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Abstract
The growing interest in probiotic food matrices has driven research toward the development of innovative products that 
ensure the stability and functionality of beneficial microorganisms. This study investigated the effects of varying alginate 
concentrations (2, 4, and 6%) on the encapsulation efficiency, viability, and release control of L. acidophilus (LA) loaded in 
multi-component hydrogel beads for applications in peach juice and animal feed. Higher alginate concentrations improved 
capsule stability, probiotic protection, and survival. Increasing alginate from 2 to 6% reduced moisture content, increased 
swelling capacity, bead size, and encapsulation efficiency. LA viability exceeded recommended levels after the encapsulation 
process in all bead types, with 6% alginate providing the highest protection (≥ 80%) under gastrointestinal conditions. In 
peach juice, higher alginate concentrations (4% and 6%) significantly improved probiotic retention and decreased LA release. 
However, in feed, 2% of alginate capsules showed greater LA viability. The study highlights the importance of modulating 
alginate concentration to optimize the characteristics of the beads with LA, differentially influencing its viability and release 
pattern, depending also on the specific characteristics of the final food matrix. These findings are fundamental for the design 
of stable and functional foods in future.
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Introduction

Probiotics, which are live microorganisms with established 
health benefits, have gained considerable attention for their 
potential to enhance intestinal microbiota, boost immune 
function, and promote mental well-being (Misra et  al., 
2021). Nevertheless, the viability of probiotics can be com-
promised by several factors, including acidic environments, 
oxygen exposure, and adverse conditions during processing, 
storage, transportation, and gastrointestinal transit (Sultana 
et al., 2022). To address these challenges, encapsulation 

technologies have emerged as a promising strategy for 
protecting probiotic cells during technological processing 
and gastrointestinal digestion; however, their effectiveness 
can be influenced by the choice of encapsulation material 
(Somera et al., 2024; Xu et al., 2022).

Among the various encapsulation methods, extrusion is 
recognized as a cost-effective, and scalable technique. This 
process involves extruding a hydrocolloid solution com-
bined with probiotic bacteria through a syringe needle into 
a calcium chloride solution, forming encapsulated beads 
(Fangmeier et al., 2019). However, the resulting bead size 
is influenced by several factors, including needle diameter, 
syringe pressure, alginate concentration, stirring speed, 
and calcium chloride concentration (Valero-Cases & Fru-
tos, 2015). Sodium alginate is a frequently used biopoly-
mer in extrusion encapsulation due to its biocompatibil-
ity, biodegradability, non-toxic nature, and its capacity to 
form a three-dimensional network with divalent cations. 
Despite these advantages, alginate beads can exhibit limi-
tations such as permeability, degradability, and porosity, 
which may reduce the protective effect on probiotic cells 
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(Peanparkdee et al., 2025). To overcome these challenges, 
researchers have explored incorporating other biopoly-
mers, like starches, proteins, and additional hydrocolloids, 
into the alginate solution (Misra et al., 2021; Xie, Ni, Cao, 
& Gu, 2022). Additionally, the combination of sodium 
alginate with prebiotic agents has also been documented 
(Ismail et al., 2023; Sharifi et al., 2023). Notably, inves-
tigating the effects of varying alginate concentrations on 
bead strength offers valuable insights for enhancing the 
encapsulation system (Zazzali et al., 2019). Therefore, 
hypothesizes that the strategic design of multi-component 
beads and the optimization of their polymer concentra-
tions will significantly improve the protection and viabil-
ity Lactobacillus acidophilus (LA) during processing and 
simulated gastrointestinal digestion, ultimately ensuring 
adequate concentrations (106–107 CFU/g or mL of food) 
for optimal efficacy in food products. This research pro-
vides a new framework for developing robust probiotic 
delivery systems, going beyond the limitations of individ-
ual polymers to design more effective and stable encapsu-
lated probiotics. The primary objective of this study was to 
investigate the impact of varying alginate concentrations 
on the key properties of the beads and the functionality of 
encapsulated LA across different food matrices. Specifi-
cally, the study sought to: 1. Characterize the structural 
properties of the capsules by evaluating swelling capacity, 
moisture content, and water activity based on the different 
alginate concentrations employed. 2. Assess the viability 
of encapsulated LA under osmotic stress and its survival 
throughout the various stages of simulated gastrointestinal 
digestion. 3. Explore the practical application of these cap-
sules by monitoring the viability and release pattern of LA 
in two complex food environments: peach juice and feed. 
The successful development of this optimized multi-com-
ponent encapsulation system will contribute significantly 
to the advancement of functional foods and nutraceuti-
cals by protecting probiotics from adverse environmental 
conditions and ensuring their controlled release, thereby 
enhancing their efficacy and providing consumers with 
innovative products that promote health and well-being.

Materials and Methods

Activation of L. acidophilus 

L. acidophilus CECT 903 (LA) was sourced from the Span-
ish Type Culture Collection (CECT, Valencia, Spain). The 
activation of the probiotic culture was carried out using 
frozen glycerol stocks following the protocol described by 
Valero-Cases and Frutos (2017) using Man Rogosa Sharpe 
(MRS) broth (Oxoid, Madrid, Spain).

