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Abstract: The current work is devoted to the development of probiotic microencapsulation systems
with the co-encapsulation of a plant extract, which can increase the survival of beneficial bacteria and
are suitable for potential applications in the enrichment of fermented beverages based on acid whey.
The encapsulation process exhibited a high level of effectiveness, achieving 83.0% for Bifidobacterium
(BB), 89.2% for Stevia leaf extract (SE), and 91.3% for their combination (BB + SE). The FTIR analysis
verified substantial interactions between the encapsulated agents and the polymer matrix, which
enhanced the stability of the microcapsules. The BB + SE microcapsules exhibited reduced swelling
and moisture content, indicating a denser structure compared to separately encapsulated BB and
SE. Comparison of release kinetics of BB, SE and BB + SE loaded microcapsules showed that the
combination of active agents has a quicker initial release, reaching 60% release within the first 2 h,
and this value increased to 70% after 4 h. The release kinetics studies demonstrated a controlled
release of active substances over 24 h. A morphology analysis shows that the surfaces of the dry
microcapsules containing BB, SE, and their combination BB + SE have a porous structure. For
encapsulated agents, the size of the capsules produced with BB and SE are smaller than those
produced with two components (BB + SE), the sizes of which are between 760 pum and 1.1 mm.
Modeling of the behavior of microcapsules in a simulated gastrointestinal tract provides information
on swelling and active agents release rates as a function of pH in real biological environments. Thus,
the new formulations of microcapsules with microorganisms and plant extracts have great potential
for the development of fermented whey-based beverages.

Keywords: acid whey; encapsulation; Bifidobacterium bifidum; Stevia rebaudiana Bertoni; active agents;
release; morphology; size; swelling degree; encapsulation efficiency

1. Introduction

Whey is a byproduct of cheese production; it is rich in carbon and nitrogen and
contains high concentrations of lactose, proteins, and minerals [1,2]. There are two types
of whey: sweet whey, which remains after enzymatic milk coagulation, and acid whey,
which remains after milk coagulation via acidification [3]. As described in [4], acid whey is
limited in its application because of its low pH and lactose content, and it mostly remains
unused, creating environmental problems in terms of polluting water, soil, etc. [5].

There are many challenges to utilizing acid whey, but, at the same time, it is very
attractive due to its richness in micro- and macro-elements. For example, the calcium
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content of acid whey is two times higher than that of sweet whey, and this increases the
value of acidic whey for obtaining fermented beverages and other products.

With added probiotic bacteria, acid whey can be used to obtain fermented beverages
with properties beneficial to health [6]. Many of the health benefits of probiotics are associated
with their survivability and stability in carrier food and under gastrointestinal conditions.

Fermented beverages are beneficial to the host only when the probiotics are adminis-
tered in adequate amounts [7]. The fundamental properties of probiotics are resistance to
stomach acid and tolerance to bile salts, as these properties allow them to survive acidic
stomach conditions and the presence of bile salts in the small intestine during passage
through the GIT [8].

However, several harsh conditions threaten their survival rate during processing,
storage, and transit through the gastrointestinal tract (GIT), as well as possible interactions
with beverage constituents during the incorporation of probiotics into beverages [9].

As noted by the authors of [10], most probiotics cannot survive in large quantities due
to the low pH of gastric juice, which limits their effectiveness in most functional foods.
Scientists have studied and compared free and capsulated probiotic microorganisms and
concluded that probiotics protected by capsules showed the best results for bioavailability
and survival in a gastrointestinal simulation [11].

Traditional techniques for maintaining the survival of probiotics during processing
and storage are the selection of resistant strains, the inclusion of protective compounds,
oxygen control, adaptation to stress, two-stage fermentation, and the addition of prebiotic
substances [12]. Other authors [13] had the idea that enriching the alginate matrix used for
probiotic encapsulation with whey as a substrate can have an impact on the antioxidant
capacity and stability of whey-based beverages. They used whey as a substrate for fermen-
tation to create a functional beverage and to solve environmental problems such as water
contamination. This work emphasizes that encapsulation can not only solve the problem
of preserving the viability of probiotics but can also increase the antioxidant properties of
functional beverages. Zanjani et al. [14] stated that microencapsulation is one of the most
modern methods for aiding probiotic survival and that the development of corresponding
delivery systems can allow for the preservation and prolongation of probiotic activity [15].
Yao et al. [15] presented a new strategy for the microencapsulation of probiotics, and they
highlighted the key mechanisms of their stress-resistant properties. They reviewed the
latest in vitro and in vivo models to evaluate the effectiveness of probiotic delivery systems,
and they emphasized the importance of having suitable models that can protect probiotics
from aggressive environments.

