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Abstract: This study was aimed to prepare and characterize capsules loaded with Lacticaseibacillus
rhamnosus GG (LGG), evaluating cell viability under gastrointestinal in vitro conditions and during
storage in yogurt and apple juice, an alternative to traditional probiotic foods for people who are
lactose intolerant. The capsules were prepared by ionic gelation, with an emulsification process as
pretreatment. Cell viability of encapsulated LGG was evaluated after two different homogenization
processes: magnetic stirring (AM) and Ultraturrax® homogenizer (UT). The system with the best
relationship between viability and morphology was UT, which produced a viability of 85.80%. During
in vitro evaluation, the capsules provided higher protection than free cells, up to 100% of cell viability.
The morphology of capsules of both systems displayed a continuous and homogeneous surface. The
cell viability of the encapsulated probiotics added in apple juice stored for 22 days at 4 °C was 86.16%
for AM and 100% for UT, while the viability of free cells was 80.50%. In natural yogurt, the cell
viability of the probiotics encapsulated stored 30 days at 4 °C was 100% for AM, 100% for UT, and
92.68% for free cells. This study suggests an alternative to preserve probiotic bacteria in a potential
functional food.

Keywords: probiotic; encapsulation; viability; Lacticaseibacillus rhamnosus GG

1. Introduction

Probiotics, present in the intestinal microbiota, are defined as “live microorganisms
which when administered in adequate amounts confer a health benefit on the host” [1].
Some bacteria of the Lactobacillus, Lacticaseibacillus, and Bifidobacterium genus considered
probiotics are used in various clinical treatments and food products that have a benefit
for consumer health. It has been proven that certain strains of Lacticaseibacillus rhamnosus
(such as Lacticaseibacillus rhamnosus GG) have an anti-obesity effect when consumed as
an adjuvant in high-fat diets in in vivo models, obtaining a decrease in weight and the
amount of abdominal fat [2—4]. Lacticaseibacillus rhamnosus GG (LGG) is a Gram-positive,
facultatively anaerobic, non-spore-forming bacterium that, although it is mesophilic, it is
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known that some strains can grow at temperatures below 15 °C and above 40 °C. LGG
is a strain isolated from the feces of healthy adults. Its probiotic potential is related to an
elevated adhesion capacity than other strains of the same species in the intestinal mucosa
and the descending colon. This potential activity is more noticeable in newborns given
their low resistance to colonization caused by a less diverse microbiota [5-7]. Within
the host, Lacticaseibacillus rhamnosus GG displays various mechanisms of action, some
as a consequence of the metabolism of certain short-chain fatty acids, such as acetate,
propionate, and butyrate, which result in improvement of lipid metabolism, appetite
control, and greater insulin sensitivity. In addition, it possesses mechanisms of modulation
of enzymes involved in hepatic lipogenesis, avoiding excessive lipid accumulation in the
liver [8,9]. The efficiency of the probiotic effect of these bacteria lies in their survival
to passage through the gastrointestinal tract before reaching their site of action in the
human intestine. Encapsulation is a technique that arises as an alternative to protect and
preserve these bacteria in order to maintain their viability during storage and the digestion
process, thus favoring their addition to a food matrix. On the other hand, encapsulation
of probiotic bacteria, different techniques such as extrusion, emulsification, spray drying,
electrospinning, ionic gelation, among others, have been studied, obtaining size scales of
macro and micro [10,11]. In this sense, the encapsulating materials favor the controlled
release and provide different degrees of protection during digestion, thus generating an
increase in cell viability and colonization greater than 1 x 10° CFU/mL, a value that is
within the consumption recommendations for this type of product [12,13]. Some methods
employed in the encapsulation of bacteria can be combined to prepare capsules with
better morphologies and provide more effective protection; within these, the production
of capsules from alginate by ionic gelation combined with an emulsification pretreatment
arises as a coupling of techniques feasible to encapsulate probiotic bacteria due to the
practicality of the methods, the high compatibility with the matrix, the biodegradability
of alginate, and the control of the operating conditions. In addition, the use of alginate as
a dietary fiber with beneficial activity on the glucose and cholesterol levels and the use
of surfactants such as Tween 80® as protectors of cell viability under conditions of gastric
acidity has been reported [14-16].

