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Abstract

Probiotics have received widespread attention due to their beneficial effects on human
health. However, ensuring their viability and functionality during processing, storage, and
gastrointestinal transit can be challenging. Encapsulation technology represents a key strat-
egy to address these issues. Among available encapsulation technologies, polysaccharide-
based systems have garnered growing interest. This review provides a detailed overview
of the characteristics and applications of various polysaccharides, as well as representative
strategies for their modification. In addition, the formulation of polysaccharide-based
composite wall materials combined with additional polysaccharides, proteins, or metal
ions is discussed as an effective strategy for enhancing the stability of encapsulated probi-
otics Encapsulation techniques, including extrusion, emulsification, spray drying, freeze
drying, electrospraying, electrospinning, and layer-by-layer assembly, are critical for probi-
otic viability, storage stability and release behavior. The review also considers emerging
approaches, such as 3D bioprinting and microfluidics, and applications in dairy products,
including impacts on product quality and functional properties. Overall, the review de-
scribes the application potential of polysaccharide-based encapsulation and future research
directions for dairy products and other functional foods.
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1. Introduction

Probiotics are defined by the Food and Agriculture Organization of the United Na-
tions/World Health Organization (FAO/WHO, 2002) as live microorganisms that confer a
health benefit to the host when administered in adequate amounts [1]. They can regulate
and enhance immune responses, maintain intestinal microbiota homeostasis, and modulate
the nervous system [2,3]. However, the survival and functional characteristics of probiotics
are affected by several different factors [4]. For example, their viability may decline by
10-30% due to metabolite accumulation during manufacturing [5]. During storage, temper-
ature fluctuations can lead to ice crystal formation and changes in water activity, further
impairing viability [6]. Following oral ingestion, the strongly acidic gastric environment,
along with digestive enzymes and bile salts in intestinal fluid, inactivates most probiotic
cells and restricts their colonization and proliferation within the gastrointestinal tract [7].
FAO/WHO guidelines recommend that probiotic foods contain a minimum of 10° CFU/ g
of viable microorganisms, although this level is not a fixed universal requirement and may
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vary with probiotic strain, product formulation, intended health benefit, and applicable reg-
ulatory frameworks [8]. Therefore, developing effective strategies to ensure that probiotics
remain active until they reach the host’s gut has gained significant research interest [9].

Encapsulation technology can be regarded as the primary method for improving the
survival ability of probiotics [10]. This technology protects probiotics from damage through
various methods such as forming a protective barrier around the probiotic cells [11,12].
The type of encapsulating materials has been demonstrated to have a direct impact on the
survival of probiotics [13]. Available wall materials including carbohydrates, proteins, and
lipids [13,14]. Among the various available encapsulation substrates, polysaccharides are
widely recognized to have significant potential for use in probiotic encapsulation due to
their abundance, high food safety standards, and excellent biocompatibility [15,16]. Polysac-
charides currently used for probiotic encapsulation include sodium alginate, pectin, gellan
gum, xanthan gum, starch, and cellulose [17], among which sodium alginate has become
the most widely used wall material for probiotic encapsulation due to its mild crosslinking
conditions, good biocompatibility, and cost-effectiveness [18]. However, single polysaccha-
ride wall materials also have limitations, including high porosity, insufficient mechanical
strength, and weak acid resistance [17]. Recent attempts to develop polysaccharide-based
composite encapsulation systems including pectin—sodium alginate and alginate—chitosan,
which form double-layer and multi-layer composite microcapsules [19-21]. Encapsula-
tion efficiency and gastrointestinal survival can be significantly improved through the
synergistic effects achieved when combining different polysaccharides [22-24].

Dairy products include fluid milk, fermented milk, cheese, and milk powder, which are
derived from cow’s milk, goat’s milk, and other commonly used mammalian sources [25].
It is widely acknowledged that milk and dairy products are a rich source of essential
nutrients. These products also contain bioactive nutrients that assist in maintaining bodily
functions [26]. Dairy products are among the most significant delivery vehicles for pro-
biotics [27]. As one of the most important categories of functional foods, probiotic dairy
products account for over 40% of the functional food market and play an indispensable
role in promoting public health [28,29]. Nevertheless, probiotics in dairy products still
suffer from decreases in viability. Changes in ambient temperature, pH, light exposure,
and other environmental factors may reduce strain activity, impairing the functional perfor-
mance and shelf life of the product [30,31]. Encapsulation technology has been proven to
enhance the survival stability of probiotics in dairy matrices. Accordingly, encapsulation
technology is widely recognized in industrial dairy product development. For instance,
the annual number of publications on encapsulation and probiotics in the Web of Science
database increased consistently from 2016 to 2025 (Figure 1a). Based on this database,
this study uses the VOSviewer (1.6.20) software to conduct a bibliometric analysis of the
literature on polysaccharide-based encapsulation technology over the past five years. The
keyword co-occurrence network revealed four major clusters related to polysaccharide-
based probiotic encapsulation and relevant applications in dairy products (Figure 1b).
The red cluster, which includes “probiotics”, “gut microbiota”, and “health”, focuses on
the functional properties and application value of probiotics. The green cluster, which
includes “encapsulation”, “chitosan”, “delivery”, and “release”, emphasizes the develop-
ment of polysaccharide-based encapsulation systems, including wall material selection
and controlled release strategies for improving probiotic stability. The blue cluster, which
includes “milk”, “yogurt”, “survival”, and “viability”, reflects the application of encapsu-
lated probiotics in dairy products and stability and product quality evaluation. The yellow
cluster, which includes “strains”, “adhesion”, and “tolerance”, represents research on pro-
biotic strain characteristics and functional properties related to encapsulation performance.
This article reviews and discusses recent research on polysaccharide-based encapsulation
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technology for probiotic encapsulation, including the polysaccharide wall materials used
their structural features, and their effects on probiotics. The review also synthesizes the
basic principles and process characteristics of several polysaccharide-based encapsulation
technologies, such as extrusion, spray drying, and freeze drying. The current application
status of polysaccharide-based probiotic encapsulation technology in dairy products is also
considered, as well as challenges and future development trends.
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Figure 1. (a) Number of articles in the Web of Science database with the keywords “encapsula-

Year

tion” and “probiotic”. The single-term search TS = (encapsulation) retrieved 71,970 records after
removing duplicates and limiting document types to articles and review articles; the combined
search TS = (encapsulation) AND (probiotic) retrieved 1487 records after the same screening pro-
cess; access date: 10 August 2026. (b) Keyword co-occurrence network map generated using the
VOSviewer (1.6.20) software. TS = (probiotic OR encapsulation) AND Dairy; time span: 2021-2025;
document types: articles and reviews; access date: 11 August 2026. The analysis was performed
using VOSviewer with a minimum occurrence threshold of 40.

2. Polysaccharide Wall Material
2.1. Sodium Alginate

Sodium alginate (SA) is a naturally occurring anionic polysaccharide, typically derived
from brown algae or bacterial sources. Its macromolecular backbone comprises (3-D-
mannuronic acid (M) and «-L-guluronic acid (G), linked by (1—4) glycosidic bonds [32].
Given its exceptional qualities, including biosafety, biocompatibility, and renewability, it
is used in many industries, including in the food sector [33]. The physical characteristics,
biocompatibility, and functional performance of sodium alginate hydrogels are determined
by the M/G ratio and the block sequences of G and M residues, which vary between
alginates [34,35]. High-G alginate capsules are denser and adhere effectively to abdominal
organs [36] while alginates with lower M/G ratios have been shown by Zhao et al. [37] to
generate compact hydrogel networks with improved structural stability. The viability of
encapsulated probiotics is directly affected by the M/G ratio. As such, high-G alginate is
more suitable for encapsulating probiotics. Alginate can also react with divalent cations to
form rigid gels and insoluble polymeric networks. The cross-linking effect is strongest when
calcium ions bind to guluronic acid segments on the alginate macromolecular backbone
and form the typical “egg-box” structure [38]. As Tordi et al. found [39], a wide range of
cations beyond Ca?* can complex with alginate, including monovalent, divalent, trivalent,
and tetravalent ions such as Sr2*, BaZ*, Fe3*, Al®*, and Zr**, and each cation uniquely
influences the material properties through distinct coordination modes, enabling precise

