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Abstract: One of the biggest challenges in the food industry is the incorporation of probiotics into food
products while maintaining their properties, both in the processing phases and in the gastrointestinal
tract. The production of this type of functional food, which has been used to prevent and/or help
in the treatment of some diseases, needs improvements at the technological and economic levels.
This review provides a comprehensive view of the main techniques used to encapsulate probiotic
yeasts and analyzes the main variables involved in the industrial process. A systematic review and
meta-analysis were carried out, considering the most current technical recommendations for this type
of study, as well as the standardized criteria for the eligibility of articles. From a total of 1269 initial
articles, only 14 complete articles, published in high-impact journals over the years 2013 to 2019
and focused on in vitro assays with probiotic yeasts, were considered in the analysis performed.
In general, microencapsulation was efficient in maintaining yeast survival after gastrointestinal
tests, viability studies, and thermal resistance in distilled water and food. Many variables can
affect microencapsulation, but they are not always described or properly elucidated, leading to
the conclusion that better delineated research is needed. Examples of these challenges include
selecting appropriate encapsulating materials, optimizing encapsulation techniques, and ensuring
the stability and viability of probiotics during processing and storage. Due to these challenges, the
industrial application of probiotic microencapsulation is not yet well established; however, it holds
promising potential.

Keywords: yeast; probiotic; microencapsulation; encapsulation; Saccharomyces; food industry

1. Introduction

The food industry’s development, awareness of the importance of diet in disease
prevention, and improvements in nutritional science have led to a better understand-
ing of the beneficial effects of foods and food ingredients on overall human health and
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well-being [1-4]. Thus, probiotics have gained prominence in food research. The World
Gastroenterology Organization (2020) defines probiotics as “live microorganisms which,
when administered in adequate amounts, confer a health benefit on the host”. For a mi-
croorganism to be considered a probiotic, it must be safe for the host, resistant to gastric
acidity and pancreatic secretions, able to adhere to the epithelium, and it must present
antimicrobial activity, resistance to antibiotics, tolerance to food additives, and stability in
the food matrix.

Several studies have already shown that probiotics can reduce the development of
cancer cells, decrease the occurrence of dysentery in patients with lactose intolerance, and
promote immune improvement and nutrient absorption [5-9]. Recognized as promoters of
health and well-being, probiotics are also able to stimulate the digestive system, increasing
digestion capacity and helping in weight loss, as well as presenting beneficial effects on
the cardiovascular systems, the bones, the brain, and the nervous system by restoring the
intestinal flora [4,8,10-13].

The most studied probiotics so far have been Lactobacillus spp. (9000 articles, 1265 of
which from clinical trials), Bifidobacterium sp. (625 clinical trials), Streptococcus (180 clinical
trials), Bacillus (110 clinical trials), and Saccharomyces spp. (100 clinical trials) [4,14]. The
referred data show that the literature on probiotics of bacterial origin is extensive. However,
studies on yeasts as probiotics are still scarce.

The genus Saccharomyces (yeast) is the most studied, with the two most used being
S. boulardii in humans and S. cerevisiae in veterinary medicine [15-19]. One of the biggest
challenges for the food industry is the incorporation of these probiotics into food products,
maintaining their properties both in the processing stages and in the gastrointestinal
tract [8,20-22]. The beneficial effects of probiotics are directly dependent on a minimum
number of living cells remaining viable when exposed to different types of pH in the
stomach and intestine, to digestive enzymes, and to possible metabolic degradation during
the digestive process [23-28].

To avoid the loss of probiotic viability, the development of methods that allow the
survival of these cells to increase, especially when exposed to an adverse environment, was
encouraged. Faced with this challenge, the encapsulation process has emerged as one of the
most efficient technologies for protecting living cells [28-31]. There are several techniques
that can be used in the probiotic encapsulation process, and the most used methods are
spray drying, spray chilling, spray coating, gelation, and extrusion [30,32,33].

Given the importance of probiotic encapsulation methods, this work seeks to review
yeast encapsulation techniques, as well as the main components used for encapsulation and
their advantages. In addition, the effect of the encapsulated probiotic will also be analyzed.

2. Materials and Methods

This systematic review of the literature was recorded in PROSPERO (ID No.
CRD42020180732) and was conducted according to PRISMA (Preferred Reporting Items
for systematic reviews and meta-analyses) (http://www.prisma-statement.org, accessed
on 18 October 2021) [34]. The questions in this review were as follows: (a) What is the
global scenario for studies on the encapsulation of yeast-based probiotics? (b) What is the
encapsulation efficiency of yeast in different types of processes? (c) What are the most
common techniques related to yeast encapsulation? (d) What are the physical-chemical
factors related to the yeast encapsulation process? and (e) What are the best conditions for
yeast encapsulation?

2.1. Eligibility Criteria

Papers eligible for inclusion in the review were original research studies performed
with microencapsulated probiotic yeasts which evaluated their ability to survive when
exposed to simulated gastric conditions, food production, and/or storage, and which were
published in English, Spanish, or Portuguese from 2010 to 2020. Non-original articles
(reviews, editorials, letters, comments, and book chapters) were excluded.


http://www.prisma-statement.org

Appl. Sci. 2024, 14, 5461

30f15

2.2. Search Strategy

A systematic search to identify evidence on the effectiveness of the microencapsulation
of exposed probiotic yeast during simulated gastric conditions, food production or storage,
or animal models was performed. To optimize data collection and more accurately deter-
mine the inclusion or exclusion of studies, the research question was structured according
to the PICO acronym. In this context, P (Population) refers to probiotic yeasts; I (Interven-
tion) denotes probiotic yeasts subjected to the encapsulation process; C (Control) includes
non-encapsulated probiotic yeasts; and R (Outcome) examines the survival viability of
encapsulated probiotic yeasts after testing [34,35].

Electronic databases, including PubMed, Science Direct, LILACS, Scielo, Tripdatabase,

and Cochrane, were used. The search keywords used were as follows: “probiotic”, “yeast”,
/Ay

“microencapsulation”, “encapsulation” and “Saccharomyces”. The keywords were crossed
with each other to obtain greater coverage and relevance in the results.

2.3. Study Selection and Assessment of Methodological Quality

The articles identified through the search strategy were evaluated by two independent
reviewers (E.D.C and W.d.C.O) and the number of citations of keywords searched to obtain
data on the online platforms is described in Table 1. The initial phase of article selection
consisted of analyzing the titles, followed by the abstracts, and, finally, reading the studies
in full to verify the eligibility criteria. Any disagreements that arose between the two
reviewers were resolved through discussion or with a third reviewer. However, the studies
selected for the systematic review were assessed for quality using the Critical Assessment
Skills Program principles tool (CASP) [36,37]. This instrument is designed to judge study
quality in a systematic and transparent way. The quality judgment is therefore derived
from a set of standardized methodological questions applied to all studies in question. For
the purposes of this study, questions for quality assessment were centered on the following
themes: research question; recruitment; control group characteristics; rigor in investigative
measures; and confounding factors. Figure 1 shows the flow diagram for the identification
and selection of articles for the study.

Table 1. Number of citations of the researched keywords to obtain data on online platforms.

