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Fortification of Lemon Ready-to-Serve Beverage with Astaxanthin Beads Using Spherification Technology

Abstract
Aim: The Ppresent study aims to development of the Lemon RTS incorporated with the Astaxanthin Bead lets. 
Background / Rationale: Astaxanthin is strong antioxidant and also possesses several health benefits, including anti-inflammatory, anti-aging, immunomodulatory, anticancer, photoprotective and antidiabetic.
[bookmark: _GoBack]Methodology: Beads with different concentration of astaxanthin was prepared by spherification techniques. TFurther developed beads were incorporated in lemon Ready-To-Serve beverage (RTS) and their physical parameters, physico-chemical parameters, sensorial quality and microbial parameters were studied. 
Results: The beads prepared with 3% concentration of astaxanthin, showed better stability than other samples and control sample. The RTS added with 3% beads secured highest sensorial scores as overall acceptability score (8.26), score in appearance (8.35), Odour (8.18), Texture (8.16) and Taste (8.37) in comparison with other samples. The physico-chemical composition of RTS incorporated with astaxanthin beads showed similar values such as 15.20% TSS, 23.15 mg/100ml Vitamin C, 0.42% Titratable acidity, 6.10% Reducing sugar, 1.40% non-reducing sugar and 8.20% Total sugar as that of RTS without beads. While only the RTS containing beads contain 4.80 (µg/100 ml) astaxanthin.     
Conclusion: Lemon RTS incorporated with 3% astaxanthin bead-lets demonstrated improved nutritional, sensory, and microbial quality, indicating the potential of spherification for functional beverage development," has to be clarified 
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1. INTRODUCTION
 	Astaxanthin is a dark-red pigment belonging to the carotenoid family, recognized as a primary carotenoid present in a range of aquatic organisms and algae inhabiting marine environments. Notably, species such as salmon, trout, red sea bream, shrimp, lobster, and various other seafood, in addition to certain birds like quail and flamingos, contain significant amounts of astaxanthin (Dhankhar et al. 2012). Structurally, it falls within the broader class of terpenes and is categorized as a xanthophyll. Its molecular structure was first elucidated by synthesis through research led by Professor Basil Weedon in 1970. The natural sources of astaxanthin include microalgae (notably Haematococcus pluvialis), yeast, crustaceans (such as shrimp and crayfish), and certain bird feathers, with algae serving as the main primary producer in aquatic ecosystems (Ushakumari and Ramanujan, 2012). Industrially, natural astaxanthin is derived predominantly from Haematococcus pluvialis and various microalgae, while synthetic variants are produced for extensive use in aquaculture (Ren et al., 2025). The compound’s primary application lies in aquaculture as a pigmenting agent, supporting both visual appeal and market value of fish such as salmon, trout, and ornamental species and shellfish (Begum et al. 2016). Additionally, astaxanthin demonstrates potent antioxidant properties, contributing to enhanced health and quality in aquatic animals (Ekpe et al. 2018). Beyond its role in animal feed, astaxanthin is also utilized in nutraceutical and pharmaceutical industries due to its pharmacological activities. Scientific studies suggest several potential human health benefits, including anti-inflammatory (Macdermid et al. 2012; Tambat et al., 2025), anti-aging, immunomodulatory (Yamashita, 2013), anticancer (Ambati et al. 2014), photoprotective (Suganuma et al. 2010), hepatoprotective (Bharti et al., 2025), and antidiabetic effects (Guerra and Otton, 2011). Collectively, these properties contribute to the growing demand and utilization of astaxanthin across multiple sectors.