tailoring of the gel network structure and physicochemical performance.
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Its excellent oxygen barrier properties and favorable release profile in simulated
gastrointestinal fluid (SGF) make SA a promising encapsulating material for probiotics [40].
Hydrogel formed by alginate and calcium ions possesses pH-sensitive swelling ability. In
gastric acidic conditions, the gel’s carboxyl group will be protonated, resulting in shrinkage
and densification due to hydrogen bonding and ionic interactions, which confers acid
resistance to the hydrogel and protects the core material from gastric acid degradation.
In the neutral intestinal environment, carboxyl group deprotonation causes the gel to
swell, triggering the release of its encapsulated cargo [41]. However, the high porosity
and poor mechanical strength of alginate gels compromise their encapsulation efficiency,
leading to premature release of the encapsulated substance. These disadvantages reduce
the survival of encapsulated probiotics during gastrointestinal digestion and restrict the
industrial translation of SA gels [42]. To address these issues, SA is frequently combined
with other high-molecular-weight polymers to boost probiotic tolerance to unfavorable
environmental conditions [43]. Common methods include polysaccharide integration,
polysaccharide-protein complexation, and polysaccharide-metal ion chelation. Chitosan is
a natural polycationic polymer that can form polyelectrolyte complexes with alginate and
pectin through electrostatic association. As such, chitosan can be used as a coating material
to provide a protective barrier over polysaccharide-based carriers. Furthermore, chitosan’s
mucoadhesive and antimicrobial properties can provide further protection to composite
carriers for encapsulated probiotics [44]. Hu et al. [45] created a double-layer microgel
system that encapsulated Lacticaseibacillus rhamnosus GG. The outer layer included sodium
alginate and chitosan for colon-targeted administration, while the inner layer included
guar gum and low methoxyl pectin for colonic retention and breakdown. In vitro, this
approach demonstrated good bioresponsive properties across a broad pH range, enabling
site-specific release in the gastrointestinal tract and promoting stable probiotic colonization.

2.2. Pectin

Pectin is a naturally occurring anionic macromolecular polysaccharide located in the
primary cell wall and intercellular layers of plant cells. It is mostly obtained from raw ma-
terials such as citrus peels, apples, and sunflowers [46]. This class of native heteropolysac-
charides includes up to 17 monosaccharides and over 20 types of glycosidic linkages [47].
Structurally, pectins consist mainly of D-galacturonic acid (GalA) units connected via -
(1—4) glycosidic bonds [48]. These residues exhibit varying degrees of methylation and are
organized into three principal domains: homogalacturonan, rhamnogalacturonan I, and
rhamnogalacturonan II [47]. Based on their degree of esterification, pectins are categorized
into low-methoxyl pectins (LMPs) and high-methoxyl pectins (HMPs) [49]. Xu et al. [50]
demonstrated that HMPs exhibit inferior gel-forming capacity and greater pH sensitivity in
contrast to LMPs. Furthermore, LMPs have better sustained-release qualities and enhances
the targeted distribution of probiotics in the gastrointestinal tract (GIT).

Pectin is widely use in probiotic encapsulation due to its gelling qualities, biocom-
patibility, and non-toxicity [51]. It also forms hydrogels that create a strong barrier for
encapsulated probiotics when calcium ions are added [52]. Both hydrophobic interactions
and hydrogen bonds between methyl groups are necessary for high-methoxy pectin gela-
tion. Low-methoxy pectin gelation produces the well-known “egg-box” structure through
electrostatic interactions between free carboxylate groups and divalent cations such as
calcium [50]. Small changes in how the chains are arranged in relation to one another
within this framework results in distinct cross-linking structures, known as the “shifted
egg-box.” Consequently, pectin beads exhibit excellent resilience, hardness, and encap-
sulation efficiency [53]. Their film-forming properties also enable them to create stable
microcapsules [54]. However, pectin is also characterized by disadvantages in probiotic
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encapsulation, including high water solubility and a porous structure that makes it difficult
to deliver probiotics to specific locations. Its poor thermal stability also compromises its
suitability for long-term storage [55]. To protect probiotics and enhance encapsulation
efficiency and long-term stability, pectin-based carriers can be blended with other encapsu-
lating ingredients. In this context, protein—pectin composite carriers are highly promising.
Proteins and pectin form composite carriers such as microcapsules, nanoparticles, and
gels through non-covalent interactions, including electrostatic attraction and hydrogen
bonding. Given their stronger intermolecular forced and emulsifying properties, com-
pared to pectin carriers alone, protein—pectin composite carriers can withstand adverse
conditions during processing and in the gastrointestinal tract, thereby enhancing the encap-
sulation efficiency, storage stability, and controlled release performance of probiotics [56].
To encapsulate Lactiplantibacillus paraplantarum LR-1, Rao et al. [57] created a composite
material based on sodium alginate, pectin, and whey protein isolate as wall components.
Along with greatly improved probiotic viability and heat resistance, the resultant material
demonstrated good mechanical strength, controlled release characteristics, and storage
stability. Zhang et al. [58] developed a pH-responsive microgel system that encapsulated
Heyndrickxia coagulans BC99 and procyanidins via a microemulsion using pectin, whey
protein isolate, and Ca?* as wall materials, which effectively enhanced probiotic survival
and stress tolerance.

2.3. Gellan Gum

Gellan gum (GG) is a natural anionic polysaccharide with gel-forming properties, and
it is produced by Sphingomonas elodea and Sphingomonas paucimobilis [59,60]. Its backbone
consists of a linear tetrasaccharide repeating unit made up of 1,3-3-D-glucose, 1,4-3-D-
glucuronic acid, 1,4-3-D-glucose, and 1,4-o-L-rhamnose at equimolar ratios [59]. GG is
one of the most commonly used biopolymers for probiotic microencapsulation [61]. It is a
typical gelling polysaccharide that forms gels upon cooling. As the temperature decreases,
chains change from a random coil configuration to a double helix state, followed by helix
aggregation and network formation. Moreover, divalent cations promote GG gelation
through double helix aggregation and intermolecular cross-linking, and they reinforce
the helical structure and expedite network development [62]. GG has excellent gelling
capacity, flexibility, biocompatibility, degradability, thermal stability, and acid resistance,
as well as a versatile texture. These properties enable it to effectively protect probiotics
against adverse conditions [63]. It should be noted that cross-linking agents include both
food-grade and non-food-grade types, such as chemical cross-linkers. For food applications,
only food-grade cross-linking strategies should be used. Gellan-gum-based gels are also
stable under low-pH conditions. The characteristics of these gels depend on the cation type
and concentration, pH, and temperature at the time of gelation, and the resulting gels are
resistant to rapid enzymatic degradation [64].

Moreover, because of its film-forming properties, GG is ideal for use in edible films for
food packaging applications [65]. Gonzalez-Cuello et al. [61] found that microencapsulated
Limosilactobacillus reuteri using binary mixtures of gellan gum and calcium via internal
ionic gelation improved encapsulation efficiency and probiotic survival. While GG’s
limited mechanical performance, comparatively high gelation temperature, and instability
under physiological conditions hinder its practical application, chemical and physical
modifications can help to overcome these limitations. In the first approach, gel strength
and viscosity are controlled by adjusting environmental parameters such as temperature,
pH, and shear force. In the second approach, crosslinking agents are added to strengthen
the gel network and improve transparency [63]. Combining GG with other polymers could
increase gel strength and enhance probiotic cell viability in stomach fluid simulations [66].
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Najafpour et al. [67] developed composite microcapsules by adding gellan fluid gel to
alginate hydrogel beads that contained L. reuteri. In addition to enhancing probiotic viability
under simulated gastrointestinal and heat stress conditions, the resultant beads were
characterized by improved hardness and diameter uniformity. The assembly mechanisms of
polysaccharide-based composite wall materials, driven by polysaccharide—polysaccharide
interactions, polysaccharide—protein complexation, and polysaccharide-metal coordination,
are schematically shown in Figure 2.
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Figure 2. Polysaccharide-based composite wall materials assembly mechanisms driven by polysaccharide—
polysaccharide interactions, polysaccharide—protein complexation, and polysaccharide-metal coordi-
nation, which enhance structural integrity, acid tolerance, and controlled release capacity.