Platforms—No. of Articles

Keyword Science Direct PubMed Scielo Cochrane TripDatabase Lilacs
Total Included Total Included Total Included Total Included Total Included Total Included
Yeast + Probiotic + )5 11 12 6 0 0 0 0 2 0 0 0
Microencapsulation
_ Probiotic + 537 11 11 0 14 1 15 0 26 0 7 0
Microencapsulation
Probiotic + 1180 12 5 0 12 2 17 0 37 0 9 0
Encapsulation
Saccharomyces +
Probiotic + 40 9 0 0 1 0 1 1 1 0 0 0
Microencapsulation
TOTAL 1888 42 28 6 27 3 33 1 66 0 16 0
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Figure 1. Flow diagram for the identification and selection of articles for the study.

2.4. Statistical Analysis

For data analysis, the ANOVA variance test with a significance level of p < 0.05, fol-
lowed by the Tukey and Duncan test (p < 0.05), was used. All analyses were conducted
using the Minitab statistical software (Minitab for Windows, version 19). The outcomes
were presented through the Optimization Plot model. Previously, the data were treated
by multiple linear regression, as the analyses encompassed more than one variable. The
main evaluation parameters for this type of graph are as follows: (D) composite desir-
ability, which evaluates how the configurations optimize a set of responses in general;
(d) individual desirability, which evaluates how the settings optimize a single response,
and (y), which is the response variable or the dependent variable. In other words, (y) is the
quantity being observed, measured, or optimized in the study. The vertical red lines in the
optimization graph represent the current factor settings, indicating the specific combina-
tions at the time of analysis. Conversely, dashed blue lines suggest composite responses
or desirability for the current factor level, providing a visual view of the relationships
between factor configurations and desired responses. These lines guide the understanding
of how different adjustments in factor levels can impact optimization goals, allowing an
intuitive analysis of the relationships between variables and responses in the context of the
studied process. The statistical investigation in this study was guided by the selection of
optimal indicators, whether categorical or continuous, capable of eliciting a more favorable
response in the keywords of the microorganism’s survival percentage following successful
encapsulation. The investigation of the percentage of survival was grounded in the exami-
nation of three variables: pH, temperature, and the materials employed in executing the
encapsulation process.
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3. Results and Discussion
Study Inclusion

The article search was carried out between June 2020 and February 2021, chronologi-
cally, both for surveying articles and for data collection and analysis. Initially, a survey was
carried out for data collection on the Cochrane, LILACS, PubMed, Scielo, ScienceDirect, and
TripDatabase platforms (Table 1). A total of 2058 citations were obtained considering the
following keywords: “Yeast + Probiotic + Microencapsulation”, “Probiotic + Microencapsu-
lation”, “Probiotic + Encapsulation”, and “Saccharomyces + Probiotic + Microencapsulation”.
ScienceDirect had the highest number of citations (n = 1888), followed by TripDatabase
(n = 66). In both databases, the term “Probiotic + encapsulation” had the highest number of
citations at 1180 and 37, respectively. The second term with the highest number of citations
was “Probiotic + microencapsulation” with 537 and 26 observations in ScienceDirect and
TripDatabase, respectively.

In the articles survey and data collection, four stages were considered: identification;
sorting; eligibility; and articles included in the analysis (Figure 1). The records identified
through the search in the databases considered a total of 1269 articles with the researched
theme. In the screening stage, one article was excluded because it was duplicated—that is, it
was found on more than one platform—and 1247 were excluded because they were outside
the theme and objective of the study. Subsequently, in the eligibility stage, the criteria for
which were determined at the beginning of the research, seven articles were excluded for
the following reasons: they addressed the use of lactic acid bacteria (LAB); yeasts were
not microencapsulated /encapsulated; they used of some cell wall components as LAB
encapsulation material; they evaluated the encapsulated yeast in relation to the effects on
the organism’s health, without describing the viability of the encapsulated probiotic itself;
they conducted studies on animal models; their data centered around morphology, but
additional media data were not provided to investigate microencapsulation efficiency; and
the data obtained were related to the growth of fish, but did not present data related to its
action, nor how its viability could be measured.

Therefore, 14 complete articles, published in high-impact journals throughout the
years 2013 to 2019 were selected for analysis, focused on in vitro assays with probiotic
yeasts. In the referenced works, the spray drying (four times) and extrusion (four times)
techniques were the most recurrent. Spray chilling and gelation techniques were reported
only once each.

The encapsulation technique was not directly related to the size of the microcapsule;
that is, different patterns were observed in the same technique, with the smallest reported
microcapsule measuring 3.31 pm and the largest measuring 2960 um. However, as observed
in Table 2, the largest capsule size values (1500 and 1700-2960 um) were obtained in the
EX-technique. This pattern was not maintained in all studies, since, in two studies, the size
ranged from 50 to 90 um.

The microcapsule composition varied among the analyzed articles, with emphasis on
seven ingredients (milk protein, starch, maltodextrin, gum arabic, xanthan gum, alginate,
and chitosan) which appeared in more than one formulation. In some studies, more
than one formulation of ingredients was used, reaching a total of five ingredients in
the same formulation. The most common compounds among the formulations were as
follows: alginate (sodium and calcium) and maltodextrin, which appear in eight and five
formulations, respectively, alone or in combination. Alginate was cited as a component
of the microcapsule in 6 studies and gum arabic in 4 of the 14 articles analyzed. In [38],
four of the six most used ingredients in other studies (milk protein, starch, maltodextrin,
and gum arabic) were used individually. In contrast, ref. [39] used three ingredients, both
individually and in combination (sodium alginate; sodium alginate/chitosan; sodium
alginate/starch/vegetable oil).

The encapsulation efficiency (EE) is a very important category of data in studying
the encapsulation process of a probiotic. However, only few articles (n = 4) reported
these data in their results. The EE varied between 35 and 98.1%. The highest EE were
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observed in studies using gum arabic (91.4-98.1%) and sodium alginate (90-94%) in their
composition. The authors of [39] reported an EE ranging from 35% to 45%, indicating the
lowest observed efficiency. A total of eight yeast genera/species were used as probiotics
in the tests, with Saccharomyces boulardii reported in seven studies, Saccharomyces cerevisiae
reported in five studies, and Issatchenkia occidentali, Kluyveromyces marxianus, Pichia barkeri,
Yarrowia lipolytica, Wickerharomyces anomalus, Lactobacillus acidophilus, and Sacchoromyces sp.
reported only once. The yeast survival after the different treatments ranged from 1.7 to
100%. These values were obtained from 9 works that described these data in their results.

Conclusively, in the chosen articles, yeast microencapsulation was efficient in main-
taining survival after gastrointestinal tests, viability studies, and thermal resistance in
distilled water and food.

The determined survival percentage varied greatly among and within the articles
themselves due to the high number of treatments and variables considered. The path taken
by probiotic microorganisms from encapsulation to the colon presents many challenges.
Temperature and storage time can present concerns, namely viability through the pH and
temperature of the gastrointestinal tract, among other factors [40,41]. In addition, there is
the possibility that microorganisms do not establish themselves as part of the intestinal
microbiota. All these factors influence the effectiveness of the delivery of probiotics by
commercial formulations or through food. The more influential are humidity (RH), temper-
ature, pH, osmotic stress, and the amount of oxygen available in the environment [42-44].
Therefore, it is necessary to develop technologies that allow for achieving greater probiotic
stability [43,44].