Production of Hydrocolloid Alginate Solutions

Three hydrocolloid solutions were prepared in accord-
ance with Valero-Cases and Frutos (2015) using three 
concentrations of sodium alginate: 2%, 4% and 6% (w/v) 
(Sigma-Aldrich, Madrid, Spain). The appropriate amount 
of sodium alginate was dissolved in distilled water using 
a homogenizer (T18 digital ULTRA-TURRAX®, Spain). 
Subsequently, 0.15% xanthan gum, 5% glycerol (Guinama 
Valencia, Spain) and 2% sodium bicarbonate (PanReac 
AppliChem, Barcelona, Spain) were incorporated into the 
various hydrocolloid solutions. Each solution was homog-
enized for 15 min at 500 rpm. All solutions, prior to probi-
otic inoculation, were sterilized at 121 °C for 15 min and 
cooled at 37 °C. The LA culture was subsequently added 
to each hydrocolloid solution to achieve a concentration 
of approximately 9 log CFU/mL.

Preparation of Probiotic Beads by Extrusion Method

The extrusion encapsulation was carried out using vari-
ous hydrocolloid solutions (2%, 4%, 6%) containing pro-
biotic LA. These solutions were drawn into 60 mL sterile 
syringes and injected using a perfusion pump (mod. KDS 
200/200P Legacy syringe pump, Holliston, USA) at a flow 
rate of 100 µL/min through a 21G (0.80 mm × 25 mm) 
needle connected to a silicone tube with a 1 mm internal 
diameter. The injection was directed into a sterile 0.1 M 
calcium chloride (CaCl2) solution, maintaining 5 (± 0,1) 
cm between the needle and the CaCl2 solution. The result-
ing beads were immersed in the CaCl2 solution for 30 min, 
after which they were washed with sterilized distilled 
water and stored at 4 °C until further use.

Survival of Encapsulated L. acidophilus  Under 
Gastrointestinal Conditions

The simulation of gastrointestinal digestion (SGD) was 
carried out according to the method of E. Valero-Cases 
et al. (2017), which adheres to the standardized digestion 
protocols provided by the Infogest network. Briefly, vari-
ous beads were introduced into simulated gastric juices 
(SGJ) containing 3 g/L of pepsin at pH of 2 maintained 
at 37 °C under agitation at 100 rpm for 120 min. Sub-
sequently, the SGJ was neutralized to a pH of 7 using a 
NaHCO3 (0.1 M) solution, and 1 g/L of pancreatin along 
with 4.5 g/L of bile salts (Sigma- Aldrich, Madrid, Spain) 
were added to simulated intestinal juices (SIJ) for an addi-
tional 60 min. Following the exposure to SGJ and SIJ, the 
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concentration of viable LA encapsulated within each type 
of bead was quantified as described below.

 L. acidophilus Viability in the Alginate Beads

The viability of encapsulated LA was assessed following 
the formation of the beads and throughout the various stages 
of SGID. Each variant of probiotic beads (2%, 4% and 6%) 
underwent serial dilution in peptone water and was subse-
quently plated on MRS agar (Oxoid, Madrid, Spain). The 
plates were incubated for 72 h at 37 °C under anaerobic 
conditions prior to enumeration. The results were expressed 
as log CFU/g.

Encapsulation Efficiency

The encapsulation efficiency (EE) was determined using 
Eq. (1) as proposed by Verruck et al. (2017) to assess the 
efficiency of cell retention in the different types of beads.

where N represents the number of viable cells released 
from the beads, and N0 denotes the number of free cells 
introduced into the different alginate solutions prior to the 
encapsulation process.

Moisture and Water Activity

The moisture content of the probiotic hydrogel beads was 
determined using the three distinct types of beads. Each 
type of bead was weighed, placed on aluminum pans and 
subjected to drying at 105 °C until a constant weight was 
achieved. The results were expressed as a percentage of the 
initial weight. The water activity (aw) was measured using a 
Novasina water activity meter (Aw Sprint TH 500).

Evaluation of the Mean Diameter and Structure

The dimensions of 50 beads were measured using an elec-
tronic digital micrometer (Mitutoyo JP67, Vitoria-Gasteiz, 
Spain), with the mean values reported in millimeters (mini-
mum resolution = 0.01 mm). The morphology and surface 
characteristics of the beads were analyzed after gastrointes-
tinal digestion using a Leica MZ95 stereomicroscope (Leica, 
Spain).

Swelling Capacity

The swelling capacity (Sw) of the beads was assessed fol-
lowing exposure to deionized water, utilizing the method-
ology outlined by Foglio Bonda et al. (2020) with certain 
modifications. All three types of dry beads were weighed 

(1)EE(%) =
(

logN∕logN0

)

× 100

and then immersed in deionized water at a ratio of 1:10 
(beads/deionized water) in sterile vials, which were sealed 
and stored for 24 h at 4 °C. Afterwards, the beads were 
retrieved, weighted and the swelling percentage was deter-
mined using Eq. (2).

where Wt represents the weight of the alginate beads after 
24 h in deionized water and Wo denotes the initial weight of 
the dried alginate beads.