2.4. Xanthan Gum

The Gram-negative bacterium Xanthomonas campestris has been used to ferment xan-
than gum (XG), a branching heteropolysaccharide with a high molecular weight. Similarly
to cellulose, the backbone has 3-(1—4)-D-glucose residues; however, trisaccharide side
chains are alternately linked between glucose units by «-(1—3) linkages [68]. XG has
a pentasaccharide repeating unit with a molar ratio of 2:1:2 that contains D-glucose, D-
glucuronic acid, and D-mannose. The anionic nature of the polymer along its side chains is
attributed to glucuronic acid and pyruvate groups [69]. Through glucuronic acid residues
attached to specific mannose units, XG exhibits distinctive branching architectures, giving
this polysaccharide remarkable stability and functional activity [70]. Due to XG’s excellent
solubility and biocompatibility, probiotics can be encapsulated without being harmed
or degraded [71]. Additionally, XG can more effectively deliver probiotics due to its su-
perior resistance to enzymatic destruction, gastrointestinal digestion, and heat and acid
stability [72]. Relative to other biopolymers, XG has excellent film-forming ability and
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good mechanical strength. These characteristics offer effective protection for encapsulated
probiotics against harsh environments, and its high viscosity at low concentrations makes
it stable and allows for controlled release, thereby enhancing the overall probiotic deliv-
ery efficiency [73]. Shen et al. [74] used XG combined with k-carrageenan to encapsulate
Lactobacillus acidophilus JYLA-191 and experimentally confirmed that it not only improved
the survival rate of probiotics after pasteurization but also enhanced their gastrointestinal
activity, keeping them active in harsh environments. However, the application of XG
alone is limited by its unpredictable hydration, unstable viscosity, and susceptibility to
microbial contamination, while its mechanical strength further restricts its applicability
in complex food systems [72,75]. Two approaches have been adopted to address these
problems; namely, chemical modification and physical cross-linking. Chemical modifi-
cation can be accomplished by cross-linking with citric acid as a cross-linker, resulting
in XG blends with improved properties. Physical cross-linking is realized through ionic
bonds, hydrogen bonds, and hydrophobic interactions, which enable XG to form polymeric
networks with other polysaccharides or macromolecules [75], compensating for its limi-
tations. Hou et al. [76] fabricated a composite gel based on Bletilla striata polysaccharide
and XG via hydrogen bonding. This interaction increased XG’s viscosity and enhanced its
structural stability.

2.5. Starch

One of the most common polymers in nature is starch. Starch is a biodegradable
polymer with low production cost which is widely present in cereals, root and tuber crops,
fruits, and plant leaves [77]. It mainly consists of two structural fractions: amylose and
amylopectin [78]. Amylose is a linear polysaccharide composed of glucose units linked
together via «-1,4 glycosidic linkages, with less branching and only one non-reducing end.
In contrast, amylopectin is an extensively branched network with multiple non-reducing
ends [79]. The excellent gelling ability and film-forming properties of natural starch make it
an ideal wall material for microcapsules. When applied as a wall material, it forms a trans-
parent shell over the core material, providing effective encapsulation [80]. Its rough surface
offers anchoring points for probiotic cells, while the glycosidic backbone supports probiotic
adhesion via interfacial interactions, significantly enhancing the efficiency of probiotic
delivery [81]. Modified starch refers to a polysaccharide derived from chemical or physical
native starch modification. It is often used for probiotic encapsulation, and it is among
the most suitable materials for this purpose due to its multifunctional characteristics and
ability to protect sensitive microorganisms [52]. It can also overcome some shortcomings of
native starch. Modified starch can form a dense network structure that degrades slowly
in the intestine, achieving the targeted release of probiotics and increasing their survival
in simulated gastrointestinal fluid [53]. Furthermore, its porous structure, mechanical
strength, and degradation characteristics can be modified through enzymatic treatment. In
addition to ensuring probiotic stability during production, storage, and gastrointestinal
transit, starch can also be used to develop effective probiotic carriers [17]. Liu et al. [82]
encapsulated Lactiplantibacillus plantarum Heal 19 using (3-cyclodextrin and resistant starch,
and discovered that using these polysaccharides as wall materials greatly improved cell
viability after storage and gastrointestinal digestion.

2.6. Cellulose

Cellobiose is the repeating disaccharide unit of cellulose, a naturally occurring linear
polysaccharide composed of (3-D-glucopyranose units connected by (3-1,4-glycosidic link-
ages [83]. It possesses high mechanical strength and crystallinity. Through hydrophobic
interactions and hydrogen bonds, these characteristics enable cellulose to form a dense
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protective network that serves as a physical barrier for probiotics [52,84]. Furthermore, cel-
lulose’s insolubility in the digestive tract prevents gastric fluid infiltration during gastroin-
testinal transit and helps to preserve the mechanical integrity of encapsulation systems [84].
Cellulose exhibits exceptional film-forming performance, enabling the construction of
protective barriers ensuring the controlled release of probiotics in the gastrointestinal tract,
thereby allowing a large number of viable cells to reach the intestine and exert beneficial
physiological effects [85]. Dietary fiber cellulose also supports digestive health, making it a
useful addition to probiotic compositions.

Cellulose can be chemically modified to produce a variety of derivatives, including
carboxymethyl cellulose and microcrystalline cellulose, for which its enhanced properties
make them more suitable for probiotic encapsulation [86]. Zhu et al. [87]. created probiotic
microcapsules based on gelatin/carboxymethyl cellulos, and showed that the probiotics
had great vitality after digestion and that the microcapsules had excellent storage stability.
Lietal. [88] fabricated a three-dimensional cellulose-based hydrogel network using Millettia
speciosa Champ cellulose and carboxymethyl cellulose to encapsulate Lacticaseibacillus para-
casei BY2. The system demonstrated satisfactory encapsulation efficiency and a sustained
release profile. These studies emphasize the importance of cellulose-based polymers in
encapsulating probiotics. Nanocellulose, for instance, is a multifunctional and renewable
nanomaterial derived from cellulose [89]. Nanocellulose combines excellent mechanical
strength, large specific surface area, biodegradability, and good biocompatibility. With
these advantages, it can effectively resist harsh external environments and protect probi-
otics [89,90]. In probiotic nanoencapsulation, although food-grade polysaccharides alone
offer favorable biocompatibility, they struggle to simultaneously achieve adequate me-
chanical properties and colon-targeting functionality. To overcome this limitation, current
strategies primarily employ polysaccharide blends or polysaccharide—protein composite
matrices. However, in some systems, synthetic polymers serve as the main carrier matrix,
with polysaccharides used only as minor additives. This distinction is essential for accu-
rately interpreting each delivery system’s design rationale [91]. The effects of structural and
physicochemical properties of polysaccharides on probiotic encapsulation are summarized
in Table 1.
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Table 1. Effects of structural and physicochemical properties of polysaccharides on probiotic encapsulation.

Types of
Polysaccharides

Structural Characteristics of
Different Polysaccharides

Charge Properties

Protective Effects for
Probiotics

Core Physical and
Chemical Advantages
and Applications

Main Research Conclusions

Refs.

Sodium alginate

Natural linear anionic
polysaccharide mainly
composed of 3-D-mannuronic

acid (M) and «-L-guluronic acid

(G) linked by (1—4) glycosidic
bonds. The M/G ratio
determines the gel structure,
porosity, and mechanical

strength. High-G alginate forms

stronger and denser gels with
improved integrity.

Anionic polysaccharide
containing carboxyl
groups
(-COOH/-COO™).
Calcium ions interact
with guluronic acid
residues to form ionic
crosslinked networks
based on the “egg-box”
model.

Calcium alginate
hydrogels provide
protection against gastric
acid and bile salts. The
pH-responsive swelling
behavior allows for
compact structures in
acidic environments and
controlled release in
intestinal conditions.

Excellent
biocompatibility,
biodegradability, mild
gelation conditions, and
oxygen barrier
properties. Widely
applied in probiotic
beads, hydrogel systems
and microencapsulation
delivery platforms.

Although SA is a widely used
probiotic wall material; its
high porosity, weak
mechanical strength, and
insufficient stability limit its
independent use.
Combination with other
polymers improves
encapsulation efficiency and
probiotic survival.

[32-36,38,41,42]

Pectin

Plant-derived
heteropolysaccharide mainly
composed of D-galacturonic
acid units linked by x-(1—4)

glycosidic bonds. According to
the degree of esterification (DE),

pectin is classified into

low-methoxyl pectin (LMP) and

high-methoxyl pectin (HMP).

Anionic polysaccharide
with free carboxyl
groups. Low-methoxyl
pectin forms
calcium-mediated ionic
gels through the
“egg-box” mechanism,
whereas high-methoxyl
pectin forms gels mainly
through hydrogen
bonding and
hydrophobic
interactions.

Pectin hydrogels form
protective barriers
around probiotics,

improving resistance
against gastrointestinal
stress and enhancing
targeted intestinal
delivery.

Excellent gel-forming
ability, film-forming
properties,
biodegradability and
compatibility with other
polymers. Suitable for
composite encapsulation
systems.

Pectin improves encapsulation
efficiency and mechanical
stability when combined with
sodium alginate, proteins, or
other polymers. Composite
systems further enhance
probiotic viability and storage
stability.

[47-50,52]

Gellan gum

Microbial extracellular
polysaccharide produced by
Sphingomonas species. The
backbone consists of repeating

tetrasaccharide units containing

glucose, glucuronic acid, and
rhamnose. GG undergoes
coil-to-double helix transition
during gel formation.

Anionic polysaccharide
containing carboxyl
groups. Divalent cations
promote double-helix
aggregation and
intermolecular
crosslinking.

GG-based gels provide
physical protection
against heat, acid, and
enzymatic degradation.
The three-dimensional
network structure
improves probiotic
retention and controlled
release.

Excellent gelation ability,
thermal stability,
flexibility, film-forming
capacity and texture
modification properties.
Used in edible films,
hydrogel beads, and
probiotic delivery
systems.