Microencapsulation emerges as a viable and efficient alternative to systems commonly
used to encapsulate small molecules, such as vitamins, minerals, and some drugs, and
systems that do not contain bacteria and yeasts [45-47]. The strategies employed in mi-
croencapsulation to improve the viability of probiotics are diverse and must be considered:
the presence of a physical barrier blocking the adversities from the environment; joining the
probiotics with nutrients or additives that will help in their survival and in maintaining the
environmental conditions inside the capsule; and capturing compounds from the external
environment that help the survival of probiotic microorganisms [48-50].

From the point of view of human health, it is worth discussing that the cell viability of
the probiotic is not the only variable to be considered. The term postbiotic has been used to
refer to inanimate microorganisms and/or their components that confer health benefits.
Therefore, the beneficial effects of probiotics are not only due to the action of the living
cell in the intestine, but also due to the immunomodulatory potential of the constituent
molecules [51-53].

The study carried out differs from the method commonly used in keywords of sta-
tistical investigation, since the interest in it is the choice of the best results, meaning the
indicators (categorical or continuous) that were able to generate a better response in key-
words of efficiency. The tool chosen for analysis was the “Response Optimizer”, which
determines, based on the amount of data provided, which indicators should be used to
produce the best response. It previously required a simple regression analysis (which
could be linear, quadratic, or cubic) or multiple linear to verify the values of the indicators
that produced the best response and, consequently, the optimal value produced by the
regression models for such a response.

Obviously, the more curve-fitted the data are, the better the level of analysis. However,
as this is a problem involving more than one variable, only multiple linear regression offers
a solution to the problem and the results will be based on this. Initially, the factor chosen
as a response was the efficiency percentage, since most of the articles provided such data
or enabled the calculation of the final and initial population. Another justification is that,
in the case portrayed, in general, the estimates related to efficiency must be continuous
variables. To choose the indicators, we used those that were most frequently reported.
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Table 2. Overview of recent studies (2010-2020) on yeast-based probiotic encapsulation.

Experiment

Experiment . Encapsulation Microcapsule . i Encapsulation o .
Reference pH Temperature (°C) Enca}()osg}atlon Method Size (um) Microcapsule Composition Efficiency (%) M.O Test Type % Subservience
Gelatin; milk protein; starch;
[38] 1.0;1.5;2.0 37 nr Spray drying 3.31-4.08 maltodextrin; pea protein; gum nr S. boulardii Gastric 13.8-78.6
arabic
[54] 20:8.0 37:50: 60: 70: 80 entry: 120 Spray chilling; 241-612.5 Gum Arabic/-cyclodextrin; 91.4-98.1 S. boulardii; L. Viability; gastric; 28.5-99.3
. T P output: 50 spray drying ’ ’ hydrogenated palm oil ’ ’ acidophilus thermal resistance ’ :
[55] nr 102 nr Pulverization nr Arabic gum; B-cyclodextrin nr S. boulardii Food 67.4
Skimmed milk/sucrose/
carboxymethylcellulose/
xanthan gum; skimmed
[56] nr 18; 49 nr Pulverization nr milk/maltodextrin/sucrose/ nr Saccharomyces s| Viabilit 96.6-97.9
o ! carboxymethylcellulose/ yees sp- y ’ ’
xanthan gum; maltodextrin/
sucrose/ carboxymethylcellulose/
xanthan gum
4.0;5.0; L . .. s
[57] 6.0:70 70; 80; 90 nr Pulverization 8-15 whey protein nr S. boulardii Viability 0-40
. . Ca_alginate/potato dex- S. boulardii . .
[58] 2.0 nr nr Extrusion 1500 trose/ glycerol/xanthan/inulin nr ATCC 74068 Gastrointestinal nr
e . . . . . S. cerevisiae Gastric; distilled
[59] 2.0; 6.5; 8.0 28 nr Extrusion 50-90 Na_alginate/calcium chloride nr ATCC 9763 water nr
[60] 2.0;8.0 28 nr Extrusion 50-90 Na_alginate/calcium chloride nr :ngl;;ggg Gastrointestinal 20-100
Agar-agar; Arabic gum;
[61] 1.5;5.6;7.5 37 nr nr nr mf;z:i;;aeﬁz%ge;f:ﬂl;g?;C;m nr S. cerevisiae Gastrointestinal nr
mucilage; okra mucilage
[62] 1.0,7.4 37 nr Gelat? on/ nr I\{Taﬁalginatg/ NaCl nr S. cerevisiae Y235 Gastrointestinal nr
emulsification solution/paraffin/chitosan
[63] 2.0;6.5 nr nr Emulsion 9.2 Na_alginate/inulin/mucilage nr S. boulardii Food 1.7-81.2

from Opuntia ficus-indica

nr: not reported.
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Excellent
D: 0.5685

Optimal value: 100.0
y =57.9333
d=0.56855

In this case, three indicator variables were chosen: pH, temperature, and materials
used for encapsulation. In the evaluated case, two variables were initially used to obtain
the desired response. This is because, when checking the distribution of points in relation
to a single variable, no curve was adequately adjusted and, therefore, analyses focused on
simple regressions were discarded. Therefore, four analyses were obtained, focusing on
the use of the response optimizer from the following variables: pH and temperature; pH
and encapsulation materials; temperature and encapsulation materials; and, finally, pH,
temperature, and encapsulation materials. The analysis is based on some numerical results
and graphs generated (Figures 2—4). For the basis that must be taken into account in this
research, only three factors will be analyzed to prove a given result.

pH Temperature
Sup. 8.0 90.0
Atu [1.0] [28.0]
Inf. 1.0 28.0

Figure 2. Response optimization: percent survival—pH and temperature. (D) Composite desirability,
which evaluates how the configurations optimize a set of responses in general; (d) individual
desirability, which evaluates how the settings optimize a single response, and (y) the response
variable or dependent variable. The optimizer sets a goal, which is denoted by “optimal value” and
represents the best value that the optimizer can achieve. The vertical red lines in the optimization
graph represent the current factor settings, indicating the specific combinations at the time of analysis.
Dashed blue lines suggest composite responses or desirability for the current factor level, providing a
visual view of the relationships between factor configurations and desired responses.

The first group is the multi-response prediction group, which shows the configuration
of variables that optimizes the outcome of interest. Such values may be intermediate values,
in the case of continuous values, or values that necessarily belong to the data obtained. The
second group is the adjusted survival percentage, which represents the maximum value
obtained for the variable of interest (survival percentage). The third and most relevant
group for judging the distribution of data and the efficiency of the optimization model is
the composite desirability, which measures the assertiveness of the combination to obtain
the optimal result. Values for this parameter are between 0 and 1, where values close to 0
indicate that one or more responses are within the acceptable limits. In the case of values
close to 0, we can justify that the data are not compatible or even represent non-consonant
levels to be interpreted in a grouped way:.
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Excellent
D: 0.8887

Optimal value: 100.0

y = 89.0572
d=0.88868

Excellent
D: 1.000

Optimal value: 100.0

y=100.0
d=1.0000

pH Material
Sup. 8.0 18
Atu [1.0] 9
Inf. 1.0 1

¢

Figure 3. Response optimization: survival percentage—pH and materials. (D) Composite desirability,
which evaluates how the configurations optimize a set of responses in general; (d) individual
desirability, which evaluates how the settings optimize a single response, and (y) the response
variable or the dependent variable. The optimizer sets a goal, which is denoted by “optimal value”
and represents the best value that the optimizer can achieve. The vertical red lines in the optimization
graph represent the current factor settings, indicating the specific combinations at the time of analysis.

