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R E V I E W

Encapsulated probiotics and nanoprobiotics—
Biocompatible materials, processing technologies,
and applications: A review
Abrar Hussain 1, Warisha Alvi 1, Hesham R. El-Seedi 2,3, and Syed Abid Ali 1∗

Probiotic efficacy is contingent upon delivering a sufficient number of viable cells to the site of action. However, industrial processing,
storage, and gastrointestinal stresses frequently diminish survival rates below the ∼106–107 CFU/g or mL typically required at the
time of consumption. This review aims to provide a comprehensive overview of probiotic encapsulation—particularly micro- and
nanoencapsulation—as a strategy to enhance viability and facilitate timely, site-specific release. We synthesized and analyzed existing
literature on key encapsulating materials, including natural polysaccharides and proteins such as alginate, chitosan, pectin, starch,
casein/whey, and selected synthetic pH-responsive polymers. We also examined major encapsulation techniques, including extrusion,
emulsification, spray-drying, freeze-drying, electrospinning, and coacervation, with a focus on release mechanisms and compatibility
with food matrices. Overall, encapsulation consistently improved resistance to acid, bile, oxygen, heat, and dehydration, often
resulting in reduced viability losses compared to free cells, enhanced storage stability, and expanded applications in functional foods
and novel biomedical delivery systems. Multilayer and nanoscale systems frequently provided additional protection and targeted
release in the intestinal and colonic regions. However, performance is still dependent on specific strains and matrices, and challenges
persist regarding process-induced damage, premature release, sensory and textural alterations, cost and scalability, and safety and
regulatory standardization, particularly for nano-enabled formats. In conclusion, encapsulated probiotics represent a promising
platform; however, future advancements should focus on the development of smart, stimuli-responsive materials, scalable automated
manufacturing processes, and functional validation that extends beyond viable cell counts.
Keywords: Probiotics, nanoprobiotics, encapsulation, nanoencapsulation, probiotication.

Introduction
The concept of probiotics emerged in the early 20th century as
researchers examined gut microbiota and its effects on human
health. Studies indicated that modifying gut flora with bene-
ficial bacteria can enhance the well-being of host organisms
and extend their lifespan. Subsequent investigations explored
the immunological mechanisms underlying this phenomenon,
proposing various pathways through which probiotics exert
their effects [1, 2]. In the 1960s, the term “probiotics” was
introduced to describe microorganisms capable of modulating
the immune system and supporting host health. Since then,
numerous independent researchers have investigated different
dimensions of probiotics. In 2002, the World Health Organiza-
tion (WHO) and the Food and Agriculture Organization (FAO)
defined these microorganisms. The health benefits, biotechno-
logical properties, and versatility of probiotics have attracted
significant research interest, leading to a proliferation of lit-
erature analyzing various aspects of these beneficial microbes.

In 2013, experts from the International Scientific Association
for Probiotics and Prebiotics (ISAPP) reached a consensus state-
ment to further explore the potential of probiotics. According
to the ISAPP, probiotics are “live microorganisms that, when
administered in adequate amounts, confer a health benefit to
the host” [3, 4].

When selecting probiotic strains, factors such as safety,
tolerance potential, aggregation properties, metabolite
production, and mucosal surface attachment are considered.
Lactic acid bacteria (LAB), including lactobacilli, Bifidobac-
terium, and enterococci, have been extensively characterized
for their probiotic potential. Currently, various groups of
microorganisms, including bacterial and fungal species, are
recognized for their probiotic capabilities [5, 6]. Probiotics have
vast applications across food, pharmaceutical, biotechnological,
and medical industries, primarily based on their abilities to
restore gut health, aggregate, tolerate adverse conditions,
and adhere to surfaces, among other biotechnological prop-
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erties. These diverse applications underscore the significant
socio-economic implications of probiotics on both national and
international scales, with the field experiencing an annual
growth rate of 8.3% [7–9]. Emerging areas of probiotic appli-
cation include disease treatment and roles in food protection
and biotechnology. While the potential impact of probiotics
on aging, mental health, stress, psychological disorders, and
cancer is acknowledged, empirical support remains limited.
Nevertheless, existing data provide promising insights into
the prevention and treatment of these conditions. The debate
regarding the classification of probiotics as medicinal agents
continues [10].