GG is a promising
encapsulation material owing
to its strong gel-forming
ability. Its high gelation
temperature and limited
mechanical properties
necessitate modification or
combination with other
polymers.

[59-63]
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Table 1. Cont.

Types of
Polysaccharides

Structural Characteristics of
Different Polysaccharides

Charge Properties

Protective Effects for
Probiotics

Core Physical and
Chemical Advantages
and Applications

Main Research Conclusions

Refs.

Xanthan gum

High-molecular-weight

branched heteropolysaccharide

produced by Xanthomonas
campestris. The structure
contains cellulose-like
-D-glucose backbone with
trisaccharide side chains
containing mannose and
glucuronic acid residues.

Anionic polysaccharide
due to glucuronic acid
and pyruvate groups in
side chains.

High-viscosity and
stable network structure
protect probiotics from
environmental stress,
gastrointestinal
digestion, and enzymatic
degradation.

Excellent rheological
properties, high viscosity
at low concentrations,
acid resistance, thermal
stability, and
film-forming ability.
Widely used as a
stabilizer and
encapsulation matrix.

XG provides effective
probiotic protection and
controlled release; its poor
solubility and insufficient
mechanical strength call for
chemical modification or

blending with other polymers.

[68,69,71-73,75]

Starch

Natural non-ionic
polysaccharide mainly
composed of amylose and
amylopectin. Amylose is a
linear o-(1—4)-linked glucan,
while amylopectin contains
a-(1—6)-linked branching
points.

Generally non-ionic
polysaccharide without
charged functional
groups. Modified starch
derivatives may
introduce functional
groups to improve
performance.

Starch-based coatings
and networks protect
probiotics during
processing, storage and
gastrointestinal
transportation. Surface
structure facilitates
probiotic adhesion.

Abundant, low-cost,
biodegradable, and safe
food-grade material.
Good gelation and
film-forming properties.
Modified starch
improves stability and
controlled release.

Native starch has limited
functionality, but physical or
chemical modification
significantly enhances gel
strength, degradation
behavior, and probiotic
protection efficiency.

[53,78-81]

Cellulose

Linear high-molecular-weight
polysaccharide composed of
-D-glucopyranose units
connected by

-(1—4)-glycosidic bonds. High

crystallinity provides strong
mechanical properties.

Mainly non-ionic
polysaccharide.
Cellulose derivatives
such as carboxymethyl
cellulose (CMC)
introduce charged
groups.

Cellulose creates
physical barriers that
protect probiotics from
external stress and
improve controlled
release during
gastrointestinal transit.

Excellent mechanical
strength, film-forming
ability, biodegradability,
and functionalization
potential. Nanocellulose
provides high surface
area and enhanced
mechanical performance.

Cellulose derivatives and
nanocellulose broaden
probiotic encapsulation
applications; native cellulose
has limited hydrogel-forming
ability and often requires
chemical modification or
combination
with other polymers.

[83-85,89-91]
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3. Probiotic Encapsulation Technologies

Encapsulation technology forms a physical barrier to protect probiotics from damage
in adverse environments. During encapsulation, the active components are encapsulated
within polymer coatings, generating spherical particles to achieve probiotic protection
and targeted intestinal delivery [92]. This section introduces a range of probiotic en-
capsulation techniques, covering extrusion, spray drying, freeze drying, electrospraying,
electrospinning, layer-by-layer self-assembly, and other methods. Encapsulation efficiency
and probiotic viability comparisons across studies are severely limited by methodological
heterogeneity. Considerable variability exists among protocols for simulated gastrointesti-
nal digestion, which can substantially affect measured survival rates [93]. Strain specificity
plays a critical role in determining tolerance to acid, bile salts, and digestive enzymes, as
distinct strains exhibit different levels of tolerance to these harsh conditions [94]. Methods
used for viability assessment also vary considerably across studies. Alough plate counting
remains the most widely used technique, it has inherent limitations—notably bacterial
aggregation, which often causes underestimation of viable counts and compromises the
comparability of data across trials [95]. Fluorescence microscopy and flow cytometry have
also been applied for probiotic viability assessment [96], and the emergence of bioelectronic
alternatives further underscores the methodological diversity in viability assessment [97].
Numerous factors can influence the analysis results, and a comprehensive perspective is
essential. A more meaningful approach entails examining general trends within each study
under consistent experimental conditions and interpreting the reported data in consider-
ation of the experimental methodologies, rather than comparing absolute values across
studies. To this end, relevant technologies and their advantages and disadvantages are
summarized in Table 2.

Table 2. Comparative evaluation of probiotic encapsulation methods.

Encapsulation

Technology Advantages Disadvantages References
1. Mild conditions. 1. Difficult for large-scale
. 2. Low cost. application.
Ext 98-100
xrasion 3. High viability of the 2. Difficulty obtaining small [ ]
encapsulated cells. particles and dried products.
1.  Probiotic damage caused by
1. High preparation efficiency. high temperature and dry
Spray drying 2. Controllable scale. conditions. [101-103]
3.  Continuous production. 2. Poor microsphere size
uniformity.
1.  Ice-crystal-induced damage to
. 1. Better stability of robiotic cells.
Freeze d Y P 104,105
recze cryms heat-sensitive substances. 2. Requires addition of [ ]
cryoprotectants.
1. Simple and cost-effective. 1.  Low yield.
Electrospraying 2. Does not require additional 2. Not conducive to [106,107]
reaction solvents. industrial-scale production.
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Table 2. Cont.
Encapsulation Advantages Disadvantages References
Technology
L Enc};;}ncecti. pro‘lr?1ot1c stability 1.  High-voltage adverse impact
Electrospinning and functionaity. on probiotics. [4,108]
2. Processes can be carried out at .
2. Low yield.
room temperature.
1. Decreases microcapsule 1.  Low production efficiency.
Layer-by-layer porosity. . 2. Increased microcapsule [109-111]
assembly 2. Improves microcapsule volume.
stability. 3. Complex fabrication.
1.  High probiotic survival rate. 1.  Adds fat as the dispersing
Emulsification 2. Achleve. large-scale . phase. [112,113]
production of small-sized 2. Irregular shapes and uneven
particles. size distribution.
1.  Microgels with uniform
particle size and controllable e 1 . ¢
Microfluidics shape. ) H(.’rip X e‘f.ﬂpmer; ' [114]
2. High embedding efficiency of ™ 181 operation costs.
active components.
. 1. Difficult to achieve mass
1. Prints complex porous roduction
3D printing geometric structures. b ' [115,116]
. s 2. Process parameters must be
2. Design flexibility.

set precisely.

3.1. Extrusion

One of the most effective encapsulating techniques is extrusion. Probiotics are kept
active in the human stomach through extrusion, which provides a physical barrier. After
combining the probiotic suspension with a polymeric solution, the combination is extruded
into a coagulation bath, where the probiotics become trapped in the polymeric network
that is formed [117]. Ullah et al. [118] used extrusion to encapsulate Bifidobacterium longum
BL-101 and L. acidophilus LA-832. According to the test results, the encapsulated probiotic
cultures showed good tolerance to simulated gastric juice and bile salts. Scanning electron
microscopy (SEM) imaging revealed clear micropores dispersed throughout sodium algi-
nate microbeads. Gheorghita et al. [119] used wheat starch and sodium alginate as wall
materials to create microcapsules co-encapsulating Bacillus clausii and L. rhamnosus. These
studies not only demonstrated that the fabricated microcapsules have a structurally regular
network and uniform phase distribution but also proved that extrusion technology can
improve the survival rate of probiotics, which is mainly due to the abundant hydroxyl
groups in starch generating hydrogen bonds with sodium alginate’s carboxylate groups.
Baleshzar et al. [120] optimized the extrusion process and encapsulated Lacticaseibacillus
rhamnosus by employing a two-layer extrusion encapsulation technique. Alginate formed
the inner layer of the microcapsules, while jujube mucilage combined with whey protein
isolate made up the outer layer. When JM and WPI were blended at a ratio of 6:4, the
encapsulation efficiency of microencapsulated L. rhamnosus reached 94.16%, and the pro-
biotics” survival rate after 15 min of heat stress treatment reached 69.14%. SEM revealed
that the addition of microcapsules reduced the number of pores and voids, resulting in
a denser microstructure within the product. This technique provides a novel approach
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for probiotic dairy product process optimization and quality improvement. Although the
extrusion method is low-cost and effective, the microcapsules produced typically exceed
200 micrometer, whereas the microcapsule size should be below 100 pm to maintain a
desirable food product texture. Although the encapsulation size does not directly impact
efficiency, it affects the sustained release profile of bioactive substances and modulates the
physicochemical attributes of the microcapsule matrices [121]. The extrusion techniques
for probiotic encapsulation are summarized in Figure 3.