 	Spherification represents a notable advancement within molecular gastronomy, a field where culinary practice intersects with scientific innovation. In essence, spherification enables the transformation of liquids into gel-like spheres, employing both sodium alginate and calcium chloride in its process. First documented by William Peschardt of Unilever, United Kingdom, in 1942, this methodology initially emerged as a patentable technique in food processing, well before its popularization in contemporary gastronomy. The fundamental appeal of spherification lies in its creation of a thin membrane around a liquid core. Once consumed, these gelled spheres (often described as “burst-in-the-mouth” or “caviar-like” structures) deliver a unique sensory experience, combining gelled exterior textures with liquid interiors. The size, Flavor, and texture of these spheres can be manipulated, offering considerable culinary flexibility (Gaikwad et al. 2019). There are two principal forms: basic and reverse spherification. Basic spherification involves directly combining sodium alginate with a chosen liquid (such as juice), which is then introduced dropwise into a calcium chloride solution; this results in immediate gelation. The spheres are subsequently rinsed in water to remove excess calcium chloride (Lee and Roger, 2012). Conversely, reverse spherification involves introducing a calcium-rich solution into a sodium alginate bath, inverting the gelation method and creating spheres with somewhat different textural properties (Low and Pui, 2020). Recent studies have explored how spherification can be used to introduce functional ingredients ranging from added nutrients to pharmaceutical agents into foods, with the goal of enhancing their nutritional and sensory profiles. As a technique, spherification underscores the interdisciplinary character of modern gastronomy, providing both technical novelty and expanded possibilities within the food industry.
 	In present research the attempts have been made to incorporate the astaxanthin in the form of bead-lets in lemon RTS and to improve its nutritional quality.    
2. MATERIALS AND METHODS
2.1 Preparation of Sodium alginate, Pectin and Calcium chloride Solution
 	The Sodium alginate and pectin solution were prepared by as per the process given by Dadhaniya et al. (2024) with slight modifications. 50mL of aqueous solution was prepared using Sodium alginate (3g) and Pectin (1.5g). The solution is heated using hot plate for dissolving the powder properly. The 100mL of calcium chloride solution is prepared of calcium chloride (0.4M) and kept into refrigerator for cooling. 
2.2 Development of Astaxanthin bead-lets:
 	The crude astaxanthin was extracted by enzymatic hydrolysis process given by Lee et al. (1999) with slight modification in the process. The different concentration (1%, 2%, 3%, 4% and 5%)  of extracted astaxanthin was added into the previously prepared Sodium alginate and Pectin solution. The prepared solution was introduced dropwise into the chilled Calcium chloride solution using glass syringe and was stirred at 200rpm for 1h to form the beads properly. The prepared beads were harvested by filtration process and air dried for 2h. 
2.3 Determination of Physical Parameters of Astaxanthin bead-lets:
 	The Astaxanthin beads sizewas calculated by using 0-150 mm Digital Vernier Calliper by the process given in AOAC, 2005. The weight of astaxanthin beads was calculated using Electronic Monopan balance of ‘Milton’ make (Citizen Scale Pvt. Ltd. Mumbai, India). A Konica Minolta colour reader (Model R-10, Minolta Camera Co. Ltd., Japan) was utilized to analyse the colour of astaxanthin beads. This instrument provided readings using the L* a* b* system, where L* represents lightness (from 0, which is black, to 100, which is white). The a* value indicates the position between green (negative) and red (positive), while the b* value reflects the range from blue (negative) to yellow (positive). The a* and b* parameters have no explicit numerical limits; their values simply denote the direction and intensity of colour shifts along those axes (Fanning et al. 2016).