The effectiveness of probiotics largely depends on their
viability and survivability in the host or during their
application [11]. For probiotic viability and efficacy, it is rec-
ommended that concentrations be expressed as log10 CFU per
mL for liquid matrices (e.g., beverages and cultures) and log10
CFU per g for solid or semi-solid matrices (e.g., powders and
dairy products). According to FAO/WHO and EFSA guidelines,
a minimum viable count of approximately 106–107 CFU per g
or mL at the time of consumption is required to confer health
benefits. Therefore, maintaining viable populations within this
range after encapsulation, processing, and storage is crucial for
ensuring probiotic efficacy [12, 13].

The concentrations and viable counts of probiotics may
vary depending on the specific strains and the physiologi-
cal conditions of the host [14]. Unfortunately, various factors,
including acidity, temperature, pressure, enzymes, and other
compounds, can diminish probiotic concentrations both in the
host and during industrial processes, thereby limiting their
applicability across different disciplines [15]. These challenges
can be addressed through various techniques designed to pro-
tect probiotics in hostile environments and maintain their via-
bility. Encapsulation, which involves enclosing cells within a
protective material, is a widely employed technique. Among the
various encapsulation methods, nanoencapsulation has gained
attention due to its extensive applications [16].

Recently, the potential role of nanotechnology and encap-
sulation has been extensively explored in microbial science.
In the realm of probiotics, various encapsulation techniques
are utilized to safeguard the strains of interest and maximize
their benefits. While a substantial body of literature exists on
probiotic encapsulation, much of it focuses on specific applica-
tions. This article aims to provide a comprehensive overview
of probiotic encapsulation, emphasizing encapsulating materi-
als (EMs), their types and properties, the diverse techniques
employed, and their respective advantages and disadvantages.
Additionally, this article explores the mechanisms underlying
these methods and highlights their multidisciplinary applica-
tions across various fields.

Probiotics: Selection criteria, species, applications, and
limitations
The spectrum of probiotics is rapidly expanding. From strain
identification to probiotic validation, and from biotechnological
applications to disease treatment potential, continuous growth
is evident. The emergence of new strains, comprehensive

profiling of existing strains, and novel applications, including
personalized medicine and diet development, has resulted in a
burgeoning body of literature. For instance, over 5000 publi-
cations in the past decade have explored the medical aspects
of probiotics [10]. Desired technological properties in probi-
otic strains include robust growth, stability, favorable sensory
characteristics, extended shelf life, resilience under stress, and
minimal impact on food texture [17–19]. These properties can
be enhanced through advanced technologies such as genetic
engineering, which improves efficiency, efficacy, and tolerance,
while also enabling targeted applications [20, 21].

The selection and development of probiotics is a system-
atic process grounded in various criteria, including the intrin-
sic properties of safety, metabolite production, antimicrobial
potential, and viability [22, 23]. A thorough assessment of strain
virulence, resistome profiling, toxicity, and survivability is also
considered during selection [24, 25]. It is important to note that
probiotics are strain-dependent, meaning there is no universal
criterion applicable to an entire genus or species. Moreover, not
all properties are required in every strain; the relevance of these
characteristics depends on the specific type and application of
the probiotic, with greater diversity in properties enhancing
potential applications [4, 26].

The aforementioned criteria are essential when select-
ing probiotic strains. In the search for candidate strains,
researchers have focused significantly on LAB, known for their
ability to produce lactic acid and exhibit intrinsic safety [5].
Among LAB, Lactobacilli, Bifidobacterium, and Enterococcus have
garnered particular attention. Most LAB species are classified
as Generally Recognized as Safe (GRAS) or Qualified Presump-
tions of Safety (QPS), with the exception of the genus Ente-
rococcus, which, while not included in either category, is still
utilized as a probiotic [6, 27]. In addition to LAB, other species
have been identified as potential probiotics, and the concept
of next-generation probiotics has emerged, aiming to uncover
the probiotic potential of less-explored species [28]. Strains
such as Enterococcus faecium, Enterococcus faecalis, Akkermansia
muciniphila, Faecalibacterium prausnitzii, and Bacteroides frag-
ilis are currently being investigated for their probiotic poten-
tial, particularly in relation to specific health conditions and
diseases [29, 30].

The extensive applications of probiotics underscore
their significance from both national and international
socio-economic perspectives. Emerging areas of probiotic
application include disease treatment, food protection, and
contributions to biotechnological industries [31, 32]. Given
their probiotic potential, these microorganisms are being
targeted for various disease treatments and physiological
processes, including aging, mental health, cancer, behavioral
issues, and neurological disorders, with many strains identified
for these purposes [10]. Most probiotic-based food products
fall under the category of functional foods, accounting for
approximately 60%–70% of the total functional food market.
The practice of probiotication (the addition of probiotics to food
products) is rapidly growing due to its benefits in protection and
shelf-life enhancement [33, 34]. Data indicate that the global
probiotic market is expanding at an annual growth rate of
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8.3%, with a value of $61.1 billion in 2021, projected to reach
$91.1 billion by 2026 [8, 9, 33]. The probiotic market is influ-
enced by geographic and product-specific factors [35].

