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ABSTRACTThe success of synthetic seed technology depends on the physical properties of the encapsulation matrix, particularly bead size and uniformity. This study aimed to standardize sodium alginate and calcium chloride dihydrate (CaCl₂.2H₂O) concentrations for optimal bead formation in Oryza sativa L. Synthetic seeds were produced using twelve treatment combinations of sodium alginate (2.5%, 3.5%, and 4.5%) and CaCl₂.2H₂O (50, 100, 150, and 200 mM). Bead size and textural integrity were evaluated. Results revealed a significant interaction between alginate and CaCl₂ concentrations on bead morphology. Bead diameter increased with alginate concentration but decreased marginally with higher CaCl₂ due to stronger cross-linking. The standardization of encapsulation protocols is critical for achieving consistency in synthetic seed production across different plant species and developing commercially viable synthetic seed technology. 
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1. Introduction

Rice​‍​‌‍​‍‌ (Oryza sativa L.) is one of the most important staple crops worldwide, and the capability of fast propagation and preservation of the elite genotypes is necessary for food security and the enhancement of agriculture. A technique of synthetic seeds when somatic embryos or explants are encapsulated in a protective hydrogel matrix is a potential way for clonal propagation and conservation of the germplasm of such elite lines (Garg et al., 2021).

The material that encapsulates is in general made of sodium alginate that is cross-linked with calcium chloride, thus resulting in calcium-alginate beads that both provide mechanical stability and a moist environment which is beneficial for the physiological activity of the encapsulated propagules. A study for instance has argued that bead hardness and permeability have to be adjusted in order to promote conversion to plants (Hatzilazarou et al., 2021). Calcium alginate bead production was accomplished via ionic gelation, according to the classical “egg-box” model. In this process, Ca²⁺ ions take over Na⁺ ions in the alginate structure and bind cooperatively between the two adjacent guluronic acid (G) blocks, thus forming ionic junction zones that crosslink polymer chains (Braccini & Pérez, 2001; Draget et al., 2005). The interconnected web that results changes the alginate droplet into a solid hydrogel ​‍​‌‍​‍‌bead.

Beads​‍​‌‍​‍‌ physical features like their size, shape uniformity, and volume were also very important for their successful further handling, storage, and subsequent germination (Raju et al., 2016). During the gelation process, sodium alginate a linear polysaccharide obtained from brown sea‑algae is ionotropically gelated by Ca²⁺ ions giving a product whose size and properties depend on parameters such as alginate concentration, calcium chloride concentration, and time of cross‑linking. At a low alginate concentration, the crosslinking network becomes loose thus allowing Ca2+ to move more freely throughout the bead, which results in homogeneous crosslinking and a significant loss of volume. The authors’ results are in accordance with the pattern described by Dubuque et al. (2023), who reported that slower ion diffusion and decreased chain mobility at high polymer concentrations hinders the effect of Ca2+ concentration on bead size.

The formulation, however, must be optimized: too low alginate or calcium levels can produce weak or irregular beads that are difficult to handle, while very high concentrations can lead to overly stiff structures that hinder oxygen diffusion and thus the embryo emergence is affected. Therefore, synthetic seed technology can be a very efficient tool for large-scale propagation, storage of germplasm, and the release of elite rice genotypes to the market if the encapsulation matrix is optimally formulated to balance bead strength, size, permeability, and conversion ​‍​‌‍​‍‌potential.

