Fermentation has been reported to increase total phenolic content and DPPH radical scavenging activity by enhancing the release of bound phenolics through microbial enzymatic action (Sathishkumar et al., 2023). In studies comparing fermented oat drinks with non-fermented counterparts, significant enhancements in antioxidant properties were documented, attributed to enzymatic breakdown of oat matrix components during fermentation (Martinez et al., 2021). Furthermore, Liu et al. (2024) observed that fermentation with specific lactic acid bacterial strains induces metabolic pathways that liberate bioactive peptides and phenolic derivatives, increasing radical scavenging efficiency. These findings corroborate the notion that controlled fermentation can transform oat substrates into beverages with improved antioxidant properties.	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Bold	Comment by ahmed: Italic
Plant-based beverages often contain diverse phenolic constituents, including avenanthramides in oats, which are recognized for their antioxidant and anti-inflammatory properties (Zhao & Beta, 2020). Such compounds play a dual role: not only do they contribute directly to antioxidant capacity, but they also interact with microbial metabolites generated during fermentation, potentially amplifying functional benefits.	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold
Color and texture are critical: darker color and thicker consistency, though sometimes associated with richness, may hamper sensory appeal when bitterness is present. The panel’s preference for S1 aligns with findings that moderate texture and balanced flavor best drive acceptability in plant-based fermented drinks (McCarron et al., 2024). Plant-based milks often provide lower protein and variable micronutrient levels compared with dairy milk, and their nutritional equivalence largely depends on formulation and fortification (Pieterse et al., 2025). Thus, S1 sample strikes an optimum balance. Future studies should examine shelf-life changes, micronutrient stability, consumer acceptance in larger cohorts and cost modelling.	Comment by ahmed: Starting distance of paragraph	Comment by ahmed: Bold	Comment by ahmed: Italic	Comment by ahmed: Bold	Comment by ahmed: Italic


5. Conclusion
The study developed a vegan oat milk lassi fortified with ashwagandha, sugar, cardamom, and saffron, and found that the formulation with 0.2 g ashwagandha (S1) provides the optimal balance of taste, appearance, aroma, texture, functional benefits, and safety. Higher levels of ashwagandha enhance antioxidant potential but negatively affect sensory attributes due to bitterness and higher viscosity. The product offers a promising alternative for consumers avoiding dairy, though future research is needed on shelf-life stability, micronutrient profiles, and cost feasibility for scaling.	Comment by ahmed: Starting distance of paragraph
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