Viability Assessment of Encapsulated L. acidophilus 
in Osmotic Stress

To evaluate the viability of LA under osmotic stress condi-
tions, four sodium chloride (NaCl) solutions were prepared 
at varying concentrations (Yang et  al., 2024). Specific 
quantities of NaCl were dissolved in sterile distilled water 
to achieve final concentrations of 5%, 10%, 15%, and 20% 
(w/v). The beads were aseptically transferred to containers 
containing 100 mL of each NaCl solution in a 1:10 (w/v) 
ratio. The samples were maintained at room temperature for 
4 h. Subsequently, the beads were separated from the saline 
solution through filtration, and the number of viable LA 
cells was determined by plating on MRS agar (as described 
in Sect. 2.5). The results were expressed as log CFU/g of 
beads.

Viability and Preservation Assessment of L. 
acidophilus in Peach Juice

The viability and preservation of LA in peach juice was 
investigated over 15 days of refrigerated storage. The juice 
was prepared from a commercial concentrate obtained from 
Tomates del Guadiana S. Coop (Badajoz, Spain). To achieve 
the desired Brix levels (10.6°Brix), the concentrate was 
diluted in boiling water for proper dissolution. It was then 
cooled, and beads containing 2%, 4%, and 6% alginate, each 
with an initial LA concentration of ca. 9 log CFU/mL, were 
incorporated into 100 mL of peach juice at a 1:3 (w/v) ratio. 
This procedure resulted in three distinct formulations: juice 
with 2% capsules (2%), juice with 4% capsules (4%), and 
juice with 6% capsules (6%). These formulations were stored 
at 4 °C and sampled on days 1, 7, and 15. At each sampling 
interval, the beads were meticulously removed to quantify 
the number of viable LA cells present both in the peach juice 
and within the capsules. This methodology facilitated the 
assessment of probiotic release into the liquid medium and 
its retention within the encapsulation matrix throughout the 
duration of the storage.

(2)Sw(%) = (Wt −Wo∕Wo) × 100
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Evaluation of the Viability and Preservation of  L. 
acidophilus in Feed

A standard commercial pellet diet from Fresh Mediterra-
nean (Spain) consisting of 26% crude protein, 14% crude 
fat, 2.75% crude fiber, 8% crude ash, 1.80% calcium, 1.20% 
phosphorus, and 4500  mg/kg EPA + DHA was ground. 
Freshly prepared LA capsules (2%, 4%, and 6%) were then 
combined directly with the ground feed in a 1:1 (w/w) ratio 
to produce four different formulations. These resulting for-
mulations, containing the LA capsules, were subsequently 
dried to a constant weight and stored at 4 °C. Samples were 
collected on days 1, 7, and 15 to evaluate the number of 
viable LA cells in feeds by plating on MRS agar (as detailed 
in Sect. 2.5). The results were expressed as log CFU/g of 
beads.

Statistical Analysis

In each experiment, the measurements were conducted in 
triplicate, and the results were presented as the mean ± stand-
ard deviation. The experimental data were analyzed using 
SPSS v 21.0 software (SPSS Inc., Chicago-Illinois, USA) 
through analysis of variance (ANOVA), followed by the 
Tukey test, which was applied when significant differences 
(p < 0.05) were detected.

Results and Discussion

Effects of Water Activity and Moisture Content 
on Alginate‑Xanthan Gum‑Glycerol Probiotic Beads

The influence of water activity (aw) and moisture content 
on the different probiotic beads encapsulated with vary-
ing concentrations of alginate is shown on Table 1. These 
parameters are essential for ensuring the long-term stability 
and viability of encapsulated probiotics, particularly in dry 
food applications. Additionally, the polymeric matrix of the 
beads may experience water diffusion, affecting the hydrogel 
volume and potentially leading to bead contraction or expan-
sion (Caccavo et al., 2018).

All bead formulations showed the same water activity 
(aw = 0.96) with no significant differences (p ˃ 0.05) among 
them, indicating that alginate concentration did not signifi-
cantly influence this parameter. Water activity denotes the 
amount of free water available in the system, which can 
affect microbial growth and chemical reactions. While high 
aw values can promote microbial growth, low aw values can 
result in protein denaturation and lipid oxidation, adversely 
affecting probiotic viability (Reyes et al., 2018; Silva et al., 
2018). Previous research has demonstrated that factors such 
as extrusion tip size, storage conditions, and synthesis pH 
have minimal impact on the water activity of alginate beads 
(Zazzali et al., 2019).

In contrast, the moisture content exhibited significant dif-
ferences (p < 0.05) among the different probiotic beads, with 
alginate concentration levels of 2%, 4%, and 6%. Beads with 
2% alginate exhibited the highest moisture content (94,92%), 
whereas those with 6% alginate had a moisture content of 
91.45%. Increased moisture content can compromise the sta-
bility of encapsulated materials, leading to water mobility 
and accelerated viability loss (Tonon et al., 2009; Ying et al., 
2010). In addition, high moisture can weaken the physical 
structure of the encapsulating matrix, causing increased 
swelling and a more porous structure, which compromises 
the protective barrier for probiotics. Finally, high humidity 
can prematurely reactivate cellular metabolism, deplete cel-
lular energy stores and make cells more susceptible to stress 
and death over time.