Therefore, in the present study, coupled emulsification and ionic gelling were used
to encapsulate Lacticaseibacillus rhamnosus GG in a sodium alginate matrix. Furthermore,
morphological parameters of the capsules were measured, and the encapsulation efficiency
was determined. The cell viability of encapsulated and free Lacticaseibacillus rhamnosus GG
was also evaluated in an in vitro digestion system and during its storage in commercial food
matrices (apple juice and yogurt) in order to investigate the encapsulation conditions that
favor cell preservation against stress conditions and the possible interactions between the
food matrix, the capsules, and the cellular content. Finally, during each stage of the study;,
the morphology of the capsules was analyzed using scanning electron microscopy (SEM).

2. Materials and Methods
2.1. Preparation of Probiotic Bacteria

Lyophilized Lacticaseibacillus rhamnosus GG cells (Microbiologics Inc., St. Cloud, MN,
USA) were rehydrated in 100 mL of MRS broth (Sigma—Aldrich®, St Louis, MO, USA)
previously autoclaved (All-American 50X, Hillsville, VA, USA) before incubation at 37 °C
for 24 h at 200 rpm (MaxQ Mini 4450 Shaker™, Thermo Fisher Scientific®, Asheville, NC,
USA). Lacticaseibacillus rhamnosus GG was sub-cultured five times before its use in the study.

2.2. Preparation of Capsules Loaded with Lacticaseibacillus rhamnosus GG

The preparation of the encapsulating matrix and the encapsulation process was carried
out following the methodology of Ding and Shah [17] with modifications in the amount
of vegetable oil added to the mixture, the rpm used in the homogenization, and the
dosage of the alginate in the calcium chloride solution. The encapsulating alginate matrix
(Sigma-AldriCh®, St Louis, MO, USA) (ALG) consisted of 25 mL of bacterial suspension
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with a concentration greater than 1 x 1010 CFU/mL of Lacticaseibacillus rhamnosus GG in
combination with 100 mL of 3% sodium alginate (w/v). Subsequently, 1 mL of Tween®
80 (Sigma-AldriCh®, St Louis, MO, USA) and 100 mL of vegetable oil (Selecto BRAND®,
Xalapa, Mexico) were added. The pretreatments to which the mixture was subjected were
ultra-turrax homogenizer (UT) (model T-25 digital Ultraturrax®, IKA, Staufen, Germany)
set at 4000 rpm for 7.5 min and magnetic stirring (Corning PC-420D, NY) (AM) at 1150 rpm
for 10 min. The emulsified mixture was dispersed in a 0.1 M calcium chloride solution by
dripping at 15 cm of the solution with a flow of 2.5 mL/min with the help of a peristaltic
pump (Ecoshell® RD100-01, Pharr, TX, USA) with YZ1515 head and silicone hose #19
(Qilipump, Hebei, China). Once the capsules were formed, they were stored at 4 °C for
12 h before being used for further analysis [17-19].

2.3. Viability of Lacticaseibacillus rhamnosus GG

The viability of Lacticaseibacillus rhamnosus GG was determined by dissolving 1 g of
capsules in PBS solution (phosphate buffer pH 7) for 15 min with shaking at 2000 rpm
(Vortex Genie-2, Scientific industries Inc., Bohemia, NY, USA). From this mixture, 100 uL
were used to make serial dilutions that were spread and counted in a Petri dish. In the case
of free cells, the buffer addition and stirring steps were omitted, but the other procedures
were maintained.

Equation (1) was used to calculate viability:

N
EY (%) = — x (100) 1)
No
where N is the number of bacteria at the beginning of encapsulation, and N is the number
of bacteria released by the capsules [16,18,20].