Temperature Code M
Sup. 90.0 21
Atu [48.1061] 20
Inf. 28.0 1

Figure 4. Response optimization: survival percentage—temperature and materials. (D) Composite
desirability, which evaluates how the configurations optimize a set of responses in general; (d) indi-
vidual desirability, which evaluates how the settings optimize a single response; and (y) the response
variable or the dependent variable. The optimizer sets a goal, which is denoted by “optimal value”
and represents the best value that the optimizer can achieve. The vertical red lines in the optimization
graph represent the current factor settings, indicating the specific combinations at the time of analysis.
Dashed blue lines suggest composite responses or desirability for the current factor level, providing a
visual view of the relationships between factor configurations and desired responses.

In Figure 2, the impact of temperature and pH variables on the percentage of survival
in encapsulated probiotic yeasts in gastric simulation tests was evaluated. Figure 2 shows a
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composite desirability (D) value of 0.5685. Additionally, it shows an individual desirability
(d) value of 0.5685 and a predicted response (y) value of 57.933. There is a red line for
pH 1 and a red line for temperature 28. According to the statistical model used, it can
be stated that the expected survival percentage, considering the temperature and pH
variables, is approximately 57.93%. Therefore, the analysis suggests that, although the
optimized configurations have achieved a moderate level of desirability for the general set
of three variables involved, there is still room for improvement, especially when considering
the variables individually. The predicted response provides an estimate of the expected
performance under the optimized conditions, indicating that further adjustments may lead
to more favorable results in keywords for percentage survival in encapsulated probiotic
yeasts in gastrointestinal simulation tests. The vertical red lines represent the current factor
settings. Each vertical red line indicates a specific set of settings for the different factors
under analysis. The red lines serve as visual markers to indicate the conditions under which
experiments are being conducted or optimized. The horizontal blue line indicates how the
composite response or desirability varies in relation to different factor configurations.

Figure 2 also depicts the relevant elements that describe the optimal choices given a
set of options as outlined in our initial list of variables. As it can be seen, the optimizer
establishes a target, which is denoted by “optimal value” and represents the best value
that the optimizer can achieve. Evidently, attaining such a level indicates either that the
empirical conditions are equivalent to the theoretical ones or that no interaction is expected
between two or more factors. Therefore, a variable “y”, which corresponds to the predictor,
is given. This variable is our compass in order to validate how the interaction between two
factors can induce a survival level that is different from the target. Each combination of
optimal elements produces different values for “y” and the best combination (highlighted
in red) is given by the maximum value that the predictor can yield.

The data obtained also show that there is a strong negative correlation between the
survival response and the temperature factor, since, in the analysis, a straight line with a
negative angular coefficient was obtained (black solid line). On the other hand, the pH
factor, according to the collected articles, does not seem to play such a significant role.
Initially, one must consider that the articles considered in this review mostly carried out
gastric simulation tests with narrower pH ranges (an acidic pH value and a basic pH value).
As for temperature, a wider range of conditions can be verified. This fact may justify the
lower impact of pH as an individual variable. Furthermore, the resistance of probiotics
to the effect of pH may lie in the natural tolerance of some strains to acidic or alkaline
variations. The presence of a protective layer resulting from the microencapsulation process
may also play a crucial role, offering an effective defense against pH fluctuations during
gastrointestinal simulation. Moreover, our analysis was restricted to two factors because
the sole investigation of variables does not account for the effect of the interaction of several
variables simultaneously. For that reason, graphs for single-variable regressions were not
taken into account.

In Figure 3, the impact of pH and the type of encapsulation material on the percentage
survival of encapsulated probiotic yeasts was evaluated. Figure 3 shows a composite
desirability value (D) of 0.8887. Moreover, it shows an individual desirability value (d) of
0.88868 and a predicted response value (y) of 89.0572. There is a red line for pH 1 and a red
line for material 9. The set of variables analyzed at the same time suggests that optimized
configurations have the potential to reach a percentage of approximately 90% encapsulated
probiotic yeasts. These results indicate a successful optimization for the variable of interest,
promoting an environment which is conducive to the survival of the analyzed elements.
The stability of the process, the effectiveness of the statistical model, and the possible
positive sensitivity of probiotics to pH and materials are also factors that can contribute to
the robustness of these results. The data therefore indicate a successful optimization for
the variable of interest, promoting an environment which is conducive to the survival of
the analyzed elements. It can be seen, again, that the pH value exerts little influence on
the survival analysis, while the type of material used is capable of drastically modifying
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this value. A possible explanation for this is the different resistance of certain types of
materials in physicochemical keywords. Characteristics such as porosity, resistance to
thermodynamic stress, and chemical and mechanical changes may be able to be supported
more easily, leading to yeast conservation.

As yeast cells can also be used for the encapsulation of other compounds, new studies
have helped to elucidate their resistance to adverse conditions. Compared to the cell wall
of baker’s yeast (Saccharomyces cerevisiae), brewer’s yeast has a more complex network of
polysaccharides, which are rich in (31 — 3)-glucans and covalently linked to (x1 — 4)- and
(B1 — 4)-glucans, in addition to residual mannoproteins. Furthermore, molecular differ-
ences in the cell wall may also have a direct implication in the immunostimulant potential,
conferred by the presence of (31 — 3)-glucans, as explored, for example, in [64—66].

Faced with consumer demand for food of better quality and the limited consumption of
compounds with low nutritional value, combined with the search for more sustainable pro-
duction that reduces waste emissions, it is becoming important to prioritize encapsulation
strategies with coatings that offer health benefits and are environmentally friendly [67-69].
New studies on encapsulation should improve the use of compounds such as fiber, amino
acids, vitamins, natural antioxidants, essential fatty acids, and probiotics, instead of ingre-
dients that are not healthy such as simple sugars, cholesterol, or allergenic compounds
such as dairy products, saturated fats, and trans fatty acids [69].

New works may also prioritize inputs recovered from seeds, bark, bones, and scales,
among others, reducing the accumulation of by-products and agro-industrial residues.
Further studies on co-microencapsulation techniques combining two or more active com-
pounds in a single system are also suggested. The synergy between the compounds could
enhance their beneficial effects, offer more possibilities for the application of bioactive
compounds, favor increased shelf lives, and generate lower production costs. The main
application of co-microencapsulation is the combination of probiotics with other active
compounds such as prebiotics, lipids, and, more recently, polyphenols [68].

In Figure 4, the impact of temperature and the type of encapsulation material on the
percentage survival of encapsulated probiotic yeasts was evaluated. Figure 4 shows a
composite desirability value (D) of 1.0. Additionally, it has an individual desirability value
(d) of 1.0 and a predicted response value (y) of 100. There is a red line for a temperature of
48.1061 and a red line for a material of 20. In this case, a D of 1.0 suggests that the inde-
pendent variables, represented by temperature and material type, were chosen optimally.
The predicted response value (y) of 100 indicates that, under these specific conditions, the
survival percentage of the encapsulated probiotic yeasts reached its maximum potential.
These results are promising, as they indicate that, under the established conditions, the
encapsulation method used is highly efficient in preserving probiotic yeasts. However, it is
essential to highlight the need for additional analysis, considering factors such as long-term
stability, associated costs, and the possible practical applications of these encapsulated
yeasts. Optimized data for the two variables considered seem to be crucial for the success
of the survival percentage. The data achieved can be explained based on considerations
related to thermodynamic compatibility, the characteristics of the encapsulation material,
and the kinetics of biological reactions. The stability of the encapsulation matrix, influenced
by chemical and physical interactions, can also play a significant role.