Consequently, it is hypothesized that beads with higher 
alginate concentrations, such as 6%, may offer enhanced 
protection and preservation for LA. This hypothesis is sup-
ported by the water-binding capacity of alginate hydrogels 
(Bušić et al., 2018), where higher alginate concentrations 
create a denser, more cohesive network that immobilizes 
water more effectively The results indicate that while aw 
values remained constant across all bead formulations, the 
moisture content varied depending on the alginate concen-
tration. These findings suggest that alginate concentration 
influences the moisture retention capacity of the beads. It is 
important to note that moisture content can directly impact 
the stability and viability of the encapsulated probiotics. 
Therefore, beads with higher alginate concentrations, such 
as 6%, may provide better protection and preservation for the 

Table 1   Physicochemical 
parameters of beads with 
different concentrations of 
alginate (2, 4, and 6%) obtained 
by extrusion method

Within a column, means ± standard (n = 3) deviations with different superscript uppercase letters denote 
significant differences (p < 0.05) among samples

Alginate concen-
tration

Parameters

Size (mm) Moisture (%) Aw Swelling capacity (%)

2% 2.10 ± 0.21A 94.92 ± 0.00C 0.96 ± 0.01A 81.52 ± 0.01A

4% 2.28 ± 0.26AB 92.92 ± 0.01B 0.96 ± 0.01A 84.11 ± 0.00B

6% 2.61 ± 0.26B 91.42 ± 0.01A 0.96 ± 0.00A 97.55 ± 0.01C
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encapsulated microorganisms by reducing water mobility 
and improving the physical integrity of the barrier, resulting 
in greater long-term stability. To further explore the effect 
of alginate concentration on the viability of LA, subsequent 
sections will explore the survival rates of probiotics during 
simulated gastrointestinal digestion.

Particle Size and Swelling Capacity

Particle size and swelling capacity are critical parameters 
in the development of alginate-based probiotic beads. As 
shown in Table 1, particle size analysis indicated a direct 
correlation between particle size and the concentration of 
alginate used. An increase in alginate concentration resulted 
in a significant enlargement (p < 0.05) of particle size. Beads 
formulated with 6% alginate showed a significantly larger 
size than the ones with 2% (2.66 vs 2.10 mm), a finding 
consistent with previous research that has established a posi-
tive correlation between increased polysaccharide concen-
tration, and consequently the viscosity of the gel-forming 
solution, due to larger size of the resulting hydrogel particles 
(Qi et al., 2020a, 2020b). Essentially, higher viscosity solu-
tions yield larger hydrogel particles. This phenomenon may 
be attributed to the greater water retention capacity of 6% 
alginate beads, which allows them to incorporate more water 
and swell, leading to increased size.

Furthermore, the higher viscosity of the polymer solu-
tion with increased alginate concentration contributed to the 
formation of larger and more robust beads, thereby enhanc-
ing encapsulation efficiency (Zhang et al., 2016). Extrusion 
encapsulation with alginate typically produces beads rang-
ing from 2 to 5 mm in diameter (Frakolaki et al., 2021). 
Variations in size observed across studies can be attributed 
to differences in encapsulation materials, their concentra-
tions, and specific methodologies employed. These factors 
include manual or mechanical extrusion, distance travelled, 
stirring speed, needle size, and flow rate. Additionally, par-
ticle diameter has been linked to the inclusion of prebiotics 
during encapsulation and the beads' ability to protect pro-
biotics (Ismail et al., 2023; Valero-Cases & Frutos, 2015).
However, beads formed at acidic pH exhibited alterations 
in both size and morphology, with larger dimensions and 
reduced roundness.

As the concentration of alginate increased from 2 to 6%, 
there was a corresponding increase in the swelling capac-
ity (Sw) from 81.52% to 97.55% (Table 1). Surprisingly, a 
higher alginate concentration did not necessarily equate to 
greater resistance to volume change. Beads with the high-
est alginate concentration (6%) exhibited the greatest swell-
ing capacity (p < 0.05), effectively regaining their original 
size. This observed relationship between capsule size and 
water retention capacity (WRC) implies a potential link 
between bead size and their water retention ability. WRC 

is influenced by various factors, including electrostatic and 
hydrophobic forces, as well as hydrogen bonding between 
different polysaccharides (e.g., alginate and xanthan gum) 
that form the capsule wall (Yao et al., 2018). Additional 
studies have indicated that greater water retention capac-
ity results in larger beads due to their ability to incorpo-
rate more water internally (Qi, Simsek, Ohm, Chen, & Rao, 
2020a, 2020b). The findings indicate that the concentration 
of alginate used in the encapsulation process directly affects 
both the particle size and swelling capacity of the probiotic 
beads. The higher swelling capacity associated with higher 
alginate concentrations suggests improved water retention 
within the polymer matrix. This controlled water retention 
could be beneficial for maintaining the structural integrity 
of the matrix by reducing the permeability of the beads to 
harmful external agents (such as oxygen, pH changes, or 
digestive enzymes) and, therefore, better protecting the 
probiotics.

