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ARTICLE INFO ABSTRACT

Keywords: Modulation of probiotic performances represents a tool to avoid the probiotic off-flavor in pro-
Fermentative metabolism biotic food. Microencapsulation and sonication were evaluated in slowing down the Lacticasei-
Acidification bacillus casei ATCC 393 induced acidification. Firstly, the influence of alginate concentration and
zllﬁiz":;i chitosan coating on acidification rate were tested. Microcapsule morphology and the entrapment
Coating efficacy were also evaluated. Then, two time of exposure to ultrasound, 6 and 8 min, were applied

for L. casei attenuation. Finally, sonicated cells were encapsulated. ApH after 6 and 24 h of in-
cubation at 37 °C revealed that chitosan-alginate microcapsules and the 8-min sonicated probiotic
presented a significant delayed acidification. When all the systems were compared, the encap-
sulation of 8-min sonicated L. casei in chitosan-alginate microcapsules significantly improved the
results obtained with the single technologies. These results suggest that by modulating the
operating parameters and combining these two technologies an increasingly efficient attenuation
system can be developed.

1. Introduction

Over the years, the knowledge about probiotics and the role of the intestinal microbiota in human health increased. At the same
time, more and more bacteria species were included in the category of probiotics. Therefore, the interest in the use of probiotics as a
therapy to improve human health also increased [1]. Probiotics are defined as “live microorganisms that, when administered in
adequate amounts, confer a health benefit on the host” [2]. Probiotics exert their beneficial role via the production of metabolites, such
as short-chain fatty acids (SCFAs), vitamins and antimicrobial compounds [3], protection from pathogen colonization through
competition for nutrients and binding sites [4], modulation of the epithelium mucus properties [5] and of the immune system [6].
Probiotics of the Lactic Acid Bacteria group (LAB), specifically, several species belonging to the ex-Lactobacillus genus have been
extensively studied for their commercial, industrial and therapeutic potential. The deep knowledge of the genus led to the recent
reorganization in 23 new genera [7]. The Lacticaseibacillus casei group comprehends species strictly related to each other: casei,
paracasei and rhamnosus [8]. Probiotic strains belonging to these species are knowing for direct or indirect beneficial effects on human
health. Lacticaseibacillus casei ATCC 393 has recently been used for selenium (Se) bioremediation, producing selenium nanoparticles
(SeNPs). These SeNPs and SeNP-enriched L. casei ATCC 393 in mice have been shown to improve intestinal barrier function, to inhibit
colon cancer cell growth and to prevent cognitive dysfunction [9-11]. It is also known to delay the development of colon cancer,
enhance the anti-cancer immune response and have anti-proliferative, growth inhibitory and pro-apoptotic effects on cancer model
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cells [12,13]. L. casei ATCC 393 is also used in various food products. Abdel-Hamid et al. [14] found that the strain releases ACE
inhibitors, antioxidants and anticancer peptides during milk fermentation. Additionally, L. casei ATCC 393 has been employed for
lactic acid production from agri-food waste, as shown by Dedenaro et al. [15] and Costa et al. [16]. When incorporated into yoghurt or
feta-type cheeses it increased the complexity of the flavor profile [17,18]. Furthermore, Sidira et al. [19] employed this probiotic in the
production of probiotic dry-fermented sausages, which improved microbial safety, taste and shelf life, especially in high-sugar
environments.

The modern market trend is to use probiotics to enrich several categories of food and beverage. Besides the traditional dairy
products, other matrix used as probiotic carriers include cereal-based products, legume-based products, vegetable-based products,
fruit-based products [20,21], bakery products [22] and chocolate [23]. However, the probiotication of foods represents a challenge
due to the sensory acceptance [24,25] and the delivery of live probiotics in adequate amounts to the target site, the colon [26].
Research efforts have been focused on developing systems capable of preserving cell viability rather than preserving the sensory
characteristics of the product. Attenuation technologies comprise all the technologies applied on microorganisms to modulate or to
control their metabolism. Recently, this term was applied in the probiotic field to avoid and/or minimize nutrients utilization in food
and the release of metabolites that modify its sensory characteristics [27,28].