Probiotics with multifactorial spectra encompass various
aspects of health, biotechnology, and other industrial domains.
However, several limitations must be addressed to fully har-
ness their benefits [26]. The intrinsic properties of probiotic
strains are critical for establishing their genomic-level safety.
Viability and adherence at the site of action are essential criteria
for probiotics [26]. Unfortunately, factors such as the pres-
ence of acids and bases, metabolite production, antipathogenic
substance secretion by other microorganisms, and various
chemical substances within the host’s body adversely affect the
viability and survivability of probiotics. Similarly, in biotech-
nological and industrial contexts, factors including pressure,
temperature, heat, humidity, and associated processes can com-
promise their survivability [36, 37]. Therefore, protecting pro-
biotics from hostile conditions in both the host and industrial
environments is imperative. Encapsulation technology pro-
vides a solution by creating a protective barrier around probi-
otics using natural or artificial materials, which shields them
from harsh conditions such as acidity, heat, and oxygen. This
protection not only extends the shelf life of probiotics but also
enhances their efficacy in functional foods and facilitates their
application across diverse industries [38, 39].

Synergism of probiotics and nanotechnology: A
nanobiotechnological approach
Probiotics significantly impact various facets of life; however,
their effectiveness is often limited by inactivation and reduced
survivability in harsh gastrointestinal tract (GIT) conditions.
This limitation adversely affects their industrial applications.
The rise of nanoscience, including nanoparticles, nanocom-
posites, and nanohybrids, has garnered attention due to their
targeted delivery capabilities, efficient properties, large sur-
face area, and enhanced functionalities [40, 41]. Consequently,
integrating nanoscience with probiotics not only addresses
existing limitations but also enhances their functionalities
concerning survivability, viability, protection, targeted deliv-
ery, and overall effectiveness. For instance, the development
of probiotic nanofibers has been shown to improve surviv-
ability in hostile gut environments [42]. Nanotechnology’s
applications in probiotics are being explored through a field
known as nanobiotechnology, which focuses on enhancing
probiotic functions, viability, and storage stability [43]. Par-
ticular emphasis is placed on the targeted release of probi-
otics, with nanobiotechnological approaches validating their
role in targeted delivery systems with improved efficacy.
Additionally, the use of nanocarriers and nano-EMs enhances
the viability, survivability, storage duration, and transport of
probiotics [44, 45].

Regulating probiotics and ensuring consumer satisfaction
are critical aspects of probiotic industrial development. The
advancements in nanoscience and their applications in probi-
otics have attracted the attention of policymakers, regulatory
authorities, researchers, and industrial stakeholders to collab-
orate and explore the full potential of this integration. Based on

the integration of probiotics and nanotechnology, various food
products, including nutraceuticals, Medifoods, and fermented
items, are currently making significant contributions to diverse
industries [42]. As this integration emerges, ongoing research is
yielding substantial progress. For example, the development of
engineered nanoscale materials (ENMs) aims to enhance pro-
biotics’ adhesion, viability, delivery systems, preservation, and
targeted release [42, 45–47]. Among other promising applica-
tions, nanoprobiotics have gained attention for their potential
as efficient drug carriers in targeted delivery systems [46].

The probiotic delivery system (PDS)
The site-specific and timely release of probiotics is crucial
for their functional efficacy. Probiotics primarily exert their
effects upon reaching the intestine, regardless of the route of
administration. However, this journey is hindered by enzymes,
chemicals, and harsh gut conditions, which negatively impact
probiotic efficiency [48, 49]. In the intestine, mucosal cells pro-
vide a large surface area for probiotics to attach and perform
actions such as restoring gut dysbiosis, modulating the immune
system, and influencing mental health through the gut-brain
axis [26, 50]. Therefore, ensuring a safe journey to this site
of action is essential, and encapsulation plays a vital role in
protecting probiotics from these detrimental factors.