2.4. Morphological Analysis of Free and Encapsulated Lacticaseibacillus rhamnosus GG

The morphology and microstructure of the capsules, as well as the free bacteria, were
visualized by scanning electron microscopy (SEM) using a Tescan® MIRA3 equipment
(Brno, Czech Republic) following the technique of Silva et al. [21] with modifications in
the voltage used and addition of a drying process at 25 °C in a biosafety cabinet (A2 1300
Series, Thermo Fisher Scientific®, Asheville, NC, USA) prior to visualization by SEM. The
samples were placed on carbon tape and left to dry for one hour in a laminar flow cabinet
prior to inspection. Finally, the voltage was set at 10 kV and 8 kV, respectively. It was
worked under vacuum, using a secondary electron detector (SE) at 10 mm and 16 mm
working distance. The images obtained by SEM were processed using the MIRA3 software
version 4.2.19.1 (Tescan®, Brno, Czech Republic) in TIFF format. Morphometric parameters
such as Feret diameters, area, and circularity from the capsules were determined through
digital image analysis in JPG format captured with a Nikon® D3200 camera (Minato, Tokyo,
Japan) of 24.5 megapixels at 15 cm distance of the objective. For this analysis, an average of
100 capsules were placed in a Petri dish with a millimetric paper bottom. Digital image
analysis was performed with Image] 1.52q software [22]. The circularity of the capsules
was calculated with Equation (2) [23]:

Circularity = 417;—214 2)
where A is the area of the capsule and P is the perimeter. Values close to 1 indicate that
the morphology of the capsule is geometrically close to a perfect circle. The visualization
of the Lacticaseibacillus rhamnosus GG (LGG) cells was done using a DM2000 LED optical
microscope (Leica Microsystems®, Wetzlar, Germany) Leica Application Suite V4.9 software
at 100 x magnification after performing Gram staining. Free cells of LGG were visualized
by SEM following the methodology previously described for capsules.
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2.5. Preparation of Food Matrices Inoculated with Lacticaseibacillus rhamnosus GG: Yogurt
and Juice

Encapsulated and free bacteria were added to the commercial food matrices in a ratio
of 10% w/v to determine the effect of food on the viability of bacteria during storage at
4 °C [24-26]. The products used were Jumex® Unico Fresco® apple juice (pH 2.97 & 0.11)
and Danone® natural yogurt (pH 3.99 & 0.02). The viability of Lacticaseibacillus rhamnosus
GG (LGG) was periodically monitored with the previously described Petri dish counting
method adding a wash with sterile water before dissolving in PBS solution.

2.6. Viability of Encapsulated and Free Lacticaseibacillus rhamnosus GG in Gastrointestinal
Conditions In Vitro

To simulate gastric conditions, the COST INFOGEST in vitro digestion technique was
followed [27,28]. For the oral phase, 5 g of capsules were taken from each system, or free
cells (5 mL) were mixed with 3.5 mL of salivary solution. An amount of 0.5 ml of x-amylase
solution at 1500 U/mL, 25 uL of 0.3 M CaCl,, and 975 uL of distilled water were added to
the mixture before incubation for 2 min at 37 °C. For the gastric phase, 7.5 mL of gastric
solution, 1.6 mL of pepsin solution of 25000 U/mL, and 5 pL of 0.3 M CaCl, were added.
The pH of the solution was adjusted to 3 £ 0.2 with 1 M HCl and made up to 20 mL with
distilled water. The gastric phase was incubated at 37 °C for 2 h. At the end of the gastric
phase, the samples were cooled in an ice-water bath before preparing the intestinal phase.
For the last stage, 11 mL of intestinal phase, consisting of 5 mL of 100 U/mL pancreatin,
40 pL of 0.3 M CaCl,, and 2.5 mL of 9% bile solution were added. The pH was adjusted
to 7 £ 0.2 with 1 M NaOH and made up to 40 mL with distilled water before incubation
at 37 °C for 2 h at 95 rpm. The reagents used to perform the in vitro evaluation were
purchased from Sigma-Aldrich® (Steinheim, Germany); the solutions were incubated in
the orbital shaker.

Aliquots were taken at the end of each stage for viability analysis by spreading in a
Petri dish. Samples of the capsules were extracted for their visualization in SEM under the
conditions previously described.