Thus, probiotic microorganisms are encapsulated to ensure their survival during pro-
cessing and storage and to protect them from the harmful effects of gastric pH and bile salts
in order to ensure maximum bioavailability in the host [16]. Not only is encapsulation a
solution to the problem of preserving the viability of probiotics, but it can also increase the
antioxidant properties of functional beverages. Furthermore, using prebiotics in combina-
tion can selectively promote the growth and activity of beneficial bacteria and significantly
maintain the survival of probiotics during processing and storage [12].

Currently, the development of delivery systems (in particular, microencapsulation
systems) for various probiotic drugs, with the aim of overcoming the above-mentioned
challenges [17], is the topic of many studies.

The composition of encapsulating material is the main determinant of microcapsule
functional properties [18], and processing variables such as the concentration, characteris-
tics of the core and coating materials, and stability, as well as the functionality and release
kinetics of the desired product, can serve as criteria for the selection of matrix polymers to
achieve efficient and effective encapsulation [19].

The effect of various encapsulating materials on the stability of probiotic bacteria
was studied in [17], and it was found that microcapsules with alginate, xanthan gum, and
carrageenan gum significantly improved the vitality of probiotic bacteria when exposed to
acidic conditions and bile acid salts.
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Alginate is commonly used to encapsulate probiotics because it is a promising system
for their delivery [20]. In comparison with biomolecules such as polysaccharides (chitosan,
xanthan, dextrin, and carrageenan) and milk proteins, sodium alginate is used more often
because of its low costs and easy accessibility; it is also biocompatible and nontoxic [20,21].

Chitosan is the second most abundant biopolymer in the world, following cellulose. It
is a versatile biopolymer with unique properties, and it is nontoxic, biodegradable, and
biocompatible [22].

Zanjani et al. [14] found that alginate microcapsules can be coated by oppositely
charged biopolymers, such as chitosan, leading to a strong interaction between the car-
boxylic groups of alginate and the amine groups of chitosan, resulting in enhanced stability
of the microcapsules.

Moreover, the choice of appropriate methods is important because probiotics are highly
sensitive and can lose their viability during encapsulation under different conditions. Mild
techniques like spray-drying, extrusion, emulsification, and lyophilization are suitable with
materials such as polysaccharides, proteins, and their complexes [23].

The two most commonly employed methods for obtaining microcapsules are emulsion
and non-emulsion techniques. The encapsulation of probiotic drugs using emulsions
provides stability by utilizing polyelectrolyte complexes that can be sustained in a wide
range of external conditions (pH, ionic strength, and temperature). However, at the same
time, this method is more complicated and consists of many formulation steps: an oil-
in-water emulsion is produced and then mixed with the encapsulated materials. For
water-soluble substances, the process involves creating a primary emulsion followed
by the formation of a secondary emulsion, where the active ingredients are covered by
envelope materials.

The second technique is simpler and based on direct microencapsulation with biopoly-
mers (chitosan and alginate) without an emulsification step [24,25]. This is more suitable
for microorganisms because of the absence of organic solvents.

Recently, not only probiotics but also various additives with prebiotic properties, such
as Stevia, have been used to develop functional beverages. Several publications have
described various reasons for using prebiotics. Combinations of several polysaccharides
(alginate, k-carrageenan, locust bean gum, gellan gum, and xanthan gum) with prebiotics
(resistant starch, lactulose, and lactosucrose) and their effects on the encapsulation of the
Lactobacillus casei 01 strain were studied, and higher survivability and protection [26] were
observed. The addition of natural prebiotics (potato starch, Plantago psyllium, or inulin) to
systems was found to improve the viability of Lactobacillus casei Shirota and two species of
Lactobacillus plantarum (Lp17 and Lp33) [27]. Functional products such as stirred yogurt
fortified with the prebiotic xylooligosaccharide and probiotic and synbiotic microcapsules
were described by Ismail et al. [28]. The effect of inulin on the metabolic characteristics
of probiotic yeast was studied, and it was found to affect the functionality of ice cream,
increasing survivability and allowing for a long storage time [29]. Thus, prebiotics increase
the metabolism of probiotics and maintain their survival during processing and storage [30].

The encapsulation of probiotics with Stevia extract as a prebiotic can solve problems
related not only to the vitality and stability of beneficial microorganisms but also substi-
tute carbohydrates with high glycemic indices, which improve their effects on human
health [31].

Thus, the aim of the present work is to study the development of delivery systems for
probiotics with a co-encapsulated plant extract that can increase survivability, prolong the
positive nutrition effects on the human intestinal microflora, and have potential application
for the enrichment of fermented beverages based on acid whey.

The preferred probiotic microorganisms are members of the genus Bifidobacterium,
which are used in many foods and often added to dairy products.