Encapsulation Efficiency and Probiotic Viability 
in the Alginate‑Xanthan Gum‑Glycerol Probiotic 
Beads

In this study, we utilized the extrusion encapsulation 
method, employing a peristaltic pump with different 
concentrations of alginate (2%, 4%, and 6%) as the wall 
material to protect LA. The encapsulation process yielded 
high EE values, exceeding 81% (Fig. 1). Notably, this 
parameter demonstrated a significant dependence on the 
alginate concentration employed. The least efficient sys-
tem exhibited an EE of 81.52% with 2% alginate. How-
ever, previous studies have shown that EE was enhanced 
when the 2% alginate formulation included 3% of protein, 
1% cocoa butter, and 0.1% (w/v) anthocyanin, achiev-
ing values of 94% (Morsy et al., 2022). Furthermore, 
the combination of alginate with proteins (pea, rice and 
protein isolate) improved the entrapment of probiotic 
microorganisms in the beads, resulting in encapsulation 
yields exceeding 95% (Camelo-Silva et al., 2023). Con-
versely, another study indicated that lyophilized beads 
containing a mixture of 1% (w/v) alginate, and 15% (w/v) 
protein isolate did not significantly (p ˃ 0.05) enhance 
encapsulation performance (82.46%), compared to the 
values obtained in the present study with 2% alginate. 
This may be attributed to the sensitivity of bacterial cells 
to dehydration (Obradović et al., 2022). Nevertheless, our 
research demonstrated that the addition of alginate sig-
nificantly increased the encapsulation efficiency (EE) of 
the probiotic. Specifically, the highest EE of 97.55% was 
achieved in the probiotic beads with the highest alginate 
concentration (6%). This improvement in LA entrapment 
can be attributed to the formation of alginate beads with a 
more rigid and compact membrane, effectively preventing 
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the diffusion of the probiotic during the cross-linking pro-
cess. Consequently, higher amounts of probiotic microor-
ganism were retained within the beads.

A higher concentration of alginate results in increased 
viscosity of the solution, leading to the formation of larger 
beads. This creates a greater interface between the algi-
nate droplet and the CaCl2 solution, facilitating a faster 
gelation upon exposure to Ca ions. Consequently, there 
is a shorter time for bacteria to be released into the CaCl2 
solution, resulting in higher encapsulation efficiency. As 
a result, beads containing 2% alginate exhibited the low-
est LA concentration (8.25 log CFU/g). Hence, employ-
ing higher concentrations of alginate (4% or 6%) in the 
system can limit diffusion between the interior and exte-
rior of the beads, enhancing probiotic retention (Blandino 
et al., 1999). On the other hand, previous studies have 
observed that the addition of inulin and chitosan signifi-
cantly decreased (p < 0.05) EE (Frakolaki et al., 2020; 
Yonekura et al., 2014). It is important to highlight that 
the viability of encapsulated LA remained in all beads 
above the adequate levels (> 6–7 log CFU/g of beads) 
throughout the encapsulation and gastrointestinal diges-
tion processes, ensuring the capacity to deliver beneficial 
effects to the host, as outlined by the FAO/WHO (2002).

The results indicate that the concentration of alginate 
employed during encapsulation plays a significant role in 
influencing both the EE and the viability of the encapsu-
lated LA. Higher concentrations of alginate are associated 
with enhanced encapsulation efficiency and improved 
probiotic viability offering more effective protection for 
the probiotic.

Effect of Alginate Concentration on  L. acidophilus 
Survival in Beads Under Simulated Gastrointestinal 
Digestion Conditions

The survival of LA within alginate beads during simulated 
gastrointestinal digestion (SGD) was assessed (Fig. 2). 
After 2 h of exposure to simulated gastric juice (SGJ), the 
concentration of probiotics within the alginate beads was 
lower respect to the initial concentration across all bead 
types. Notably, the retention percentage was significantly 
influenced by the alginate concentration. Beads contain-
ing 6% alginate showed the highest probiotic retention 
(8.24 log CFU/g), whereas beads with lower alginate 
concentrations (4 and 2%) exhibited reduced LA reten-
tion respect to the initial concentration, approximately 7.5 
and 6.0 log CFU/g for 4 and 2%, respectively. These find-
ings suggest that increasing alginate concentration may 
lead to a decrease in pore size within the capsules, result-
ing in a denser structure. This structural change restricts 
the diffusion of H + ions through the bead pores, thereby 
enhancing the survival of LA during gastric digestion. 
Furthermore, the formulation with the highest encapsula-
tion efficiency during bead preparation (6% alginate) also 
provided the greatest protection for LA against adverse 
gastric and intestinal conditions. Consequently, increasing 
the alginate concentration in the formulation significantly 
enhances bead stability, preventing premature probiotic 
release in the stomach and reducing exposure to the harsh 
gastric environment, thereby improving survival rates. The 
beads offer approximately 70% protection with 4% algi-
nate and 80% with 6% alginate. Therefore, utilizing these 

Fig. 1   Number of live Lactoba-
cillus acidophilus cells (green 
bar for FX) and their encapsula-
tion efficiency (EE) (red bar for 
FX) after using the extrusion 
method with different alginate 
levels (2, 4, and 6%). The error 
bars show the variation in the 
data. Different lowercase letters 
indicate significant differences 
(p < 0.05) between samples
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concentrations effectively mitigates probiotic loss during 
gastric digestion and increases the number of viable cells 
reaching the colon.