S /
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5 = { solution
=5 (3%, wiv)
Cell pellet

Centrifugation

(6000 x g, 10 min)

Ca-alginate microencapsules
in PW

Encapsulation

Probiotic cucumber pickle CaCl, solution
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Figure 3. Depictions of extrusion processes. (a) Preparation of probiotic microcapsules using the
extrusion technique. (b) Extrusion-based microencapsulation of L. rhammnosus and B. clausii. Repro-
duced from [119] under the terms of the Creative Commons CC BY 4.0 license. (c) Microcapsule
fabrication using extrusion technology. Reproduced from [122] under the terms of the Creative
Commons Attribution 4.0 International License.

3.2. Spray Drying

Spray drying is a highly efficient microencapsulation approach. Its underlying mecha-
nism involves the atomization of a polymeric solution or suspension containing probiotics
into minute droplets, prior to swift evaporative drying in a heated airstream to generate
microcapsules [52,123]. It also enables continuous processing at high throughput. Oper-
ational parameters including inlet air temperature, feed rate, and atomization pressure
can be finely tuned such that the particle size distribution and encapsulation efficiency
the of produced microcapsules are optimized [124,125]. Spray drying is usually adopted
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in industrial production due to advantages such as high preparation efficiency, low cost,
and scalability for mass production [101]. D’Amico et al. [103] used a mixture of several
matrices containing poly(methyl acrylate-co-methyl methacrylate-co-methacrylic acid),
inulin, sodium alginate, and /or maltodextrin for spray drying of B. longum (strain 22348).
Their experiment produced a yield of 90% and an encapsulation rate of 97%. Probiotics
can be successfully protected during production, storage, and gastrointestinal simulations
through the use of this technique. The procedure is more productive and uses less energy
than freeze-drying methods, making it appropriate for large-scale industrial manufacturing.
To further protect probiotics, some studies have further refined the wall material formu-
lations. L. rhamnosus GG was encapsulated by Yin et al. [126] using spray drying and a
water-in-oil-in-water double emulsion that included solid fat. The SEM and fluorescence
microscopy images verified that probiotics were encapsulated within the double emulsion
matrix, increasing survivability from 43.23% to 65.16% while maintaining intact subcellular
structures. To alleviate the adverse impact of thermal damage, spray-drying techniques for
probiotics usually include protective agents such as prebiotics, sugars, and protein [127].
Boontun et al. [128] compared the protective effects of different agents on Bifidobacterium
animalis subsp. lactis KMP H9-01 during the spray-drying process, finding that 5% (w/v)
trehalose or skim milk provided the maximum viable cell count at an inlet temperature of
160 °C and an outlet temperature of 80 °C. In addition, the samples exhibited satisfactory
stability after six months of storage at ambient temperature and retained the greatest num-
ber of viable cells. The spray drying techniques for probiotic encapsulation are summarized
in Figure 4.

Atomized droplet Hot gas

www  Alginat
o 3 o CaHPO o
- @ Feed A
.* N - = 4. ‘
NH,OH g = c‘ %, :;‘D“:‘
o els ‘/c .
e |\ 212
mucilag e\ - o
&

Probiotic microcapsule
Spray dried product

(a) (b)

Figure 4. Depictions of spray drying processes. (a) General spray-drying technique. (b) Preparation

of probiotics encapsulated in cross-linked alginate matrices incorporated with chia seed or flaxseed
mucilage via spray drying. Reproduced from [129] under the terms of the Creative Commons CC BY
4.0 license.

3.3. Freeze Drying

Freeze drying has been broadly accepted as a highly efficient drying approach to
retain probiotic cell activity, benefiting from moderate processing conditions. Freeze dry-
ing technology circumvents thermal damage to probiotics through direct sublimation of
moisture under low-temperature vacuum conditions, thereby enhancing bacterial survival
rates [130]. Microcapsules fabricated using this technology have a loose, porous architec-
ture showing excellent rehydration properties, allowing for the quick release of probiotics
in the intestinal environment [131]. Screening and optimizing protectants are crucial for
preserving probiotic cells during the freeze-drying process. Wang et al. [132] systematically
investigated the effects of adding trehalose on L. plantarum LIP-1 during freeze drying.
The protective effect observed was largely ascribed to the activation of metabolic path-
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ways involving L-glutamic acid and cysteine during trehalose metabolism. Trehalose also
decreased the degree of membrane damage during the desiccation phase by controlling
the cysteine metabolic pathway, which raised the intracellular glutathione concentration
and improved antioxidant levels. However, the long drying cycle and high energy con-
sumption of freeze-drying technology limit its industrial application. To overcome these
limitations, Acosta-Piantini et al. [133] developed an innovative flash freeze drying (FFD)
technology. They microencapsulated L. acidophilus LA5 cells with calcium alginate and
chitosan and evaluated under three FFD temperature conditions. The total drying time
was reduced from 2880 min using conventional freeze drying technology to 900 min, a
decrease of 68.75%, while improving the survival rate of the microencapsulated L. aci-
dophilus LA5. Comparing freeze drying with spray drying also provides valuable guidance
for selecting an appropriate drying process. Fu et al. [134] found that L.rhamnosus GG’s
survival rate after spray—freeze drying decreased by 17.48%, compared to spray drying.
This was attributed to ice crystal formation in the freezing stage, which potentially induced
mechanical damage in cell membranes, thus limiting large-scale industrial applications of
this technology [135,136]. Traditional spray drying causes a significant decline in survival
rate due to high-temperature thermal stress. However, freeze drying requires high energy
consumption, long production cycles, and significant capital investment in equipment.

3.4. Electrospraying

Electrospraying technology is based on electrohydrodynamic principles, in which
charged droplets are atomized under a high-voltage electric field and then dried to form
microcapsules [137]. Due to its mild processing conditions, controllable particle distribution
and size, and high encapsulation efficiency, electrospray technology has attracted extensive
research interest for the delivery of probiotics [138]. To further investigate the potential
application of electrospraying for probiotic encapsulation, Laina et al. [139] used inulin
and whey protein isolates as composite matrices to encapsulate L. rhamnosus LGG via elec-
trospraying and compared the electrospraying method’s efficiency with that of traditional
freeze-drying techniques. Their results showed that the encapsulation efficiency of the
electrospraying group was slightly lower than that of the freeze-drying group. However,
the electrospraying treatment yielded a 93% survival rate for Lactobacillus rhamnosus LGG in
harsh gastric environments, resulting in higher tolerance to gastric stress. Additionally, Na-
mazifar et al. [140] established a pH-responsive encapsulation route targeting L. plantarum
(ATCC 8014) using a peristaltic pump-assisted electrospraying approach. Two food-grade
hydrogel matrices were adopted: a binary alginate-starch system and a novel ternary
alginate-pectin-starch system. Both encapsulation systems significantly enhanced the pro-
biotic’s survival rate after 2 h in simulated gastric fluid at pH 2. Ma et al. [141] used an
electrospraying method to co-encapsulate the probiotic L. plantarum KLDS 1.0328 (LP KLDS
1.0328) and epigallocatechin gallate using whey protein concentrate as the base material.
Their results demonstrated that the viable count of LP KLDS 1.0328 encapsulated in whey
protein concentrate microcapsules remained stable at 6.82 log CFU/g following 28 days
of storage at 4 °C, reflecting the strain’s enhanced storage stability. In comparison, the
viable cell counts in free-floating cells decreased by 3.88 log CFU/g during the same period.
However, the survival rate of encapsulated LP KLDS 1.0328 was lower than that of cells
in the biopolymer solution. This phenomenon may be attributed to damage to probiotic
cells caused by high pressure and osmotic stress during electrospraying. The spray drying
techniques for probiotic encapsulation are summarized in Figure 5.
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Figure 5. Depictions of electrospraying processes. (a)Co-axial electrospraying technique. Reproduced
from [142] under the terms of the Creative Commons CC BY 4.0 license. (b) Encapsulation of B.
animalis subsp. lactis using electrospraying and results of the study. Reproduced from [143] under the
terms of the Creative Commons CC BY-NC-ND license.