Currently, both conventional and non-conventional for-
mulations are employed to deliver probiotics to their site of
action. Technologies such as microencapsulation and nanoen-
capsulation are utilized to shield probiotics from harsh GIT
conditions while maintaining the required viable cell counts
(log 107 CFU/mL). The encapsulation process involves select-
ing suitable EMs and methods [51, 52]. Various properties are
considered during material selection and method application,
including biodegradability, biocompatibility, non-toxicity, tar-
get specificity, and economic feasibility [51]. The appropriate
selection of these materials can enhance probiotic applica-
tions. Encapsulated probiotics are currently utilized across
the food, biotechnology, and pharmaceutical industries, where
they offer greater survivability and protection for viable
cells [53, 54]. Other factors, such as the size of the encapsulated
probiotics, are also under consideration as these properties
affect the release process, intestinal adherence, and viability.
In this context, smaller-sized encapsulated cells, which pos-
sess a greater surface-to-volume ratio, demonstrate improved
intestinal adherence, enhanced viability, reduced stress, and
site-specific release potential [55–57].

Strategies to protect probiotics
The remarkable role of probiotics across various industries can
be compromised by factors such as enzymatic activity, temper-
ature fluctuations, storage conditions, and delivery methods,
ultimately diminishing their market potential and therapeu-
tic efficacy [33]. Factors affecting probiotics at different lev-
els are summarized in Figure 1. The viability of probiotics is
crucial for their effectiveness, with a requirement of more
than 106 CFU/g for probiotic actions [58–60]. Thus, develop-
ing cost-effective, efficient systems that bypass these obstacles
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Figure 1. Conceptual overview of the multidimensional factors influencing probiotic stability and viability at formulation, storage, and gastroin-
testinal levels. The framework clusters key determinants into six domains—intrinsic (microbial) traits, extrinsic/environmental stressors, processing
conditions, storage conditions, gastrointestinal stresses, and food-matrix/delivery-vehicle effects—highlighting their combined impact on survival during
manufacturing, shelf life, and passage through the gastrointestinal tract.

and maintain probiotic viability is essential. To effectively pro-
tect probiotics, several strategies have been employed, includ-
ing encapsulation, storage management, and dietary choices.
Encapsulation methods such as spray drying, freeze-drying,
and emulsification can shield probiotics from adverse condi-
tions, while proper storage management, including refrigera-
tion and avoiding direct exposure to heat or acidity, can enhance
their shelf life. Additionally, incorporating prebiotic-rich foods,
avoiding antibiotics, and managing stress can also support pro-
biotic viability [61]. Emulsion, spray drying, and extrusion are
commonly utilized technologies at both analytical and scalable
levels. However, alternative technologies such as complex coac-
ervation and vibrational extrusion are also yielding promising
results in terms of efficiency, enhanced morphology, and func-
tional properties [34, 57].

Encapsulation: A promising strategy for probiotic protection
Encapsulation techniques are among the most recommended
and actively utilized methods for the protection of probi-
otics. Within the coating material—also referred to as the
carrier, membrane, or matrix—substances are classified as
active, filling, or internal materials. Probiotic encapsulation
can be performed using various methods, including emul-
sion, spray drying, extrusion, and electrospinning, which are
widely employed at both analytical and scalable levels [34, 57].

Encapsulation can manifest as a reservoir or microcapsule
(where active materials are enclosed), a coated matrix (where
active materials are coated with protective materials), or a
matrix (where active materials are dispersed within the carrier
materials) [56, 60].

This technique involves covering entire bacterial cells
with various materials that provide protection and enhance
their properties [60, 62]. The effectiveness of probiotics
can be improved by ensuring their targeted delivery to the
colon, a process that can be achieved through encapsulation
techniques [33, 58, 60]. Encapsulation safeguards probiotics
from various environmental, industrial, and host conditions.
Specifically, within the body, probiotics are released from
their encapsulated shell through mechanisms such as changes
in pH, temperature, solubility, rupture, biodegradation, and
diffusion [59, 62]. The advantages of encapsulation include
enhanced protection, contamination prevention, stability, and
improved survivability [62–64].

While encapsulation offers advanced properties over meth-
ods such as immobilization, it also presents certain limitations.
Challenges in probiotic encapsulation include maintaining cell
viability, integrity, the ability to withstand external pressures,
and ensuring no alteration of food properties [62, 63]. Addition-
ally, although encapsulation methods possess several advan-
tages, they also face limitations. For example, the application of
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Figure 2. Multi-criteria classification framework for probiotic encapsu-
lation systems. A given formulation can be specified by selecting options
across independent design axes, including encapsulation technique, carrier
material class, particle size range, release trigger, and intended application.

heat during spray drying may reduce probiotic viability, along
with issues related to cost and time. Similarly, freeze-drying
can result in ice crystal formation, potentially damaging probi-
otic cell membranes and reducing viability [33]. Encapsulation
technologies can be classified based on methods (physical or
chemical), materials (natural or synthetic), particle size (micro,
meso, and nano), release mechanisms (pH-responsive, enzyme-
responsive, etc.), and applications (food, animals, pharmaceuti-
cals, etc.). A comprehensive classification system for probiotic
encapsulation is summarized in Figure 2.