1.1 Mechanism of Calcium Alginate Bead Formation 
The formation of calcium alginate beads occurs through a process called ionic gelation, which follows the classical "egg-box" model first proposed by Grant and colleagues in the 1970s and subsequently refined through extensive research (Braccini & Pérez, 2001; Draget et al., 2005). Sodium alginate is a linear, unbranched polysaccharide composed of two uronic acid monomers: β-D-mannuronic acid (M) and α-L-guluronic acid (G), which are arranged in blocks along the polymer chain in varying sequences including homopolymeric blocks (MM and GG blocks) and heteropolymeric blocks (MG blocks) (Li et al., 2023).
During the gelation process, when alginate solution containing sodium ions comes into contact with a calcium chloride solution, Ca²⁺ ions rapidly replace Na⁺ ions in the alginate polymer structure. The divalent calcium ions bind cooperatively and selectively to the G-blocks, fitting into the cavities formed between two adjacent guluronic acid residues on different polymer chains. This binding creates ionic junction zones that effectively cross-link the alginate chains into a three-dimensional network structure. The resulting interconnected web transforms the liquid alginate droplet into a solid, gel-like hydrogel bead with unique mechanical and diffusion properties (Fang et al., 2022; Zhang et al., 2024).
The extent and nature of cross-linking are influenced by multiple factors including the ratio of M to G blocks in the alginate (which varies depending on the alginate source), the concentration of both alginate and calcium ions, the molecular weight of the alginate polymer, the pH of the solutions, temperature, and the duration of exposure to the cross-linking solution (Abasalizadeh et al., 2020; Wu et al., 2023). Understanding these factors and their interactions is crucial for developing robust and reproducible synthetic seed production protocols.
1.2 Optimization Requirements for Synthetic Seed Technology
Careful optimization of the encapsulation matrix composition is necessary for the successful implementation of synthetic seed technology in order to accomplish several, often contradictory, goals at once. The resultant beads may be mechanically weak, structurally uneven, prone to deformation, and challenging to handle without causing damage to the enclosed material if the concentrations of calcium or alginate are too low (Rahman et al., 2023). Additionally, these beads could not have the structural integrity required for prolonged storage or long-distance shipping. 
However, excessively high concentrations of either component can result in extremely rigid, impermeable structures that physically prevent the emergence of shoots and roots from the encapsulated embryos, severely restrict oxygen diffusion, limit water uptake during germination, and obstruct nutrient exchange (Ahmed et al., 2024). Conversion efficiency, or the proportion of synthetic seeds that successfully germinate and grow into typical, robust plantlets, is decreased by these factors taken together.
 
In order to achieve the best possible synthetic seed performance, it is necessary to determine the precise ratio of alginate to calcium concentrations that balances a number of factors, such as bead strength that is adequate for handling and storage, size that is appropriate for the intended use, adequate permeability for gas and nutrient exchange, and appropriate mechanical properties that permit embryo emergence while offering protection (Goyal et al., 2023). In order to provide basic information to direct the optimization of encapsulation protocols for this economically significant crop species, the current study was conducted to methodically examine how different concentrations of sodium alginate and calcium chloride dihydrate affect bead size in rice synthetic seed production.

2. Materials and Methods

2.1. Plant material
Somatic embryos of Oryza sativa L. generated through in vitro culture were utilized as explants for encapsulation. Fully matured embryos previously developed on Murashige and Skoog (MS) basal medium supplemented with appropriate plant growth regulators served as the source material for bead formation.

2.2. Preparation of sodium alginate solution
Sodium alginate solutions were formulated at concentrations of 2.5%, 3.5%, and 4.5% (w/v) by dissolving the required amount of alginate powder in autoclaved and cooled MS basal medium. The solution was gently stirred to ensure complete dissolution and to prevent air bubble entrapment.


2.3. Preparation of calcium chloride solution
Calcium chloride dihydrate (CaCl₂·2H₂O) solutions were prepared at concentrations of 50, 100, 150, and 200 mM under sterile conditions for use as the cross-linking agent during bead formation.