There are many scientific reports on the description and health-promoting proper-
ties of Bifidumbacterium [32]. It is known that Bifidumbacterium (belonging to the phylum
Actinobacteria) is the most commonly used and safe human probiotic, as certified by the
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Food and Drug Administration (FDA) with the acronym GRAS (Generally Recognized As
Safe) and by the European Food Safety Authority (EFSA) with the acronym QPS (Qualified
Presumption of Safety); they are also acid-tolerant bacteria [33,34]. From this point of view,
they can be used for the enrichment of beverages based on acid whey.

The study hypothesis is that delivery systems loaded with a probiotic culture and
a natural plant sweetener with prebiotic properties have potential application for the
enrichment of fermented whey beverages and can impart beneficial properties to the
final product.

2. Materials and Methods
2.1. Materials

Chitosan (5-20 mPa-s, 0.5% in 0.5% Acetic Acid at 20 °C), manufacturer Tokyo Chemi-
cal Industry Co., Ltd. (TCI), Tokyo, Japan.

Calcium chloride dihydrate, certified ACS, Thermo Fisher Scientific Inc., Waltham,
MA, USA. Sigma-Aldrich (Merck, Darmstadt, Germany) supplied Sodium alginate powder
(CAS Number: 9005-38-3, Viscosity 15-25 cps).

Bifidobacterium bifidum 791, which was proposed as a starter culture by Voblikova [35],
was used as a probiotic microorganism, and the plant extract of Stevia rebaudiana Bertoni
was used as an agent for co-encapsulation. These materials were provided by the laboratory

“Biotechnology” of the M. Auezov South Kazakhstan University. To isolate bifidumbacteria,

selective MRS (69964-500G, MRS Agar, suitable for microbiology, made in Switzerland,
sigmaldrich.com) medium of a modified composition was used by adding cysteine (Sigma-
Aldrich (Merck)), which is necessary for their growth, in anaerobic conditions. The release of
the microencapsulated agent was studied in a phosphate-buffered solution (PBS). Standard
PBS was prepared from sodium chloride, potassium chloride, potassium dihydrogen
phosphate, and disodium hydrogen phosphate (Sigma-Aldrich (Merck)). All reagents were
analytical grade, and used without additional purification.

2.2. Methods
2.2.1. Microcapsule Preparation

Microcapsules were prepared in a two-stage process via ion gelation and the complex-
ation of polyelectrolytes at an ambient temperature, as described in [25]. Bifidumbacterium
at a concentration of 1 x 10 CFU/g was added to 100 mL of sodium alginate solution
(1.5%) and homogenized via gentle stirring with a magnetic stirrer for 60 min. Then, the
suspension was dropped via a syringe pump (NE-1002X Programmable Microfluidics,
New Era Pump Systems, Inc., Farmingdale, NY, USA) into 100 mL of 2% CaCl, solution as
a cross-linking agent, under constant magnetic stirring, and the resulting microcapsules
were washed with distilled water and filtered through a Buchner funnel (Coors™ Buchner
funnel, Merck, Darmstadt, Germany).

In the second stage, the washed formulations were dispersed in 50 mL of chitosan
solution (0.5% CS in 0.5% CH3COOH (Sigma-Aldrich, Merck)) under constant stirring
(magnetic stirrer). The chitosan in the formulations of the polymeric capsules provided the
formation of polyelectrolyte complex shells of two polymers; this can stabilize the structure
of the capsules, which have properties that maintain the integrity in an acidic environment
simulating the stomach and dissolve in a medium simulating the pH of the intestines [36].

The microcapsules were prepared with different active agents: (CS/(ALG/(Ca + BB)));
(CS/(ALG/(Ca + SE))); (CS/(ALG/(Ca + BB + SE))).

The release profile of the active agents from the microcapsules was studied in vitro
by UV-Vis spectrophotometry ((UV-1900i dual-beam spectophotometer with software
(190-1100 nm), scanning speed up to 29,000 nm/m, manufacturer Shimadzu, Japan).

2.2.2. Determination of the Encapsulation Efficiency and Loading Capacity

The encapsulation efficiency (EE) was determined spectrophotometrically from the
total concentration of active agents (ctyt,;) and the content in the dried microcapsules (cjy44)
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according to a method described by Vlahovi¢ek-Kahlina et al. [24]. The encapsulation
efficiency was calculated using the equations in [24]:

EE = (Cload /Ctotul) x 100

Cload = Ctotal — Cf,

where ¢ is the concentration of the active agent in the filtrate.

To determine the EE, the solution was stirred and left in the dark for 15 min, and
the value on the spectrophotometer was read for samples with BB, SE, and BB + SE at
A =595 nm.