Ultrasound has proved to be a suitable technology for this purpose [28,29]. Mechanical and chemical events, originated from the
phenomenon of cavitation, lead to an alteration of the normal physiology and functionality of the cell [30]. However, depending on the
strain and treatment parameters, the attenuation effects may occur over shorter or longer periods of time and probiotic viability could
be compromised [29]. Therefore, other technologies that avoid the loss of viability need to be investigated.

Microencapsulation is a well-known technology used in the food and probiotic field. It is a process where the probiotic is incor-
porated into a specific material that has the ability to reduce cell injury or cell loss, derived from environmental factors, with a
controlled-release rate under specific conditions [31]. As primary goal, microencapsulation is used to protect the probiotics from harsh
environments, such as the food matrix and the gastrointestinal tract. Microcapsules protection is given by the physical barrier between
the cell and the external environment. Thus, the microcapsules also control the rate of nutrient uptake and metabolite release, slowing
them down enabling minimal cell-environment interactions [32,33]. From this point of view, microencapsulation can be considered an
attenuation technology.

The efficacy of microencapsulation to attenuate probiotic metabolism depends on the chemical properties and on the mechanical
characteristics of the microcapsule. The matrix of microencapsulation determines the functional properties of the system [34]. Thus, a
proper evaluation and selection of matters is required. Hydrogels derived from natural biopolymer cover the requirement for probiotic
encapsulation and food industry application. The suitability of hydrogels for microencapsulation process mainly depends on the
gelling and swelling properties [35]. Alginate and chitosan are the most common materials used for probiotic microencapsulation. The
GRAS status, non-toxicity and biocompatibility of these polymers define their suitability for use in pharmaceuticals, foods and for
microorganisms’ encapsulation. Moreover, the complementary polyelectrolyte nature of these polysaccharides leads to the formation
of microcapsule chemically stable with high mechanical strength. Alginate microcapsules are characterized of porous structure due to
the instantaneous external ionic gelation in presence of divalent cations as Ca?*. When an external layer of chitosan is deposited on the
microcapsule surface, a phenomenon of complexation occurs between the two polysaccharides. The negative charged carboxyl group
of alginate and the positive charged ammino group of chitosan established high electrostatic interactions. As a consequence, the
microcapsule porosity and also its permeability to water soluble molecules is reduced [1,31,35].

The aim of this work is to evaluate the feasibility of microencapsulation and ultrasound as attenuation technology. Firstly, the
hypothesis of a correlation between attenuation efficacy and alginate concentration was investigated. Also, an external chitosan layer
was added to improve the capsule barrier properties. Microencapsulation efficacy and microcapsules morphology were evaluated. Two
sonication treatments were applied to underline the role of sonication intensity on the probiotic. The two approaches were studied
alone as a mean for the attenuation of the acidification ability of the strain. Then, microencapsulation, sonication and the combination
microencapsulation-sonication were compared to find the best option to attenuate the fermentative metabolism of the probiotic
Lacticaseibacillus casei ATCC 393.

The approach applied in the study led to a preliminary understanding of the use of microencapsulation alone and in combination
with ultrasound in probiotic attenuation. Compared to what is already known about viability preservation and delivery, this initiates
the use of microencapsulation in a new way. In addition, this study opens up the possibility of a more in-depth investigation of the
approaches used and a specific application in a food system.

2. Materials and methods
2.1. Probiotic growth conditions

Lacticaseibacillus casei ATCC 393 was acquired by the American Type Culture Collection. It was routinely cultivated in MRS broth
(OXOID Ltd., Basingstoke, Hampshire, UK) and incubated at 37 °C for 24 h. MRS agar plates were used to check its purity and to assess
viable counts after 48 h of incubation at 37 °C in anaerobic conditions.

