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Abstract: The probiotic bacterium Bifidobacterium animalis subsp. lactis BB-12 (BB-12) was encap-
sulated in two composites, alginate/agar and alginate/agar/casein. The network structure and
physicochemical properties of these composites are influenced by complex interactions, including
hydrogen bonding, electrostatic forces between biopolymers, calcium ions, and the encapsulated
bacteria. The composites demonstrated a granular surface, with the granules being spatially oriented
on the alginate/agar/BB-12 surface and linearly oriented on the alginate/agar/casein/BB-12 surface.
They possess a highly organized microparticle structure and exhibit viscoelastic solid-like behavior.
The alginate/agar/BB-12 composite showed higher storage modulus, shear stress, and shear strain
values, indicating enhanced stability in various physical environments. Both composites displayed
good thermal stability, aligning with their rheological properties, confirming their well-ordered
structures. Despite differences in composite structures, the release mechanism of bacteria is governed
by Fickian diffusion through the composite matrix. Based on physicochemical properties, the algi-
nate/agar/casein composite is recommended for dairy product fermentation, while the alginate/agar
composite seems more suitable for oral use. These findings provide new insights into the interactions
between bacterial cultures and alginate composite ingredients.

Keywords: alginate composite; agar; casein; Bifidobacterium animalis subsp. lactis BB-12; encapsulation

1. Introduction

Probiotics, such as Bifidobacterium animalis subsp. lactis BB-12 (BB-12), are increasingly
recognized for their important role in modulating the immune system, regulating the gut
microbiota and preventing gastrointestinal diseases [1,2]. However, it remains a challenge
to maintain the viability of these beneficial bacteria during food processing, storage and
passage through gastrointestinal transit [3,4]. Encapsulation techniques have emerged as vi-
able solutions to protect probiotic bacteria during processing, storage and passage through
the gastrointestinal tract [5]. Brown seaweed naturally contains alginate, a polysaccharide
commonly used for probiotic encapsulation due to its non-toxicity, biocompatibility and
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ability to produce hydrogels [6,7]. Its gel formation is usually caused by crosslinking with
divalent cations such as calcium, resulting in a network that can efficiently entrap probiotic
bacteria [8,9]. Despite its advantages, alginate alone can suffer from limited mechanical
strength or a leakage of the encapsulated active ingredients, limiting its protective effect
and controlled release ability [10,11]. To alleviate these limitations, blending alginate with
other biopolymers has been investigated [12,13]. Blending alginate with polysaccharides or
proteins affects physical properties of the composite and improves the ability for targeted
applications, especially in the biomedical field and the food industry [14]. For the encapsu-
lation of the probiotic strain BB-12, different mixtures were used to customize the properties
of the alginate beads for targeted use [15]. Wang et al. [13] indicated that alginate-based
composites (with chitosan, cellulose, starch, proteins, fish gel and other materials) not
only increase the survival rates of bifidobacteria but also improve their viability during
storage and passage through the gastrointestinal tract. In the current study, we selected a
polysaccharide agar and protein, sodium caseinate (CA). Mixing alginate with agar [16–18]
or casein [19–25] for probiotic encapsulation can offer several advantages to improve the
viability of probiotic bacteria during processing, storage and use, making these composites
a promising approach for developing more effective probiotic products. Here are some
key benefits. Agar, a polysaccharide derived from red algae, forms strong gels that are
less affected by pH changes compared to alginate [16]. Alginate blending with agar offers
complementary properties such as high gel strength, stability at higher temperatures, and
resistance to enzymatic degradation [17]. The introduction of agar functional groups into
the alginate network alters swelling behavior, drug release, mechanical properties, and
response to pH [16] and can also improve other properties such as bioactivity, biodegrad-
ability, and interaction with cells [18]. Alginate–protein composites have been extensively
studied due to their improved mechanical properties, better cell affinity, bioactivity and abil-
ity to customize functionality [19]. Casein, the main protein in milk, is an attractive choice
due to its high emulsifying capacity, nutritional value and ability to improve the mechanical
strength and barrier properties of composite matrices [20,21]. The structural properties of
casein and its functionalities make it a very suitable component in food production [22].
In combination with alginate, casein can improve the encapsulation efficiency, the release
efficiency of encapsulated bioactive substances in the intestine [21], the structural integrity
and the controlled release properties of bioactive substances from microparticles [23,24].
Due to its amphiphilic nature, casein can interact with both hydrophilic and hydrophobic
components, which can lead to a more robust encapsulation matrix [25].

Various methods (spray drying, freeze drying, extrusion, emulsification combined with
external gelation, ionic gelation, etc.) are used for the encapsulation of BB-12 in alginate-
based composites [15,26–29]. Each method has its advantages and is selected based on
the specific application and the desired properties of the encapsulated probiotic [30]. The
encapsulation of BB-12 by ionic gelation is a gentle, simple and cost-effective technique
that produces microparticles with improved encapsulation efficiency, enhanced viability,
and good possibilities of controlled release and stability [31,32]. These properties make
ionic gelation a useful technique for the delivery of probiotics in food and pharmaceutical
products. This study aims to develop calcium alginate composite microparticles mixed
with agar and a mixture of agar and casein to encapsulate BB-12 by ionic gelation. This
research focused on evaluating the structural, mechanical and thermal properties as well
as the release profile of BB-12 from the microparticles. By utilizing the complementary
properties of alginate, agar and casein, the aim is to create an efficient probiotic delivery
system with potential applications in the dairy industry and dairy products.

2. Results and Discussion

The results are presented and discussed in two parts. In the first part, the interaction
between BB-12 cells and calcium ions is analyzed. In the second part, the physicochemical
properties of the prepared microparticles are described.
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2.1. Interaction Between BB-12 Cells and Calcium Ions
2.1.1. Morphology and Size of BB-12 Colony and Cells

BB-12 is a type of bacterium characterized by its rod shape and lack of catalase activity.
This bacterium belongs to the group of lactic acid-producing, Gram-positive organisms that
do not form spores, are non-motile, and thrive in anaerobic conditions [33]. By studying
BB-12 cells using different microscopic techniques, the formation of colonies on agar plates
consisting of a series of rod-shaped morphology cells was observed. The color of the
BB-12 colony is white (Figure 1a). The size of colonies observed by an optical microscope
is approximately in the range from 1 to 2 mm, and the length of the rod-shaped cells
is approximately from 1.9 to 2.1 µm (Figure 1b,c). These results are consistent with the
literature data [34,35]. A semi-quantitative EDS analysis of BB-12 cells revealed the highest
percentage of carbon, oxygen, nitrogen and phosphorus (Figure 1d). These elements imply
the presence of essential biomolecules such as proteins, nucleic acids and carbohydrates,
giving an insight into the structure of BB-12 cells [36]. Other elements were also detected,
namely calcium, magnesium, potassium, molybdenum and chlorine.
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Figure 1. OM microphotographs of (a) BB-12 colony and (b) Gram-stained BB-12 cells, and (c) SEM 
microphotograph and (d) EDS semi-quantitative analysis of BB-12 cells (expressed in the atomic 
weight percent). The scale bars are indicated on each image. 

Figure 1. OM microphotographs of (a) BB-12 colony and (b) Gram-stained BB-12 cells, and (c) SEM
microphotograph and (d) EDS semi-quantitative analysis of BB-12 cells (expressed in the atomic
weight percent). The scale bars are indicated on each image.