Nanoencapsulation and probiotics: Nanoprobiotics
Nanoencapsulation is a technique that involves enclosing a
substance within a nanoscale shell or matrix (1–1000 nm) to
protect it and regulate its release. This process enhances the
stability and delivery of active compounds, such as probiotics,
vitamins, antioxidants, and drugs, across various products,
including food, pharmaceuticals, and cosmetics. In the context
of probiotics, nanoencapsulation protects cells from environ-
mental stresses such as heat, oxygen, acidic pH, and bile salts,
thereby improving their survivability during processing, stor-
age, and gastrointestinal transit. Commonly used nanocarri-
ers for this purpose include liposomes, nanoemulsions, solid
lipid nanoparticles, polymeric nanoparticles, and nanofibers.
These nanostructures provide a high surface area-to-volume
ratio, facilitating more efficient encapsulation and controlled
release of probiotics at targeted sites, such as the intestine or
colon [42, 43].

The emergence of nanotechnology has opened new avenues
in probiotic research and application. The integration of

nanoscience with biotechnology, known as nanobiotechnology,
has led to the development of nanoprobiotics, wherein probi-
otics or their bioactive metabolites are encapsulated, protected,
or delivered using nanoscale materials. Nanoprobiotic formula-
tions aim to address traditional challenges in probiotic delivery,
including low viability during processing, reduced stability
during storage, and poor survival through gastrointestinal
transit. Various nanocarriers, including lipid-based nanoparti-
cles, polymeric nanoparticles, nanofibers, and nanoemulsions,
have been investigated to enhance probiotic encapsulation
efficiency, targeted delivery, and controlled release. These
nanosystems not only shield probiotic cells from environ-
mental and physiological stresses but also enable site-specific
delivery to the intestine, thereby improving colonization
and therapeutic efficacy. Furthermore, nanoscale encapsula-
tion of probiotic-derived postbiotics—such as bacteriocins,
exopolysaccharides, and enzymes—enhances their bioavail-
ability and functional performance in food and biomedical
applications. Despite their promise, nanoprobiotic approaches
face challenges related to safety assessment, large-scale produc-
tion, and regulatory approval. Nonetheless, emerging evidence
suggests that nanotechnology-driven strategies could revolu-
tionize the next generation of probiotic-based functional foods
and therapeutic formulations. The key properties of nanoprobi-
otics are summarized in Figure 3.

Microencapsulation: Advantages and disadvantages
Microencapsulation is a process in which small amounts
of active ingredients are tightly encased within a
micrometer-sized shell or capsule. This small size not only
protects the enclosed materials but also reduces their inter-
action with environmental factors [56, 59, 64]. Microencap-
sulation aids in sustaining probiotic viability under extreme
gastrointestinal conditions, as probiotics are sealed within
microcapsules. The release of probiotics from these capsules
depends on specific properties of the release sites [47, 58, 65].
The shape and size of a microcapsule are determined by the
material types used. Typically, the core contains liquid (with
probiotics), while the exterior comprises a robust and thin
membrane that protects the inner material and allows for
material exchange [64]. At target sites, the microcapsule-bound
cells are released due to changes in pH, pressure, and solvent
conditions [64].

This technology is employed to protect probiotics and main-
tain their viability during GIT, storage, processing, production,
and application [34, 35, 64]. Microencapsulated probiotics
generally exhibit greater survival under harsh conditions
compared to non-encapsulated cells; for instance, one study
reported a 3–4 log cycle reduction in encapsulated cell count vs
a 6–8 log cycle reduction in free cells [66]. The microencapsula-
tion of probiotics offers several advantages, including enhanced
survival, stability against adverse conditions, controlled
release, and versatile physicochemical properties [35, 59].
While its protective potential is promising, certain limitations
can hinder its broader application. These limitations range
from the selection of suitable EMs to challenges in controlling
onsite release within the gut. Additionally, the cost and
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Figure 3. Key attributes of nanoprobiotic formulations enabled by nanoscale carriers. The diagram summarizes how nanoencapsulation can improve
probiotic performance by enhancing stability and stress tolerance during processing/storage, increasing effective surface area to support bioavailability and
intestinal adhesion, and enabling controlled or targeted release, while preserving functional integrity and allowing multifunctional designs (e.g., synbiotic
co-formulations) compatible with food and biomedical applications.

complexity of the process present barriers to widespread
acceptance [52].