2.2. Sonication

L. casei ATCC 393 sonication was performed using the LABSONIC U (B. Braun, Melsungen, Germany) equipment. The ultrasound
generation probe was cleaned with 70 % ethanol prior to use. Two treatments were applied on the probiotic suspension in deionized
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water (30 ml). A fixed frequency (20 kHz), duty cycle (50 %) and power (57 W) were used. The probiotic was exposed to ultrasound for
a time of 6- and 8-min. Finally, sonication was performed in an ice box to control the temperature rise and the samples were kept on ice
until use.

2.3. Encapsulation

2.3.1. Encapsulation process

Sodium alginate (Sigma, product n. A2033) with medium viscosity and a molecular weight between 250,000 and 350,000 g/mol,
as indicated by the producer, was used as biopolymer to encapsulate the probiotic. Four alginate solutions were tested to evaluated the
effect of alginate concentration on attenuation efficacy of microencapsulation. Solutions with 0.8, 1.0, 1.2 and 1.5 % of alginate were
prepared by dissolving sodium alginate powered in deionized water mildly heated, filter through a gauze and finally sterilized by
autoclave.

Non sonicated and sonicated L. casei were microencapsulated by vibrating technology, using the Encapsulator B-395 Pro (BUCHI
Labortechnik, Flawil, Switzerland) as described by De Prisco et al. [36]. Briefly, probiotic fresh culture and sonicated suspension were
centrifuged at 6000 x g for 10 min and washed twice with an equal volume of quarter-Strength Ringer solution (OXOID). The collected
pellet was resuspended in the same volume of alginate solution and loaded in a sterile syringe that was used to feed the encapsulator. A
mechanical pump at rate of 2.50 ml/min forced the alginate cell suspension in a microfluidic circuit. The superimposition of a vibrating
frequency of 1300 Hz to the microfluid generated segments that became spheric droplets after the extrusion through a nozzle of 120
pm. Droplets were separated by an electric field of 1800 mV and collected in a 0.5 M calcium chloride (CaCly) gelling bath. For proper
formation, microcapsules were left in contact with CaCl, for at least 20 min in stirring and then collected by sedimentation.

2.3.2. Chitosan coating of alginate microcapsules

After assessing the alginate microcapsules in attenuation of L. casei ATCC 393 metabolism, an external layer of chitosan (0.7 g/1)
(Sigma, product no. 448869) was added on 1.5 % alginate microcapsules (MC). Chitosan was dissolved in acetic acid solution 0.14 M,
pH 3.2 at 50 °C and sterilized in autoclave. Alginate microcapsules were suspended in chitosan solution in ratio 1:5 (w/v) and stirred at
4000 rpm for 15 min at room temperature. Chitosan-alginate microcapsules (CMC) were collected by sedimentation and washed with
quarter-Strength Ringer solution to remove the chitosan excess.

2.3.3. Entrapment efficacy

The entrapment efficacy (EE) was determined on L. casei microcapsules. The microcapsules were broken to count the cells
entrapped inside. A sodium citrate solution (0.2 M) was used to break the microcapsules. Finally, the EE was calculated as showed in
formula (1):

N,
EE=-2x100 @
Ny

Ny is the probiotic cell count assessed prior to microencapsulation and Ny is the probiotic cell count assessed after microcapsule
disruption.