2.4. Evaluation of bead size
The size of the bead formed using 2.5%, 3.5%, and 4.5% (w/v) sodium alginate along with 50, 100, 150 and 200 mM calcium chloride dihydrate (Table 1) by hydrated synthetic seed technology were analysed visually and the dimension was estimated using imageJ software

Table 1. Treatment combinations with varying sodium alginate and calcium chloride concentration

	
	Sodium alginate
	Calcium chloride dihydrate

	


S1
	2.5%
	50mM

	
	2.5%
	100mM

	
	2.5%
	150mM

	
	2.5%
	200mM

	


S2
	3.5%
	50mM

	
	3.5%
	100mM

	
	3.5%
	150mM

	
	3.5%
	200mM

	


S3
	4.5%
	50mM

	
	          4.5%   
	100mM

	
	4.5%
	150mM

	
	4.5%
	200mM



2.5 Statistical Analysis
The bead size data collected from all treatment combinations were subjected to two-way analysis of variance (ANOVA) using appropriate statistical software to determine the main effects of sodium alginate concentration, calcium chloride dihydrate concentration, and their interaction on bead size. Treatment means were compared using Duncan's Multiple Range Test (DMRT) at 5% probability level (p < 0.05) to identify significant differences between treatments. The critical difference (CD) and coefficient of variation (CV) were calculated to assess the reliability and precision of the experimental data.
3. Result and Discussion

The encapsulation materials used influence the bead formation and thereby affect the bead size as given in Table 2

Table 2. Effect of sodium alginate and calcium chloride dihydrate on bead size
	


Sodium alginate
	Treatment
	Bead size (mm)

	
	S1
	3.757b

	
	S2
	4.465a

	
	S3
	4.578a

	
	CD
	0.274

	
	CV
	5.897

	

Calcium chloride dihydrate
	C1
	4.602a

	
	C2
	4.377ab

	
	C3
	4.091bc

	
	C4
	3.995c

	
	CD
	0.316

	
	CV
	0.597


S1: 2.5% Sodium alginate     C1: 50mM Calcium chloride dihydrate
S2: 3.5% Sodium alginate     C2: 100mM Calcium chloride dihydrate
S3: 4.5% Sodium alginate     C3: 150mM Calcium chloride dihydrate
                                               C4: 200mM Calcium chloride dihydrate

3.1 Effect of sodium alginate concentration on bead size

The bead size of encapsulated material was significantly influenced by the concentration of sodium alginate (Table 1). Treatment S1 produced the smallest bead size (3.757 mm), while S2 and S3 generated significantly larger beads, measuring 4.465 mm and 4.578 mm respectively. Treatments S2 and S3 did not differ significantly from each other but were both statistically higher than S1, indicating that bead size increased with increasing alginate concentration. The critical difference (CD = 0.274) confirms that the observed differences between S1 and the other treatments were statistically meaningful. 

The bead diameter increased from 4.31 mm (2.5%) to 4.81 mm (4.5%) at 50 mM CaCl₂, which is consistent with larger droplets being produced prior to gelation due to higher solution viscosity. Droplet formation at the nozzle tip is determined by the viscosity of the alginate solution. According to Rathore and Kumar (2021), high-viscosity solutions prevent flow, delaying separation and enabling more liquid to build up before it falls into the CaCl₂ bath.

This trend corresponds with previous studies reporting that bead diameter increases with higher polymer concentrations due to greater viscosity of the alginate solution, which results in larger droplet formation during extrusion (Chan et al., 2011; George & Abraham, 2006). Higher viscosity slows droplet detachment, forming beads of larger diameter. The coefficient of variation (CV = 5.897%) indicates acceptable experimental precision.

Fig 1: Influence of sodium alginate concentration on bead size


3.2 Effect of calcium chloride dihydrate concentration on bead size

The​‍​‌‍​‍‌ size of the beads was also significantly affected by the calcium chloride concentration. The biggest beads were seen at C1 (4.602 mm) and the smallest ones at C4 (3.995 mm). The bead size of the descending order with increasing calcium chloride concentration indicates that higher CaCl2.2H2O levels led to the beads that were more compact and smaller. The CD (0.316) reveals that the differences between C1 and C4 were statistically significant.