The active agent contents (BB, BB + SE, and SE) in the microcapsule LC were deter-
mined by using a method described by Vlahovi¢ek-Kahlina et al. [24]:

LC = Wactie agent/ We

where Wyctive agent 1S the weight of loaded active agent and w, is the weight of the microcap-
sules/beads.

2.2.3. Determination of the Degree of Swelling

The swelling process depends on the property of the dissolving agent, among other
things. Therefore, to avoid the influence of the electrolytes in the buffer solutions, the
degree of swelling (S,) was determined for microcapsules dispersed in distilled water, as
described by Kudasova et al. [25]. The microcapsules (10 mg) were transferred to test tubes,
and they were allowed to swell at room temperature for three hours in 10 mL of distilled
water to reach equilibrium. The weight of the wet swollen microcapsules was determined
after removing the moisture from their surfaces with filter paper. S, was calculated using a
formula proposed by Vlahovic¢ek-Kahlina et al. [24]:

Sw/ % = ((wt — wo/wy))

where w; is the weight of swollen microcapsules and wy is the weight of the dry capsules.
All measurements were repeated three times, and the results are presented as the
mean value with the corresponding standard deviation.

2.2.4. Fourier Transform Infrared Spectroscopy Analysis

Fourier transform infrared spectroscopy spectra were recorded with an infrared spec-
trometer, a Nicolet 5700 “Thermo Electron Corporation”, Waltham, MA, USA, powered by
OMNIC™ v9.x software, with the spectral field in the range of 500-4000 cm~ 1L,

2.2.5. Determination of Morphology

Analyses of the morphology, size, and shape of the wet and dry microcapsules were
carried out with an optical microscope (Olympus Soft Imaging Solutions GmbH, version
E_LCmicro_090kt2009, Tokyo, Japan) immediately after their preparation and with a
scanning electron microscope (SEM) (JEOL-SEM, JSM-6490 LV (Jeol Ltd., Tokyo, Japan),
with INCA Energy 350 energy X-ray microanalysis (Oxford instruments, Oxford, UK) and
HKL Basic (Oxford instruments, UK) and an SEM Quanta 3D 200i (Thermo Fisher Scientific,
USA), after drying to a constant mass.

Scanning electron microscopy (Quanta 3D 200i) was carried out on all samples at
an accelerating voltage of 15 keV and a working distance of ~12 mm. All samples were
secured with double-sided graphite 9 tape. All measurements were carried out in the
high-vacuum mode at 10~3 Pa. The maximum magnification was x 5000, and the minimum
magnification was x40.
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2.2.6. Release of Active Agents from the Microcapsules

The release profile of the active agents from the microcapsules was studied spectropho-
tometrically in vitro. Absorption spectra were measured at 595 nm to avoid damage to
bacterial cells. All measurements were performed in phosphate-buffered solutions (pH 7.4).

In general, this study indicates that microencapsulation with an alginate-gelatinized
starch coated with chitosan could successfully and significantly protect probiotic bacteria
from adverse conditions simulating the human gastrointestinal environment.

2.2.7. Modeling the Behavior of Microcapsules with Active Agents in an Imitating
Gastrointestinal Tract

The release kinetics of microcapsules in the imitating GIT have been modeled using a
modified Higuchi model [37].

In this research, a linear model had been used based on the interpolation of selected
data, which provides a precise approximation.

For a given time ¢, if t; <t < t5, the release percentage Ry is calculated as:

Ry —Ryq

Ry =R1 = X (t—t)

ty —t
where t; and t; are the consecutive time points, R; is release percentage at t1, R; is the
release percentage at ty, t is the studied time, and R; is the calculated release percentage at
time £.

The swelling behavior of the active agent loaded microcapsules have been modeled
using an exponential function in dependence of time and pH of GIT [38]:

St =Sp x (1+kx (1—e")

where Sy = 1—initial swelling factor, k is a constant related to the swelling capacity in
dependence of GIT pH, and « is a rate constant (in the dependence of GIT pH), which
shows how quickly the swelling occurs.

3. Results and Discussion

The studied systems were composed of sodium alginate (dry matter); calcium chloride;
distilled water; Stevia powder; Bifidumbacterium; and the encapsulated agents (1) BB, (2) SE,
and (3) BB + SE.

The physicochemical characteristics of microcapsules obtained according to the modi-
fied method [25] were studied.

3.1. Encapsulation Efficiency, Loading Capacity and Swelling Degree of Microcapsules

The loading efficiency and loading capacity were determined to obtain information
on the yield and content of the active agents in the chitosan/alginate microcapsules. It is
known that the entrapped amounts of active agents in chitosan/alginate microcapsules
depend on the type and concentration of the gelling cation and active agents, as well as the
preparation method [39].