2.7. Statistical Analysis

Statistical analysis of the data was performed by analysis of variance (ANOVA) and
means were compared using Tukey’s test with the MiniTab 17.1 software (Minitab Inc.,
State College, PA, USA). The level of significance was defined as p < 0.05. The experiments
were performed in duplicate; data entries represent the means + standard deviation (SD).

3. Results and Discussion
3.1. Viability of Encapsulated Lacticaseibacillus rhamnosus GG

The homogenization processes may create conditions that affect the cellular load
of these systems. The AM and UT showed viabilities of 76.5% and 85.8%, respectively
(Table 1). Ding and Shah [17] carried out encapsulation of an alginate mixture with a
similar composition to that employed in the present study, with different homogenization
methods. These authors carried out the homogenization by Ultraturrax® at 4000 rpm
for 5 min and 10 min, obtaining 59.9% and 58.1%, respectively. When comparing data
from the magnetic stirring method with those from these authors, a viability of 84.7% was
reported after encapsulation, which differs from the 76.5% obtained in the present study
in the AM system. The loss of viability in the AM system can be attributed to increased
agitation and extended exposure. However, these authors mention that this is one of the
most straightforward homogenization techniques, compatible with the encapsulation of
bacteria. It is suggested that improvement in the response of cell viability in the system
homogenized by Ultraturrax® can be attributed to the improvement of the stirring times
and the modification of the formulation of the encapsulating matrix.
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Table 1. Viability of capsules loaded with Lacticaseibacillus rhamnosus GG produced by different
treatments (AM and UT).

Method log CFU/mL (Nj) log CFU/mL (N) Viability (%)
AM 10.55 £+ 0.02 2 8.08 +0.07P 76.59
UT 10.55 + 0.03 @ 9.05+0.13b 85.80

AM = magnetic stirring; UT = Ultraturrax®. Means + standard deviation (SD) (p < 0.05). Equal letters mean that
there is no statistically significant difference.

In another study, Ribeiro et al. [29] performed the encapsulation of L. acidophilus LA-5
with a combination of ionic gelation with complex coacervation, the first homogenization
(without bacteria) was made at 14000 rpm for 5 min, while after adding L. acidophilus LA-5
to the mixture a second homogenization was realized at 6000 rpm for 1 min. At the end
of the encapsulation process, a viability of 82.8% was obtained, a value similar of that
obtained in our study for the UT system (85.8%), without the need to resort to an auxiliary
coating technique. On the other hand, Zeashan et al. [30] implemented the extrusion to a
0.2 M CaCl; solution of an alginate mixture (alone and mixed with soy protein) previously
homogenized with a rotor-stator type equipment, obtaining viability percentages of 95%
and 96%, respectively, for Lactobacillus acidophilus.

In general, emulsification techniques in conjunction with ionic gelling of alginate
mixtures have shown positive results in terms of viability, which is described in the studies
reported by Ding and Shah [17], Patrignani et al. [19], and Sanchez et al. [31], where the use
of these combined techniques produces viabilities greater than 80%, a value attributed to
the slight physical damage suffered by the cells during the manufacture of the emulsions
when using operating conditions (pressure, agitation, time, or cycles) that do not pose
additional stress to which the bacteria can be exposed as the heat generated during the
process or mechanical shear. However, the use of high agitation speeds or pressure during
the homogenization process results in smaller particle sizes, although the viability of
bacteria is proportionally reduced [17,32].

3.2. Morphological Analysis of Encapsulated and Free Lacticaseibacillus rhamnosus GG

Strain morphology was carried out by microscopy to confirm the characteristics
described in the literature for Lacticaseibacillus rhamnosus GG [7,33]. Its Gram-positive
nature and one of the main characteristics of Lacticaseibacillus rhamnosus GG was confirmed:
the link of bacilli in a branched form without mobility with sizes (per bacillus cell) in the
range of 1 to 2 um in length (Figure 1).

The results obtained from the digital camera of the capsules loaded with Lacticaseibacil-
lus rhamnosus GG with the Image] software are presented in Table 2.

Table 2. Morphological characteristics of capsules produced by AM and UT.