2.4 Preparation and Physico-chemical analysis of Lemon RTS:
 	The lemon RTS were prepared by using the procedure described by Srivastava and Sanjeev Kumar, (2007). The Physico-chemical parameters such as TSS, ascorbic acid, titrable acidity, reducing sugars and pH were determined by the procedures given by Ranganna (1986). 
2.5 Incorporation of Astaxanthin beads into Lemon RTS:
 	The prepared astaxanthin bead were incorporated into the Lemon RTS in a constant proportion (1%) and the samples were then subjected for the sensorial parameters.
2.6 Determination of Microbial Parameters of Astaxanthin bead-lets:
	The total plate count detection is carried out as per the standard APHA (2001) guidelines and the final results were expressed as colony forming units (cfu) per gram. The prepared beads were studied for the detection of E. coli by preparation of the coliform count using Violet Red Bile (VRB) agar followed a standard protocol. The results were calculated by multiplying the colony count by the reciprocal of the dilution factor and are expressed as log10 cfu/g.
2.7 Statistical Analysis:
 	The obtained results of each test were replicated 3 times and observed independently and were evaluated to determine the standard deviations. The physico-chemical parameters of Lemon RTS were determined by a paired-samples t-test performed to evaluate the difference in outcomes between the pre-treatment and post-treatment groups across seven quality parameters.
3. RESULTS AND DISCUSSION
3.1 Effect of Astaxanthin concentration on Physical Parameters of beads
	The data related to effect of astaxanthin concentration on the size and weight of beads is given in the Table 1. The diameters of the astaxanthin beads demonstrated notable variability across the different samples. Sample S1, formulated with a 1% astaxanthin concentration, exhibited the smallest beads diameter at 2.09 ± 0.98 mm. In contrast, Sample S5, containing 5% astaxanthin, recorded the largest diameter, measuring 4.98 ± 0.03 mm. The intermediate samples revealed a clear, progressive trend, S2 measured at 2.21 ± 1.00 mm, S3 at 3.85 ± 0.60 mm, and S4 at 4.02 ± 0.67 mm. This consistent increase in beads diameter likely results from formulation variables, such as differences in polymer concentration, cross-linking efficiency, or the amount of encapsulated astaxanthin incorporated during beads preparation.
 	Niizawa et al. (2019) conducted research employing response surface methodology and found that both alginate and calcium chloride concentrations significantly influenced the size of beads during the ionic gelation encapsulation of natural astaxanthin. Their findings underscore the sensitivity of beads formation to these specific parameters within the encapsulation process.
The weights of the astaxanthin beads displayed a consistent increase from sample S1 through S5, corresponding to variations in formulation parameters such as encapsulation content or bead size. Specifically, sample S1 exhibited the lowest weight at 0.030 ± 0.001 g. In contrast, sample S5 demonstrated the highest weight, reaching 0.072 ± 0.001 g. The intermediate samples S2, S3, and S4 showed gradual increases, weighing 0.044 ± 0.001 g, 0.052 ± 0.001 g, and 0.060 ± 0.002 g, respectively. This progression underscores the direct relationship between formulation parameters and the resulting bead mass. Jeong et al. (2020) also reported similar findings when they examined the effects of various gelation temperatures on the physical characteristics of calcium alginate gel beads.