The significant differences in the encapsulation efficiency (EE) and swelling degree
(Sw) between the samples are shown in Tables 1 and 2. The difference in EE reflects the
extent of electrostatic interactions and hydrogen bonds involved in the interactions of active
agents with both calcium chloride and sodium alginate during the preparation. The most
water-soluble active agent, BB + SE, exhibits the highest EE values, indicating a greater
extent of molecular interactions in the solution. In addition to the molecular interactions,
the encapsulation capacity also depends on the structure of the active agents.
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Table 1. Encapsulation efficiency (EE) of the microcapsule formulation CS/(ALG/(Ca + active agent)).

Encapsulated Active Agent

EE,,% EE;, % EE3 % Average Value Standard Deviation Mean Square Deviation

BB
SE
BB + SE

80.0 89.0 80.0 83.0 5.20 424
89.6 88.09 89.0 89.2 0.38 0.31
90.0 92.0 92.0 91.3 1.15 0.94

Table 2. Swelling degree (Sy) of the microcapsule formulation CS/(ALG/(Ca + active agent)).

Encapsulated Active Agent

Swi, %  Swz, %  Sws, %  Average Value Standard Deviation Mean Square Deviation

BB
SE
BB + SE

76.9 80.0 80.0 79.0 1.78 1.45
76.9 714 71.4 73.3 3.18 2.59
53.9 55.5 50.0 53.1 2.82 2.30

The encapsulation efficiency results—83.0% for Bifidumbacterium (BB), 89.2% for Stevia
extract (SE), and an impressive 91.3% for their combination (BB + SE)—highlight the
effectiveness of the encapsulation process. These results not only confirm the success of a
well-optimized encapsulation method, as supported by previous studies [13,15,17], but they
also underscore the innovative potential of co-encapsulation in enhancing the functionality
of bioactive compounds.

The highest encapsulation efficiency observed with BB + SE co-encapsulation suggests
a synergistic effect, likely resulting from complementary interactions between the probiotic
and the plant extract during the encapsulation process. These interactions appear to en-
hance both retention and stability of the active agents within the microcapsules, as noted by
Xu et al. [40]. Additionally, Stevia extract seems to increase the matrix’s affinity for bacterial
cells, further improving encapsulation efficiency, as highlighted by Yao et al. [15]. This
superior encapsulation efficiency is particularly beneficial for functional food applications,
where maintaining the stability and controlled release of probiotics is crucial for delivering
sustained health benefits [41].

The enhanced encapsulation efficiency is further corroborated by the lower swelling
degree observed in the BB + SE microcapsules (53.1%), compared to microcapsules con-
taining only BB (79.0%) or SE (73.3%). This reduced swelling can be attributed to stronger
intermolecular interactions and enhanced cross-linking within the microcapsule matrix, as
co-encapsulation of multiple active agents often leads to a more compact structure [14]. The
lower swelling degree is advantageous for applications requiring controlled release and
prolonged stability, as it typically correlates with slower release rates and better retention
of encapsulated materials [12,41].

Moreover, the co-encapsulation of BB and SE results in the formation of larger micro-
capsules with a lower moisture content (approximately 55%), compared to the smaller, more
hydrated microcapsules containing only BB (up to 77% moisture). This difference suggests
that co-encapsulation promotes a more compact and less hydrated microcapsule structure,
likely due to the enhanced interactions between the encapsulated components and the
matrix. The larger size and reduced moisture content of the BB + SE microcapsules may
contribute to improved stability and controlled release, further supporting their potential
effectiveness in delivering active agents in functional food applications.

3.2. FTIR Characterization of Microcapsules Encapsulating BB, SE, and Their Combination
BB + SE

Fourier transform infrared spectroscopy (FTIR) provides information for the identifi-
cation of chemical bonds according to the infrared absorption spectrum. The spectra reveal
the profile of a sample containing various components. The spectra of the BB, SE, and their
mixtures with core components are presented and discussed in Figure 1.
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Figure 1. FTIR spectra of microcapsules loaded with Bifidumbacterium, Stevia extract, and mixture of
Bifidumbacterium with Stevia extract. Nel Bifidumbacterium bifidum (BB); Ne2 Stevia extract (SE); Ne3
BB + SE.