Scalability is a critical consideration in probiotic encap-
sulation that must be addressed during commercialization.
It remains a key factor influencing the practical application and
industrial adoption of encapsulation technologies. Similarly,
dose optimization and the risk of early release of encapsulated
cells pose additional challenges in probiotic encapsulation [67].
The major advantages and disadvantages of probiotic encapsu-
lation are summarized in Figure 4. Another approach to encap-
sulating probiotics involves the use of nanomaterials, known as
nanoencapsulation. This process provides protection for pro-
biotics during their journey within the body and can enhance
their storage and shelf life [63, 68, 69]. Advantages associated
with this approach include high viability, greater stability,
and controlled release; however, challenges such as cost, lim-
ited efficacy, potential toxicity, and complex formation also
exist [63, 70, 71].

Encapsulated methods and technologies
A variety of encapsulation techniques, numbering over a
dozen, are currently employed to protect probiotics under
gut conditions, during industrial processes, and throughout
storage. The choice of encapsulation technique is contingent
upon the specific application being studied. Generally, methods
that are non-destructive, cost-effective, biologically compati-
ble, and environmentally friendly are prioritized for probiotic

encapsulation. A brief overview of various probiotic encapsula-
tion methods is presented in Figure 5. While the range of encap-
sulation techniques is extensive and summarized in Table 1, this
section will briefly discuss the most common methods.

Electrospinning
Electrospinning is an encapsulation technique that utilizes a
polymer solution subjected to an electric field, resulting in
the formation of micro- or nanofibers. The application of the
electric field induces a contraction in the surface tension of
the polymer droplet, transforming it into a jet that elongates
and thins. Concurrently, the solvent evaporates, solidifying
and depositing the polymer onto a collector [15, 64]. This tech-
nique is advantageous due to its reduced reliance on solvents
and lower temperature requirements, making it widely appli-
cable in drug delivery, food processing, biotechnology, and
biomedicine [72]. Additional benefits include simplicity, versa-
tility, minimal thermal damage, and scalability [60].

Electrospinning is also utilized for probiotic encapsulation,
wherein probiotics are integrated into the fibers, allowing
them to remain viable for extended periods. The high surface-
to-volume ratio and rapid dissolution potential of the fibers
facilitate targeted release of the probiotics [64]. Several stud-
ies have employed electrospinning for probiotic encapsulation
with promising results. For instance, Wei et al. [73] encap-
sulated L. plantarum using synthetic polyvinyl alcohol (PVA)
and polyvinyl alcohol/silk fibroin (PVA/SF) nanofibers, observ-
ing greater viability compared to free cells after treatment
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Figure 4. Overview of the principal trade-offs associated with probiotic encapsulation. The schematic contrasts commonly reported benefits relevant
to maintaining viable cells through processing, storage, and gastrointestinal transit, with implementation constraints that influence translation to commercial
products, including cost and process complexity, material–matrix compatibility and sensory effects, and challenges in achieving reproducible dose and
release control during scale-up.

with gastric juice for 2 h. Another study encapsulated various
Lactobacillus strains using a blend of gum Arabic and pullulan
via electrospinning, demonstrating enhanced survivability and
high viability during four weeks of storage at 4 °C [74].

Electrospinning techniques can be categorized into five
types: blend electrospinning, coaxial electrospinning, melt
electrospinning, gas jet electrospinning, and emulsion
electrospinning [64]. However, blend and coaxial electrospin-
ning are primarily utilized for probiotic encapsulation.

Blend electrospinning
Blend electrospinning is a prevalent method in which probi-
otics are dispersed within a polymer solution. The incorpo-
ration of probiotics alters the viscosity and conductivity of
the dispersion. Studies utilizing scanning electron microscopy
have revealed variations in fiber morphology, indicating dif-
ferences in thickness between fibers containing probiotics and
those without. The morphology and hydrophobic properties of
the cells significantly influence fiber formation. Overall, this
method enhances probiotic stability during storage [64]. For
example, encapsulation of L. acidophilusB1075 via blend elec-
trospinning exhibited greater survivability compared to other
methods such as freeze-drying and spray-drying. The rapid
release characteristics of the blend encapsulation method are
particularly advantageous for drug delivery systems [64].