3.5. Electrospinning

Electrospinning technology utilizes a high-voltage electric field to draw polymer solu-
tions into nanoscale fibers, forming three-dimensional porous scaffolds with high specific
surface areas enabling the physical encapsulation and protection of probiotics [144]. Unlike
microcapsules fabricated via electrospraying, electrospun fiber membranes have inherent
porous structures and fiber microstructure which can be regulated. The enhancing effect
of electrospinning on probiotics’ gastrointestinal tolerance have been verified through
experimental studies [145,146]. Nawaz et al. [147] used a composite of polyvinyl alcohol,
carboxymethyl cellulose, and sodium alginate as the matrix to encapsulate L. rhamnosus GG
(ATCC 53103) via uniaxial electrospinning, reaching an encapsulation efficiency of 82.06%.
SEM confirmed that the probiotics were effectively embedded within the fibers, and the
nanofibers’ continuous, defect-free structure provided a physical barrier for the probiotic
cells. In this formulation, the blend’s spinnability depended on polyvinyl alcohol, as only
the formulation containing 50% PVA (R5) yielded electrospun nanofibers, whereas lower
PVA ratios (R1-R4) were unspinnable. However, electrospinning is affected by factors
including the voltage magnitude and polymer solution properties, in which can influence
the survival of probiotics [148]. To address these disadvantages, coaxial electrospinning
has been used to construct core—shell structures. Tan et al. [149] developed polyvinyl
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alcohol-fucoidan@ethyl cellulose (PYOH-FUC@EC) core-shell electrospun nanofibers via
coaxial electrospinning to co-encapsulate L. plantarum 69-2 (LP69-2) and dihydromyricetin.
Ultimately, embedding LP69-2 within PVOH-FUC@EC core-shell nanofibers significantly
enhanced its survival rate during simulated gastrointestinal digestion. In this coaxial elec-
trospinning system, ethyl cellulose served as the shell matrix, while the core was composed
of polyvinyl alcohol into which fucoidan was introduced. Polyvinyl alcohol/fucoidan
blend nanofibers have also been fabricated via electrospinning to co-encapsulate probiotics
and polyphenols, which could elevate probiotics” survival rates and boost antioxidant
performance. However, it remains unclear how different polyphenol concentrations affect
the viability of probiotics [150]. In summary, electrospinning can enhance the encapsulation
rate and survival efficiency of probiotics, demonstrating promising application prospects.
The spray drying techniques for probiotic encapsulation are summarized in Figure 6.
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Figure 6. Depictions of eletrospining processes. (a) Single-needle electrospinning. (b) Jet evolution
and force analysis during electrospinning. Reproduced from [151] under the terms of the Creative

Commons CC BY 4.0 license. (c) Coaxial electrospinning. Reproduced from [152] under the terms of
the Creative Commons CC BY 4.0 license.

3.6. Layer-by-Layer Assembly

Layer-by-layer (LBL) assembly encapsulation draws on electrostatic interactions be-
tween polymer materials with opposite charges on the substrate surface to gradually
deposit polymers and form a multilayered structure [153,154].Layer-by-layer assembly
enables probiotics to resist harsh processing conditions and unfavorable gastrointestinal
conditions. Li et al. [155] used this technology to encapsulate L. plantarum 90, thus achieving
a survival rate of over 60% under harsh acid, bile salts, and simulated gastrointestinal
conditions. Liu et al. [156] used the anti-solvent method and electrostatic layer-by-layer

7

assembly to co-encapsulate polyphenols and probiotics, thereby improving the probiotics
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antioxidant activity and storage stability. Furthermore, the number of encapsulation lay-
ers significantly influences probiotic stability. After 4 weeks of refrigeration, probiotics
encapsulated in four layers retained a viable cell concentration of 10.72 log CFU /g, which
exceeded the 8.23 log CFU/g of free probiotics. Qian et al. [157] created an effective surface
coating technique using tannic acid (TA) -Mg?* complexes and casein phosphopeptide
complexes to preserve probiotics and further enhance the effectiveness of layer-by-layer
assembly. After being exposed to simulated digestive fluids, the encapsulated Saccharomyces
boulardii (CNCM I-745) demonstrated good antioxidant performance, acceptable stability,
and sustained viable cell count. Similarly, Wang et al. [158] used inulin and tannic acid /Ca?*
metal-phenolic networks (MPNs) as wall materials to enclose the anaerobic Bifidobacterium
lactis through layer-by-layer assembly. This strategy strengthened the probiotics’ resistance
against harsh gastrointestinal environments and improved their intestinal colonization
capacity. The fabricated three-dimensional gel shell shielded encapsulated MPNs from
degradation by gastric juice, boosting the tolerance of B. lactis to gastric acid and bile salts
and raising the survival rate of the probiotics. In summary, as a preparation technique
characterized by simple operation and mild conditions, layer-by-layer self-assembly can
effectively overcome the poor inherent stability of single-layer wall systems by sequentially
embedding various wall components [159]. The spray drying techniques for probiotic
encapsulation are summarized in Figure 7.
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Figure 7. (a) Diagram of the LBL deposition process. Reproduced from [160] under the terms of
the Creative Commons CC BY 4.0 license. (b) LBL film formation with polyethyleneimine-grafted
chitosan and polyacrylic acid. Reproduced from [161] under the terms of the Creative Commons CC
BY 4.0 license.

3.7. Others

In recent years, growing interest in polysaccharide encapsulation technology for pro-
biotics has boosted research in this field. Emulsification is a fabrication technique in which
immiscible liquid phases are stabilized via a cross-linking agent to form an emulsion,
following which the dispersed droplets are solidified. Subsequent to elimination of the
oil phase and surfactants, stable microgel particles are obtained [63]. Peng et al. [162]
utilized sodium alginate and soy protein isolate as wall materials to encapsulate L. paracasei
ProSci-92 via the endogenous emulsification method. Under the optimized conditions of
sodium alginate concentration at 20 mL/L, the encapsulation efficiency of the endogenous
emulsification method reached 92.17%, which was higher than that of the extrusion method.
Three-dimensional bioprinting technology employs bioinks comprising polysaccharide-
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based hydrogel matrices, bioactive agents, and other functional molecules as printing
materials to fabricates precise 3D structures via layer-by-layer deposition [163]. Four pro-
biotic strains (Bifidobacterium bifidum, Bacteroides fragilis, L. rhamnosus, and Streptococcus
thermophilus) were co-encapsulated in alginate hydrogel filaments to create structured
cocultures with multiple strains through a novel continuous chaotic bioprinting technique
developed by Flores-Loera et al. [164]. This system was characterized by better probi-
otic viability than its monoculture equivalents, according to the reported experimental
results. Effective cell counts were higher than 107 CFU for at least six weeks under both
ambient and refrigerated storage conditions when compared to unencapsulated probiotics.
Microfluidic technology has also emerged as a promising strategy for the fabrication of
polysaccharide-based microgels. When two immiscible fluid phases are introduced into
microscale channels, uniform and stable droplets, particles, and hydrogel microspheres
can be produced under precisely controlled shear forces [165]. Yazdani et al. [166] em-
ployed a microfluidic platform integrated with an aqueous two-phase system to engineer
liquid-core hydrogel-shell microcapsules, enabling colon-targeted delivery of Escherichia
coli Nissle 1917. The survival rate of probiotics during simulated gastrointestinal transit in
the chitosan-coated formulation was 89%, while that associated with the Eudragit-chitosan-
coated formulation was 95.2%. In this multilayer system, the hydrogel shell consisted of
dextran and alginate. Chitosan was deposited as a polyelectrolyte layer, and Eudragit S100
formed an outer nanoparticle coating for enteric protection. In conclusion, many methods
have been developed to encapsulate probiotics, and these approaches vary in their abilities
to maintain cell viability, control particle uniformity, and accomplish targeted delivery. A
comparative summary of biopolymer encapsulation, encapsulated probiotics, techniques,
and improvements is provided in Table 3.

Table 3. Comparative summary of biopolymer encapsulation, encapsulated probiotics, encapsulation
techniques, and improvements or advantages.

. Encapsulated Encapsulation Encapsulation
Biopolymers Probiotics Technologies Efficiency (%) Improvements/Advantages Ref.
Lactobacillus
. . . . Remarkably enhanced
Sodlurp alginate, aczdg;? hillus LA_SSZ’ Extrusion 93.60 + 1.21 tolerance towards bile [118]
chitosan Bifidobacterium

longum BL-101

salts and gastric fluid

Sodium alginate,
wheat starch

Compact, highly
Lacticaseibacillus ordered network
rhamnosus, Bacillus Extrusion 96.7 matrices with [119]
clausii homogeneous phase
dispersion