Figure 2 shows the analysis of the surface of BB-12 cells using AFM. According to
the topographic images, the BB-12 cells appear to be homogeneously distributed over the
mica surface and exhibit cellular integrity with a smooth cell surface structure. The surface
remained relatively smooth even after drying during the 1 h measurement. The absence of
roughness or irregularities on the cell surface suggest that the cells have no damage, and
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they are characterized by a well-maintained cell envelope [37]. The height of the cells is
400–500 nm, and the lateral width is about 750 nm.
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Figure 2. AFM micrographs of BB-12 cells. Visualization of the surface topography and morphology
of the cells. (A) Topographic image; (B) section profile across the marked line; (C) amplitude image
on a scan area of 5 × 5 µm2; (D) topographic image; (E) section profile across the marked line;
(F) amplitude image on a scan area of 2 × 2 µm2. The scale bars are indicated on each image.

2.1.2. Effect of Calcium Ion Concentration on the Growth of BB-12 Colonies on Agar Plates
and Cells in Suspensions

Calcium is essential for the growth and viability of BB-12. It plays a crucial role in
maintaining cell membrane integrity and stabilizing cell wall components, which are vital
for bacterial growth [38]. By adding a calcium chloride solution (from 1 to 4% w/v) to
agar plates during the growth of BB-12, a change in the size and shape of the colonies
was observed. An increase in c(CaCl2) leads to a significant decrease in the size of the
colonies and loss of their spherical shape (Figure 3). The most pronounced size reduction
(up to approximately 10% of the initial value) was observed at the highest concentration of
calcium chloride. These changes can be explained by the fact that even low concentrations
of calcium chloride can cause a transition from the bifid form to the bacillioid form of
BB-12 [39].

Changes in the zeta potential of BB-12 cells and the size of BB-12 cells with increasing
concentrations of calcium chloride are shown in Figure 4. BB-12 cells suspended in distilled
water are negatively charged with a zeta potential of −23.45 ± 0.37 mV (Figure 4a). The
negative potential of cell walls refers to the overall electric charge present on the outer
surface of the bacterial cells. This charge is primarily attributed to the presence of various
anionic functional groups on the cell surface [40]. Like many other bacteria, the cell wall
consists of several layers that serve to protect the cell and maintain its shape. The complex
structure of the cell wall of Gram-positive bacteria consists of a thick layer of peptidoglycan
with included teichoic acids, polysaccharides and proteins. The outermost layer, often
referred to as the “S-layer”, is a proteinaceous lattice that covers the cell surface [41].
Viable or inactive cells bind metal ions to extracellular polysaccharides and cell walls.
The accessible functional groups on the cell surface, the kind and concentration of metal
ions, surface charge, and metal cations and ligands all affect this process [42]. By adding
calcium chloride to the suspension, the zeta potential of BB-12 cells decreased due to
calcium binding. Parallel to the decrease in the zeta potential value, the overall particle size
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increased due to a reduction in repulsion between the cells and their accumulation into
aggregates (Figure 4b).
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2.2. Physicochemical Characterization of Microparticles
2.2.1. Identification of Molecular Interactions Between Microparticle Constituents

The spectra of single components (BB-12 cell biomass, agar, CA and SA) are presented
in Figure 5a. BB-12 spectrum shows characteristic peaks due to the presence of different
cell components that can be divided into five basic areas: fatty acids in the range from
3200 to 2800 cm−1, amide bands from proteins and peptides ranging from 1800 to 1500 cm−1,
mixed regions (proteins and fatty acids) from 1500 to 1200 cm−1, polysaccharides within the
cell wall from 1200 to 900 cm−1, and fingerprints for bacterial cultures from 900 to 500 cm−1

as was previously reported [43]. A broad band around 3000 cm−1 corresponds to the
hydroxyl stretching vibration, and the bands at 2950, 2927, and 2870 cm−1 correspond
to asymmetric CH3 stretching, asymmetric CH2 stretching and symmetric CH3 stretch-
ing, respectively. The small peak at 1648 cm−1 is assigned to the carbonyl stretching of
amides (amide I) and at 1555 cm−1 to the N–H bending of amide II. [44]. The peaks at
1405 and 1300 cm−1 are assigned to the bending of −CH3 and −CH2 groups [45]. The
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peaks at 1044, 941 and 862 cm−1 are detected in the range referring to carbohydrate and
phosphate bands [40].
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Sample 2 (blue line) and Sample 3 (green line).

Spectra of both polysaccharides, SA [46] and agar [47,48], as well as protein, CA, [12,49]
were previously assigned. The SA spectrum is characterized by broad absorption bands
around 3321 cm−1 (stretching vibrations of O-H groups) and the stretching vibration of C-H
groups at 2920 cm−1. Due to the presence of glucuronic and mannuronic acids, intensive
stretching peaks related to carboxylate groups (COO-) at 1595 cm−1 (asymmetric) and
1405 cm−1 (symmetric) can be seen. Bands found within the range of 900 to 1200 cm−1

signify a polysaccharide structure and strong peak at 1026 cm−1 stretching vibrations of
C-O-C groups. The spectrum of agar shows a broad band around 3440 cm−1 (free, inter-
and intra-molecular hydroxyl groups), C-H stretching vibrations at 2920 cm−1 attributed
to methoxyl groups, a peak at 1630 cm−1 attributed to the stretching vibration of the
conjugated peptide bond formation by amine (NH) and acetone (CO) groups, and peaks
at 1370 cm−1 associated with an ester sulfate group and at 1150 cm−1 associated with
glycosidic linkage vibrations. Bands at 1041 and 921 cm−1 represent the C-O stretching
group of 3, 6-anhydro-galactose and the peak appearing at 887 cm−1 is associated with the
C-H stretching of residual carbons of β-galactose. The sodium caseinate spectrum shows an
absorption maximum at 3292 cm−1 assigned to the O-H stretching vibrations overlapped
with the N-H stretching vibrations, a small band extending from 3100 to 2850 cm−1 with
a peak at 2954 cm−1 related to the C-H groups, and intense peaks at 1630 cm−1 and
1520 cm−1 related to amide groups (amide I and amide II, respectively). The peak at
1420 cm−1 corresponds to O–C–O groups and the peak at 1231 cm−1 to the C-C(O)-C
stretching vibrations of esters present in sodium caseinate. The peak at 1053 cm−1 may be
a contribution of different groups such as C-H and PO2− or P–OH bending vibrations [50].
Spectra of control microparticles and composites loaded with BB-12 spectra are presented in
Figure 5b. In relation to SA, changes in the spectrum of Sample 0, caused by the replacement
of sodium ions with calcium ions of a larger ionic radius, are visible in the area of functional
groups where hydroxyls and carboxylates are located. The characteristic bands of Sample 0
are identified by the hydroxyl stretching vibration occurring around 3300 cm−1, peaks
associated with carboxylate groups (COO−), asymmetric stretching vibrations at 1589 cm−1

and symmetric stretching at 1413 cm−1, along with peak stretching vibrations of C-O-C
groups at 1024 cm−1 as was shown in our previous work [51]. Spectra of composites show
no distinct agar or CA vibrations indicating their involvement in the calcium alginate gel
network. Composites loaded with BB-12 show the absence of BB-12 characteristic bands
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confirming successful encapsulation. The main bands of alginate dominate in all composites.
All spectra of composites revealed higher intensity and wider absorption bands associated
with stretching vibrations of O-H groups as well as the shifting of peaks associated with
COO− groups (asymmetric and symmetric) and C-O-C groups indicating an increase in
hydrogen bonding and electrostatic interactions compared to calcium alginate. Hydrogen
bonding plays an important role in the structure and properties of alginate hydrogels
influencing the crosslinking density [52]. Both stronger hydrogen bonds and electrostatic
interactions contribute to a higher crosslinking density of composites loaded with BB-12.