The FTIR spectra of the microcapsules containing BB exhibit a notable peak near
3413.9 cm !, corresponding to primary NH stretching, two peaks at 2978.6 and 2900.8 cm !,
which were assigned to the CHj3 asymmetric stretching vibration [42,43]. The peak near
1650 cm ™!, associated with the CO stretching of primary amides present in the proteins of
the bacterial cell membrane. The presence of nitrile groups in the spectra is evidenced by an
absorption peak at 2127 cm ™!, within the expected triple-bond region of 2300-2000 cm~!.
All of these peaks indicate significant interactions between the alginate, chitosan, and the
encapsulated BB, confirming the formation of stable bonds within the microcapsule matrix.
These data are consistent with findings reported by authors [44], and the amide I and II
peaks are typical for proteins in microbial cells, as described in the literature [45,46].

Further analysis of the spectra shows important vibrational modes around 1460 and
1380 cm !, attributed to C-H deformation. These modes are important for confirming the struc-
tural integrity of the encapsulation matrix. The vibrational modes at 1084.5 and 1046.5 cm™!,
corresponding to OH deformation vibrations, are characteristic of primary (1050 cm ') and sec-
ondary alcohols (1100 cm™1). These modes are closely associated with polysaccharide vibrations,
aligning with previous studies on carbohydrate spectroscopy [42,47,48].

The FTIR spectrum of the encapsulated SE reveals a distinct peak at 1644.2 cm™ 1,
corresponding to the CO stretching of the carboxylic group, which results from the hy-
drolysis of the alginate within the encapsulation matrix, indicating interactions between
SE and the alginate. Additionally, the bands observed at 1452.6 and 1402.4 cm~! are
attributed to CH deformation modes, further confirming the structural integrity of the
encapsulated material.

The wavelength at 2120 cm ! indicates the presence of isothiocyanate groups, which
are known to be associated with substances found in Stevia. This observation is partic-
ularly significant as it highlights the successful encapsulation and preservation of bioac-
tive compounds within the SE, potentially enhancing the functional properties of the
encapsulated product.

The displacement of bands at 3402.7 at BB + SE microcapsules suggests the presence
of amide groups, originating from the proteins in the cell membrane of BB, and effect of SE,
further confirming the effective encapsulation of the active agents within the matrix [49].
The broad peaks in the range of 3000-3600 cm !, observed in these spectra, are indicative
of the combined effects of O-H and N-H stretching, which overlap with polysaccharide
backbone vibrations, which is consistent with the data reported by Moreno et al. [44] and
other studies [50].
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The appearance of three peaks at range of 2898.5-2929.8 cm ™! testified about interac-
tions between BB, SE and components of encapsulating materials. The peak at 2977 cm ™!
corresponds to the CHj3 asymmetric stretching, and is supported by a CHj, absorption band
around 2929.8 cm~!, the peak at 2898.5 cm™!) associated with symmetric CHj vibration,
confirms the presence of lipid components within the membrane of the encapsulated agents,
as mentioned in studies [44,51]. These lipid-associated peaks indicate the retention of criti-
cal membrane structures, which are essential for maintaining the viability and functionality
of the encapsulated active agents.

The peak at 1649.8 cm ™!, corresponding to the CO stretching of primary amide groups,
confirms the intermolecular interactions between the active agents and the encapsula-
tion matrix composed of alginate and chitosan. This finding is in line with previous
reports [42,45], where amide I and amide II bands are recognized as typical for all proteins,
confirming the presence of proteinaceous components within both the BB and BB + SE.

The four small peaks at 1452.2 em~!, 1383.9 cm™?!, 1329.1 cm~?! and 1274.0 cm™!
suggest complex interactions between the encapsulated agents and the biopolymer matrix,
which may enhance the structural integrity and stability of the microcapsules.

The peak at 1452.2 cm~! corresponds to the CH; scissor vibration, which overlaps the
CHj3 asymmetric deformation, while the peak at 1383.9 cm ! corresponds to the symmetric
CHj3 vibration.

The peak at 1274.0 cm~! corresponds to secondary amide III vibrations, which are
typically found near 1270 cm ™!, as reported in the literature [52]. This peak, along with
others in the region of 1200-950 cm ™!, corresponds to the various vibrational modes
of polysaccharides and polysaccharide-containing biomolecular complexes. The consis-
tent appearance of peaks at 1280.3 cm ™! for BB, 1277 cm~! for SE, and 1287.1 cm~! for
BB + SE indicates a strong correlation between these bands and the interactions within the
encapsulation matrix.

The peaks at 880.0 and 670.9 correspond to the characteristic peaks of alginate and
the NH deformational vibrations of chitosan, respectively. These peaks can be found in
the cases of BB, SE, and BB + SE microcapsules, confirming the successful formation of an
alginate-chitosan (Alg/CS) shell, resulting from interactions between oppositely charged
carbonyl groups of alginate and the amino groups of chitosan. This interaction is essential
for the structural integrity of the microcapsules, where the formation of polyelectrolyte
complexes between alginate and chitosan was observed.