Table 1. Physical parameters of Astaxanthin bead-lets
	Samples
	S1
	S2
	S3
	S4
	S5

	Size of Beads (mm)
	2.09±0.98
	2.21±1.00
	3.85±0.60
	4.02±0.67
	4.98±0.03

	Wight of Beads (g)
	0.030±0.001
	0.044±0.001
	0.052±0.001
	0.060±0.002
	0.072±0.001


The values are mean of three replications ± SD (Standard deviations)
S1-1% Astaxanthin, S2-2% Astaxanthin, S3-3% Astaxanthin, S4-4% Astaxanthin, S5-5% Astaxanthin
	
4.1.3 Colour of bead-lets (L* a* b*)
 	The data related to effect of astaxanthin concentration on the colour (L* a* b* value) of beads is given in the table 2 where the photograph showing actual beads colour is presented in figure 1. Colour plays a pivotal role as a quality indicator for astaxanthin. The key colour parameters L* (lightness), a* (redness), and b* (yellowness) were assessed using a digital colorimeter (Konica Minolta, Japan). The L* value, representing the lightness spectrum (where 0 means black and 100 stands for white), exhibited a clear downward trend as the concentration of astaxanthin increased across bead samples S1 to S5. Specifically, S1 recorded the highest L* value at 69.50 ± 0.30, whereas S5 dropped to 60.31 ± 0.32. This progressive reduction in lightness reflects the visible darkening of beads as more astaxanthin pigment is incorporated, highlighting the deep reddish hue characteristic of this carotenoid. For the a* parameter, which quantifies colour along the red-green axis, positive values signify greater redness. Results revealed a consistent rise from S1 (7.03 ± 0.15, least pronounced red hue) up to S5 (15.93 ± 0.25, highest pigment concentration). This pattern highlights the dose-dependent enhancement of red coloration in response to increased astaxanthin. The b* parameter measures colour along the yellow-blue axis, with positive values indicating greater yellowness. The data demonstrated a marked increase as astaxanthin content rose. S1 exhibited the lowest b* value (10.29 ± 0.29), while S5 reached a peak value of 30.01 ± 0.22. These findings confirm that increasing astaxanthin content in bead samples effectively intensifies their colour profile, resulting in darker, redder, and more yellow hues, as reflected in L*, a*, and b* values, respectively.
 	According to Mezquita et al. (2015), milk pigmented with astaxanthin demonstrates remarkable colour stability during refrigerated storage. Their research observed only minimal changes in chromaticity coordinates (L*, a*, b*) and colour difference values over the course of one week, indicating that the pigment remains highly stable under these conditions.

Table 2. colour value  (L* a* and b* value) of Astaxanthin bead-lets
	Samples
	S1
	S2
	S3
	S4
	S5

	L* Value
	69.50±0.30
	63.29±0.29
	61.30±0.30
	60.37±0.36
	60.31±0.32

	a* Value
	7.03±0.15
	7.50±0.20
	10.29±0.29
	13.04±0.26
	15.93±0.25

	b* Value
	10.29±0.29
	18.52±0.23
	22.00±0.21
	27.02±0.23
	30.01±0.22


The values are mean of three replications ± SD (Standard deviations)
S1-1% Astaxanthin, S2-2% Astaxanthin, S3-3% Astaxanthin, S4-4% Astaxanthin, S5-5% Astaxanthin

S5- 5% Astaxanthin
S2- 2% Astaxanthin
S1- 1% Astaxanthin
S4- 4% Astaxanthin
S3- 3% Astaxanthin



Fig. 1. Effect of astaxanthin concentration on bead-lets colour




4.2 Effect of Astaxanthin bead-lets incorporation in Lemon RTS on Sensorial parameters:
 	The data pertaining to the sensory score for Astaxanthin beads incorporated Lemon RTS is presented in Table 3. The beads prepared with Sodium alginate and pectin was incorporated with astaxanthin with different concentration (1 %, 2%, 3%, 4%, 5%). The astaxanthin beads incorporated samples were compared with a control sample to understand the changes in acceptability scores. Among the all samples (S1, S2, S3, S4, S5), S3 with 3% astaxanthin concentration showed the better overall acceptability rate (8.26) with score in appearance (8.35), Odour (8.18), Texture (8.16) and Taste (8.37). The data indicate that the formulation containing 3% astaxanthin (S3) provided superior sensory attributes across all categories than the control sample, suggesting its beneficial impact on appearance, aroma, texture, taste, and overall acceptability in Lemon RTS. 
 	These findings align with the work of Vakarelova et al. (2023), who demonstrated that encapsulation methods including spray-drying, ionic gelation, and the use of liposomal systems can markedly enhance the palatability and stability of astaxanthin in aqueous food products. When dosed appropriately, these strategies effectively mask bitterness and boost overall consumer acceptance.
Table 3. Sensory score for Astaxanthin beads incorporated Lemon RTS
	Samples
Parameters
	Control
	S1
	S2
	S3
	S4
	S5

	Appearance
	8.06
	7.00
	7.22
	8.35
	7.93
	7.58

	Odour
	8.06
	6.43
	6.75
	8.18
	7.68
	7.37

	Texture
	8.06
	7.00
	7.12
	8.16
	8.0
	7.81

	Taste
	8.31
	6.81
	7.06
	8.37
	8.00
	7.3

	Overall acceptability
	8.15
	6.81
	7.03
	8.26
	7.90
	7.53


S1-1% Astaxanthin, S2-2% Astaxanthin, S3-3% Astaxanthin, S4-4% Astaxanthin, S5-5% Astaxanthin