The complex molecular interactions between the composite ingredients are governed
by the nature of their functional groups. Some interactions may already occur before the
crosslinking process. This includes the complexation of alginate carboxyl and hydroxyl
groups with CA amide groups [12], and hydrogen bonds are formed between two polysac-
charides, alginate (hydroxyl and carboxylate) and agar (hydroxyl and sulfate) [53,54]. CA
functional groups (carboxyl, amino and phosphate) can participate in hydrogen bonding,
ionic interactions and hydrophobic interaction [55]. The presence of BB-12 functional
groups also contributes to the overall interactions between components in the mixtures. By
adding biopolymers and BB-12 to the crosslinking solution, in addition to the crosslinking
of alginate with calcium ions [56], the interactions of calcium ions with other components
are also possible. Agar can undergo gelation in the presence of calcium ions due to the
binding of Ca2+ [57] and CA above its isoelectric point (from 4.6 to 4.9 [58]) displays a
negative charge that can form ionic bonds with calcium ions. The binding of calcium
ions to BB-12 (Figure 4a) also affects the concentration of calcium available for alginate
crosslinking. Complex molecular interactions collectively contribute to the structure of
the microparticles.

2.2.2. Microscopic Characterization of Microparticles

The OM observations showed that wet control microparticles were transparent but
those loaded with BB-12 were white and egg-shaped. Composites containing CA became
slightly elongated. This elongation can be explained by the viscosity change when water
is replaced by the casein in the preparation process [14]. In addition to calcium chloride
concentration and alginate properties (the molecular weight and proportion of G-blocks),
the solution flow rate and the distance between the point from the nozzle to the gelling
bath, the size of the nozzle is very important [59]. The approximate size of the microparticles
was prepared under our experimental conditions, ranging from 1284 ± 73 µm (Sample 0),
1482 ± 162µm (Sample 1), 1852 ± 82µm (Sample 2) and 2185± 172µm (Sample 3), respectively.

Figure 6 shows SEM microphotographs at different magnifications. After drying (on
air at room temperature) to a constant mass, all microparticles became smaller (on average
by about 52% (Sample 0), 41% (Sample 1), 32% (Sample 2) and 33% (Sample 3), and more or
less deformed (Figure 6a,c,g,h). During drying, water is removed from the microparticles,
causing them to shrink. The surface of the microparticles was porous with wrinkles and
cracks that appeared as a result of the stress relaxation process of the biopolymers associated
with the loss of water and moisture [60]. Compared to the surface of Sample 0, composites
revealed changes in morphology and porosity. The Sample 0 surface shows an average
pore size of 160 nm (Figure 6b), which is consistent with our previous work [61]. The
smallest average pore size (144 nm) can be seen on the surface of Sample 1 (Figure 6d), and
the largest (563 nm) on the surface of Sample 2 (Figure 6f). Sample 3 shows an average
pore size of 150 nm (Figure 6h). Enlarged microphotographs (Figure 6f,h) reveal rod-like
structures (denoted by red lines) indicating the penetration of BB-12 cells through the
surface, as has been similarly observed for Lactobacillus sakei [42]. The higher number of
BB-12 cells on the surface of Sample 3 may be attributed to slightly faster diffusion within
the microparticle matrix compared to Sample 2. EDS semi-quantitative analyses of the area
nearest to the surface (the electron probe can penetrate to a depth of about 1 µm) showed
that the major percentage of elements in all microparticles corresponds to C, O and Ca. A
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small amount of detected Na and Cl were probably residues of compounds used during
the preparation.

The surface morphology of the prepared microparticles revealed by AFM is shown in
Figure 7, in which the scanned microparticle surface represented by topographic images of
the height data is shown as a “top view” characterizing the morphology of each micropar-
ticle of different compositions and as a “3D top view” with a corresponding color scale
showing the 3D height distribution on the microparticle surface. In addition, the charac-
teristic section profile (“section analysis”) of a single microparticle shows an analyzed 2D
height distribution. Samples 0 and 2 have granules on the surface that are not spatially
oriented, i.e., they are linearly organized in different directions and maintain their shape,
with a height and lateral spacing in the range of 50–100 nm and 250–400 nm, respectively.
In contrast, Sample 1 and Sample 3 have regular, elongated, ellipsoidal granules on the
surface (with a height and lateral dimension of 80–90 nm and 200 nm, respectively), which
are linearly oriented. In our previous work, we observed a similar oriented structure [62].
Compared to Sample 0, the addition of agar in Sample 2 shows a decrease in the roughness
value due to its placement in the interstitial space, which simultaneously reduces the
roughness value to 59 ± 3 nm (Table 1). On the other hand, the addition of casein leads to
an increase in roughness values in Samples 1 and 3, with linear orientations dominating on
the surface (see Figure 7).
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Table 1. Roughness parameters, average roughness (Ra), root mean square of roughness (Rq) and
Z range of analyzed samples.

Sample Ra/nm Rq/nm Zrange/nm

Sample 0 74 ± 6 90 ± 7 590 ± 39
Sample 1 84 ± 6 106 ± 9 655 ± 71
Sample 2 59 ± 3 71 ± 7 387 ± 41
Sample 3 76 ± 6 97 ± 8 657 ± 69

2.2.3. Rheological Properties
Amplitude Sweep

The rheological properties of alginate gels provide important information about their
strength and stability during processing and application [63,64]. The viscoelastic properties
of the microparticles were analyzed using oscillatory rheology. The storage modulus G′

(Pa) quantifies the elastic portion of viscoelastic behavior, representing the sample’s solid-
state characteristics. Generally, the elastic modulus (G′) is higher than the loss modulus
or viscous component (G′′) at low applied shear, achieving a plateau within the linear
viscoelastic region (LVR). This region is defined as the range where the applied stress
has little effect on the material’s three-dimensional structure. The yield point marks the
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disruption of the linear stress–strain relationship, indicating structural changes in the
polymer. In the amplitude test, the frequency remains constant while the shear strain
varies. Strain (γ) sweep tests were conducted in the strain range from γ = 0.01 to 100% at an
angular frequency ω = 5 rad/s at 23 ◦C. The G′ and G′′ values remained nearly unaffected
by the applied strain up to 0.5%. The amplitude sweep results are presented in Figure 8.
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The amplitude sweep results reveal two sample profiles, one for the control samples
and the other for composites loaded with BB-12. The control samples exhibit similar
values. The storage modulus (G′) for Sample 0 is 17,524 Pa, while for Sample 1 with casein,
it is slightly lower at 15,942 Pa (Table 2). Besides the slightly lower storage modulus,
other values for the sample with casein are also lower compared to calcium alginate
microparticles. The yield point for calcium alginate is 240.1 Pa, whereas for the calcium
alginate/casein composite, it is 173.9 Pa. The flow transition index is somewhat higher in
the case of the alginate/casein composite. Casein affects the microstructure of the calcium
alginate through interactions of casein amide groups with alginate hydroxyl and carboxyl
groups. At a predominant concentration of alginate, a transition of the structure into a
bicontinuous phase was observed, where both alginate and casein formed interconnected
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networks [65]. The flow transition index represents a measure of the yielding zone, a
valley between a yield point and a flow point. The higher value of the flow transition
index of Sample 1 compared to Sample 0 indicated higher resistance to applied stress [54].
Composites loaded with BB-12 (Sample 2 and Sample 3) show a change in viscoelastic
properties. The addition of agar to alginate increases the strength of Sample 2, and the
storage modulus is 35,700 Pa. However, the addition of casein to Sample 3 reduces the
strength to 25,052 Pa. The yield point values for the samples with agar are significantly
higher than those of the control samples, indicating a higher crosslinking density. For
Sample 2, the yield point is 377.8 Pa, while for the Sample 3, it is 281.9 Pa. It is shown again
that casein affects the viscoelastic properties of the composite. However, despite forming
somewhat softer microparticles, the viscoelastic properties of samples prepared with casein
are maintained. All prepared samples possess a highly organized structure, with loss factor
values ranging from 0.17 to 0.21. The quantity loss factor, tan(δ) = G′′/G′, determines the
relative elasticity of viscoelastic materials.
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Sample 2 (blue) and Sample 3 (green) determined at a constant angular frequency of 5 rad/s at 23 ◦C.