Maximum Feret Minimum Feret . .
Method Diameter (mm) Diameter (mm) Circularity
AM 2.68 £0.122 233 +£0.132 0.94 +0.032
UT 2.67 £0.052 255+ 0.06P 1+0.00b

AM = magnetic stirring; UT = Ultraturrax®. Means =+ standard deviation (SD) (p < 0.05). Equal letters mean that
there is no statistically significant difference.

The two homogenization techniques used in this study formed capsules with a contin-
uous and homogeneous geometry represented with values close to one in the circularity
parameter, which indicates that they geometrically resemble a circle. The UT treatment
formed visibly and numerically smaller capsules compared with those made by AM. The
morphology and microstructure of the capsules after subjecting the alginate system to
different homogenization processes (AM and UT) are displayed in Figure 2.
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Figure 1. Micrographs of Lacticaseibacillus rhamnosus GG using: (a) scanning electron microscopy
under vacuum, 11 kx and 16 mm working distance, and (b) optical microscope with 100X objective.

The capsules obtained by AM showed a smooth surface compared with the rough
surfaces of the capsules obtained by UT. This differentiation in the structure of the surface
can be attributed to the moisture content of the samples at the moment of their visualization,
even after carrying out a drying process in a laminar flow hood at room temperature. The
AM capsules retained a more significant moisture content, preventing the visualization
of their microstructure in detail, although with larger magnifications microspheres can
be observed on its surface. It is also the case with the UT capsules. The morphology
observed in the present study follows the behavior described by van Leusden et al. [34].
The capsules obtained by external gelling tend to form a layer that increases the interface
strength and prevents them from shrinking or peeling. On the other hand, the appearance
of microspheres, such as roughness on the surface of the capsule, is a factor that is reflected
in studies using rotor-stator type equipment in the formulation of capsules [34-36].

Prasanna and Charalampopoulos [37] and Zeashan et al. [30] obtained capsules with
sizes of 2.3 mm and 1.01 mm, respectively, in systems made with alginate for encapsulation
of Bifidobacterium longum and Lactobacillus acidophilus. Although not in their microstructure,
these results are similar to those obtained in this study regarding capsule size. In the study
by Prasanna and Charalampopoulos [37], a very rough surface can be seen that contrasts
with the more homogeneous and smoother surface of the capsules in our study, a factor
attributed to the composition of the matrix we used, suggesting that the emulsification
process and its components affected the classical morphology of alginate capsules.

Silva et al. [21] obtained micrographs of capsules made by extrusion and co-extrusion
with morphologies and sizes like those obtained in our study. These authors comment that
the diameter of capsules produced through extrusion is generally between 1.5 mm and
1.9 mm depending on the operating conditions and the type of material used; they obtained
diameters between 1.53 mm and 1.85 mm with reductions between 50% and 60% in size
after being subjected to a fluidized bed drying process. The morphology of their capsules
before drying was similar to that obtained in our study since a smooth and homogeneous
surface can be appreciated. However, after drying, the capsules did not retain a circularity
as pronounced as those obtained in our study.

Generally, in studies where it is dosed by syringes, it has been observed that alginate-
based systems maintain sizes between 1 mm and 2.3 mm approximately; however, the
system used in this study, due to its modifications in the components, suggests adding oil
inside of the capsule, contrary to other reported systems where emulsification processes
are carried out prior to ionic gelation where the oil is not part of the main structure of
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the capsule [17,19]. The addition of oil to the interior of the capsule is suggested to be a
factor that contributes to the protection against acidic conditions through the availability of
certain fatty acids but also causes a change in the morphology of the capsules [15].

SEM HV: 10.0 kV/ WD: 9.64 mm | MIRA3 TESCAN  SEM HV: 10.0 kV WD: 9.44 mm | | MIRA3 TESCAN

View field: 2.09 mm Det: SE 500 pm View field: 2.10 mm Det: SE 500 ym
SEM MAG: 99 x Date(m/dly): 12/05/19 Lab.Nano. ITV-UNIDA SEM MAG: 99 x Dale(mldly) 12/05119 Lab.Nano. ITV-UNIDA

) |
.(((

r & -

.

f
-~

:

(

> &

' 1
. ‘ 3 '
SEM HV: 10.0 kV WD: 9.58 mm MIRA3 TESCAN SEM HV: 10.0 kV WD: 9.32 mm MIRA3 TESCAN

View field: 138 ym Det: SE 20 pm View field: 138 ym Det: SE 20 pm
SEM MAG: 1.50 kx  Date(m/dly): 12/05/19 Lab.Nano. ITV-UNIDA SEM MAG: 1.50 kx  Date(m/dly): 12/05/19 Lab.Nano. ITV-UNIDA

Figure 2. Micrographs were taken by SEM at 99 kx and 1.5 kx magnification of the AM (column (a))
and UT (column (b)) systems.
3.3. Viability of Encapsulated Lacticaseibacillus rhamnosus GG in Simulated Gastric Conditions

During gastric simulation, aliquots were taken at each stage to quantify the number of
viable cells available. Table 3 shows the count in each stage of the in vitro simulation.

Table 3. Viability of Lacticaseibacillus rhamnosus GG: evaluation under in vitro gastrointestinal condi-
tions of AM, UT, and free LGG.

Method Initial (log CFU/mL)  Final (log CFU/mL) Viability (%)
AM 6.01 £0.60 584 £0.80? 97.22
UT 571+0.072 5.72 £0.06° 100
Free LGG 7.04+£0.00? 6.21 +£0.69° 88.28

AM = magnetic stirring; UT = Ultraturrax®. Means + standard deviation (SD) (p <0.05). Equal letters mean no
statistically significant difference.

The free cells had a viability of 88.2% at the end of the gastric simulation, which
was smaller than the encapsulated cells that showed 97.2% and 100% for AM and UT,
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respectively. The first two phases of the simulation (salivary and gastric) failed to degrade
the capsules and produce any loss of viability in these phases. Rupture of the capsules
was notorious only until the last phase (intestinal stage). This behavior was described by
Guedes et al. [38], who explained that exposure of the capsules to neutral pH and bile salts
favored the ionic exchange of the alginate’s carboxyl groups, leading to destabilization in
the networks that form the gel, thus deforming the matrix. Kumar and Saquib [39] reported
the effect that pH could have on the carboxyl group (-COOH) present in the structure of
alginates that are ionically crosslinked by divalent ions such as Ca?*, being insoluble at pH
values of less than 4.4; and on the other hand, allowing a swelling of the matrix caused by
the relaxation of these carboxyl groups at pH close to 7.4, which is ideal for formulations
intended to release compounds of interest to areas ulterior to the stomach.

An occurrence that also explains the modification of the capsules is syneresis, a chem-
ical modification of the alginate caused by the variation of the pH conditions. Syneresis
causes the loss of water because of the rupture of hydrogen bonds [40]. Zeashan et al. [30]
reported viability of Lactobacillus acidophilus at the end of the gastric simulation of approxi-
mately 91% for their encapsulation based on alginate, and about 95.1% for their mixture
with soy protein, while the free cells had a viability below 49%. All three systems had
viabilities below those obtained in our study, especially comparing their alginate-based
encapsulation.

The probiotic survival achieved in our study is also attributed to the emulsification
process that provided additional protection to the probiotic bacteria, which derived from
the fatty acids present in the encapsulating mixture such as oleic acid present in Tween®
80, which according to Corcoran et al. [15] provide cellular protection when they are
exposed to acidic environments. The viability of Lacticaseibacillus rhamnosus GG in this work
produced good results in both encapsulated and free cells attributed to its characteristics
as a bacterium with resistance to bile acids, a quality to which its prolonged survival
throughout the conditions of the digestive tract can be credited [5]. Ortakci and Sert [26]
suggested that sizes in the range between 1.5 mm and 2.5 mm that were obtained in
their encapsulation system based on alginate result in additional protection of cells against
gastrointestinal conditions caused by the increase in distance between cells and acid, thereby
increasing in diffusion time. In general, the morphology and microstructure of the capsules
were not affected during the first two stages of the simulation. In contrast, the capsules
were deformed in the intestinal phase and lost rigidity, mainly when taking samples
for microscopy analysis. To visualize the morphology of the capsules of the intestinal
phase, samples were taken as in previous phases, only adding a longer drying time in
the cabinet because the capsules were in a more liquid state. Still, the same visualization
conditions previously described in the methodology were maintained. The properties of
the encapsulating matrix allowed its morphology to be retained until the intestinal phase,
making it ideal for the controlled release of probiotic bacteria at the intestine.