2.3.4. Microcapsule light microscopy observation

The light microscope Nikon Eclipse E400 at 400x magnification was used to ensure the correct formation of the alginate micro-
capsules and the chitosan coating.
2.4. Fermentative metabolism attenuation

The attenuation of L. casei fermentative metabolism was evaluated as described by Racioppo et al. [28]. All the samples were added
(1 %) in MRS broth and incubated at 37 °C. The broth pH was monitored before inoculation and after 6 and 24 h of incubation.
Obtained data were reported as pH decrease (ApH).
2.5. Statistical analysis

SPSS Software (version 28.0.1.1) was used to assess the significant differences between the collected data. One-way ANOVA or
paired and unpaired sample t-test were applied when necessary and the significance was declared at p < 0.05. Data were preliminarily
analyzed to assess the normal and homogeneity distribution of data by the Levene test of SPSS at p < 0.05. All the experiments were
repeated three times (n = 3) and results are showed as mean value + standard deviation.
3. Results and discussions

3.1. Evaluation of operating parameters: microcapsules morphology and microencapsulation efficacy

Figs. 1 and 2 shows the light microscope images of the alginate microcapsules and chitosan-alginate microcapsules.
In Fig. 1a, the 0.8 % alginate microcapsules appear with variable and irregular morphology. A slight better shaped microcapsules
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Fig. 1. Light microscope images (400x) of microcapsules with different alginate concentration. a: 0.8 %; b: 1.0 %; c: 1.2 %; d: 1.5 %.

Fig. 2. Light microscope images (400x) of 1.5 % alginate microcapsules (MC, a) and chitosan-alginate microcapsules (CMC, b).
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Table 1
Cell counts in Log CFU/ml of Lacticaseibacillus casei ATCC 393. LC: L. casei non sonicated; LC_S6: L. casei 6-min sonicated; LC_S8:
L. casei 8-min sonicated; dMC: disrupted 1.5 % alginate microcapsules; dCMC: disrupted chitosan-alginate (1.5 %) microcapsules.

Samples Free* dMC* dCcMcC*

LC 9.24 + 0.05%° 9.13 + 0.06"° 8.45 + 0.414°
LC_S6 8.63 + 0.16% 8.58 + 0.16% 8.10 + 0.08"°
LCS8 6.55 + 0.12%? 6.35 + 0.16% 5.25 + 0.295"

* Data are reported as mean values + standard deviation (n = 3). Different capital letter in the same column indicates significant
difference (p < 0.05); different lowercase letter in the same row indicates significant difference (p < 0.05).

Table 2

Microencapsulation entrapment efficacy (EE) for disrupted 1.5 % alginate microcapsules
(dMC) and disrupted chitosan alginate microcapsules (dCMC). LC: L. casei non sonicated;
LC_S6: L. casei 6-min sonicated; LC_S8: L. casei 8-min sonicated.

Samples dMc* dcMcC*

LC 98.75 + 0.43% 91.42 + 4721
LC_S6 99.38 + 0.354B2 93.13 + 3.03°
LC_S8 96.98 + 1.224¢ 80.14 + 3.93%

* Data are reported as mean values + standard deviation (n = 3). Different capital letter in the
same column indicates significant difference (p < 0.05); different lowercase letter in the same
row indicates significant difference (p < 0.05).

are obtained when the alginate concentration reaches 1 % (Fig. 1b). However, a pedunculated morphology is visible. As showed in
Fig. 1c, increasing the concentration of sodium alginate to 1.2 % leads to an improvement of the aesthetics of the microcapsules.
Finally, the microcapsules obtained with the most concentrated solution (Figs. 1d and 2a) have a perfectly spherical shape and a
smooth surface. On the other hand, chitosan-alginate microcapsules appear with a wrinkled and rougher surface (Fig. 2b).

