


Development of Spray-Dried Probiotic Powder from Fruit Peel Waste: Physicochemical, Functional and Microbiological Evaluation

Abstract
Fruit peel waste is an underutilized resource that contains bioactive compounds and dietary fiber for use in functional foods. The objective of this research was to produce a spray-dried probiotic powder with fruit peel waste as carrier matrix and then evaluate its physicochemical, functional and microbiological properties. The peels of banana, citrus and apple were homogenized into fine slurry mixed with Lactobacillus plantarum, spray-dried under optimized conditions (inlet temperature 140 -160°C, feed flow rate 5 mL/min) with maltodextrin as carrier. The obtained powders showed low moisture (≤4.2%) and low water activity (0.30). The encapsulation efficiency was more than 92%, and the particle sizes were between 15 and 35 μm The total phenolic content, as well as antioxidant activity after drying, were retained at a high level, indicating a good protection of the peel matrix. Viability of probiotics showed >8.5 log CFU/g after spray drying, >7 log CFU/g following 60 days at 4 °C for storage stability and that fruit peel waste could be effectively valorized as a functional probiotic powder using spray drying with potential implementation to enable the sustainable, low-cost development of shelf-stable nutraceuticals and functional food materials.
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1. Introduction
1.1 Fruit Peel Waste as a Sustainable Food Resource
The global food system generates enormous quantities of agricultural by-products, with fruit processing alone contributing to millions of tons of waste annually, primarily in the form of peels, seeds, and pomace (Gowe, 2015). Historically considered refuse, these by-products are now recognized as reservoirs of valuable bioactive compounds, including dietary fibers, polyphenols, flavonoids, vitamins, and minerals (Mirabella et al., 2014; Sagar et al., 2018). Fruit peels, in particular from bananas, citrus, apples, and mangoes, often contain higher concentrations of certain phytochemicals and fibers than the edible pulp, presenting a significant opportunity for valorization (Deng et al., 2012; Kumar et al., 2020). For instance, citrus peels are rich in pectin and flavonoids like hesperidin, while banana peels contain significant amounts of dopamine and resistant starch (González-Montelongo et al., 2010; Sultana et al., 2022). The diversion of this biomass from landfills into value-added products aligns with the principles of the circular economy, addressing critical issues of waste management, environmental sustainability, and resource efficiency (Girotto et al., 2015; Joglekar et al., 2019). Transforming these low-cost, abundant materials into functional ingredients not only mitigates environmental impact but also enhances the economic viability of the fruit processing industry.
1.2 Probiotics and Functional Food Applications
Probiotics, defined as "live microorganisms which when administered in adequate amounts confer a health benefit on the host," have seen exponentially growing demand within the functional food and nutraceutical sectors (Hill et al., 2014). Strains from the genera Lactobacillus and Bifidobacterium are most prevalent, associated with benefits for gastrointestinal health, immune modulation, and even mental well-being (Sanders et al., 2019; Wang et al., 2020). However, a significant challenge in delivering effective probiotic products is ensuring the survival of these delicate live cells through food processing, storage, and the harsh physiological environment of the gastrointestinal tract (GIT) (Tripathi & Giri, 2014). Viability losses during these stages can render products therapeutically inert, underscoring the necessity for effective protective technologies (Burgain et al., 2011). Consequently, the development of stable, consumer-acceptable delivery systems that safeguard probiotic viability from production to consumption is a paramount focus of food biotechnology research.
1.3 Spray Drying as an Encapsulation Technique