Table 2. Results of amplitude sweep tests of Sample 0, Sample 1, Sample 2 and Sample 3 examined
at 23 ◦C.

G′ (max)/Pa Yield Point/
Stress/Pa

Yield Point/
Strain/% Flow Point/Pa Loss Factor Flow Transition

Index

Sample 0 17,524 240.1 1.54% 461.2 0.21 1.92
Sample 1 15,942 173.9 1.25% 371.1 0.20 2.13
Sample 2 35,700 377.8 1.38% 584.3 0.17 1.55
Sample 3 25,052 281.9 1.34% 482.1 0.18 1.71

Studies have shown that the viscoelastic properties of alginate gels are closely linked to
their microstructure [66]. The arrangement and interaction of alginate chains within the gel
determine the degree of crosslinking and the distribution of crosslinking sites within [67].
A higher crosslinking density makes the gel more resistant to deformation and maintains its
structure under applied stress, resulting in a higher yield point [54]. The lower loss factor
values for Sample 2 and Sample 3 compared to the control samples can be attributed to the
higher crosslinking density. Gels with a higher crosslinking density are usually stiffer and
less deformable and have lower energy dissipation (lower loss factor) [52]. Also, higher
values of storage modulus, yield strength and yield point for Sample 2 and Sample 3 are
associated with a higher degree of crosslinking, indicating a tighter network structure with
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increased mechanical strength [54]. However, it is noteworthy that despite the variation
in structure with the addition of agar, BB-12 or casein to calcium alginate, all investigated
samples demonstrated high elastic modulus (G′) values in the order of 104 Pa. Blending
alginate and agar (Sample 2) can form a dual-network structure, which can improve the
strength and elasticity of the material [68]. This makes it suitable for applications that
require robust and flexible gels. Alginate blending with agar and casein creates a composite
gel with a complex, multi-phase structure. The alginate and casein form interpenetrating
networks, while the agar adds structural support and stability [54].

Frequency Sweep

Frequency sweep analysis offers a means of characterizing the time-dependent re-
sponse of samples under non-destructive deformation, shedding light on the behavior and
internal structure of polymers. In this study, frequency sweep tests were performed over a
range of 0.1–100 rad/s at 0.1% strain within the linear viscoelastic region (LVR) at 23 ◦C. The
results revealed that, across the entire frequency spectrum, the storage modulus (G′) consis-
tently exceeded the loss modulus (G′′) (G′ > G′′), indicating a predominantly elastic rather
than viscous nature for the samples, as illustrated in Figure 9. The frequency-dependent
progression of both G′ and G′′ was distinct for the samples, displaying two characteristic
profiles: one for Sample 0 and Sample 1 and another for Sample 2 and Sample 3. No-
tably, the highest G′ values were observed in composites containing BB-12. At elevated
frequencies, the samples exhibited greater rigidity, as reflected in the increased G′ values
(Figure 9a). The gradual increase in the elastic modulus with frequency suggests relaxation
processes, potentially due to the release of reversible entanglements or the opening of
intermolecular junctions [69]. Generally, the elastic modulus of the alginate polymer is
influenced by the number of crosslinks, as well as the length and stiffness of the chains
between these crosslinks [70]. It is considered that a low angular frequency (ω) region is
considerably sensitive to a polymer network structural change. Shear-thinning behavior
was observed in all examined samples, as the complex viscosity decreased with increased
frequency (Figure 9b). The loss factor for control samples changed from 0.15 at lower
frequencies to 0.22 at higher frequencies.

The frequency sweep for the composites loaded with BB-12 showed a different profile
with less frequency dependence compared with the control samples. The loss factor
remained in the range of 0.16–0.17 throughout the entire frequency range for the composites
loaded with BB-12. However, all examined samples exhibited similar values around 0.16
at frequencies lower than 1 rad/s. At higher frequencies, composites loaded with BB-12
showed less frequency sensitivity, indicating higher structural ordering, in contrast to the
control samples. The composites loaded with BB-12 demonstrated consistency throughout
the entire examined range, indicating stability for a prolonged period of time.

Creep and Creep Recovery Test

The influence of casein, agar and BB-12 in microparticles can also be assessed for
their impact on the internal structure of calcium alginate through creep and recovery
studies (Figure 10). Creep and recovery tests involve subjecting a viscoelastic material to
deformation for a specific duration under constant shear stress within the linear viscoelastic
region, measuring the deformation per unit of stress (compliance J) over time (creep test).
Subsequently, the applied stress is removed, and the deformation over a specific period is
measured (recovery step). Recovery profiles were determined by plotting the compliance
(J) as a function of time. To investigate the relationship between the microstructure and
rheological properties of the microparticles, their creep profile was fitted to the Burgers
model (Equation (4)) and their recovery profile to Equation (5) [71]. The creep represents
a slow and progressive deformation of the material under constant stress. The creep
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function describing the time-dependent deformation behavior during the stress phase can
be formulated as follows:

γ(t) =
τ0

G1
+

τ0

G2
·[1 − exp(−t/Λ)] +

τ0·t
η0

(1)
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Shear modulus G1 represents instantaneous elastic modulus and defines the samples’
resistance to deformation (i.e., the immediate deformation step due to purely elastic behav-
ior instantaneously recovered when the stress is removed); the retardation time (Λ(s) = η2

G2
)

is a measure for the delay in the material’s full elastic response to an applied stress, caused
by its viscous element; and G2 represents the contribution of the retarded elastic region to
the total compliance. Zero shear viscosity (η0) is determined at the end of the creep phase,
when steady-state flow behavior is reached (i.e., dγ

dt = const.).
The creep compliance function, describing the time-dependent reformation behavior

during the rest phase, can be formulated as follows:

J(t) = Jmax − J0 − ∑ Jm,i·(1 − exp
(
−(t − t0)

Λi

)
+ (

t − t0

τ0
)·
(

dγ

dt

)
) (2)
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Creep compliance (J(t)) can be calculated using the preset shear stress τ0 and the
resulting deformation function γ(t) obtained in the creep phase. Instantaneous compliance
(J0) is the limiting value of the J(t) function at the very beginning of the creep test (t = 0)
and γmax represents the maximum deformation reached at the end of the creep stage. Jmax
is the maximum compliance achieved during the creep profile. Viscoelastic compliance
Jm,i represents a slow or retarded recovery due to a decreasing exponential type and tends
toward an asymptote when t → ∞ . Compliance Je0 represented in Table 3 is the total elastic
compliance, also shown as elastic compliance Je in %.

Table 3. γmax, Jmax, J0, η0, Je0, elastic compliance Je (%) for Samples 0–4 were determined at 25 ◦C.