Optical microscope observation proved that alginate concentration affects the microcapsule shape. Our results are in agreement
with the previous findings of Shi et al. [37]. The authors studied the correlation between alginate concentration and microcapsule
shape. The lower alginate concentration of 0.5 % lead to tear-like beads, while the higher alginate concentration of 8 % lead to
sperm-like beads. The optimum alginate concentration was 2 % with round shape microcapsules. The alginate concentration in-
fluences the solution viscosity. A low-viscosity solution leads to the deformation of the microcapsules as they collide with the gelling
bath. On the other hand, high-viscosity solution prevents a regular flowing of the droplets out of the nozzle resulting in the formation of
a tail [37-39]. In their study, Davarci et al. [40] found that correctly defining the flow rate of the cell-alginate suspension enables the
production of spherical beads as they are released from the nozzle. Thus, one main problem in the capsule shape is the collision with
the gelling bath. When the penetration depth falls below a certain threshold, it prevents the surface of the CaCl, gelling bath from
breaking or opening, which in turn leads to droplets remaining attached to its surface. The increase in the cross-linker viscosity reduces
the capsule deformation after the collision. Beyond aesthetics, the bead shape is an important parameter to taking into account during
the microencapsulation process. In fact, it is proved that the spherical shape has significant effects on mechanical and chemical sta-
bility of the microcapsule [38].

The microcapsule size is also an important parameter to consider for the probiotic attenuation. The resulting microcapsules are
characterized by a diameter of approximately twice the nozzle diameter (240 pm). The efflux rate of nutrients, metabolites and waste
into and outside the beads depends on its size. Lee et al. [38] postulated that diffusion limitation occurs in larger beads, hence slowing
cellular metabolism. Latnikova and Jobmann [41] also found a slow release of metabolites in large capsules and a faster release in
smaller ones. Therefore, we can assume that the larger the microcapsule, the greater the attenuation effect. In addition, the selection of
process variables for the extrusion system can be tailored to achieve the desired size distribution, size range, shape type, and sample
size of Ca-alginate beads, depending on the intended application [38].

Probiotic cultivability and microencapsulation entrapment efficacy data are reported in Table 1 and Table 2. Following the
exposure to the sonication conditions, around 1- and 3-Log reduction (p < 0.05) was found for LC_S6 and LC_S8, respectively. The
obtained data also showed no significant differences (p > 0.05) between L. casei ATCC 393 plate counts before and after alginate
encapsulation with an EE ranging from 96.98 to 99.38 %. However, a significant (p < 0.05) Log reduction was found after chitosan
coating and, therefore, the EE for chitosan-alginate microcapsules was lower than for the alginate microcapsules, ranging from 80.14
to 91.42 %.

The goal of attenuation is to regulate probiotic metabolism while preserving its viability without inducing any adverse effects.
However, the increase in ultrasound exposure caused the loss of bacteria cultivability. Hypotheses of ultrasound modulation of L. casei
ATCC 393 cultivability were well discuss in our previous work [29]. Briefly, multiple unknown reactions start into the cell upon
sonication treatment. The reduction in plate count could be due to loss of viability or the cell entering the Viable But Non Culturable
(VBNC) state, which is activated by the cell as a protective strategy.

Although vibration technology enables the microencapsulation of probiotics under mild conditions, it is a relatively complex
process due to the variety of parameters to control. EE is a useful criterion to define the success or not of the encapsulation process. The
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Table 3
pH decrease* of MRS broth after Lacticaseibacillus casei ATCC 393 inoculum in free form
(LC), in 1.5 % alginate microcapsules (MC) and in chitosan-alginate microcapsules

(CMQ).
Samples Time of incubation (h)
6 24
LC 0.48 + 0.03° 2.17 + 0.04*
MC 0.26 + 0.01° 2.04 + 0.02?
cMC 0.22 + 0.05" 1.54 +2.24"

* Data are reported as mean values + standard deviation (n = 3) and different letter in
the same column indicates significant difference (p < 0.05).

high encapsulation yield confirmed that the operating conditions are properly defined. Moreover, obtained results suggested that
deposition of the external layer of chitosan affects the probiotic viability. Even though chitosan is a biocompatible polymer it has some
antimicrobial properties [31]. In addition, the lowest counts and EE after chitosan coating was recorded for LC_S8. These data suggest a
higher susceptibility of the 8-min sonicated cells to chitosan antimicrobial activity. In fact, when ultrasound interact with bacteria
membrane small random pores are formed, thus increasing the membrane permeability. Therefore, we can suppose that during the
coating smaller chitosan particles diffuse into the microcapsule interacting with the probiotic. A further direct probiotic-chitosan
interaction occurs during breakdown of the microcapsule in sodium citrate solution. These findings were previously observed by
Malmo et al. [42] while Graff et al. [43] did not find any different in cell counts during chitosan coating.