In the simulated intestinal juice (SIJ), the viability of LA 
within beads produced using a lower alginate concentration 
(2%) decreased to approximately 46% after 1 h. Ensuring 
that probiotics reach the colon alive is crucial for them to 
exert their beneficial effects. Fortunately, all tested beads 
demonstrated satisfactory protection for LA following expo-
sure to SIJ. However, significantly higher survival rates 
(p < 0.05) were observed when using 4% and 6% alginate 
concentrations compared to beads produced with 2% algi-
nate (46% survival rate). This difference in survival can be 
attributed to the neutral pH conditions of the SIJ, which 
create an electrostatic repulsion between the strongly ani-
onic polysaccharide chains, resulting in increased porosity 

in the bead wall and allowing rapid diffusion of the probiotic 
through the pores (Mokarram et al., 2009).

The alginate beads exhibit a spherical shape (Fig. 3). It 
is notable that, at the end of the simulated intestinal diges-
tion process, the beads composed of 2% and 4% alginate 
show irregularities and fractures in the surface. In contrast, 
beads composed of 6% alginate show improved surface mor-
phology while retaining their structural integrity. In future 
research, extending the duration of digestion until complete 
fragmentation of the beads occurs would be a valuable ave-
nue to explore. This would allow a comprehensive assess-
ment of LA viability, providing valuable information on its 
stability and controlled release potential. It should be noted 
that in our previous study, encapsulation of L. plantarum 
CECT 220 using 2% alginate resulted in a high survival 
rate after gastrointestinal digestion (Valero-Cases & Frutos, 

Fig. 2   Effect of gastrointestinal 
digestion on the survival of L. 
acidophilus encapsulated with 
different alginate concentra-
tions (2, 4, and 6%). Different 
uppercase letters above the bars 
denote significant differences 
(p < 0.05) on L. acidophilus 
survival between the different 
alginate concentration (2, 4, and 
6%) at the same step of gastro-
intestinal digestion. Different 
lowercase letters above the bars 
denote significant differences 
(p < 0.05) in L. acidophilus 
survival for the same alginate 
beads along the different step of 
gastrointestinal digestion. GID, 
gastrointestinal digestion; SGD, 
simulated gastric juices; SIJ, 
simulated intestinal juices

Fig. 3   a, b, and c The Design of Multi-Component Beads obtained with different alginate concentrations (2%, 4%, and 6%, respectively) after 
the gastrointestinal simulation process
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2015). These findings underline the possible strain speci-
ficity within the alginate matrix, emphasizing the need for 
individual investigations into the efficiency of encapsulation 
and protection of each probiotic strain. In future studies, 
exploring the viability of LA viability in 2% alginate beads 
enriched with prebiotic or bioactive compounds would be of 
particular interest. Babot et al. (2023), reported results com-
parable to those achieved with 4% alginate beads during 1 h 
of intestinal digestion, encapsulating L. salivarius CRL2217 
in soy protein-alginate particles using the water-in-oil emul-
sion technique. However, in the beads made with 6% algi-
nate, survival was higher, reaching a cell count higher than 7 
log CFU/g. Other studies that incorporated double coating of 
the beads or a double emulsion before extrusion have dem-
onstrated similar protection results during in vitro digestion 
(≥ 80%) to those obtained in our present study by increasing 
the alginate concentration using the single extrusion method 
with a peristaltic pump (Frakolaki et al., 2020; Sultana et al., 
2022). Thus, high encapsulation efficiency and protection 
during gastrointestinal digestion can be achieved without the 
use of additional agents or costly extra steps in the encap-
sulation process.

In summary, the findings of this study are based on an 
analysis of how alginate concentration influences the reten-
tion and protection of probiotics within alginate beads dur-
ing simulated gastrointestinal digestion. These results offer 
valuable insights into the development of effective encapsu-
lation formulations aimed at enhancing probiotic survival in 
food and supplement applications.

Viability of L. acidophilus in Alginate Beads Under 
Osmotic Stress

The impact of various sodium chloride (NaCl) concentra-
tions on the viability of LA encapsulated in alginate beads 
was evaluated across four salinity levels: 0%, 5%, 10%, 15%, 
and 20% (w/v) (Fig. 4). The findings indicated a significant 
interaction between the alginate concentration in the bead 
wall and the salt concentration of the medium, collectively 
influencing the viability of LA within the beads.

Across all salinity conditions, the NaCl concentration 
adversely affected the viability of LA compared to time zero, 
with a progressive decline in survival observed as the NaCl 
concentration increased. This phenomenon may be attributed 
to the osmotic stress imposed by high salt concentrations in 
the environment, leading to cell dehydration (plasmolysis) 
and alterations in the microorganism's metabolic functions. 
However, the protective capacity of the beads varied sig-
nificantly with alginate concentration. Beads prepared with 
2% alginate demonstrated significantly lower protection for 
LA viability (Fig. 4) compared to concentrations of 4% and 
6%. This can be explained by the lower density of the 2% 
alginate matrix, which provides a less robust physical bar-
rier to external osmotic stress, allowing greater diffusion of 
sodium ions and a more pronounced loss of water from the 
microbial cell. In contrast, beads formulated with 4% and 
6% alginate exhibited enhanced stability and protection for 
probiotic viability. This higher alginate concentration forms 
a more compact and less permeable polymeric network, 
which confers greater resistance to capsule disintegration 
and a "buffering" effect against osmotic shock. However, 
in these 4% and 6% alginate microbeads, probiotic activity 
continued to progressively decline as NaCl concentration 
increased. This may be attributed to the denser matrix of 