Creep/Creep
Recovery

Max. Strain
γmax (%)

Max. Creep
Compliance Jmax

(1/Pa) × 10−4

Instantaneous
Compliance J0
(1/Pa) × 10−4

Zero Shear
Viscosity η0

(mPa·s) × 109

Compliance Je0
(1/Pa)
× 10−5

Elastic
Compliance Je (%)

Sample 0 0.83 2.78 1.38 8.93 9.80 35.3
Sample 1 0.80 2.64 1.24 8.59 8.58 32.4
Sample 2 0.57 1.90 0.94 13.03 7.99 41.9
Sample 3 0.66 2.22 1.15 14.14 8.00 36.2

The stress applied for characterizing the creep profile and recovery of the tested
samples was determined based on the results of the amplitude sweep and critical stress
values. Creep and recovery studies were conducted under a constant stress of 30 Pa for
a duration of 5 min. The creep and recovery profiles show the same general behavior
(Figure 10). During the creep phase, all samples demonstrate progressive polymer network
deformation under constant stress. Upon stress release, the samples exhibited immediate
recovery followed by a gradual reduction in deformation until reaching a constant, non-
zero value. The results obtained from the creep study can be compared with the amplitude
sweep experiments. It was found that Sample 0 was the most sensitive to deformation
under constant stress, reaching a maximum strain of 0.83%, which was at the limit of the
linear viscoelastic region, while a comparable maximum strain of 0.80% was measured
for Sample 1 (Table 3). The most resistant structure to deformation under constant stress
was Sample 2 with a maximum deformation of 0.57%, while Sample 3 exhibited a slightly
higher deformation of 0.66%, which was significantly less than that of Sample 0.

As compliance (J) is inversely related to the storage modulus (G), J = 1/G, higher G0
results in lower J0, indicating greater resistance to strain. Jmax, representing the maximum
compliance during the creep profile, shows an inverse relationship with G′ and G0. The
values G′ and G0 are directly associated with the network’s resistance to deformation (i.e.,
the higher Jmax, the lower the polymer resistance to deformation).

Sample 0 and Sample 1 showed the lowest resistance to instantaneous deformation
(J0), followed in increasing order by Sample 3 and Sample 2 (Table 3). Elastic compliance
evaluated in percentages is 35.3% for Sample 0 and a slightly lower value of 32.4% for
Sample 1. The influence of casein was observed again as it led to a decrease in the elastic
compliance in Sample 3 to 36.2% compared to 41.9% in Sample 2. Since the elastic modulus
of polymer networks is proportional to the number density of crosslinks, the decrease in the
initial modulus with the addition of casein suggests a significant role in network formation.
The viscous behavior towards the end of the experiment is interpreted as a balance between
bond breaking and formation. The Kelvin elements (Jm,i) described different interactions
with characteristic retardation times (Λ) in the range of 1 s and 62 s. Assigning specific
interactions is complex, and understanding these interactions at a molecular level would
facilitate a more rational search for optimal delivery materials.

2.2.4. Thermal Properties

The investigation of the thermal stability of biopolymers and their formulation in
different forms, e.g., alginate microparticles, is very important for possible storage and
other applications. Also, the release rate of active components is strongly dependent,
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among other things, on temperature [72]. The thermal properties of microparticles were
investigated by DSC analysis, the common thermal analysis for this type of polymer.
Thermograms of the first heating and cooling cycle are presented in Figure 11.
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Figure 11. DSC curves of Sample 0 (red line), Sample 1 (black line), Sample 2 (blue line) and Sample 3
(green line) at a heating rate of 10◦/min (the first heating cycle and cooling cycle).

There are no thermal changes in the cooling cycle, which implicated mostly the amor-
phous nature of polymers and their gel structure. All transition temperatures and enthalpies
are calculated from the first heating cycle at a heating rate of 10 ◦C/min and presented
in Table 4. All the glass transition temperatures (relaxation processes) are determined
from the inflection point method and the represented temperatures and enthalpies are
calculated with Pyris Software(Version 11) for Perkin Elmer DSC and normalized before
analysis. As in the previous investigation [73,74], the thermograms in the heating cycle
show three distinctive transition peaks for all samples. A very broad endothermic change
in a temperature range of 80–120 ◦C pointed towards the loss of water. Alginate hydrogels
contain pools of water characterized as a free water phase of high mobility (occupying
macropores) and a bound water phase of limited mobility (connected to the network
structure) [75]. Very important for usage in drug delivery or possible storage is a fact
that the composite microparticles are stable until 80–100 ◦C [76]. The enthalpies are not
calculated since the peaks are very broad, and it is difficult to determine the beginning and
the end of this transition, so only temperatures are presented. A very distinctive transition
between 190 and 210 ◦C with a noticeable change in heating capacity Cp in the heating
curves of all samples can be assigned to a glass transition change, or a kind of relaxation
process in the polymer, and is probably attributed to the calcium alginate gel network
transition. This change is followed by an exothermic peak that is possibly due to cold
crystallization following the relaxation process before final polymer degradation occurs,
including saccharide ring depolymerization and polymer decomposition, as reported in
previous investigations [73,74]. It is a type of exothermic anomaly caused by changes in
the polymer after reaching the viscoelastic state and is observed for all samples [77,78]. The
relatively high temperature of this transition can lead to the conclusion that the further
thermal stability of the microparticles is achieved before they undergo further structural
changes by heating. The exothermic change around 290 ◦C occurs due to a change in the
orientation of the chains or polymer networks due to the softening of the material after the
relaxation process (it goes into a viscoelastic state before degradation) [79]. The polymer
chains can be oriented to form crystalline domains to achieve recrystallization that is then
seen on DSC as an exothermic change.
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Table 4. Transition temperatures and corresponding enthalpies (∆H) of Sample 0, Sample 1, Sample 2
and Sample 3 from the first heating cycle at a heating rate of 10 ◦C/min: Tendo (the first endothermic
transition), Tg (the glass transition temperature) and Tcc (the cold crystallization temperature).

Samples First Transition Second Transition Third Transition

Sample 0 Tendo = 91 ◦C
Tg = 192.63 ◦C Tcc = 294.36 ◦C

∆Cp = 7.97 J/g·◦C ∆Hcc = −106 J/g
∆H = 39.73 J/g

Sample 1 Tendo = 111 ◦C
Tg = 211.93 ◦C Tcc = 288.08 ◦C

∆Cp = 7.85 J/g·◦C ∆Hcc = −73.51 J/g
∆H = 34.13 J/g

Sample 2 Tendo = 108 ◦C
Tg = 196.02 ◦C Tcc = 291.08 ◦C

∆Cp = 10.96 J/g·◦C ∆Hcc = −54.55 J/g
∆H = 20.99 J/g

Sample 3 Tendo = 115 ◦C
Tg = 200.75 ◦C Tcc = 290.22 ◦C

∆Cp = 11.73 J/g·◦C ∆Hcc = −52.15 J/g
∆H = 20.73 J/g

The degree of crosslinking in a gel affects its thermal properties. A higher crosslink-
ing density limits the molecular motion, thus altering the energy required for phase
transtions [52]. The degree of crosslinking in alginate can significantly influence its glass
transition temperature. Compared to calcium alginate (Sample 0), the increase in Tg (Table 4)
for the composite microparticles indicates an increase in crosslinking density. The higher
crystallization enthalpy change (∆Hcc) observed for the control samples compared to the
BB-12-loaded composites indicates reduced energy for phase transition. The correlation
between the crystallization enthalpy change and crosslinking of alginate refers to the heat
released when a substance changes from a liquid to a crystalline solid. The change in the
enthalpy of crystallization (∆Hcc) of Sample 2 and Sample 3 (Table 4) is consistent with
higher values of storage modulus (Table 2) compared to the control samples.