Coaxial electrospinning
Coaxial electrospinning is a widely utilized technique in bio-
logical applications that produces core-shell nanofibers when

the solution is extruded from a nozzle. In this process, active
cells, such as probiotics, are encapsulated within the core, while
the outer shell provides protection, thus preserving higher cell
viability and enhancing oxidative stability [64]. For instance,
Yang et al. [75] demonstrated that electrospun core-shell fibers
encapsulating fish oil extended shelf life by 65 days compared to
non-encapsulated oils. Similarly, L. paracasei was encapsulated
in starch-formate/glycerol fibers using coaxial electrospinning,
maintaining viability for 21 days when stored at 4 °C [76].

Emulsification
Emulsification involves the combination of two immiscible liq-
uids, such as oil and water, into a stable and uniform mixture
known as an emulsion, facilitated by hydrophilic and hydropho-
bic substances [77]. This method is employed to encapsulate
various bioactive substances and finds applications across food,
pharmaceutical, and cosmetic industries [78]. The two-phase
Pickering emulsion consists of a continuous phase (forming the
emulsion) and a discontinuous phase (containing the cells). This
advanced and highly compatible technique is particularly effec-
tive for encapsulating probiotics [79]. Initially, an emulsion is
formed by dispersing an aqueous alginate-probiotic mixture
into an oil phase. Subsequently, calcium chloride (CaCl2) is
added to induce ionic crosslinking of alginate, converting the
dispersed droplets into gelled microbeads. Finally, the oil phase
is removed to recover the encapsulated probiotic beads [60, 70].

Probiotic encapsulation via emulsification allows for the
production of uniformly sized cells (achieved by controlling
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Figure 5. Schematic overview of widely used probiotic encapsulation methods and their defining process principles. Techniques are grouped by
how the protective structure is formed—via droplet/bead generation and gelation (e.g., extrusion, ionic gelation), dehydration-based particle formation
(freeze-drying, spray-drying), interfacial structuring (emulsification, coacervation, layer-by-layer assembly, inclusion complexation), and electrically driven
fiber/particle fabrication (electrospinning, electro-spraying)—providing a common reference for selecting approaches based on practical constraints such
as gentleness, cost, and scalability.

agitation speed and water–oil ratios), a higher survival rate,
and large-scale industrial production [60]. Although widely
employed in the food industry, the emulsification method has
the limitation of necessitating additional materials, which may
be considered undesirable [60]. da Silva et al. (2023) recently
encapsulated L. acidophilus NRRL B-4495 and Lactiplantibacil-
lus plantarum NRRL B-4496 using alginate and gelatin-based
microparticles through emulsification. Their findings revealed
higher survivability for up to 120 days at both 5 °C and
25 °C [80]. However, while this method effectively preserves
probiotic viability during storage, the inclusion of non-food-
grade or excessive stabilizing agents may compromise the nat-
ural quality and consumer perception of the final product.

Freeze-drying or lyophilization
The freeze-drying method is predicated on the removal of
water content and moisture from frozen products under

vacuum conditions, utilizing the phenomenon of sublimation.
Freeze-drying has applications across various industries and
aids in maintaining the textural properties of substances [81].
Subjecting viable cells, such as probiotics, to low temperatures
can enhance their storage life and viability, making it a cru-
cial method for thermal-sensitive probiotics [35, 64, 70]. The
general mechanism of freeze-drying consists of three stages:
freezing, primary drying, and secondary drying. In the first
stage, materials are frozen at very low temperatures, fol-
lowed by water removal under vacuum in the second stage.
The secondary drying phase involves the removal of unfrozen
water [60, 64, 70].

Although this method is widely adopted across industries,
it does present certain disadvantages, including high costs,
extended processing times, ice crystal formation, and challeng-
ing water removal, which can negatively impact probiotic via-
bility and survivability [35, 56, 64]. This method is best suited
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for probiotics that are tolerant to low temperatures, necessitat-
ing a preliminary tolerance assessment to ensure the probiotics
can withstand low-temperature conditions [60]. Studies uti-
lizing freeze-drying for probiotic encapsulation have reported
higher viability, improved storage capacity, and extended
shelf life. For instance, a study encapsulating L. acidophilus
with a blend of pectin microparticles via freeze-drying found
enhanced probiotic viability for four months at 25 °C [82].
In another study, two probiotic strains, L. acidophilus and
L. casei, were encapsulated using whey protein isolates and
fructooligosaccharides as encapsulating agents, demonstrating
higher survivability and greater tolerance to gastric conditions
after one month of storage at 4 °C [83].