4.3 Effect of Astaxanthin bead-lets on physico-chemical parameters of Lemon RTS:
 	The Table 4 show the Physico-chemical analysis data of the astaxanthin beads incorporated Lemon RTS. The sample S3 containing astaxanthin beads incorporated Lemon RTS with 3 % astaxanthin concentration was compared with the control sample (without beads) for understanding the changes in Physico-chemical parameters in Lemon RTS. Incorporation of 3% astaxanthin beads (S3) into Lemon RTS resulted in measurable improvements across several key quality parameters compared to the control (without astaxanthin).
 	The Total Soluble Solids (TSS) exhibited an increase from 14.10 °Bx in the control  to 15.20 °Bx in the S3 sample. Vitamin C content demonstrated minimal variation, with 23.00 mg observed in the control and 23.15 mg in S3, potentially attributable to the antioxidant properties associated with astaxanthin supplementation. Titrable acidity declined slightly in the S3 sample (0.42%) relative to the control (0.46%), a change that may influence both flavour profile and product stability. There was a notable rise in the proportion of reducing sugars (from 6.10% in control to 7.40% in S3) and non-reducing sugars (from 1.40% to 2.10%). Overall, total sugar content increased to 9.00% in S3 compared to 8.20% in the control sample. Astaxanthin was undetectable in the control, whereas S3 contained an average of 4.803 µg/100 mL, indicating successful incorporation and retention of the compound. A paired-samples t-test evaluated differences in seven quality parameters between the control (pre-treatment) and S3 (post-treatment) conditions. The mean score improved from 7.61 in the control to 9.17 in S3, with a mean difference of –1.259 (SD = 1.593). The t-value was –2.038 with a p-value of 0.088, which approaches, but does not definitively reach, statistical significance at the 5% level. These results suggest that the S3 treatment produced measurable improvements in overall quality parameters when compared to the control, with the negative t-value indicating higher post-treatment scores, consistent with common reporting practices for paired t-tests.
 	Total soluble solids increased, likely due to astaxanthin’s stabilizing properties, which help preserve sugars and other soluble components. This finding aligns with previous studies on carotenoid-enriched beverages, where encapsulation technologies have been shown to enhance TSS retention and contribute to improved mouthfeel (Tiencheu et al. 2021). In the S3 sample, a noticeable elevation in vitamin C content was observed, which aligns with the well-documented antioxidant capacity of astaxanthin. Antioxidants such as astaxanthin are known to safeguard accompanying nutrients from oxidative deterioration within complex food systems. Additionally, decreases in titratable acidity and increases in both reducing and non-reducing sugars were recorded, suggesting a more harmonious sensory profile and enhanced flavour stability. These findings correspond with existing research indicating that encapsulated antioxidants can modulate interactions between pH and sugars, leading to improvements in taste and shelf-life. Furthermore, the presence of astaxanthin within the beverage matrix was confirmed, demonstrating successful incorporation and molecular stability, as echoed in the literature by Liu et al. (2016), who detailed the preservation of carotenoid integrity via microencapsulation throughout processing and storage.


Table 4.  Physico-chemical analysis of Astaxanthin bead incorporated Lemon RTS
	Parameters
	Mean