2.2.5. BB-12 In Vitro Release from Composites

One of the most important properties of alginate gel is the possibility to control the
release of encapsulated ingredients. The main processes governing release from hydrophilic
polymer microparticles are swelling, dissolution/erosion at the matrix surface, and diffu-
sion through the matrix [80]. The release profiles of BB-12 from Samples 2 and 3 dispersed
in water, shown in Figure 12 as changes in the cumulative fraction of BB-12 released over
time, reveal the initial release of a negligible amount of BB-12 followed by an abrupt release
and a slower release interval. The initial time is equivalent to the time required for the mi-
croparticle to hydrate and reach equilibrium before the BB-12 release begins. The processes
involved during this phase are the penetration of water and the filling of surface pores
of microparticles with water. Following the burst phase, the release tends to slow down,
entering a phase of sustained release governed by diffusion through the gel matrix. Release
profiles are analyzed by a modified semiempirical Korsmeyer model [81] and presented as
fraction of cumulatively released BB-12 by the following equation [82]:

fBB-12 = a + ktn, (3)

where t is the release time, k is a kinetic constant characteristic for a particular system
considering structural and geometrical aspects, n is the release exponent indicative of the
BB-12 rate controlling mechanism (n < 0.43 (diffusion), 0.43 < n < 0.85 (a combination
of diffusion and polymer swelling and relaxation), and n > 0.85 (polymer swelling and
relaxation)), and a is the y-axis intercept. The release exponent values less than 0.45
(n = 0.27 and n = 0.36 for Sample 2 and Sample 3, respectively) revealed that the rate-
controlling release mechanism is Fickian diffusion. Sample 3 revealed a higher amount
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of BB-12 released at a somewhat higher rate (k/h = 0.52 and k/h = 0.63 for Sample 2 and
Sample 3, respectively).

Gels 2024, 10, x FOR PEER REVIEW 18 of 27 
 

 

and n = 0.36 for Sample 2 and Sample 3, respectively) revealed that the rate-controlling 
release mechanism is Fickian diffusion. Sample 3 revealed a higher amount of BB-12 re-
leased at a somewhat higher rate (k/h = 0.52 and k/h = 0.63 for Sample 2 and Sample 3, 
respectively). 

 
Figure 12. Fraction of released BB-12 cells (fBB-12) from composites with time (t). Error bars indicate 
the standard deviation of the means. Samples are denoted. 

Alginate crosslinked with Ca2+ forms a three-dimensional network with channels for 
the transport of encapsulated ingredients. When calcium alginate is blended with agar or 
agar and CA, the number of alginate strands held together in the three-dimensional net-
work changes due to molecular interactions between functional groups before and during 
crosslinking. When mixed with alginate, the agar network induces a transformation from 
a distinct layered structure to a co-continuous network followed by a crosslinking density 
increase, which slows down the release of encapsulated bacteria [68]. The incorporation 
of sodium caseinate into Sample 3 has a further effect on the structure compared to the 
Sample 2 network. Casein contains phosphate groups that can chelate calcium ions [54] 
and thus reduce the availability of free calcium for the formation of crosslinks in the algi-
nate matrix. The microparticles become softer with a structure that captures bacteria less 
efficiently (EE = 39%, LC = 1.3 × 105 CFU/g) compared to Sample 2 (EE = 52%, LC = 1.5 × 
105 CFU/g). 

The degree of swelling is related to the crosslinking that occurs during the gelation 
process between the calcium ion and the alginate chains, and therefore, Sw can be consid-
ered as measure of the extent of crosslinking [42]. The crosslinking degree for Sample 3 
was higher (Sw ≅ 53%) than for the Sample 2 (Sw ≅ 46%), indicating a lower crosslinking 
density, less dense network structure and higher amount of absorbed water. A high ratio 
of free water with high mobility is useful for the diffusion of encapsulated ingredients, 
ensuring the survival, migration and proliferation of the encapsulated cells [75]. Despite 
the larger pores of Sample 2, Sample 3 releases BB-12 faster and more of it. This can be 
attributed to the less dense structure and softer microparticles of Sample 3 and fewer cal-
cium ions available to bind to BB-12, thus facilitating bacterial diffusion through the ma-
trix. The higher amount of BB-12 found on the surface of Sample 3 (Figure 6h) than on the 
surface of Sample 2 (Figure 6h) also appears to have contributed to the higher amount of 
BB-12 released. 

In general, it is desirable that the microparticles delivering the probiotic to the colon 
withstands the acidic environment of the stomach and enzymatic activity in the small in-
testine, ensuring that a significant number of viable bacteria reach the colon. In addition 
to the slower BB-12 release, the advantage of adding agar to alginate microparticles is 

Figure 12. Fraction of released BB-12 cells (fBB-12) from composites with time (t). Error bars indicate
the standard deviation of the means. Samples are denoted.

Alginate crosslinked with Ca2+ forms a three-dimensional network with channels for
the transport of encapsulated ingredients. When calcium alginate is blended with agar or
agar and CA, the number of alginate strands held together in the three-dimensional net-
work changes due to molecular interactions between functional groups before and during
crosslinking. When mixed with alginate, the agar network induces a transformation from a
distinct layered structure to a co-continuous network followed by a crosslinking density
increase, which slows down the release of encapsulated bacteria [68]. The incorporation of
sodium caseinate into Sample 3 has a further effect on the structure compared to the Sample
2 network. Casein contains phosphate groups that can chelate calcium ions [54] and thus
reduce the availability of free calcium for the formation of crosslinks in the alginate matrix.
The microparticles become softer with a structure that captures bacteria less efficiently
(EE = 39%, LC = 1.3 × 105 CFU/g) compared to Sample 2 (EE = 52%, LC = 1.5 × 105 CFU/g).

The degree of swelling is related to the crosslinking that occurs during the gelation
process between the calcium ion and the alginate chains, and therefore, Sw can be considered
as measure of the extent of crosslinking [42]. The crosslinking degree for Sample 3 was
higher (Sw ∼= 53%) than for the Sample 2 (Sw ∼= 46%), indicating a lower crosslinking
density, less dense network structure and higher amount of absorbed water. A high ratio
of free water with high mobility is useful for the diffusion of encapsulated ingredients,
ensuring the survival, migration and proliferation of the encapsulated cells [75]. Despite
the larger pores of Sample 2, Sample 3 releases BB-12 faster and more of it. This can be
attributed to the less dense structure and softer microparticles of Sample 3 and fewer
calcium ions available to bind to BB-12, thus facilitating bacterial diffusion through the
matrix. The higher amount of BB-12 found on the surface of Sample 3 (Figure 6h) than on
the surface of Sample 2 (Figure 6h) also appears to have contributed to the higher amount
of BB-12 released.

In general, it is desirable that the microparticles delivering the probiotic to the colon
withstands the acidic environment of the stomach and enzymatic activity in the small
intestine, ensuring that a significant number of viable bacteria reach the colon. In addition
to the slower BB-12 release, the advantage of adding agar to alginate microparticles is
greater stability at different pH values [16]. On the other hand, the addition of casein
releases a larger amount of BB-12 in a shorter time, giving it an advantage for use in various
fermentation processes. By using these two complex matrices, it is possible to tailor the
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release by extending the time the bacteria remain encapsulated, which is an advantage for
applications that require sustained release.