Achieved 94.16%

Alginate, jujube Lacticaseibacillus encapsulation efficiency
mucilage, whey Extrusion 94.16 = 7.72 and 69.14% probiotic [120]
protein isolate rhamnosus viability after 15 min
thermal treatment
Poly (methyl
acrylate-co-methyl
methacrylic s, Bfdobucterim encapaulaton efficency
Eudraguar biotic), long;tzrg izt)ram Spray drying 97.1+3.3 alongside a 90% [103]
inulin, sodium production yield
alginate,
maltodextrin
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Table 3. Cont.
. Encapsulated Encapsulation Encapsulation
Biopolymers Probiotics Technologies Efficiency (%) Improvements/Advantages Ref.
. L Increased the survival
Whieyl};:otem Lf;;;isjézgcélgs Spray drying NR rate of probiotics from [126]
soates 43.23% to 65.16%
Lactiplantibacillus Alleviated cell
Trehalose lan’Zarum LIP-1 Freeze drying NR membrane impairment [132]
P during drying treatment
. . . Reduced the total drying
Calcziioz{;g;nate’ ac%gstizl;?:;l%ZS Flash freeze drying NR time from 2880 min to [133]
P 900 min by 68.75%
Inulin, whe Lacticaseibacillus Achieved a survival rate
o teinl isolai,e hamnosis GG Electrospraying 82.67 +1.31 as high as 93% under [139]
P harsh gastric conditions
. L Elevated the viability of
. Lactiplantibacillus . .
Alginate, starch, . 69.93 (AS) probiotics following 2 h
pectin plantarum (ATCC Electrospraying 72.58 (APS) of exposure to pH 2.0 [140]
8014) - - .
simulated gastric fluid
Maintained stable viable
Probiotic counts at 6.82 log
. Lactiplantibacillus . CFU/g throughout
Whey protein plantarum KLDS Electrospraying NR 28 days of preservation [141]
1.0328 at refrigeration
temperature (4 °C)
l:?)gi‘srr;y;f lic:izl' Lacticaseibacillus Achieved an
carbox mgeth l, rhamnosus GG Electrospinning 82.06 encapsulation efficiency [147]
Ceuzlose y (ATCC 53103) of 82.06%
Exhibited significantly
improved antioxidant
capacity and retained
Polyvinyl alcohol,  Lactiplantibacillus o over 80% survival
ethyl cellulose plantarum 69-2 Electrospinning NR following continuous [149]
simulated
gastrointestinal
digestion
Maintained over 60%
Inulin. whe encapsulated strain
o tein, isolai’e survival under harsh
protein | Lactiplantibacillus Layer-by-layer acidic conditions, bile
fibrils, NR . [155]
carrageenan, plantarum 90 assembly salt env'lronments, and
hyaluronic acid S}mula.ted
gastrointestinal tract
conditions
Bifidobacterium
Zein. curcumin longum CCFM1206, Maintained 10.72 log
slo dium / Pediococcus Laver-by-laver CFU/g after 4 weeks of
carboxvmethvl acidilactici };ssen'}l]bl Y NR refrigeration, far [156]
celh}Ilose Y CCFM6432, y exceeding free cells
Lactobacillus gasseri (8.2310og CFU/g)
CCFM1346
Exhibited favorable
Lyophilized stability, high cell
: s 2+ yop y, hig
Tannic acid Mg Saccharomyces Layer-by-layer viability, and prominent
and casein . NR L7 .. [157]
hosoh tid boulardii (code assembly antioxidant activity
phosphopeptide CNCM 1-745) under simulated gastric

and intestinal fluids
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Table 3. Cont.
. Encapsulated Encapsulation Encapsulation
Biopolymers Probiotics Technologies Efficiency (%) Improvements/Advantages Ref.
Inulin and tannic Reaiﬂfiﬁgi}iﬁxgglhw
: 2+ y ; by
acid/Ca . Bzﬁdobac?ertum Layer-by-layer NR Bifidobacterium lactis [158]
metal-phenolic lactis assembly . .
strains after bile salt
networks
treatment
Sodium alginate Lacticaseibacillus Reached an
and soy protein . . Emulsification 92.17 encapsulation efficiency [162]
isolate paracasei ProSci-92 of 92.179%
Bifidobacterium Exceeded 107 CFU
bifidum, Bacteroides viable bacterial counts,
fragilis, persisting for at least six
Alginate Lacticaseibacillus 3D bioprinting NR weeks under both [164]
rhamnosus, and room-temperature and
Streptococcus refrigerated storage
thermophilus conditions
Achieved a viable
bacterial survival rate
Dextran, alginate, Escherichia coli 95.2% during simulated
Ca-EDTA, chitosan, Microfluidics 941+ 0.9 gastrointestinal transit [166]

Eudragit S100 Nissle 1917 for the Eudragit-
chitosan-coated

formulation

4. Applications in Dairy Products
4.1. Cheese

Cheese is a dairy product composed mainly of casein, milk fat, and other components
from milk, with added yeast, salt, dyes, and other additives as permitted by regulations. Its
production process mainly consists of the following three steps: acidification, coagulation,
and dehydration [167]. Adding probiotics to processed cheese not only gives the product
unique functional characteristics but also enhance its health benefits [168]. Cheeses’ low
acidity, high pH, strong buffering capacity, and firm texture might offer effective probiotic
protection during storage and gastrointestinal transit, allowing it to be adapted for probiotic
encapsulation [169]. However, the dense structure of cheese may also limit the release of
encapsulated probiotics [170]. Saeed et al. [171] compared L. acidophilus and Lacticaseibacillus
casei encapsulated in sodium alginate-carrageenan microspheres with free cells. This
encapsulation system effectively improved probiotics” storage period of and mimicked
gastrointestinal activity. After adding the microspheres into cheese, the cheese’s ash
and protein contents and acidity improved, providing good sensory characteristics and
improving its nutritional quality, to a certain extent. The addition of sodium alginate—
chitosan microcapsules containing L. acidophilus La-05 to goat Ricotta cheese also improved
its texture by reducing gumminess and adhesiveness. In addition, the encapsulated matrix
in the microcapsule can limit the release of excessive organic acids and volatile fatty acids
produced through probiotic metabolism, thereby improving the cheese’s overall flavor
profile [172]. When using polysaccharide wall materials to encapsulate probiotics for
cheese production, it is necessary to consider whether the inherent flavor of these materials
affects the finished cheese’s sensory characteristics of. For example, chitosan and cupuacu
powder, which have a slightly bitter and fibrous texture, can mask the natural dairy aroma
of the cheese itself when added excessively [173]. When selecting different polysaccharide
materials, it is therefore necessary to consider their applicability to various types of cheese,
as well as addition ratios, and other factors.
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4.2. Yogurt

Yogurt is a dairy product fermented from milk using strains such as Streptococcus
thermophilus and Lactobacillus delbrueckii subsp. Bulgaricus. It has a unique sour taste [174].
The incorporation of probiotics into yogurt can effectively suppress the proliferation of
pathogenic bacteria and regulate the microbiota in the intestinal tract, thereby promoting
digestion and absorption and enhancing the body’s immunity [175]. Yogurt’s low pH and
high moisture content pose challenges for ensuring the viability of probiotics, requiring en-
capsulation systems with sufficient acid resistance to maintain structural integrity [176,177].
Encapsulation is an effective method for improving probiotic viability. Kakili et al. [178]
chose alginate and carboxymethyl cellulose as composite wall materials. The probiotic
strain Limosilactobacillus fermentum, obtained from Malagheh yogurt, was encapsulated
through extrusion and added to yogurt. The encapsulated probiotic cells had significantly
greater viability than free cells (p < 0.05). Selecting suitable wall materials for probiotic
encapsulation can effectively ensure the probiotics’ viability and improve the quality of
yogurt. Milk with microcapsules of alginate—inulin containing L. fermentum 4-17 for yogurt
manufacturing was developed by Ebrahimi et al. [179], which can improve product consis-
tency, water-binding ability, and gel structure stability. The addition of inulin at 1.0% and
1.5% enhanced encapsulation efficiency and improved probiotic survival to over 75%. In
recent years, innovations have been introduced based on traditional probiotic encapsulation
technology. For instance, L. plantarum Y42 has been encapsulated with sodium-alginate
and chitosan, and microcapsules were further incubated to form biofilm microcapsules.
The bacteria formed a biofilm structure by constructing a biofilm-microcapsule compos-
ite system, which significantly improved the strain’s tolerance to adverse environments
and improved the quality and nutritional value of the product (p < 0.05) [180]. However,
actual production still faces numerous challenges. When added in excess, high-viscosity
polysaccharides such as chitosan and sodium alginate can cause aberrant gelation. They
can also make yogurt excessively viscous, leading to problems like whey separation [175].
Therefore, when selecting polysaccharide materials, factors such as addition ratio and
application should be considered [181].