3.2. Attenuation efficacy of microencapsulation

Both after 6 and 24 h of incubation no significant differences (p > 0.05) were found between the acidification capabilities of the
probiotic in free and encapsulated form, regardless of alginate concentration (data not shown).

Microencapsulation-induced attenuation depends on the bead’s structure and permeability, solute chemistry and the medium in
which they are added. It is assumed that the action of the microcapsules on the entrapped bacteria is basically a physical protection.
However, the microcapsule creates an internal well-defined microenvironment where the probiotic is an important component. Ob-
tained data suggested that the alginate concentration does not affect the rate exchange of molecules between the inside and outside of
the microcapsule. Li et al. [44] studied the impact of microcapsules diameter, alginate concentration and physical state of micro-
capsule core on the production and retention of signal molecules. They found that a high diameter, high alginate concentration and a
hydrogel core increase the resistance to mass transport and limit the external diffusion of signal molecules. We can assume this as a
general rule for mass exchange between the inside of the microcapsule and the surroundings. In addition, it important to underline that
the diffusion of nutrients and metabolites depends on the intrinsic characteristics of the alginate and is facilitated by the high-water
content [35] and high porosity of the alginate beads. The higher the concentration of alginate, the more carboxy! sites will be available
to interact with CaCl, [44]. Therefore, the calcium alginate structure will be less lax. Although we increased the alginate concentration
to 1.5 %, probably, this is not enough to reduce the rate of mass transport. Moreover, some authors described a degradation process of
alginate microcapsules in acidic environment [34]. We can also hypothesize that as the acidification increases, the structure of the
microcapsule is compromised. Therefore, the main disadvantages are the rapid release of the encapsulated bacteria that can metab-
olize external nutrient and reduce the medium pH.

Considering these results and the morphological evaluations, a chitosan coating was added on the 1.5 % alginate microcapsules.
Data of chitosan-alginate microcapsules attenuation are reported in Table 3. Significant differences (p < 0.05) were found between the
L. casei ATCC 393 free and the encapsulated ones after 6 h of incubation. In fact, free L. casei reduced the pH of the broth of about 0.48
while in alginate and chitosan-alginate microcapsules reduced the pH of about 0.26 and 0.22, respectively. Moreover, no significant
differences (p > 0.05) were found between the uncoated and coated microcapsules. Interesting, after 24 h of incubation the chitosan
coated microcapsules were significant different (p < 0.05) from both the control and the alginate beads. The ApH was 2.17, 2.04 and
1.54 for LC, MC and CMC, respectively.

Many attempts have been done to improve the alginate delivery system of probiotic. Among the others, chitosan is the most used
one within several application [31,45]. Collected data showed that alginate is not a suitable matrix for probiotic attenuation. On the
other hand, different results were obtained with a chitosan coating. Alginate-chitosan high electrostatics interactions confer to the
microcapsule new permeability properties producing a semipermeable membrane with a more homogeneous surface and reduced
porosity [31]. From our results, we can hypostasize that the greater attenuation efficacy of chitosan-alginate microcapsules depends on
the reduced permeability. In addition, the thickness of the microcapsule wall also affects the molecules diffusion [41]. The deposition
of an additional external layer increases the microcapsule thickness thus reducing the diffusion rate.

These finding highlight that microcapsules with adequate barrier properties are the key factor to develop an efficient attenuation
system.