The role of probiotics in promoting intestinal health has been widely recognized. In
this direction, probiotic yeasts emerge as promising alternatives to traditional lactobacilli
and bifidobacteria. To improve the benefits of this type of probiotic, it is essential to develop
advanced encapsulation strategies and optimize the conditions that guarantee its survival
in the gastrointestinal tract.

New encapsulation materials are being used to protect probiotic yeasts against gas-
trointestinal tract conditions. Nanoparticles, liposomes, and microspheres are some of the
technologies that have been shown to improve the viability of yeast during its passage
through the digestive tract, allowing for controlled release in the intestine. In addition,



Appl. Sci. 2024, 14, 5461 12 of 15

microencapsulation offers significant advantages in the stability and shelf life of probiotics,
enabling the formulation of more convenient and affordable foods.

Finally, improving the survival conditions for probiotic yeasts in the gastrointestinal
tract is crucial for probiotics to be used as an effective and safe therapeutic strategy.

4. Conclusions

This study has allowed the verification of the main components and methods of the
microencapsulation of probiotics that have been used in recent years. We verified the
importance and diversity of probiotics and probiotic foods, which have shown improve-
ments in their effectiveness through the application of microencapsulation technology,
increasing cell viability. However, many factors can affect the microencapsulation process,
requiring extensive research to develop a well-accepted and correctly used technique in the
food industry. The industrial application of probiotic microencapsulation is still far from
widespread, since many details still need to be standardized, as interfered from the final
evaluation of the process.

Several questions have not yet been answered by the scientific community regarding
this topic, such as the following: Which materials are more efficient or which can be im-
proved?; Do the current research results confirm previous ones?; What type of correlations
exist between process factors and the effectiveness of microencapsulation in different prod-
ucts?; Is it possible to optimize the process to improve the viability, decrease the costs, and
maintain the sensory properties of the products? Although many questions and details
still need to be answered and revealed, in general, the microencapsulation of probiotics
seems promising for the future. This type of reasoning can open new horizons for extensive
research in this field.

Author Contributions: Conceptualization, W.d.C.O. and L.P.d.B.; methodology, W.d.C.O., L.P.d.B.,
E.A.G.d.S, PR.d.A.C. and E.D.C,; software, W.d.C.O., E.A.G.d.S. and E.D.C.; validation, W.d.C.O. and
E.D.C,; formal analysis, W.d.C.O., E.A.G.d.S. and E.D.C,; investigation, W.d.C.O., L.P.d.B., EA.G.d.S,,
LL.L. and E.D.C.; writing—original draft preparation, W.d.C.O., L.P.d.B., E.A.G.d.S,,1.L.L., C.A.d.O.
and E.D.C,; writing—review and editing, W.d.C.O., LP.d.B., E.A.G.d.S,, IL.L., C.A.d.O.,, M.B.PPO.
and E.D.C,; visualization, W.d.C.O., L.P.d.B,, E.A.G.d.S,, I.L.L.,, C.A.d.O.,, PR.d.A.C.,, M.B.PPO. and
E.D.C.; supervision, W.d.C.O. and E.D.C.; project administration, W.d.C.O. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest, financial or otherwise.

References

1. Blatchford, R.; Godoy, M.; Garda-Mazcorro, G.; Goh Hotchkiss, R.A.; Reimer Schotennan, R.A.; Sindeien, V.; Vftielan, K. Prebiotic
Mechanisms, Functions and Applications—A Review. Int. ]. Probiotics Prebiotics 2013, 8, 109-132.

2. Chen, Y;; Michalak, M.; Agellon, L.B. Focus: Nutrition and Food Science: Importance of Nutrients and Nutrient Metabolism on
Human Health. Yale . Biol. Med. 2018, 91, 95. [PubMed Central]

3.  Nordhagen, S.; Lambertini, E.; DeWaal, C.S.; McClafferty, B.; Neufeld, L.M. Integrating Nutrition and Food Safety in Food
Systems Policy and Programming. Glob. Food Secur. 2022, 32, 100593. [CrossRef]

4.  Turkmen, N.; Akal, C.; Ozer, B. Probiotic Dairy-Based Beverages: A Review. |. Funct. Foods 2019, 53, 62-75. [CrossRef]

5. Fazilah, N.E; Ariff, A.B.; Khayat, M.E.; Rios-Solis, L.; Halim, M. Influence of Probiotics, Prebiotics, Synbiotics and Bioactive
Phytochemicals on the Formulation of Functional Yogurt. J. Funct. Foods 2018, 48, 387-399. [CrossRef]

6. Kaur, H.; Kaur, G.; Ali, S.A. Dairy-Based Probiotic-Fermented Functional Foods: An Update on Their Health-Promoting Properties.
Fermentation 2022, 8, 425. [CrossRef]

7. Reissig Soares Vitola, H.; da Silva Dannenberg, G.; de Lima Marques, J.; Volz Lopes, G.; Padilha da Silva, W.; Fiorentini, AM.
Probiotic Potential of Lactobacillus Casei CSL3 Isolated from Bovine Colostrum Silage and Its Viability Capacity Immobilized in
Soybean. Process Biochem. 2018, 75, 22-30. [CrossRef]

8. Singh, D.; Singh, A.; Kumar, S. Probiotics: Friend or Foe to the Human Immune System. Bull. Natl. Res. Cent. 2023, 47, 126.
[CrossRef]

9. Slizewska, K;; Markowiak-Kope¢, P.; Slizewska, W. The Role of Probiotics in Cancer Prevention. Cancers 2021, 13, 20. [CrossRef]

[PubMed]


https://www.ncbi.nlm.nih.gov/pmc/6020734
https://doi.org/10.1016/J.GFS.2021.100593
https://doi.org/10.1016/j.jff.2018.12.004
https://doi.org/10.1016/j.jff.2018.07.039
https://doi.org/10.3390/fermentation8090425
https://doi.org/10.1016/j.procbio.2018.09.011
https://doi.org/10.1186/s42269-023-01098-7
https://doi.org/10.3390/cancers13010020
https://www.ncbi.nlm.nih.gov/pubmed/33374549

Appl. Sci. 2024, 14, 5461 13 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

George Kerry, R,; Patra, ].K,; Gouda, S.; Park, Y.; Shin, H.S.; Das, G. Benefaction of Probiotics for Human Health: A Review. ]. Food
Drug Anal. 2018, 26, 927-939. [CrossRef] [PubMed]

Granato, D.; Nazzaro, F,; Pimentelc, T.C.; Esmerino, E.A.; Cruz, A.G.d. Probiotic Food Development: An Updated Review Based
on Technological Advancement. In Encyclopedia of Food Security and Sustainability; Elsevier: Amsterdam, The Netherlands, 2019;
pp. 422-428. [CrossRef]

Prasanna, PH.P; Grandison, A.S.; Charalampopoulos, D. Bifidobacteria in Milk Products: An Overview of Physiological and
Biochemical Properties, Exopolysaccharide Production, Selection Criteria of Milk Products and Health Benefits. Food Res. Int.
2014, 55, 247-262. [CrossRef]

Vasudha, S.; Mishra, H.N. Non dairy probiotic beverages. Int. Food Res. |. 2013, 20, 7-15.