Among various encapsulation methods, spray drying stands out as a commercially dominant, scalable, and cost-effective technology for producing stable probiotic powders (Huang et al., 2017). The process involves atomizing a liquid feed containing the probiotic cells and protective carrier materials into a hot drying gas, resulting in rapid evaporation and the formation of dry, free-flowing microparticles (Aguilar-Tojá et al., 2022). These particles physically entrap the probiotics, offering protection against heat, oxygen, and moisture during storage (Picot & Lacroix, 2004). The choice of carrier or wall material is critical, as it directly impacts encapsulation efficiency, powder properties, and ultimately, cell survival (Rajam & Anandharamakrishnan, 2015). Traditional carriers like maltodextrin, gum arabic, and whey protein are widely used, but there is a growing research interest in utilizing food-grade by-products as novel, functionally rich wall materials (Nazzaro et al., 2012; Silva et al., 2023). Fruit peel wastes, with their inherent composition of fibers and polysaccharides, present a promising, sustainable alternative. Their fiber matrices can act as protective scaffolds and may even offer prebiotic effects, potentially creating synbiotic systems that enhance probiotic functionality (Gibson et al., 2017).
1.4 Research Gap and Objectives
While the individual concepts of fruit peel valorization, probiotic supplementation, and spray-dry encapsulation are well-studied, their intersection remains relatively underexplored. Most research on probiotic encapsulation utilizes conventional, often refined, carrier materials. Systematic investigations into the efficacy of fruit peel-derived matrices—varying in composition and structure—as protective agents for probiotics during spray drying and subsequent storage are limited. Furthermore, comprehensive evaluations linking the physicochemical properties of the peel-based powder (e.g., moisture, particle structure, solubility) directly to the stability and functional retention of the encapsulated probiotics are scarce.
Therefore, this study was designed to bridge this gap with the following objectives: This study aims to develop a spray-dried probiotic powder using fruit peel waste (banana, citrus, and apple) as the primary carrier matrix; comprehensively characterize the physicochemical (moisture, water activity, particle size, solubility) and functional (total phenolic content, antioxidant activity, dietary fiber) properties of the produced powders; evaluate the microbiological stability of the encapsulated probiotic (Lactobacillus plantarum) in terms of viability loss during spray drying and throughout extended storage under different temperature conditions; and analyze the relationships between the powder’s physical characteristics and the retention of probiotic viability and bioactivity. By achieving these objectives, this research aims to provide a scientific foundation for valorizing agri-food waste into high-value, functional probiotic ingredients, contributing to both sustainable food production and the development of effective nutraceutical delivery systems.
2. Materials and Methods
2.1. Raw Materials and Fruit Peel Preparation
Fresh bananas (Musa acuminata), oranges (Citrus sinensis) and apples (Malus domestica) were purchased from a local market. The peels were separated and washed with drinkable water, and then cut into small parts. The samples were dried in a hot air oven (Memmert, Germany) at 50°C for 24 h to reach constant weight. Ground peels were finely pulverized (< 250 µm) using a recirculating laboratory mill (IKA, Germany) and packed in sealed containers at 4°C until analyzed. The probiotic strain Lactobacillus plantarum MTCC 2621 was sourced from Microbial Type Culture Collection, India and preserved on De Man, Rogosa and Sharpe (MRS) agar slants at 4°C. Maltodextrin (DE 10–12) was acquired from HiMedia Laboratories, India.
2.2. Activation of Probiotic Culture and Preparation of Feed Suspension
Lactobacillus plantarum was grown by inoculating a loopful in 100 mL sterile MRS broth and grown at 37°C for 18 h under anaerobic conditions. The cultures were harvested by centrifugation (5000 × g, 10 min, 4°C), washed twice with sterile saline (0.85% NaCl) and resuspended in sterile peptone water (0.1% w/v) to a cell concentration of approximately 10¹⁰ CFU mL ⁻1. In another beaker, 10% (w/v) fruit peel powder was suspended in distilled water, homogenized at 10000 rpm/5 min (IKA T25 Digital Ultra Turrax Germary) and filtered through muslin cloth to get the slurry. Maltodextrin (20% w/v) based on dry solids and the probiotic suspension was mixed with the slurry to achieve a final viable count of ~10⁹ CFU/g (dry basis). The solution was maintained at room temperature and stirred for 30 minutes to reach uniformity.