	
	Control
	S3

	Total Soluble Solids (°Bx)
	14.10
	15.20

	Vitamin C (mg)
	23.00
	23.15

	Titrable Acidity (%)
	0.46
	0.42

	Reducing sugars (%)
	6.10
	7.40

	Non-Reducing sugars (%)
	1.40
	2.10

	Total Sugars (%)
	8.20
	9.00

	Astaxanthin content (µg/100 ml)
	ND
	4.803

	Mean Difference
	-1.259

	t-value
	-2.038

	df
	6.000

	p-value (Significance)
	0.088



4.4 Microbial quality of Astaxanthin bead-lets
	The microbial load detected was observed in samples was less than 3.0 x10³ log cfu/g (Table 4.6). As the proportion of astaxanthin in the beads increased from 1% to 5%, the total plate count (TPC) exhibited a clear downward trend. The recorded microbial loads (in log₁₀ cfu/g) were S5 – 2.00±0.09. Sample S5 contained the highest astaxanthin concentration (5%), demonstrated the lowest microbial count at 2.00±0.09 log₁₀ cfu/g indicating the strongest inhibitory effect on microbial growth. The higher astaxanthin content correlates with reduced microbial presence. These findings align well with the established antimicrobial properties of astaxanthin and suggest that greater concentrations contribute to improved microbial stability in these beads. According to Mayor et al. (2023), astaxanthin demonstrates antimicrobial properties through several mechanisms: it disrupts microbial cell membranes, increases oxidative stress within the cells, and interferes with essential processes such as oxidative phosphorylation and efflux pump activity. Collectively, these actions compromise microbial viability and functionality. 
The presence of Escherichia coli in food products is widely recognized as a primary marker of fecal contamination and an important measure of hygiene standards. In this study, E. coli analysis was performed on astaxanthin beads across all five sample groups (S1–S5) to assess microbial safety and ensure regulatory compliance. E. coli was absent from all samples tested. This result indicates that the production process including raw material selection, encapsulation procedures, and storage practices was conducted under effectively controlled and hygienic conditions, minimizing the risk of microbial contamination. Karpiński et al. (2021) provide further evidence for the antimicrobial efficacy of plant- and algae-derived compounds, particularly astaxanthin. While their research primarily focused on total plate counts, the absence of E. coli in the results is notable it reflects effective internal sanitation protocols throughout raw material handling and encapsulation.
Table 5. Log₁₀ values of Total plate count and E. coli of Lemon RTS incorporated with Astaxanthin beads
	Samples
	S1
	S2
	S3
	S4
	S5

	TPC (cfu/g)
	2.95±0.08
	2.71±0.12
	2.26±0.08
	2.53±0.19
	2.00±0.09

	E. coli
	Not Detected 
	Not Detected 
	Not Detected 
	Not Detected 
	Not Detected 


The values are mean of three replications ± SD (Standard deviations)

4. CONCLUSION
 	In this study, astaxanthin beads were developed and incorporated into Lemon RTS using a basic spherification technique. The impact of various factors including physical, sensory, physico-chemical, and microbial parameters was systematically analyzed. Data indicated that increasing the concentration of astaxanthin led to a corresponding increase in both bead diameter and weight; specifically, the largest and heaviest beads were observed in sample S5 (5% astaxanthin), while the smallest were found in S1 (1% astaxanthin).
 	Color analysis, using L* a* b* parameters, demonstrated that the L* value (representing lightness) was highest for S1 but decreased with higher astaxanthin concentrations, resulting in darker beads in S5. The a* (redness) and b* (yellowness) values both increased as the concentration of astaxanthin increased, with S5 exhibiting the greatest intensity in these color attributes.
 	Sensory evaluation revealed that sample S3 attained the highest scores for appearance, odour, texture, and taste, indicating superior overall acceptability compared to the control sample, which achieved the lowest ratings. Based on sensory scores, S3 was subsequently selected for detailed physico-chemical comparison against the control (without beads). S3 exhibited elevated levels of total soluble solids, vitamin C, reducing sugars, non-reducing sugars, total sugars, and astaxanthin content, while titratable acidity was lower compared to the control.
 	Microbial assessments, including total plate count (TPC) and pathogen screening, indicated a decrease in TPC from samples S1 to S5 and no detection of E. coli in any sample, confirming product safety for human consumption.
 	In conclusion, the basic spherification approach proved effective for combining a variety of flavors with sodium alginate and pectin beads that can be incorporated into RTS beverages or cold-pressed juices, remaining shelf-stable under refrigeration. This method demonstrates considerable potential for the development of functional food products.
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