3. Concluding Remarks

Composites loaded with Bifidobacterium animalis subsp. lactis BB-12 (alginate/agar/BB-12
and alginate/agar/casein/BB-12) and the control samples (calcium alginate and composite
calcium alginate/casein) were prepared by ionic gelation. The presented work shows how
important the choice of materials is to obtain the customized structures required for the
encapsulation of probiotic bacteria for targeted use, as each component of the microparticles
contributes to the overall complexity. Molecular interactions (mainly hydrogen bonds and
electrostatic interactions) between biopolymers and interactions with calcium ions, as well
as the presence of encapsulated bacteria, have a complex effect on the network structure
and surface morphology of microparticles.

There is a correlation between the microstructure of the samples and the storage
modulus. It is important to note that the influence of casein on the microstructure is visible
in the control sample (Sample 1) as well as in the composite with agar (Sample 3). In both
cases, but in different ways, the impact of casein on the surface texture of the material is
observed, along with an increase in roughness, which correlates with the decrease in the
storage modulus values for the tested samples. We would like to point out that the storage
moduli for all four samples are on the order of 104 Pa, which describes solid samples, and
their loss factors, which indicate their structural organization, are similar for both agar-free
and agar-containing alginate samples. The most significant effect on the change in storage
modulus relative to alginate microparticles is observed with the addition of agar, which also
influenced the change in microstructure visible in SEM and AFM micrographs. Another
important factor is the impact of casein on the yield point in both the alginate control sample
and the samples with added agar. Based on the storage modulus, yield point, and duration
of the softening of the material, it can be concluded that the microstructure of casein
samples is more susceptible to deformation, which can be correlated with microscopic
images. However, the most noticeable effect is seen in the alginate/agar/casein composite,
where the structure changes completely, resulting in a porous structure that contains
smaller particles, has a large surface area, and, consequently, a much faster release of
bacteria compared to the alginate/agar composite. The influence of agar and casein on
morphology is also evident in DSC in the first observed transition, where an earlier change
is detected in the alginate/agar composite than in the alginate/agar/casein composite.
Regarding practical applications, the thermal treatment of composites with agar or with
both agar and casein up to 85–90 ◦C would not affect the properties of the products.

The release profiles of the probiotic bacteria showed that diffusion is a rate-controlling
mechanism for both composites. The higher release of BB-12 from the alginate/agar/casein/
BB-12 composite can be attributed to the lower crosslinking density, slightly softer micropar-
ticles and less calcium available to bind to BB-12, which facilitates the diffusion of bacteria
through the matrix. Considering the release behavior as well as the mechanical and thermal
properties, the alginate/agar/casein composite can be recommended in dairy fermentation,
while the alginate/agar/casein composite seems more suitable for oral use.

4. Materials and Methods
4.1. Materials

Sigma Aldrich (St. Louis, MO, USA) supplied alginic acid sodium salt (SA) (CAS
Number: 9005-38-3, M/G ratio of about 1.56, molecular weight 280,000 in g/mol). Agar and
sodium caseinate (CA) were provided by Grammol (Zagreb, Croatia). Commercial CaCl2
was purchased from Kemika (Zagreb, Croatia) and Eosin Y from Sigma Aldrich (USA).
None of the other chemicals required additional purification; they were all analytical grade
and utilized exactly as received.
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4.1.1. Bifidobacterium animalis subsp. lactis BB-12 Cells and Preparation for Encapsulation

The culture of Bifidobacterium animalis subsp. lactis BB-12® (BB-12) obtained from Chr.
Hansen (Hǿnsholm, Denmark) was freeze-dried, activated, and homogenized at 37 ◦C for
2 h. Moreover, 1 g/100 mL of BB-12 cells gave working biomass (9–9.5 log CFU/mL) for
the process of encapsulation.

4.1.2. Microparticles Preparation

Microparticles were prepared in one step by ionic gelation at room temperature in
a sterile environment as described by Jurić et al. [42]. Two sets of microparticles were
prepared: control microparticles, calcium alginate (Sample 0) and calcium alginate/casein
(Sample 1), and composites with encapsulated BB-12, calcium alginate/agar/BB-12 (Sam-
ple 2) and calcium alginate/agar/casein/BB-12 (Sample 3). In brief, control microparticles
were prepared by dripping 100 mL of SA (2% w/v) or a mixture of SA (2% w/v)/CA
(0.5% w/v) into 100 mL of calcium chloride solution (3% w/v). Composites with encap-
sulated BB-12 were prepared as follows: freeze-dried BB-12 cells (1 g) were immediately
added to 100 mL of SA (2% w/v)/agar (0.1% w/v) or SA (2% w/v)/agar (0.1% w/v)/CA
(0.5 w/v%) mixtures and homogenized by slight mixing for 10 min (Biosan Orbital Shaker-
Incubator ES-20, Medical-Biological Research & Technologies, Riga, Latvia). The mixture
was dripped into 100 mL of CaCl2 (3% w/v) solution.

An encapsulator nozzle (750 µm) at 600 Hz vibration frequency and 121 mbar pressure
(Encapsulator Büchi-B390 Bütchi Labortechnik AG, Flawil, Sankt Gallen, Switzerland)
with steady magnetic stirring was used. To encourage gel strengthening, the produced
microparticles were left at the room temperature for an additional 30 min. To eliminate
excess CaCl2, microparticles were washed three times with sterile distilled water, filtered
through a Büchner funnel, and kept at 4 ◦C for future investigations.

4.2. Methods
4.2.1. The Zeta Potential and Size of BB-12 Cells Suspended in Water and Calcium
Ions Solutions

Zetasizer Ultra (Malvern Panalytical, London, UK) with a 632.8 nm He-Ne laser
was used to perform dynamic light scattering (DLS) measurements to determine the hy-
drodynamic diameter of nanoparticles suspended in water and calcium ions solutions
(concentration ranged from 1 to 4% w/v). Samples were analyzed at three separate scat-
tering angles (front 13◦, side 90◦, and back 173◦) using the Multi-Angle Dynamic Light
Scattering (MADLS®, Netanya, Israel) technology and the results were combined into a
single integrated measurement. The measurements were carried out using DTS0012 1 cm
plastic cuvettes. Hydrodynamic diameters were estimated using the number distributions,
and the findings were provided as the averages of 3–5 measurements. Zeta potential mea-
surements were carried out on the same equipment utilizing electrophoretic light scattering
in DTS1070 folded capillary cells. The zeta potential values are expressed as the average of
three measurements.