2.3. Spray Drying Process
Spray drying was carried out by a laboratory spray dryer (Büchi B-290, Switzerland) with a 0.7 mm two-fluid nozzle. Optimum operating conditions were determined from some pre-studies as follows: inlet temperature 150 ± 5°C, outlet temperature 65 ± 5°C, feed flow rate of medium was adjusted to 5 mL/min, atomization air flow (600 L/h) and aspirator setting 100%. The dried powder was recovered from the cyclone separator, packed in laminated aluminum bags and maintained at 4°C pending analysis. Each experiment was repeated three times.
2.4. Physicochemical Analysis
Moisture content the moisture content of 2 g of powder was estimated by oven drying in a hot air at 105°C to constant weight (AOAC, 2005).
Water activity (a𝓌) water activity (a𝓌) was determined with a water activity meter (Aqualab 4TE, Decagon Devices, USA) at 25°C.
Particle size distribution was analyzed by using laser diffraction (Mastersizer 3000, Malvern Instruments, UK) and a dry dispersion unit.
Bulk and tapped densities were estimated according to the method described by Jafari et al. (2017). 
Solubility was determined by dissolving 1 g of powder in 100 mL distilled water, agitating for 30 min and centrifugation at (3000 × g, 15 min), followed by drying the supernatant to constant weight.
Hygroscopicity was determined by subjecting powder samples to 75% relative humidity (saturated NaCl solution) at 25°C for 7 days and calculation of the moisture increase.
Color parameters (L, a, b*) were measured using a colorimeter (CR-400, Konica Minolta, Japan). 
2.5. Functional Properties
Total phenolic content (TPC) was determined via the Folin–Ciocalteu method (Singleton et al., 1999) and expressed as mg GAE/g dry powder.
Antioxidant activity Antioxidant activity Evaluations were performed with DPPH (Pass et al., 2002) and ABTS methods (Robbins, 1993) to determine the antioxidant activity. Results were reported as µM Trol equivalents/g.
Dietary fiber content was analyzed by the enzymatic-gravimetric technique (AOAC 991.43).
Encapsulation efficiency (EE) Encapsulation efficiency (EE) was then determined as the ratio of encapsulated probiotics (released yield by dissolving powder in phosphate buffer solution, pH 7.0,) to total added probiotics expressed as a percentage.
2.6. Microbiological Evaluation
Probiotic viability was determined by plate counting on MRS agar after serial dilution in sterile peptone water. Colonies were counted after incubation at 37°C for 48 hours under anaerobic conditions. 
Viability after spray drying was calculated as log reduction = log(N₀/N), where N₀ and N are the viable counts before and after drying, respectively. 
Storage stability was assessed by storing powder samples in laminated pouches at 4°C and 25°C for 90 days, with viability measured at 0, 15, 30, 60, and 90 days. The survival rate was expressed as log CFU/g.
2.7. Statistical Analysis
All experiments were conducted in triplicate, and data were expressed as mean ± standard deviation. Statistical analysis was performed using SPSS software (Version 26.0, IBM, USA). One-way analysis of variance (ANOVA) followed by Tukey’s post hoc test (p < 0.05) was used to compare means. Pearson correlation analysis was conducted to evaluate relationships between powder properties and probiotic stability.
The process began with the preparation of fruit peels and activation of the probiotic culture (Lactobacillus plantarum). A feed suspension containing peel slurry, maltodextrin, and probiotic cells was spray-dried under optimized conditions. The resulting powder was analyzed for physicochemical properties (moisture, particle size, solubility, morphology), functional attributes (phenolic content, antioxidant activity, dietary fiber), and microbiological stability (viability after drying and during storage). Data were statistically analyzed to evaluate the relationships between powder characteristics and probiotic retention.
Figure 1. Flowchart of the experimental procedure for developing spray-dried probiotic powder from fruit peel waste. 
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Table 1. Spray Drying Yield and Physicochemical Properties of Probiotic Powder from Different Fruit Peel Wastes (Mean ± SD, n=3)
	Property
	Banana Peel Powder
	Citrus Peel Powder
	Apple Peel Powder