Soccol, C.R.; Porto De Souza Vandenberghe, L.; Spier, M.R.; Bianchi, A.; Medeiros, P.; Yamaguishi, C.T.; De, ].; Lindner, D.; Pandey,
A.; Thomaz-Soccol, V. The Potential of Probiotics: A Review. Food Technol. Biotechnol. 2010, 48, 413-434.

Abid, R.; Waseem, H.; Alj, J.; Ghazanfar, S.; Ali, G.M.; Elasbali, A.M.; Alharethi, S.H. Probiotic Yeast Saccharomyces: Back to
Nature to Improve Human Health. . Fungi 2022, 8, 444. [CrossRef]

Czerucka, D.; Piche, T.; Rampal, P. Review Article: Yeast as Probiotics—Saccharomyces boulardii. Aliment. Pharmacol. Ther. 2007, 26,
767-778. [CrossRef]

Dos Santos Martins, F.; da Conceigao Pereira Tiago, F.; Henrique Ferreira Barbosa, F.; José Penna, F.; Augusto Rosa, C.; Maria
Drummond Nardi, R.; José Neves, M.; Robert Nicoli, J. Utilizagao de leveduras como probidticos. Rev. Biol. Ciéncias Terra 2005, 5.
Available online: https:/ /www2.ufpel.edu.br/biotecnologia/gbiotec/site/content/paginadoprofessor /uploadsprofessor/0c8
34688ba8c9324ed45d0517d496b26.pdf (accessed on 28 May 2024).

Kim, J.; Atkinson, C.; Miller, M.].; Kim, K.H; Jin, Y.-S. Microbiome Engineering Using Probiotic Yeast: Saccharomyces boulardii
and the Secreted Human Lysozyme Lead to Changes in the Gut Microbiome and Metabolome of Mice. Microbiol. Spectr. 2023,
11, e00780-23. [CrossRef]

Sen, S.; Mansell, T.J. Yeasts as Probiotics: Mechanisms, Outcomes, and Future Potential. Fungal Genet. Biol. 2020, 137, 103333.
[CrossRef]

Misra, S.; Pandey, P.,; Dalbhagat, C.G.; Mishra, H.N. Emerging Technologies and Coating Materials for Improved Probiotication in
Food Products: A Review. Food Bioprocess Technol. 2022, 15, 998-1039. [CrossRef]

Pasqualin Cavalheiro, C.; Ruiz-Capillas, C.; Herrero, A.M.; Jiménez-Colmenero, F.; Ragagnin de Menezes, C.; Martins Fries, L.L.
Application of Probiotic Delivery Systems in Meat Products. Trends Food Sci. Technol. 2015, 46, 120-131. [CrossRef]

Terpou, A.; Papadaki, A.; Lappa, LK.; Kachrimanidou, V.; Bosnea, L.A.; Kopsahelis, N. Probiotics in Food Systems: Significance
and Emerging Strategies towards Improved Viability and Delivery of Enhanced Beneficial Value. Nutrients 2019, 11, 1591.
[CrossRef]

Han, S;; Lu, Y,; Xie, J.; Fei, Y.; Zheng, G.; Wang, Z.; Liu, J.; Lv, L.; Ling, Z.; Berglund, B.; et al. Probiotic Gastrointestinal Transit and
Colonization after Oral Administration: A Long Journey. Front. Cell. Infect. Microbiol. 2021, 11, 609722. [CrossRef]

Kechagia, M.; Basoulis, D.; Konstantopoulou, S.; Dimitriadi, D.; Gyftopoulou, K.; Skarmoutsou, N.; Fakiri, E.M. Health Benefits of
Probiotics: A Review. Int. Sch. Res. Not. 2013, 2013, 481651. [CrossRef]

Maldonado Galdeano, C.; Cazorla, S.I.; Lemme Dumit, ].M.; Vélez, E.; Perdigén, G. Beneficial Effects of Probiotic Consumption
on the Immune System. Ann. Nutr. Metab. 2019, 74, 115-124. [CrossRef]

Markowiak, P; Slizewska, K. Effects of Probiotics, Prebiotics, and Synbiotics on Human Health. Nutrients 2017, 9, 1021. [CrossRef]
Ouwehand, A.C.; Salminen, S.J. The Health Effects of Cultured Milk Products with Viable and Non-Viable Bacteria. Int. Dairy ].
1998, 8, 749-758. [CrossRef]

Burgain, J.; Gaiani, C.; Linder, M.; Scher, J. Encapsulation of Probiotic Living Cells: From Laboratory Scale to Industrial
Applications. |. Food Eng. 2011, 104, 467-483. [CrossRef]

Haji, E; Cheon, J.; Baek, J.; Wang, Q.; Tam, K.C. Application of Pickering Emulsions in Probiotic Encapsulation—A Review. Curr.
Res. Food Sci. 2022, 5, 1603-1615. [CrossRef]

Koh, W.Y;; Lim, X.X.; Tan, T.C.; Kobun, R.; Rasti, B. Encapsulated Probiotics: Potential Techniques and Coating Materials for
Non-Dairy Food Applications. Appl. Sci. 2022, 12, 10005. [CrossRef]

Silva, M.P; Tulini, EL.; Matos, FE., Jr.; Oliveira, M.G.; Thomazini, M.; Favaro-Trindade, C.S. Application of Spray Chilling and
Electrostatic Interaction to Produce Lipid Microparticles Loaded with Probiotics as an Alternative to Improve Resistance under
Stress Conditions. Food Hydrocoll. 2018, 83, 109-117. [CrossRef]

Rodrigues, EJ.; Cedran, M.E; Bicas, J.L.; Sato, H.H. Encapsulated Probiotic Cells: Relevant Techniques, Natural Sources as
Encapsulating Materials and Food Applications—A Narrative Review. Food Res. Int. 2020, 137, 109682. [CrossRef]

Singh, S.; Gupta, R.; Chawla, S.; Gauba, P; Singh, M.; Tiwari, RK.; Upadhyay, S.; Sharma, S.; Chanda, S.; Gaur, S. Natural
Sources and Encapsulating Materials for Probiotics Delivery Systems: Recent Applications and Challenges in Functional Food
Development. Front. Nutr. 2022, 9, 971784. [CrossRef]

Page, M.].; McKenzie, J.E.; Bossuyt, PM.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, ] M.; Akl, E.A,;
Brennan, S.E.; et al. The PRISMA 2020 Statement: An Updated Guideline for Reporting Systematic Reviews. BM]J 2021, 372, n71.
[CrossRef]

Satde, M.D.A. Brasilia-DF 2020 Diretrizes Metodolégicas: Elaboragao de Revisao Sistematica e Meta-Analise de Ensaios Clinicos
Randomizados. 2020. Available online: www.saude.gov.br (accessed on 31 August 2023).