Fig. 4   Viability of Lactobacil-
lus acidophilus encapsulated 
in alginate beads with different 
alginate concentrations (2, 4, 
and 6%) under different salt 
stress conditions (NaCI). Dif-
ferent uppercase letters above 
the bars indicate significant 
differences (p < 0.05) between 
alginate concentrations for the 
same NaCl concentration. Dif-
ferent lowercase letters above 
the bars indicate significant 
differences (p < 0.05) between 
different NaCl concentrations 
for the same alginate formula-
tion at 4 °C
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these higher alginate concentrations, which provides more 
gradual but sustained protection. Although initially more 
effective, the continuous increase in external NaCl concen-
tration (from 5 to 15% and 20%) allowed for prolonged and 
cumulative osmotic stress to penetrate the beads. This led 
to a more continuous decline in viability, as the cells within 
these better-protected beads were subjected to a progres-
sively more hostile environment over time, rather than an 
immediate shock that would quickly eliminate the most sus-
ceptible cells. Despite the improved protection of the 4% 
and 6% alginate beads, the greatest loss of viability in these 
formulations was specifically observed at the highest NaCl 
concentrations (15% and 20%), decreasing to survival levels 
of ca. 8.4 log CFU/g with no significant differences between 
concentration. Importantly, even after this decrease, viability 
remained above the minimum concentrations recommended 
by the World Health Organization (WHO) for a beneficial 
probiotic effect. This suggests that, while higher alginate 
concentrations enhance the capsule integrity and protec-
tion capacity, there are limits to this protection when the 
osmotic stress of the external environment becomes more 
severe. Therefore, the interaction between the alginate con-
centration in the capsule wall and the NaCl concentration in 
the solution is a critical determinant of the viability of the 
encapsulated probiotic. The composition of the wall mate-
rial directly influences the ability of the alginate beads to 
mitigate salt stress, which is essential for the survival of LA 
under adverse conditions. A denser alginate matrix (4% and 
6%) provides superior protection by mitigating the impact of 
osmotic stress and potential ionic toxicity, thereby maintain-
ing the integrity of the probiotic cells for an extended period.

Viability of Encapsulated  L. acidophilus in Peach 
Juice

Figure 5-A illustrates the release of LA from the capsules 
into peach juice over a 15-day period of refrigerated storage 
at 4 °C. Concurrently, Fig. B depicts the retention of the 
probiotic within the capsules in the same juice and over the 
same duration.

At 24 h of storage (day 1), significantly greater release 
of LA into the juice was observed when the capsules con-
tained 2% alginate (5.5 log CFU/mL of juice). This find-
ing suggests that a lower concentration of alginate in the 
capsule matrix facilitates a more rapid release of LA into 
the surrounding medium. In contrast, for capsules with 4% 
and 6% alginate, no significant differences in LA release 
were observed at this early stage. ca. 4.7 log CFU/mL of 
juice). At the same time, an inverse trend was observed in 
the retention of probiotics within the capsules: the formula-
tion with the highest alginate concentration (6%) showed 
a greater capacity to encapsulate and retain the probiotic 
(8.9 log CFU/g) compared to those with 4% and 2% (8.5 

and 8.4 log CFU/g, respectively) with significant differences 
between all concentrations.

After 7 and 15 days of storage, the trend of LA release 
continued to increase in the lower concentration capsules. 
During these last periods, significant differences were 
observed among all the alginate concentrations studied: the 
higher the alginate concentration, the greater the probiotic 
retention, and the lower the LA release into the juice. This 
reduced LA release is crucial, as it helps to preserve the 
original physicochemical properties of the juice, minimizing 
alterations in its flavor and stability that could result from 
excessive acidification due to the metabolic activity of the 
microorganism when released outside the capsule.

In summary, our results demonstrate that increasing the 
alginate concentration substantially enhances the probiotic 
retention capacity of the capsules in peach juice, establish-
ing a direct and significant relationship between the integ-
rity of the alginate matrix and the stability of the probiotic 
load over storage time, while contributing to maintaining the 
inherent characteristics of the juice.