Figures 3 and 4 show the morphological comparison (by SEM) of the treatments
and encapsulation methods in the different stages of the gastric simulation. In such
Figures, bacteria adhering to the surface of the capsules can also be observed in most of the
micrographs of the first two stages of the gastric simulation. In contrast, for the intestinal
stage, no cells could be kept in the samples. However, these were found dispersed in the
solution of the last phase according to the viability results obtained in the Petri dish count.
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Figure 3. Encapsulated Lacticaseibacillus rhamnosus GG: UT treatment. Oral phase (column (a)), gastric
phase (column (b)), and intestinal phase (column (c)).

3.4. Viability of Lacticaseibacillus rhamnosus GG Encapsulated and Added to Food Matrices

The viability of Lacticaseibacillus rhamnosus GG was evaluated weekly according to
the method described above, dissolving 1 g of capsules for spreading in a Petri dish.
Tables 4 and 5 show the viability results for the three and four weeks of storage of the
encapsulated bacteria in apple juice and yogurt, respectively, with the AM, UT, and free
LGG treatments.

Table 4. Viability of Lacticaseibacillus rhamnosus GG: AM, UT, and free LGG systems in apple juice
during storage under refrigerated conditions (4 °C).

Method log CFU/mL (Nj) log CFU/mL (N) Viability (%)
AM 5.74 + 0.07 2 494 +0.04° 86.16
UT 484 +021°2 488 +0.142 100.81
Free LGG 7.14 £0.072 5.74 £+ 0.05 b 80.50

AM = magnetic stirring; UT = Ultraturrax®. Means = standard deviation (SD) (p < 0.05) equal letters means that
there is no statistically significant difference.
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Figure 4. Encapsulated Lacticaseibacillus rhamnosus GG: AM treatment. Oral phase (column (a)),
gastric phase (column (b)), and intestinal phase (column (c)).

Table 5. Viability of Lacticaseibacillus rhamnosus GG: AM, UT, and free LGG systems in yogurt during
storage under refrigerated conditions (4 °C).

Method log CFU/mL (Ny) log CFU/mL (N) Viability (%)
AM 5.124+0.112 574 +0.262 112.14
uT 5454+0.14% 5.56 £0.022 102.04

Free LGG 7.04 £0.002 6.5240.01P 92.54

AM = magnetic stirring; UT = Ultraturrax®. Means + standard deviation (SD) (p < 0.05) equal letters means that
there is no statistically significant difference.

The decline in viable cells is attributed to substrate depletion and the antagonistic
effect that dead cells can have by releasing enzymes that hydrolyze sugars in the medium
and exposure to low pH for extended periods [41]. On the other hand, the survival of the
encapsulated cells can be ascribed to the fact that the transition of acids and flavonoids
typical of the juice towards the capsule’s interior is impeded by the presence of a protective
encapsulating matrix such as alginate [24]. Lacticaseibacillus rhamnosus GG is resistant
to environments with pH up to 2.5, which is reflected in its survival in juices in the
free state [42,43]. The capsules can provide a favorable environment for bacteria and a
physical barrier against environmental conditions that may affect their viability [44]. In
the results of Lacticaseibacillus rhamnosus GG encapsulated in yogurt (Table 5), the counts
for three weeks showed slight cell growth for both UT and AM, a phenomenon attributed