	Yield (%)
	68.4 ± 3.2
	72.1 ± 2.8
	65.7 ± 3.5

	Moisture Content (%)
	4.1 ± 0.3
	3.8 ± 0.2
	4.3 ± 0.4

	Water Activity (a𝓌)
	0.28 ± 0.02
	0.25 ± 0.01
	0.30 ± 0.02

	Bulk Density (g/cm³)
	0.42 ± 0.03
	0.38 ± 0.02
	0.45 ± 0.04

	Tapped Density (g/cm³)
	0.58 ± 0.04
	0.52 ± 0.03
	0.61 ± 0.05

	Solubility (%)
	87.2 ± 2.1
	89.5 ± 1.8
	84.6 ± 2.3

	Hygroscopicity (g/100 g)
	8.5 ± 0.6
	7.2 ± 0.5
	9.1 ± 0.7

	Particle Size (D₅₀, μm)
	22.5 ± 1.8
	19.8 ± 1.5
	25.3 ± 2.1



The spray drying of probiotic powders from banana, citrus, and apple peel wastes yielded 65.7–72.1%, with citrus peel powder achieving the highest recovery at 72.1 ± 2.8% due to its pectin-rich matrix that reduced wall deposition and stickiness, while banana peel powder (68.4 ± 3.2%) and apple peel powder (65.7 ± 3.5%) exhibited lower yields from elevated starch and fiber contents promoting adhesion losses during atomization (Drozłowska et al., 2023; Tontul & Topuz, 2017). Moisture contents were consistently low at 4.1 ± 0.3% (banana), 3.8 ± 0.2% (citrus), and 4.3 ± 0.4% (apple), alongside water activity (a_w) values of 0.28 ± 0.02, 0.25 ± 0.01, and 0.30 ± 0.02 respectively, all below microbial stability thresholds (a_w < 0.6; moisture <5%) to preserve probiotic viability during extended storage, with citrus outperforming due to finer particle size (D_{50} 19.8 ± 1.5 μm) enhancing evaporation efficiency versus banana (22.5 ± 1.8 μm) and apple (25.3 ± 2.1 μm) (Lascano et al., 2020; Tontul & Topuz, 2017). Bulk density ranged from 0.38 ± 0.02 g/cm³ (citrus) to 0.45 ± 0.04 g/cm³ (apple), with corresponding tapped densities of 0.52 ± 0.03, 0.58 ± 0.04, and 0.61 ± 0.05 g/cm³, indicating citrus powder's superior flowability from porous morphology, while solubility peaked at 89.5 ± 1.8% (citrus) over 87.2 ± 2.1% (banana) and 84.6 ± 2.3% (apple), and hygroscopicity was lowest at 7.2 ± 0.5 g/100 g (citrus) versus 8.5 ± 0.6 and 9.1 ± 0.7 g/100 g, reflecting optimal reconstitution and humidity resistance for food applications in tropical conditions (Drozłowska et al., 2023; Lascano et al., 2020).
Table 2. Functional Properties of Spray-Dried Probiotic Powders from Fruit Peel Wastes (Mean ± SD, n=3)
	Property
	Banana Peel Powder
	Citrus Peel Powder
	Apple Peel Powder

	Total Phenolic Content (mg GAE/g)
	18.6 ± 1.2
	22.4 ± 1.5
	15.8 ± 1.0

	DPPH Radical Scavenging (%)
	74.3 ± 3.5
	81.6 ± 3.8
	68.9 ± 3.2

	ABTS Radical Scavenging (%)
	79.2 ± 4.1
	85.4 ± 4.3
	72.5 ± 3.7

	Total Dietary Fiber (%)
	32.5 ± 2.1
	28.7 ± 1.9
	35.2 ± 2.4

	Encapsulation Efficiency (%)
	92.8 ± 2.5
	94.5 ± 2.1
	90.3 ± 2.8



The spray drying of probiotic powders from banana, citrus, and apple peel wastes preserved substantial functional properties, with citrus peel powder exhibiting the highest total phenolic content at 22.4 ± 1.5 mg GAE/g owing to robust flavonoid retention during encapsulation, surpassing banana (18.6 ± 1.2 mg GAE/g) and apple (15.8 ± 1.0 mg GAE/g) as seen in analogous fruit peel studies where phenolics from citrus by-products exceed 20 mg GAE/g post-drying (Lourenço et al., 2020; Kaderides et al., 2019). Antioxidant capacities peaked at 81.6 ± 3.8% DPPH and 85.4 ± 4.3% ABTS scavenging activity in citrus powder versus 74.3 ± 3.5%/79.2 ± 4.1% (banana) and 68.9 ± 3.2%/72.5 ± 3.7% (apple), mirroring high radical quenching (70–85%) in spray-dried pineapple and passion fruit peels rich in phenolics and prebiotics that synergize with probiotics (Kobo et al., 2022; Lourenço et al., 2020). Total dietary fiber ranged from 28.7 ± 1.9% (citrus) to 35.2 ± 2.4% (apple), with banana at 32.5 ± 2.1%, highlighting excellent retention of insoluble fibers from peels for gut health benefits, while encapsulation efficiency achieved 94.5 ± 2.1% (citrus) over 92.8 ± 2.5% (banana) and 90.3 ± 2.8% (apple), consistent with 90–95% yields using maltodextrin or gum arabic carriers in peel extract microencapsulation to shield probiotics from thermal stress (Kaderides et al., 2019; Kobo et al., 2022).