Viability of Encapsulated L. acidophilus in Feed

The viability during 15 days of refrigerated storage of encap-
sulated LA with different alginate composition when used 
in feed formulation is depicted in Fig. 6. During the 15 days 
of storage, capsules formulated with 2% alginate showed 
higher LA viability in feed compared to those formulated 
with 4% and 6%. This finding suggests that, in this context, 
a lower alginate concentration could be compromising the 
integrity of the encapsulation and the retention capacity of 
the probiotic, rather than effectively protecting it within the 
bead. Beads with 2% alginate, due to their less dense and 
more porous polymeric matrix, facilitate a more substan-
tial release of LA cells into the feed matrix. Once released, 
microorganisms have direct access to the nutrients present in 
the feed. This substrate availability allows LA to actively ini-
tiate fermentation processes and proliferate, resulting in the 
high overall viability observed in the feed (greater than 8 log 
CFU/g throughout storage). Therefore, the higher viability 
observed in the feed with the 2% alginate beads is not attrib-
uted to better protection within the capsule, but rather to an 
uncontrolled release of the probiotic into the feed matrix. 
However, this proliferation outside the capsule could lead 
to undesirable alterations in the physicochemical and sen-
sory properties of the feed due to the metabolic activity of 
the released microorganisms, such as lactic acid production 
among other compounds. The evaluation of these altera-
tions in the feed matrix will be addressed in future trials 
specifically designed for this purpose. Therefore, this find-
ing, rather than suggesting successful encapsulation, indi-
cates that a lower alginate concentration is compromising 
the integrity of the encapsulation and the retention capacity 
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Fig. 5   Viability and release of 
Lactobacillus acidophilus (LA) 
encapsulated from alginate 
beads with different alginate 
concentrations (2, 4, and 6%) 
in peach juice over 15 days of 
refrigerated storage at 4 °C. 
A The concentration of LA 
released into the peach juice 
and B the concentration of LA 
remaining in the beads. Dif-
ferent uppercase letters above 
the bars indicate significant 
differences between samples 
(p < 0.05) for the same day of 
refrigerated storage at 4 °C. Dif-
ferent lowercase letters above 
the bars indicate significant 
differences (p < 0.05) for the 
same alginate beads throughout 
the storage

Fig. 6   Viability of Lactobacil-
lus acidophilus from alginate 
beads with different alginate 
concentrations (2, 4, and 
6%) in feeds over 15 days of 
refrigerated storage. Different 
uppercase letters above the bars 
indicate significant differences 
between samples (p < 0.05) 
for the same day of refriger-
ated storage at 4 °C. Different 
lowercase letters above the bars 
indicate significant differences 
(p < 0.05) for the same alginate 
beads throughout refrigerated 
storage at 4 °C
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of the probiotic, not effectively protecting it within the bead, 
which is the main objective of encapsulation. In contrast, the 
4% and 6% alginate capsules, being denser and more robust, 
likely achieved better containment of the probiotic, reach-
ing concentrations of approximately 7.5 log CFU/g with no 
significant differences between samples. Although this could 
result in a lower overall viability observed in the feed matrix, 
it indicates that the beads integrity was better maintained, 
which is crucial to prevent migration of the encapsulated LA 
and thus the feed spoilage. The challenge with these denser 
beads could be confinement microbial stress or limited nutri-
ent diffusion within the capsule, affecting the viability of 
the microorganisms that remain encapsulated. In conclusion, 
the apparent the apparent increased viability of LA with 2% 
alginate in the feed is interpreted because of the uncontrolled 
release of the probiotic into the feed. However, the goal is to 
minimize feed spoilage during storage by ensuring probiotic 
retention in the capsules. Therefore, capsules with higher 
alginate concentrations (4% and 6%) would be the most suit-
able for this purpose, as they demonstrate better probiotic 
retentions within the capsule matrix, limiting their interac-
tion with feed components. It is important to highlight that 
in all samples analyzed over 15 days of storage, LA viability 
remained above the recommended concentrations.

Conclusions

This study elucidates that the concentration of alginate is a 
critical determinant in the encapsulation efficacy of L. aci-
dophilus. An increase in alginate concentration markedly 
enhances probiotic viability and stability, both during the 
encapsulation process and under the stress of simulated gas-
trointestinal digestion. Beads formulated with higher algi-
nate concentrations provided substantial protection against 
gastric conditions, with remarkable survival rates: approxi-
mately 70% protection with 4% alginate and 80% with 6% 
alginate. It is pertinent to note that a 4% alginate concentra-
tion already yields significant improvements in encapsula-
tion efficiency, retention, and protection (p < 0.05).

However, the highest efficiency and protection were 
achieved with beads produced with 6% alginate, reaching 
an encapsulation efficiency greater than 90%. This suggests 
that selecting a 4% or 6% alginate concentration for encap-
sulating L. acidophilus is not only feasible and cost-effec-
tive but also provides high levels of microbial protection for 
food and feed formulations, supporting their practicality and 
efficacy in those matrices. The applicability of these beads 
was evaluated in two different food matrices during storage, 
highlighting the significance of the interaction between the 
capsule and the environment. In peach juice, higher algi-
nate concentrations (4% and 6%) were crucial for enhanced 
probiotic retention and reduced lactic acid release, which is 

essential for preserving the intrinsic physicochemical prop-
erties of the juice and ensuring the stability of the final prod-
uct without unwanted modifications. Conversely, in feed, 
the formulations with the 2% alginate capsules exhibited 
higher viability due to a faster release of the probiotic to the 
feed matrix, with also a higher nutrient availability in the 
medium. However, the beads with higher alginate concen-
trations (4% and 6%) offered superior retention, a critical 
aspect when the objective is to minimize feed spoilage due 
to microbial activity.

In summary, our alginate-xanthan gum-glycerol encap-
sulation methodology not only ensures the efficiency and 
reproducibility of L. acidophilus encapsulation but also pre-
sents an economically viable and technologically feasible 
solution for various food and feed applications, adjusting 
the alginate concentration to optimize probiotics viability 
during storage and gastrointestinal digestion and control-
ling their interactions with specific matrices such as peach 
juice or feed.
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