Appl. Sci. 2022, 12, 2141

11 of 17

to the permeability or degradation of the alginate capsules allowing bacteria to consume
the substrate available in the food. Ding and Shah [44] present in their study viability
of Lacticaseibacillus rhamnosus encapsulated and added to orange juice stored at 4 °C of
approximately 80% at the end of the third week, while the viability of the free cell was 75%.
These results show similarities with those obtained in the present study of the AM systems
and free cells, being 86.16% and 80.5%, respectively, but not with those obtained by the
UT System, which had 100% viability at the end of the evaluation. Ortakci and Sert [26]
analyzed the viability of Lactobacillus acidophilus ATCC 4356 encapsulated and added to
yogurt during storage at 4 °C, obtaining viability data for their encapsulated system of
86.68% and 90% for free cells. The viability of the free cells had values close to the results
obtained in this study; however, the encapsulated systems differ in the values presented by
AM and UT systems, being higher than those obtained in our work. They highlighted that
high probiotic survival could be attributed to the size of the capsules, the strain used, or to
post-acidification processes during storage, related to the diffusion capacity of components
within and outside the capsule caused by the porosity of the alginate, which suggests that
the passage of nutrients can be used by the encapsulated bacteria favored their viability
during the storage process [45]. Figures 5-8 show the micrographs of the capsules during
their storage in juice and yogurt obtained by SEM.

Figure 5. Encapsulated Lacticaseibacillus rhamnosus GG: AM treatment in apple juice: 7 days (column
(a)), 15 days (column (b)), and 22 days (column (c)).
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Figure 6. Encapsulated Lacticaseibacillus rhamnosus GG: AM treatment in yogurt: 15 days (column
(a)), 22 days (column (b)), and 30 days (column (c)).

During their evaluation, the capsules did not show macroscopic differences. The
alginate capsules exhibited resistance and stability until the second week of the study.
When exposed to SEM, the electron beam likely managed to pierce the capsules, thus
releasing the components after a prolonged focus time. However, the encapsulation and the
wall material can offer protection to the bacterial cells against conditions that could affect
their viability, such as the stress that the gastrointestinal tract may cause when consuming
a food inoculated with probiotics or due to the shear forces caused by the homogenization
processes [19,46,47].
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Figure 7. Encapsulated Lacticaseibacillus rhamnosus GG: UT treatment in apple juice: 7 days (column
(a)), 15 days (column (b)), and 22 days (column (c)).
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Figure 8. Encapsulated Lacticaseibacillus rhamnosus GG: UT treatment in yogurt: 15 days (column (a)),
22 days (column (b)), and 30 days (column (c)).

4. Conclusions

Regarding the encapsulation process, the best treatment was UT at 4000 rpm for
7.5 min, with bacterial viability greater than 85.80%. The LGG concentrations in the
capsules made by AM and UT exceed the minimum consumption recommendations to
have a beneficial effect on health. The morphology of the capsules from the AM was
mostly regular and homogeneous. In contrast, in the case of the UT, a rough surface
with microcapsules was observed. However, the UT was the treatment that produced
circularity values near one and a smaller size compared with the AM. Under this principle,
spraying techniques can be proposed to reduce the droplet size and increase the contact
area. The encapsulation process carried out in this study provided LGG an environment
resistant to gastric- simulated conditions showing a viability of 100% at the end of the
intestinal phase with the best treatment, while in free bacteria, viability was 88.2%. The
formulation of the encapsulating mixture turned out to be adequate for the protection of
probiotic bacteria against stress conditions. The high percentages of viability obtained
suggest that some characteristics of the matrix, as the case of fatty acids present in the
oil and in the Tween®, can be used by bacteria to increase their viability with respect to
systems formulated only with alginate described by various authors. Scanning electron
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microscopy verified the presence of LGG cells on the surface of the capsule even after its
evaluation under simulated gastric conditions. This phenomenon can also be attributed
to the gradual degradation of the matrix in each simulation stage and the degradative
effect of the incidence of the electron beam to the capsules during the morphological
analysis. The use of an encapsulation system allowed to preserve cell viability for more
than three weeks in two food matrices with distinct characteristics, which represents a
practical alternative for the preservation and addition of probiotic bacteria in foods of
different nature to make them functional or enhance their beneficial effect, in addition to
providing a controlled release of bacteria once these foods are ingested. On the other hand,
the use of an emulsification process prior to the ionic gelation of the alginate gives favorable
morphological and functional characteristics; however, more studies should be pursued on
the interactions between the compounds of the mixture as well as the implementation of
particle size reduction techniques to improve the sensory qualities of the products to which
they can be added.
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