3.3. Combination of ultrasound and microencapsulation

Table 4 shows the results of the attenuation induced by the combination of ultrasound and microencapsulation. After 6 h of
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Table 4
pH decrease* of MRS broth after Lacticaseibacillus casei ATCC 393 inoculum in free form, in 1.5 % alginate microcapsules (MC) and
in chitosan-alginate microcapsules (CMC), not sonicated (LC), 6-min sonicated (LC_S6), 8-min sonicated (LC_S8).

Samples Free form MC CMC

6 h of incubation

LC 0.48 + 0.03%% 0.26 + 0.014° 0.22 + 0.054°

LC_S6 0.14 + 0.02% 0.16 + 0.01% 0.16 + 0.01%

LC_S8 0.11 + 0.03% 0.15 + 0.01% 0.15 + 0.01%2
24 h of incubation

LC 2.17 + 0.04%2 2.04 + 0.05"° 1.54 + 0.09%°

LC_S6 2.10 + 0.0242 1.83 + 0.0742 1.49 + 0.044P

LC_S8 1.04 + 0.0352 0.77 + 0.01%° 0.31 £ 0.03%¢

* Data are reported as mean values + standard deviation (n = 3). Different capital letter in the same column indicates significant
difference (p < 0.05) within 6 or 24 h of incubation; different lowercase letter in the same row indicates significant difference (p <
0.05).

incubation, not sonicated L. casei ATCC 393 in free and encapsulated form was significantly different (p < 0.05) from sonicated
samples. Instead, no significant differences (p > 0.05) were found between LC_S6 and LC_S8, regardless the form of addition. After 24 h
of incubation the 8-min sonicated sample was significant different (p < 0.05) from the un-sonicated probiotic and the 6-min sonicated
one, both in free and encapsulated forms. Finally, chitosan-alginate microcapsules were significantly different (p < 0.05) from free
cells and alginate microcapsules for all the samples. The ApH of CMC was 1.54, 1.49 and 0.31 for LC, LC_S6 and LC_S8, respectively.
However, only for the 8-min sonicated sample the three systems were all significantly different (p < 0.05).

Sonication and microencapsulation were combined to develop an efficient attenuation system. Collected data suggested that
sonication-induced attenuation is significantly improved when a chitosan-alginate microcapsule is built around the cells. Complex
multiple events driven by ultrasound modulate the probiotic activity. As previously observed [29], a correlation between treatment
intensity and the obtained results was found. Taking into account the loss of bacteria cultivability it is not possible to further increase
ultrasound intensity to improve the effectiveness of sonication for metabolism attenuation. It is therefore necessary to consider other
approaches. As explained before, the microcapsule physically modulates the interaction between the probiotic and the external
environment without compromises any cell functions. Interesting, microencapsulation is recently proposed as a way to modulate
bacteria metabolism by the modulation of Quorum Sensing (QS) activity. The composition of microenvironment inside the micro-
capsule has a central role in this mechanism [44,46]. A deeper understanding of encapsulation-induced attenuation could be provided
by studying this phenomenon in relation to the production and activity of enzymes involved in sugar metabolism within this
microenvironment.

4. Conclusion

Microencapsulation and sonication are multiparametric technologies that can be applied on several bacteria species to achieve
different goals. To control the probiotic metabolism to avoid sensory characteristics deviation in food could be a promising approach to
ensure the success of a new probiotic product among the consumers.

The present work aimed to study the potential of microencapsulation and sonication in L. casei ATCC 393 metabolic attenuation,
both alone and in combination. Our results showed that chitosan-alginate microcapsules and 8-min sonicated were both efficient
approaches in the purpose. Moreover, the attenuation effect was significantly improved when the two technologies were used together.

To our knowledge, microencapsulation has never been used to modulate the fermentative metabolism of probiotics until now while
some results about ultrasound attenuation have already been presented. Operating parameters for both microencapsulation and
sonication can be changed and used in several combination. Therefore, this opens up the possibility to build unlimited systems with
specific attenuation abilities.
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