https://doi.org/10.1016/J.JFDA.2018.01.002
https://www.ncbi.nlm.nih.gov/pubmed/29976412
https://doi.org/10.1016/B978-0-08-100596-5.22271-3
https://doi.org/10.1016/J.FOODRES.2013.11.013
https://doi.org/10.3390/JOF8050444
https://doi.org/10.1111/J.1365-2036.2007.03442.X
https://www2.ufpel.edu.br/biotecnologia/gbiotec/site/content/paginadoprofessor/uploadsprofessor/0c834688ba8c9324ed45d0517d496b26.pdf
https://www2.ufpel.edu.br/biotecnologia/gbiotec/site/content/paginadoprofessor/uploadsprofessor/0c834688ba8c9324ed45d0517d496b26.pdf
https://doi.org/10.1128/SPECTRUM.00780-23
https://doi.org/10.1016/J.FGB.2020.103333
https://doi.org/10.1007/S11947-021-02753-5
https://doi.org/10.1016/j.tifs.2015.09.004
https://doi.org/10.3390/nu11071591
https://doi.org/10.3389/FCIMB.2021.609722
https://doi.org/10.5402/2013/481651
https://doi.org/10.1159/000496426
https://doi.org/10.3390/NU9091021
https://doi.org/10.1016/S0958-6946(98)00114-9
https://doi.org/10.1016/J.JFOODENG.2010.12.031
https://doi.org/10.1016/j.crfs.2022.09.013
https://doi.org/10.3390/app121910005
https://doi.org/10.1016/J.FOODHYD.2018.05.001
https://doi.org/10.1016/J.FOODRES.2020.109682
https://doi.org/10.3389/FNUT.2022.971784
https://doi.org/10.1136/bmj.n71
www.saude.gov.br

Appl. Sci. 2024, 14, 5461 14 of 15

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

Baglioni, C.; Nissen, C.; Schweinoch, A.; Riemann, D.; Spiegelhalder, K.; Berger, M.; Weiller, C.; Sterr, A. Polysomnographic
Characteristics of Sleep in Stroke: A Systematic Review and Meta-Analysis. PLoS ONE 2016, 11, e0148496. [CrossRef]

Long, H.A.; French, D.P;; Brooks, ]. M. Optimising the Value of the Critical Appraisal Skills Programme (CASP) Tool for Quality
Appraisal in Qualitative Evidence Synthesis. Res. Methods Med. Health Sci. 2020, 1, 31-42. [CrossRef]

Arslan, S.; Erbas, M.; Tontul, I.; Topuz, A. Microencapsulation of Probiotic Saccharomyces cerevisiae var. boulardii with Different
Wall Materials by Spray Drying. LWT 2015, 63, 685-690. [CrossRef]

Suryabhan, P; Lohith, K.; Anu-Appaiah, K.A. Sucrose and Sorbitol Supplementation on Maltodextrin Encapsulation Enhance the
Potential Probiotic Yeast Survival by Spray Drying. LWT 2019, 107, 243-248. [CrossRef]

Aguilar-Toala, ].E.; Garcia-Varela, R.; Garcia, H.S.; Mata-Haro, V.; Gonzélez-Cérdova, A.F.; Vallejo-Cordoba, B.; Hernandez-
Mendoza, A. Postbiotics: An Evolving Term within the Functional Foods Field. Trends Food Sci. Technol. 2018, 75, 105-114.
[CrossRef]

Yao, M.; Xie, J.; Du, H.; McClements, D.J.; Xiao, H.; Li, L. Progress in Microencapsulation of Probiotics: A Review. Compr. Rev.
Food Sci. Food Saf. 2020, 19, 857-874. [CrossRef]

Rajam, R.; Subramanian, P. Encapsulation of Probiotics: Past, Present and Future. Beni-Suef Univ. ]. Basic Appl. Sci. 2022, 11, 46.
[CrossRef]

Rodrigues, D.; Sousa, S.; Rocha-Santos, T.; Silva, ].P.; Sousa Lobo, ].M.; Costa, P.; Amaral, M.H.; Pintado, M.M.; Gomes, A.M.;
Malcata, EX,; et al. Influence of L-Cysteine, Oxygen and Relative Humidity upon Survival throughout Storage of Probiotic
Bacteria in Whey Protein-Based Microcapsules. Int. Dairy. |. 2011, 21, 869-876. [CrossRef]

Sun, Q.;Yin, S;; He, Y.; Cao, Y.; Jiang, C. Biomaterials and Encapsulation Techniques for Probiotics: Current Status and Future
Prospects in Biomedical Applications. Nanomaterials 2023, 13, 2185. [CrossRef] [PubMed]

Calderén-Oliver, M.; Ponce-Alquicira, E. The Role of Microencapsulation in Food Application. Molecules 2022, 27, 1499. [CrossRef]
[PubMed]

da Silva, P.T,; Fries, L.L.M.; de Menezes, C.R.; Holkem, A.T.; Schwan, C.L.; Wigmann, F.; Bastos, ].d.O.; Silva, C.d.B.d. Microen-
capsulation: Concepts, Mechanisms, Methods and Some Applications in Food Technology. Ciénc. Rural. 2014, 44, 1304-1311.
[CrossRef]

Safeer Abbas, M.; Afzaal, M.; Saeed, F.; Asghar, A; Jianfeng, L.; Ahmad, A.; Ullah, Q.; Elahi, S.; Ateeq, H.; Shah, Y.A ; et al.
Probiotic Viability as Affected by Encapsulation Materials: Recent Updates and Perspectives. Int. . Food Prop. 2023, 26, 1324-1350.
[CrossRef]

Cotter, P.D.; Hill, C. Surviving the Acid Test: Responses of Gram-Positive Bacteria to Low PH. Microbiol. Mol. Biol. Rev. 2003, 67,
429. [CrossRef]

Gonzélez-Ferrero, C.; Irache, ]. M.; Gonzalez-Navarro, C.J. Soybean Protein-Based Microparticles for Oral Delivery of Probiotics
with Improved Stability during Storage and Gut Resistance. Food Chem. 2018, 239, 879-888. [CrossRef]

Razavi, S.; Janfaza, S.; Tasnim, N.; Gibson, D.L.; Hoorfar, M. Nanomaterial-Based Encapsulation for Controlled Gastrointestinal
Delivery of Viable Probiotic Bacteria. Nanoscale Adv. 2021, 3, 2699-2709. [CrossRef]

Ma, L.; Tu, H.; Chen, T. Postbiotics in Human Health: A Narrative Review. Nutrients 2023, 15, 291. [CrossRef] [PubMed]
Szydtowska, A.; Sionek, B. Probiotics and Postbiotics as the Functional Food Components Affecting the Immune Response.
Microorganisms 2023, 11, 104. [CrossRef] [PubMed]

Vinderola, G.; Sanders, M.E.; Salminen, S. The Concept of Postbiotics. Foods 2022, 11, 1077. [CrossRef]

Arslan-Tontul, S.; Erbas, M. Single and Double Layered Microencapsulation of Probiotics by Spray Drying and Spray Chilling.
LWT 2017, 81, 160-169. [CrossRef]

Arslan-Tontul, S.; Erbas, M.; Gorgulu, A. The Use of Probiotic-Loaded Single- and Double-Layered Microcapsules in Cake
Production. Probiotics Antimicrob. Proteins 2019, 11, 840-849. [CrossRef] [PubMed]

Cayra, E.; Davila, ].H.; Villalta, ].M.; Rosales, Y. Evaluacién de La Estabilidad y Viabilidad de Dos Cepas Probiéticas Microencap-
suladas Por Lecho Fluidizado. Inf. Tecnol. 2017, 28, 35-44. [CrossRef]