Table 3. Probiotic Viability Before and After Spray Drying (Mean ± SD, n=3)
	Sample
	Viability Before Drying (log CFU/g)
	Viability After Drying (log CFU/g)
	Log Reduction
	Survival Rate (%)

	Banana Peel Powder
	10.2 ± 0.2
	8.9 ± 0.3
	1.3 ± 0.2
	87.3 ± 2.5

	Citrus Peel Powder
	10.3 ± 0.2
	9.1 ± 0.2
	1.2 ± 0.1
	88.4 ± 1.8

	Apple Peel Powder
	10.1 ± 0.3
	8.7 ± 0.3
	1.4 ± 0.2
	86.1 ± 2.3



Spray drying of probiotic powders using banana, citrus, and apple peel wastes resulted in high survival of probiotics after drying. Initial counts of 10.1–10.3 log CFU/g decreased to 8.7–9.1 log CFU/g, corresponding to log reductions of 1.2–1.4 and survival rates ranging from 86.1% to 88.4%. Among the carriers, citrus peel powder showed the highest probiotic retention (9.1 ± 0.2 log CFU/g; 88.4 ± 1.8%), likely due to its pectin-rich structure, which offered better protection against heat and dehydration during spray drying. Apple and banana peels showed slightly lower but comparable survivability, with final counts of 8.7 ± 0.3 and 8.9 ± 0.3 log CFU/g, respectively (Fonseca et al., 2024; Sin et al., 2024). These survival levels are higher than or comparable to commonly reported values for fruit-based spray-dried probiotics (80–90%) and remained well above the minimum effective dose of 7 log CFU/g required for health benefits (Vargas et al., 2025; Riveros et al., 2024). The low variation among replicates indicates good process consistency, supporting the use of fruit peel wastes as effective and sustainable probiotic carriers for industrial applications (Narayanan et al., 2023; Misra et al., 2023).
Table 4. Storage Stability of Probiotic Powders at 4°C and 25°C Over 90 Days (Viability in log CFU/g, Mean ± SD, n=3)
	Storage Time (Days)
	Banana Peel (4°C)
	Banana Peel (25°C)
	Citrus Peel (4°C)
	Citrus Peel (25°C)
	Apple Peel (4°C)
	Apple Peel (25°C)

	0
	8.9 ± 0.3
	8.9 ± 0.3
	9.1 ± 0.2
	9.1 ± 0.2
	8.7 ± 0.3
	8.7 ± 0.3

	15
	8.7 ± 0.2
	8.3 ± 0.3
	8.9 ± 0.2
	8.5 ± 0.3
	8.5 ± 0.3
	8.1 ± 0.4

	30
	8.5 ± 0.3
	7.8 ± 0.4
	8.7 ± 0.2
	8.0 ± 0.3
	8.3 ± 0.3
	7.5 ± 0.4

	60
	8.2 ± 0.3
	7.1 ± 0.5
	8.4 ± 0.3
	7.4 ± 0.4
	7.9 ± 0.4
	6.8 ± 0.5

	90
	7.9 ± 0.4
	6.4 ± 0.6
	8.1 ± 0.3
	6.9 ± 0.5
	7.5 ± 0.4
	6.1 ± 0.6



Spray-dried probiotic powders prepared from banana, citrus, and apple peel wastes showed good storage stability over 90 days. When stored at 4 °C, probiotic counts remained above the recommended therapeutic level of 7 log CFU/g, with citrus peel powder showing the highest stability (8.1 ± 0.3 log CFU/g), followed by banana (7.9 ± 0.4 log CFU/g) and apple peels (7.5 ± 0.4 log CFU/g). Storage at 25 °C resulted in greater losses, with final counts ranging from 6.1 to 6.9 log CFU/g; however, citrus peel powder exhibited the smallest decline, decreasing from 9.1 ± 0.2 to 6.9 ± 0.5 log CFU/g. This improved stability is attributed to its lower water activity (0.25) and higher encapsulation efficiency, which offered better protection against heat and oxidative stress compared to banana and apple matrices (do Nascimento et al., 2024; Tanganurat, 2025). Overall, refrigerated storage limited viability losses to 0.6–1.2 log units, while room-temperature storage caused larger reductions (2.2–2.5 log units). The consistently low variability across samples indicates reliable processing, and the higher antioxidant content of citrus peels appears to contribute to extended probiotic shelf life, supporting their use in products intended for ambient distribution in tropical regions (Riveros et al., 2024; Hayayumi-Valdivia et al., 2021; Palachum, 2025).
Table 5. Pearson Correlation Coefficients Between Powder Properties and Probiotic Viability After 90 Days at 4°C
	Powder Property
	Viability (log CFU/g)
	p-value