Fig 2: Influence of calcium chloride dihydrate concentration on bead size


This result agrees with the standard encapsulation concepts. Calcium ions in higher concentration leads to quicker and tighter cross-linking of alginate chains that thereby raises gel strength and decreases bead swelling resulting in smaller bead sizes (Draget, 2000). On the contrary, at lower CaCl2.2H2O concentrations, less cross-linking is done and therefore more swelling can occur making the beads bigger. The CV of 0.597% shows that the experiments were carried out very precisely.

The diameter changes for the 4.5% samples across increasing Ca2+concentrations were relatively minor indicating that the droplet formation has more of an impact at higher alginate levels. Transport of Ca2+ ions inside can be limited in concentrated alginate solutions due to the higher polymer chain density. Therefore, gelation occurs according to a diffusion-controlled mechanism with a shell-core structure where the outer layer crosslinks more rapidly than the inner one (Tønnesen & Karlsen, 2002; Yoon et al., 2017). Bajpai and Sharma (2004), whose work showed that Ca²⁺crosslinked alginate gels shrink as crosslinking density increases due to water release during network tightening, came to this conclusion as well.

Bead diameter at 2.5 % alginate decreased from 4.31 mm to 3.20 mm as CaCl2.2H2O was increased from 50 mM to 200 mM, equating to a ~26 % shrinkage. The cause of this contraction is an increase in crosslinking density: the more Ca²⁺ ions are taking the binding sites within G-block cavities, the more polymer chains are being drawn together, and water is forced out of the gel matrix (Fang et al., 2022). ​‍​‌‍​‍‌

3 Interaction Between Sodium Alginate and Calcium Chloride Concentrations
Statistical analysis of the two-way ANOVA indicated that while both sodium alginate and calcium chloride concentrations independently showed highly significant effects on bead size (p < 0.001), their interaction term was not statistically significant (p > 0.05). This finding has important practical implications for synthetic seed production, as it demonstrates that the effects of these two components on bead size are largely independent and additive rather than synergistic or antagonistic.
The absence of significant interaction suggests that the mechanisms by which alginate concentration affects bead size (primarily through viscosity-mediated droplet formation) and the mechanisms by which calcium concentration affects bead size (primarily through cross-linking density and gel compaction) operate through separate pathways that do not strongly influence each other. This independence provides considerable flexibility in optimizing encapsulation protocols, as adjustments to one component to achieve desired properties (for example, increasing calcium to improve bead strength) can be made without necessitating compensatory changes in the other component to maintain size specifications (Oliveira et al., 2024).
From a practical standpoint, this finding enables a rational, systematic approach to formulation optimization. Researchers and practitioners can independently manipulate alginate concentration to target a desired initial bead size based on viscosity considerations, and then adjust calcium concentration to fine-tune the final bead size, mechanical properties, and cross-linking density to meet specific application requirements without complex multivariate optimization procedures (Rahman et al., 2024).
4. Conclusion

The​‍​‌‍​‍‌ size of beads was significantly influenced by sodium alginate and calcium chloride dihydrate but the effects were opposite. Higher sodium alginate concentration led to larger beads because the increased viscosity of the solution resulted in larger droplets during gel formation. On the other hand, higher calcium chloride concentration caused the reduction of bead size, as more Ca²⁺ ions at higher levels resulted in stronger and faster cross-linking, thus the beads became more compact and denser. The interaction between alginate and calcium chloride concentrations being non-significant from a statistical point of view, the final findings suggest that the size of the beads can be very well controlled by changes in the concentrations of the two components to be adjusted separately. This offers a convenient platform for the fine-tuning of the encapsulation processes which is a prerequisite for obtaining certain bead ​‍​‌‍​‍‌dimensions. 
Furthermore, additional studies examining the effects of these formulation parameters on other critical bead characteristics including porosity, oxygen permeability, nutrient release kinetics, biodegradation rate, and their ultimate impact on plantlet development would provide a more complete picture of how to optimize synthetic seed technology for practical agricultural applications. Integration of these physical and chemical parameters with biological performance data will be essential for translating laboratory findings into robust, commercially viable synthetic seed production systems that can contribute to global food security through efficient propagation and conservation of elite rice germplasm.
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