Duongthingoc, D.; George, P.; Katopo, L.; Gorczyca, E.; Kasapis, S. Effect of Whey Protein Agglomeration on Spray Dried
Microcapsules Containing Saccharomyces boulardii. Food Chem. 2013, 141, 1782-1788. [CrossRef] [PubMed]

Fratianni, F.; Cardinale, F.; Russo, L; Iuliano, C.; Tremonte, P.; Coppola, R.; Nazzaro, F. Ability of Synbiotic Encapsulated Saccha-
romyces cerevisiae boulardii to Grow in Berry Juice and to Survive under Simulated Gastrointestinal Conditions. J. Microencapsul.
2014, 31, 299-305. [CrossRef]

Ghorbani-Choboghlo, H.; Zahraei-Salehi, T.; Ashrafi-Helan, ].; Yahyaraeyat, R.; Pourjafar, H.; Nikaein, D.; Balal, A.; Khosravi,
A.-R. Microencapsulation of Saccharomyces cerevisiae and Its Evaluation to Protect in Simulated Gastric Conditions. Iran. J.
Microbiol. 2015, 7, 338.

Ghorbani-Choboghlo, H.; Nikaein, D.; Khosravi, A.-R.; Rahmani, R.; Farahnejad, Z. Effect of Microencapsulation on Saccharonyces
Cerevisiae var. Boulardii Viability in the Gastrointestinal Tract and Level of Some Blood Biochemical Factors in Wistar Rats. Iran. J.
Microbiol. 2019, 11, 160. [CrossRef]

Laurenti, E.; Garcia, S. Eficiéncia de Materiais Encapsulantes Naturais e Comerciais Na Liberagdo Controlada de Probidtico
Encapsulado. Braz. J. Food Technol. 2013, 16, 107-115. [CrossRef]

Song, H.; Yu, W.; Liu, X.; Ma, X. Improved Probiotic Viability in Stress Environments with Post-Culture of Alginate-Chitosan
Microencapsulated Low Density Cells. Carbohydr. Polym. 2014, 108, 10-16. [CrossRef]


https://doi.org/10.1371/journal.pone.0148496
https://doi.org/10.1177/2632084320947559
https://doi.org/10.1016/j.lwt.2015.03.034
https://doi.org/10.1016/j.lwt.2019.03.002
https://doi.org/10.1016/J.TIFS.2018.03.009
https://doi.org/10.1111/1541-4337.12532
https://doi.org/10.1186/S43088-022-00228-W
https://doi.org/10.1016/J.IDAIRYJ.2011.05.005
https://doi.org/10.3390/nano13152185
https://www.ncbi.nlm.nih.gov/pubmed/37570503
https://doi.org/10.3390/molecules27051499
https://www.ncbi.nlm.nih.gov/pubmed/35268603
https://doi.org/10.1590/0103-8478cr20130971
https://doi.org/10.1080/10942912.2023.2213408
https://doi.org/10.1128/MMBR.67.3.429-453.2003
https://doi.org/10.1016/J.FOODCHEM.2017.07.022
https://doi.org/10.1039/D0NA00952K
https://doi.org/10.3390/nu15020291
https://www.ncbi.nlm.nih.gov/pubmed/36678162
https://doi.org/10.3390/microorganisms11010104
https://www.ncbi.nlm.nih.gov/pubmed/36677396
https://doi.org/10.3390/FOODS11081077
https://doi.org/10.1016/j.lwt.2017.03.060
https://doi.org/10.1007/s12602-018-9467-y
https://www.ncbi.nlm.nih.gov/pubmed/30215181
https://doi.org/10.4067/S0718-07642017000600005
https://doi.org/10.1016/j.foodchem.2013.04.093
https://www.ncbi.nlm.nih.gov/pubmed/23870891
https://doi.org/10.3109/02652048.2013.871361
https://doi.org/10.18502/ijm.v11i2.1082
https://doi.org/10.1590/s1981-67232013005000019
https://doi.org/10.1016/j.carbpol.2014.02.084

Appl. Sci. 2024, 14, 5461 15 of 15

63.

64.

65.

66.

67.

68.

69.

Zamora-Vegal, R.; Montafiez-Soto, J.L.; Venegas-Gonzalez, J.; Bernardino-Nicanor, A ; Cruz, L.G.; Martinez-Flores, H.E. Develop-
ment and Characterization of a Symbiotic Cheese Added with Saccharomyces boulardii and Inulin. Afr. ]. Microbiol. Res. 2013, 7,
2828-2834. [CrossRef]

Coradello, G.; Tirelli, N. Yeast Cells in Microencapsulation. General Features and Controlling Factors of the Encapsulation Process.
Molecules 2021, 26, 3123. [CrossRef] [PubMed]

Pengkumsri, N.; Sivamaruthi, B.S.; Sirilun, S.; Peerajan, S.; Kesika, P.; Chaiyasut, K.; Chaiyasut, C. Extraction of 3-Glucan from
Saccharomyces cerevisize: Comparison of Different Extraction Methods and In Vivo Assessment of Immunomodulatory Effect in
Mice. Food Sci. Technol. 2017, 37, 124-130. [CrossRef]

Ribeiro, R.A.; Bourbon-Melo, N.; Sa-Correia, I. The Cell Wall and the Response and Tolerance to Stresses of Biotechnological
Relevance in Yeasts. Front. Microbiol. 2022, 13, 953479. [CrossRef] [PubMed]

Frehner, A.; De Boer, I.].M.; Muller, A.; Van Zanten, H.H.E.; Schader, C. Consumer Strategies towards a More Sustainable Food
System: Insights from Switzerland. Am. J. Clin. Nutr. 2022, 115, 1039. [CrossRef] [PubMed]

Nifio-Vasquez, I.A.; Muhiz-Marquez, D.; Ascacio-Valdés, ].A.; Contreras-Esquivel, ].C.; Aguilar, C.N.; Rodriguez-Herrera, R.;
Flores-Gallegos, A.C. Co-Microencapsulation: A Promising Multi-Approach Technique for Enhancement of Functional Properties.
Bioengineered 2022, 13, 5168-5189. [CrossRef]

Rawat, M.,; Varshney, A.; Rai, M.; Chikara, A.; Pohty, A.L.; Joshi, A.; Binjola, A.; Singh, C.P; Rawat, K.; Rather, M.A ; et al. A
Comprehensive Review on Nutraceutical Potential of Underutilized Cereals and Cereal-Based Products. J. Agric. Food Res. 2023,
12,100619. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.5897/AJMR2013.5566
https://doi.org/10.3390/molecules26113123
https://www.ncbi.nlm.nih.gov/pubmed/34073703
https://doi.org/10.1590/1678-457X.10716
https://doi.org/10.3389/fmicb.2022.953479
https://www.ncbi.nlm.nih.gov/pubmed/35966694
https://doi.org/10.1093/AJCN/NQAB401
https://www.ncbi.nlm.nih.gov/pubmed/34871355
https://doi.org/10.1080/21655979.2022.2037363
https://doi.org/10.1016/J.JAFR.2023.100619

	Introduction 
	Materials and Methods 
	Eligibility Criteria 
	Search Strategy 
	Study Selection and Assessment of Methodological Quality 
	Statistical Analysis 

	Results and Discussion 
	Conclusions 
	References