4.3. Ice Cream

Ice cream is a frozen dairy product with a creamy, semi-solid consistency. It can be used
to deliver probiotics as its pH level and total solids create the perfect conditions for bacterial
viability [182]. Probiotic strains added to ice cream can improve intestinal digestion and
nutrient absorption, preventing the growth of some harmful bacteria and enhancing host
immune responses [168]. Given that probiotics are susceptible to a variety of unfavorable
conditions, maintaining their survival rate is of utmost importance [183]. Encapsulation
technology plays a crucial role in enhancing probiotic viability. Ice crystal formation and
solute concentration buildup during ice-cream processing can induce mechanical and
osmotic damage to probiotics [184]. To demonstrate that a microcapsule system may suc-
cessfully lower bacterial loss, Farias et al. [185] encapsulated L. rhamnosus and L. casei using
a calcium alginate—chitosan extrusion technique and added them to yellow myrtle berry
ice cream. There has been increasing interest in the use of polysaccharide microcapsules to
improve the physicochemical properties of food products. Using a combination of 0.6%
(w/w) ora-pro-nobis mucilage and 0.9% (w/w) sodium alginate, de Morais et al. [182] created
microcapsules containing L. acidophilus ATCC 4356 via ionic gelation. The beads were
coated with either 5.25% (w/w) whey protein concentrate or 1.2% (w/w) chitosan before
being added to ice cream. The encapsulated probiotic was found to greatly improve storage
stability, with chitosan-coated microparticles showing the highest encapsulation efficiency
(98.28%). It also positively influenced the final product’s viscosity and melting behavior,
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without impacting overrun, firmness, pH, or titratable acidity. Microcapsules made with
guar or xanthan gum also have better cohesion, uniformity, and structural stability. They
allow for more even distribution throughout the frozen dessert matrix and strengthen
molecular associations. Consequently, the finished product’s textural and organoleptic
characteristics of were notably improved [186]. The selection of appropriate wall materials
is key to controlling the quality of ice cream. In practice, the polysaccharide concentrations
should be carefully controlled, as excessive polysaccharides will significantly increase
the mixture’s viscosity. Moreover, excess polysaccharide molecules form dense colloidal
networks that prevent air incorporation and reduce overrun during freezing, while also
causing a hard, granular texture and a sticky and rough mouthfeel [184].

4.4. Non-Fermented Dairy Beverages

Consumer demand for highly nutritious, functional health beverages continues to
grow, driving major changes in the global beverage market. Probiotics, bioactive com-
pounds, and other additives have been added to beverages as a result of this trend. Main-
taining these components’ stability and bioactivity throughout production, refigeration, and
passage through the human digestive tract remains a significant industrial challenge [187].
A composite emulsion was created using pectin and whey protein isolate to encapsulate
Bifidobacteria in a dairy beverage system. This carrier formed a gel network that allowed for
targeted delivery to the colon (p < 0.05) and effectively protected Bifidobacteria throughout
simulated gastrointestinal transit [188]. In addition to emulsions, microencapsulation is
one of the most widely employed strategies for protecting probiotics and enabling targeted
delivery. Athayde et al. [189] used extrusion-emulsion to create chitosan—-sodium alginate
capsules containing L. rhamnosus GG, which they then added to ultra-high-temperature
(UHT) dairy products. The extrusion and emulsification techniques achieved high encap-
sulation efficiencies of 86.01% and 74.43%, respectively, and the encapsulated probiotics
maintained high survival rates (>89%) in UHT and powdered milk during storage. Without
significantly altering the final product’s color, flavor, or texture, the encapsulated probiotics
demonstrated enhanced viability, thermostability, gastric acid resistance, and salt tolerance.
In contrast, spray drying and extrusion result in microcapsules with comparatively large
particle sizes. These particles are visible in dairy products and cause undesirable sensory
defects such as uneven texture distribution and gritty mouthfeel. As promising candi-
dates for integration into various food matrices, nanocapsules have garnered considerable
attention [190].

4.5. Others

Dairy products are excellent carriers for probiotic encapsulation because they are
widely consumed and well-liked by consumers. Besides yogurt and cheese, several studies
have applied polysaccharide-based encapsulation to other dairy substrates, such as butter
and condensed milk [191]. Butter, cream, and sweetened condensed milk are examples
of milk-fat-based products that have high fat contents and are primarily characterized
by their milk fat fraction. While probiotic survival is hampered by high fat content and
low water activity during production, storage, and gastrointestinal transit, polysaccharide
encapsulation offers a viable approach to overcoming these challenges [192]. To encapsulate
L. acidophilus and B. animalis ssp. lactis, Kaushik et al. [193] used whey protein hydrolysate—
maltodextrin. Encapsulation enhanced probiotic viability and survival in butter during
storage under both frozen and refrigerated conditions. Silva et al. [194] investigated how
encapsulation affected butter quality. The researchers used extrusion-assisted ionotropic
gelation to encapsulate L. acidophilus in sodium alginate; the resulting microcapsules not
only retained higher probiotic viability in butter than free cells but were also characterized
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by enhanced hardness and functional properties. High osmotic pressure from sweetened
condensed milk reduces shelf stability and hinders probiotic survival. Probiotics that are en-
capsulated in casein—sodium hyaluronate before being added to condensed milk decreased
osmotic damage, extended shelf life, and altered microbial metabolism during fermentation.
The condensed milk matrix’s flavor profile and general quality were ultimately enhanced
by these protective effects [195]. For products such as butter or sweetened condensed
milk, various wall materials and encapsulation techniques can be customized to enhance

probiotic viability and product quality. The application of polysaccharide-based probiotics
in dairy products is summarized (Figure 8).
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Figure 8. Schematic diagram of polysaccharide-based probiotics applied in dairy products.

5. Conclusions and Perspectives

This review elaborated on the structural properties of polysaccharides and their perfor-
mance in encapsulating probiotics. In addition, we summarized major polysaccharide-based
strategies for probiotic encapsulation, as well as practical applications of polysaccharide-based
microencapsulation approaches for probiotics in dairy matrices. This review suggests that
applying probiotics encapsulated with polysaccharides may help in further developing
current encapsulation techniques and producing cutting-edge functional dairy products.
Encapsulation using polysaccharides has attracted increasing attention given its effective-
ness in maintaining probiotic viability during processing, storage, and gastrointestinal
transit. Polysaccharide wall materials have been found to enhance probiotic viability in
dairy matrices against environmental challenges including acidic conditions, high tem-
peratures, oxygen exposure, and mechanical shear. These encapsulation techniques may
contribute to improvements in gut microbiota modulation, antioxidant capacity, and an-
tibacterial activity, in addition to increasing cell viability. As such, they may be used to
expand the functional properties of probiotic dairy products. However, several bottlenecks
still need to be addressed when applying this technology in industrial production contexts.
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First, the inconsistent particle size of microcapsules and poor reproducibility in large-scale
production have not been resolved. Moreover, the complicated multi-layer encapsulation
process involves multi-step crosslinking reactions, which greatly increases production
cost and technical barriers. Second, the currently available polysaccharide wall materials
have certain shortcomings, including those relating yo their mechanical strength, oxy-
gen barrier properties, and targeted release characteristics. Realizing controlled probiotic
release in different segments of the gastrointestinal tract is a critical scientific challenge
that urgently needs to be addressed. Furthermore, adding encapsulated particles might
affect the texture and flavor of dairy products, and the odors or rough textures induced
by some polysaccharide wall materials can reduce the commercial competitiveness of the
end products. The reviewed encapsulation systems vary considerably in their suitability
for food applications. Wall materials such as alginate and pectin are food-grade polymers
with excellent safety and widespread utilization in commercial food products. In con-
trast, most systems based on synthetic polymers or non-conventional cross-linkers remain
confined to laboratory-scale investigations and have not yet been validated for food use,
for instance, glutaraldehyde—a common synthetic cross-linker used in laboratory-scale
studies, is known to be cytotoxic and, thus, unsuitable for food applications. As such, a
clear distinction should be made between formulations that are ready for food applications
and those that require further safety testing, including cytotoxicity and toxicological stud-
ies. To enable industrial-scale production, it will be important to develop automated and
continuous encapsulation platforms. Streamlining cross-linking procedures and optimizing
processing parameters could improve batch-to-batch consistency and reduce manufac-
turing costs, thereby boosting production efficiency and reproducibility. An intriguing
direction for next-generation probiotic delivery systems includes intelligent wall materials
that respond to environmental stimuli such as pH, digestive enzymes, and metabolites
produced by the gut microbiota. Compared to traditional encapsulation matrices, these
materials have enhanced targeting performance, allowing for site-specific probiotic release,
especially in the colon. Another challenge is maintaining favorable sensory properties
without sacrificing encapsulation efficiency. Future studies may modify the molecular
structure of wall materials alongside flavor-masking strategies to improve the taste and
overall acceptability of probiotic products while meeting consumers’ expectations for clean-
label formulations. From a regulatory perspective, establishing standard protocols for the
toxicological assessment and performance evaluation of encapsulation wall materials will
be crucial. Greater international regulatory standard harmonization can also be expected
to facilitate the approval and commercialization of novel encapsulation materials, laying
a solid foundation for industrial translation. Ultimately, future research should establish
quantitative models correlating alginate M /G ratios with hydrogel network architectures
and probiotic release kinetics, as the M/G ratios determine gel strength, swelling behavior,
and gastrointestinal release profiles. To facilitate evaluation, future studies should system-
atically report the experimental parameters used in encapsulation efficiency determination,
such as bacterial enumeration methods.
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