When comparing the spectra of the microcapsules containing active agents (BB, SE, and
BB + SE) with those of hollow microcapsules, as described by the authors of [24], it is evident
that the active agent-loaded microcapsules exhibit more intense bands. This suggests
stronger intermolecular interactions and possibly a higher degree of cross-linking within
the matrix. Moreover, the polysaccharide mixtures described by the authors of [50] show
some spectral differences compared to the active agent-loaded microcapsules, highlighting
the impact of the encapsulated agents on the overall structure and vibrational properties of
the microcapsules.

The FTIR analysis of the BB + SE microcapsules reveals significant shifts in peak
positions compared to the spectra of SE and BB when encapsulated separately, as well as to
the spectra of hollow microcapsules.

In all three cases, distinct vibration peaks were observed, which reflect the presence of
strong intermolecular interactions between the microcapsule components. These interac-
tions contribute to the stability and functionality of the encapsulation system.

3.3. Morphological Studies

The micrographs show the morphology, size, and shape of the wet microcapsules
immediately after their preparation and after drying. All wet microcapsules were almost
spherical, and their surface was smooth and dense. The smooth surface was a conse-
quence of the chitosan binding to sodium alginate chains [24,25]. Microspheres and coated
microspheres are usually spherical with different surface morphologies.
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Figures 2—4 display scanning electron microscope (SEM) images of the dehydrated
microcapsules. The dimensions of the microcapsules observed through a scanning electron
microscope (SEM) are consistent with those observed through an optical microscope (OM).
The image of the microcapsules containing chitosan/alginate formulations loaded with
active agents shows diameters in a range between 650 um and 1.1 mm.

20kV X40 S00pum 10 56 BEC ‘
(A) (B)

Figure 2. Image of Stevia extract-loaded microcapsules: (A)—microcapsule diameters (at a magnifica-
tion of 40); (B)—microcapsule porous surface (at a magnification of 5000).

20kV X40  500um 10 60 BEC
(A) (B)

Figure 3. SEM microphotograph of dry microcapsules prepared with BB: (A)—microcapsule diame-
ters (at a magnification of 40); (B)—microcapsule porous surface (at a magnification of 5000).

20kV X40 10 56,.BEC
(A)

Figure 4. SEM microphotograph of dry microcapsules prepared with BB + SE: (A)—microcapsule
diameters (at a magnification of 40); (B)—microcapsule porous surface (at a magnification of 5000).

Figure 2 shows images of the microcapsules taken with a scanning electron micro-
scope (SEM) after being dried for about a week at room temperature until they reached a



Colloids Interfaces 2024, 8, 51

11 of 15

constant mass. It is evident that they underwent a loss of their spherical morphology and
significantly reduced in size compared to the wet capsules.

From Figure 2, it can be seen that the diameter of the SE-loaded microcapsules ranges
from 650 to 706 um. Figure 3 shows the BB-loaded microcapsules with different diameters.

Figure 4B shows the porous surface structure of the BB + SE-loaded dried microcap-
sules, with diameters of depressions on the surface varying between 719 nm and 2.36 um.
The surfaces of the microcapsules were spherical in shape and were stable when squeezed,
which is consistent with data described in [24].

The color of the microcapsules (BB + SE) was yellowish, and, after drying, they became
green-yellow due to the entrapped Stevia extract. In contrast, the wet microcapsules pro-
duced with BB were whitish in color, and, after drying, they developed a light yellow tone.
The surfaces of the dry microcapsules were not smooth, and wrinkles could be observed.
This can be explained by the fact that the produced microcapsules contained approximately
55-77% water. After the evaporation of liquid and moisture, the diameters of all pre-
pared microcapsules decreased by half; this is associated with the relaxation-deformation
process of the biopolymers, i.e., by the partial collapse of the polymer network during
dehydration [53].

Produced by this method, porous dry microcapsules are suitable for living microor-
ganisms and contribute to protection, stability and prolongation of action during use.

3.4. Release of Active Agents from Microcapsules

The release kinetics and mechanism of the active agent primarily depend on the
characteristics of the core material and the active agent. For a hydrophilic biopolymer
matrix, the active components are uniformly distributed /dissolved in the gel matrix, and
the release is governed by diffusion, swelling, and matrix erosion as described in [24].

Figure 5 shows the release kinetics of active agents (BB, SE, and BB + SE) from micro-
capsules as a function of time exhibited a continuous and gradual release pattern. Within
the initial period of two hours, approximately 38% of BB and SE were released, which
increased to approximately 55-58% after four hours. This can be assumed a steady diffusion
of the active agents through the gel matrix. For BB + SE, as a combination of active agents,
the release showed faster kinetics. Within two hours, around 60% of the active agents were
released, and this value further increased to 70% after four hours. This accelerated release
may be explained by a synergistic effect between BB and SE, which could enhance the per-
meability of the encapsulation matrix or alter the internal microenvironment, facilitating a
quicker diffusion of the active agents. After 24 h, BB + SE combination were released almost
completely, indicating that the microcapsules were effective in providing a required release,
ensuring that a significant amount of the active agents are available at the desired period.