4.2.2. Microscopic Observations

BB-12 cells and microparticles were analyzed by several microscopic techniques:
(i) optical microscope (OM) (Leica MZ16a stereomicroscope, Leica Microsystems Ltd.,
Balgach, Switzerland), (ii) scanning electron microscope (SEM) (FE-SEM, model JSM-
7000 F, Jeol Ltd., Akishima, Japan), and (iii) atomic force microscope (AFM) (Nanosurf
CoreAFM, Nanosurf AG, Liestal, Switzerland). The average diameter of wet and dry
composite microparticles was determined by optical microscopy using Olympus Soft
Imaging Solutions GmbH, version E_LCmicro_09Okt2009. Forty composite microparticle
formulations were randomly selected from batches produced in triplicate to determine the
size distribution. The BB-12 size of colonies and cells shape were determined by optical
microscopy using Olympus Soft Imaging Solutions GmbH, version E_LCmicro_09Okt2009.
Dried samples for SEM analysis were put on highly conductive graphite tape. The FE-
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SEM was linked to an EDS/INCA 350 (energy dispersive X-ray analyzer) developed by
Oxford Instruments Ltd. (Oxon, UK). ImageJ (Phyris software 9.1.0.0198) was used to
determine the size of pores on a microparticle surface. The AFM images were acquired
with the Nanosurf CoreAFM under ambient conditions. The non-contact mode was used
for the acquisition with a 55% nominal value using a Tap300Al-G tip with a nominal spring
constant of 40 N/m, a tip radius of less than 10 nm and a notional resonant frequency
of 300 kHz on a 10 × 10 µm surface. The acquisition time was 0.78 s. The images were
processed with the Nanosurf software 3.10.5. The surface roughness (Rq) is calculated by
squaring each Z value (height) of the sample and taking the arithmetic mean of these values.
In this way, the roughness is determined as the arithmetic average of the absolute heights
over the entire height line of the sample so that the presence of a few major deviations can
influence the roughness. The surface roughness was calculated at three different locations
on the samples to increase accuracy. The images were processed using Gwyddion v1.4
software [83].

4.2.3. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy in conjunction with the attenuated total
reflectance (ATR-FTIR) recording technique was used to assess each sample. A Cary 660
FTIR spectrometer (Agilent Technologies, Palo Alto, CA, USA) and the Golden Gate single-
reflection diamond ATR accessory (Specac) were used to obtain the materials’ FTIR-ATR
spectra. The mid-infrared region (spectral range: 4000–400 cm−1) and transmission mode
were used to record the spectra.

4.2.4. Encapsulation Efficiency, Loading Capacity, Swelling Degree and In Vitro BB-12
Release from Microspheres

Detailed procedures for the determination of encapsulation efficiency (EE), loading
capacity (EC), swelling degree (Sw) and the fraction of released BB-12 (fBB-12) from alginate
composites were previously described [84].

(a) Encapsulation efficiency

The encapsulation efficiency is the concentration of the encapsulated material detected
in a microparticle over the initial concentration used to make the microparticle. The
following formula was used to compute the encapsulation efficiency, which was given as a
percentage of the live cells employed in the encapsulation [85]:

EE (%) = (Ncom/Nsus) × 100 (4)

where Ncom (expressed as the number of colony-forming unit (CFU) per gram of mi-
croparticles) and Nsus (expressed as CFU per gram of solution) represent viable counts in
composites and cell suspension used for encapsulation, respectively. Original cell suspen-
sion used for encapsulation was serially diluted (1:10) in sterile saline solution (0.85% NaCl,
Merck, Germany), plated on MRS agar (Biolife, Milan, Italy) plates in duplicates and
incubated at 30 ◦C for 48 h under anaerobic conditions.

(b) Loading capacity

The loading capacity of a microparticle is the amount of encapsulated material
loaded per unit weight. The loading capacity was determined by dissolving of 1 g of
dry microparticles in 10 mL of a mixture of 0.2 mol/dm3 NaHCO3 + 0.06 mol/dm−3

Na3C6H5O7 × 2H2O [84,86]. The resulting solution was filtered and the number of cells
was determined spectrophotometrically (Shimadzu 1900, Kyoto, Japan) at λ = 600 nm using
the method of Waghunde et al. [87]. The loading capacity expressed as the number of BB-12
cells per 1 g of dry microparticles (CFU/g) was calculated by the following equation:

LC = c(CFU)/w (5)

where c(CFU) is a colony-forming unit and w is the weight of microparticles.
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(c) Swelling degree

The swelling degree refers to the extent to which alginate hydrogels absorb water and
swell when they come into contact with an aqueous environment. The swelling degree was
calculated using the following equation:

Sw =

(
wt − w0

w0

)
× 100 (6)

where wt is the weight of the swollen microparticles and w0 is their initial weight.

(d) In vitro release of BB-12 from composites

Studies on the release of BB-12 cells from composites were carried out at room temper-
ature. Composites (10 g) loaded with BB-12 cells were dispersed in 100 mL of deionized
water and allowed to stand undisturbed during the experiments. At appropriate time
intervals, the dispersion was mixed for 60 s, aliquots were taken and the number of cells
was determined spectrophotometrically (Shimadzu 1900, Kyoto, Japan) at λ = 600 nm. The
results are presented as the fraction of BB-12 cells released using the following equation:

fBB-12 = Rt/Rtot (7)

where fBB-12 represents the fraction of BB-12 cells released, Rt is the amount of BB-12 cells
released at time t, and Rtot is the total amount of BB-12 cells in the composite microparticles.

Experiments were conducted in triplicate at room temperature. IBM SPSS Statistics
22 and Microsoft Excel 2016 with the XLSTAT statistical software add-in were used to
evaluate the collected data. The mean value and standard deviation were displayed for
every data point.

4.2.5. Rheological Measurements

The rheological characteristics of the microparticles were analyzed through oscillatory
rheology. The storage (G′) and loss (G′′) moduli were determined using a mechanical
rheometer (Anton Paar MCR 302, Stuttgart, Germany) with a sandblasted steel plate−plate
geometry (PP25/S, Anton Paar, Graz-Austria) and a gap of 1.5 mm. The instrument was
equipped with a true-gap system, and data were collected using RheoCompass software
(version 1.30). Adhesive tape was attached to the surface of the base plate to prevent
the microparticles from slipping during the measurements. Sample temperature was
regulated using Peltier temperature control located at the base of the geometry, along
with a Peltier-controlled hood (H-PTD 200, Anton Paar, Stuttgart, Germany). During the
experiment, a sample was positioned on the rheometer’s base plate, and the plate was
adjusted using the true-gap function of the software. After 2 min at 23 ◦C, measurements
of G′ and G′′ moduli were consistently taken within the linear viscoelastic region (LVR).
The yield stress was determined by conducting a strain (γ) sweep between 0.01% and 100%
at a constant frequency of 5 rad/s. The rheological properties of the sample were found
to be strain-independent up to the yield strain. Beyond the yield strain, the rheological
behavior became nonlinear. Subsequent frequency sweeps (0.1–100 rad/s) were carried out
at 23 ◦C, maintaining a strain value of 0.1% within the LVR to explore the time-dependent
deformation behavior of the sample. Creep recovery experiments were conducted by
subjecting samples to a shear stress (σ) of 30 Pa, a stress value determined to be within the
linear viscoelastic region (LVR) for all specimens. This stress was applied for 5 min, during
which strain measurements were recorded. Subsequently, the applied force was removed,
and strain measurements were continued for an additional 10 min to observe the recovery
stage. The creep was interpreted using the Burger model, which was successfully applied
to describe the viscoelastic behavior of polymers.
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4.2.6. Differential Scanning Calorimetry

The thermal properties of dried samples were investigated with differential scanning
calorimetry (DSC) using a PerkinElmer Diamond calorimeter operating in dynamic mode
and calibrated with In and Zn standards. Samples (5–11 mg) were sealed into aluminum
pans and heating and cooling cycles were performed for each sample with temperatures
ranging from 25 ◦C to 350 ◦C in a pure nitrogen environment with a rate of 10 ◦C/min.
For each sample, two–three specimens were recorded. The glass transition temperatures
and the crystallization temperatures and enthalpies of samples were determined from the
heating cycles.
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42. Jurić, S.; Tanuwidjaja, I.; Fuka, M.M.; Kahlina, K.V.; Marijan, M.; Boras, A.; Vinceković, M. Encapsulation of two fermentation
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