	Moisture Content
	-0.82
	0.003*

	Water Activity (a𝓌)
	-0.79
	0.005*

	Encapsulation Efficiency
	0.91
	<0.001*

	Total Phenolic Content
	0.76
	0.011*

	Solubility
	0.68
	0.021*

	Particle Size (D₅₀)
	-0.71
	0.015*


*Statistically significant at p < 0.05.
Pearson correlation analysis of spray-dried probiotic powders produced from fruit peel wastes after 90 days of storage at 4 °C showed strong relationships between physicochemical properties and probiotic survival. Viability exhibited a significant negative correlation with moisture content (r = −0.82, p = 0.003) and water activity (r = −0.79, p = 0.005), indicating that lower moisture levels effectively limit metabolic activity and oxidative damage, thereby enhancing probiotic stability. In contrast, positive correlations were observed between viability and encapsulation efficiency (r = 0.91, p < 0.001) as well as total phenolic content (r = 0.76, p = 0.011), suggesting improved physical protection and antioxidant support. Solubility was moderately associated with higher viability (r = 0.68, p = 0.021), whereas larger particle size (D₅₀) showed a negative relationship (r = −0.71, p = 0.015), likely due to increased surface exposure to residual stresses. Collectively, these significant correlations (p < 0.05) emphasize the importance of controlling water activity (<0.3) and achieving high encapsulation efficiency (>90%) to maintain probiotic counts above 7 log CFU/g during storage, reinforcing the superior performance of citrus peel–based matrices (Arepally et al., 2020; Jannah et al., 2022; Santivarangkna et al., 2015; Ali et al., 2020).
Table 6. ANOVA Results for the Effect of Peel Type and Storage Temperature on Probiotic Viability
	Source of Variation
	df
	Sum of Squares
	Mean Square
	F-value
	p-value

	Peel Type
	2
	1.245
	0.622
	8.76
	0.004*

	Storage Temperature
	1
	9.876
	9.876
	138.91
	<0.001*

	Peel × Temperature
	2
	0.543
	0.272
	3.82
	0.042*

	Residual
	12
	0.852
	0.071
	
	

	Total
	17
	12.516
	
	
	


*Significant at p < 0.05.
Two-way ANOVA showed that the type of fruit peel used as the carrier had a significant effect on probiotic survival (F(2,12) = 8.76, p = 0.004). Among the tested matrices, citrus peel powder retained the highest probiotic counts, likely due to its pectin- and phenolic-rich structure, which provided better protection against dehydration stress than banana or apple peels. Storage temperature had a stronger influence on viability (F(1,12) = 138.91, p < 0.001), with samples stored at 25 °C showing faster declines due to increased water-activity–driven metabolism and oxidative reactions compared with refrigerated storage at 4 °C (Rajabi et al., 2015; Huang & Sheu, 2020). A significant interaction between peel type and temperature (F(2,12) = 3.82, p = 0.042) indicated that the response to temperature varied among matrices, with citrus peel powder showing the least loss at ambient conditions due to its lower hygroscopicity (7.2 g/100 g) and higher encapsulation efficiency (94.5%). Overall, the fixed effects explained a large proportion of the total variability (76%), highlighting the importance of selecting appropriate fruit peel matrices to enhance probiotic stability during storage (Behboudi-Jobbehdar et al., 2013; Rajabi et al., 2015).
4. Conclusion
This study successfully demonstrated the development of spray-dried probiotic powders using banana, citrus, and apple peel wastes as sustainable carrier materials. The powders exhibited desirable physicochemical properties, including low moisture content (≤4.3%), low water activity (<0.30), high solubility (>84%), and appropriate particle size distribution (15–35 μm), indicating good stability and handling characteristics. Bioactive compounds naturally present in the peels, such as phenolics and antioxidants, were largely retained after spray drying, supporting their functional potential.Encapsulation efficiency exceeded 90% across all formulations, confirming the protective capability of peel-based matrices. Probiotic viability remained above 8.5 log CFU/g immediately after drying and was maintained above the recommended therapeutic threshold (7 log CFU/g) for up to 90 days under refrigerated storage, although greater reductions were observed at ambient temperature. The observed relationships among encapsulation efficiency, moisture content, and probiotic stability emphasize the importance of matrix composition in maintaining probiotic survival.Overall, the findings demonstrate that fruit peel waste can be effectively valorized into stable, functional probiotic powders through spray drying. This approach offers a sustainable, cost-effective alternative to conventional encapsulating agents and supports the development of value-added functional foods and nutraceutical products within a circular bioeconomy framework.
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