= BB

® SE

A BB+SE
a

100

e »
e »

Release, %

[OF

T T T T J
10 20 30 40 50
Time, hours

Figure 5. Release kinetics of active agents over time: BB, SE, and BB + SE.

From the literature, it is known that food generally stays in the stomach for between
40 min and 2 h. It then spends around five hours in the small intestine, before passing
through the colon, which can take between 10 and 59 h [54]. Thus, release over 24 h is
enough for probiotics’ survival.
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Thus, research findings of release kinetics show that microcapsules produced by
loading of a combination of BB + SE can have controlled release.

3.5. Behavior of Active Agents Loaded Microcapsules in an Imitating Gastrointestinal Tract

The next release percentage Ry using piecewise linear function have been calculated:
RBB(t) = RSE(t) = R(BB + SE)(t): for 2 S t S 4 and for 4 S t S 24,

Information about swelling behavior of the active agent loaded microcapsules have
been modeled using an exponential function in dependence of time and pH of GIT as
presented in Table 3.

Table 3. Parameters for swelling behavior of microcapsules in different sections of the GIT.

Section of GIT pH k o
Stomach 1-3 05+0.1 0.15 £ 0.0361

Small intestine 67 03+£0.1 0.1 4+ 0.0361

Colon intestine 6-7.5 044+0.1 0.08 £ 0.0361

Modeling of swelling behavior at different GIT sections has shown that in the stomach
section the o = 0.15 testified about rapid swelling because of high acidity. In the small intes-
tine, this value is equal to 0.10, which confirms moderate swelling, and o = 0.08 testified
about slow release.

Design of release kinetics and swelling behavior show that the developed microcap-
sules are suitable for the controlled release of BB, SE and BB + SE in a simulated GI tract.
Initially, there is a rapid release in the stomach, which is associated with high acidity. This
is followed by a slow release in the small and colon intestines, which provides optimal con-
ditions for probiotic survival and activity. Thus, the design results show that the developed
microcapsules are effective in application.

4. Conclusions

The study results successfully demonstrated the potential of encapsulating Bifidumbacteria
(BB) and stevia extract (SE) into alginate-chitosan microcapsules for use in fermented bever-
age fortification. FTIR analysis confirmed significant interactions between the encapsulated
agents and the biopolymer matrix, indicating the formation of a stable and efficient encap-
sulation system. The high encapsulation efficiencies observed (83.0% for BB, 89.2% for SE,
and 91.3% for BB + SE) reflect the reliability of the system for protection and enhancing
the survivability of active agents in the aggressive environment. Particularly for the co-
encapsulation of BB and SE, the synergistic effect likely enhanced the stability and retention
of the active agents within microcapsules.

The swelling degree of the capsules loaded with BB was 79%, that of the capsules
loaded with SE was 73%, and that of the capsules loaded with BB + SE was 53%. This lower
swelling and moisture content indicate a more compact and stable structure. This compact
structure was further supported by the observed wrinkled porous surface morphology,
resulting from the partial collapse of the polymer network during the drying process.

The morphology of the dry capsules showed that there were cracks on the surface,
with diameters between 719.7 nm and 2.36 um. In addition, there were recesses, with
widths between 81 and 127 um and lengths from 162 to 384 um.

The release kinetics of the microcapsules demonstrated a controlled and sustained re-
lease over 24 h, aligning with the transit time of food through the gastrointestinal tract. The
faster initial release observed in the BB + SE microcapsules suggests potential synergistic
interactions that could be advantageous in applications requiring a release at desired time.

Modeling of release kinetics and swelling behavior of microcapsules in the imitating
GIT show that the developed microcapsules are suitable for the protection of active agents
at application in the enrichment of fermented beverage.

The encapsulation of probiotic bacteria and plant extracts lays the groundwork for
innovative applications in the fortification of fermented beverages. These beverages will
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be developed using acid whey, a byproduct of the dairy industry that is notably rich in
essential micro- and macro-elements. By repurposing acid whey, this research not only
contributes to waste reduction but also enhances the nutritional value of the resulting
fermented products.

The novelty of this investigated encapsulation system is the increased stability, bioavail-
ability, and functionality of the active agents, which provides a foundation for the devel-
opment of functional fermented beverages enriched with probiotics and plant extracts,
offering health benefits for consumers.
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