Spray drying
Spray drying is a technique that rapidly transforms a liq-
uid into a dry powder by atomizing it into fine droplets
and exposing these droplets to a hot drying medium, facil-
itating the instant evaporation of the solvent. The resul-
tant dry powder particles are subsequently separated from
the gas and collected [15, 60, 70]. This method offers sev-
eral advantages, including low cost, multifunctionality, con-
tinuous operation, easy accessibility, and improved storage
stability [56]. However, it also presents certain disadvantages,
such as thermal stress, dehydration, osmotic pressure, and
oxidative stress, which can inactivate probiotics and reduce
their viability [39, 57, 64]. To mitigate these challenges, various
strategies, such as the use of cryoprotectants and optimization
of inlet and outlet temperatures, are implemented. Incorporat-
ing protectants like starch and fiber can further enhance probi-
otic viability during storage [64]. Spray drying typically yields
microcapsules ranging from 10 to 150 μm in size, large enough
to encapsulate multiple probiotic cells within a single particle,
thereby improving their protection and stability [60, 70].

This method has been utilized to encapsulate the
L. acidophilusLa-05 strain, resulting in enhanced viability [64].
In a study by Behboudi-Jobbehdar et al. [84], the encapsulation
of L. acidophilus using maltodextrins achieved 84% survivabil-
ity. Additionally, microcapsulated E. canintestini S18A strain,
prepared with whey protein and maltodextrin via this method,
demonstrated effective viability [85].

Extrusion
Extrusion is a low-cost, vibrational-based technique that
requires minimal setup and effectively protects probiotics
under various technological conditions [70]. Since the mid-
1980s, extrusion has gained attention over the last two decades
due to its straightforward operation, minimal disruption,
and enhanced survivability [39, 57, 64]. Mechanistically, this
process involves extruding a probiotic-containing hydrocol-
loid mixture through a nozzle into a CaCl2 solution, where
ionic cross-linking occurs, forming gel-like microparticles that
encapsulate and immobilize the probiotic cells within a pro-
tective matrix [60]. A three-dimensional droplet structure is
generated when a hardening solution is employed [64]. The
controlled size of the droplets can be achieved by accurately
measuring viscosity, concentration, and the distance between

the solution and needles. Alginate-chitosan microspheres were
utilized to encapsulate L. gasseri and B. bifidum via the extru-
sion method, and the results demonstrated resistance against
simulated gastric juice and bile solutions, indicating enhanced
cellular protection during gastrointestinal transit [86]. How-
ever, these results primarily reflect cell viability rather than
functionality, as the study did not assess whether the encap-
sulated strains retained their functional probiotic characteris-
tics, such as adhesion, metabolite production, and antimicrobial
potential, following exposure.

Coacervation
Coacervation is a well-established and widely employed
encapsulation method in the chemical, food, cosmetics, and
pharmaceutical industries. This technique is characterized by
its versatility, simple operating system, cost-effectiveness, and
absence of organic solvents [87, 88]. It is utilized for encap-
sulating various volatile compounds, including probiotics.
The encapsulation of L. acidophilusLa-5 using a gelatin/arabic
gum coacervation method was conducted, and the results
were characterized using advanced instrumentation [87]. The
findings indicated high encapsulation efficiency and significant
protection for the probiotics under harsh conditions. This
encapsulation strategy improved probiotic viability at different
temperatures, with high viability observed at low temperatures
(120 days at –18 °C) and a decrease noted at higher temperatures
(45 days at room temperature) [87].

EMs and their properties
Viability and survivability are critical factors for probiotic func-
tion. Developing an encapsulation system that ensures resis-
tance to hostile GIT conditions while facilitating the controlled
release of viable probiotics at the target site is essential [33].
Research indicates that the selection of EMs is pivotal in this
regard. These materials primarily provide mechanical strength,
physical shielding, and chemical stability to the cells through-
out processing, storage, and digestion. They also influence pro-
biotic viability and release kinetics, which, in turn, affect the
preservation of intrinsic probiotic functionalities. Although
the encapsulation matrix does not alter the intrinsic biologi-
cal or metabolic properties of the probiotics, its composition
and structural characteristics are vital for maintaining cell
viability and ensuring that microorganisms retain their func-
tional probiotic attributes. Selecting the appropriate material
can enhance the survival and delivery of probiotics to the gut,
thereby boosting their effectiveness [56, 60, 93].

EMs are substances used to create a protective coating or
shell around the core probiotic material. EMs consist of shells,
walls, coatings, membranes, etc., and can be synthesized from
both natural and synthetic substances. These materials exhibit
numerous beneficial properties, including pliability, taste-
lessness, odorlessness, non-hygroscopicity, and film-forming
potential. Furthermore, they must form a barrier without
introducing any undesirable properties to the probiotics. The
protection and retention of probiotic survivability during stor-
age and transportation are also critical considerations in the
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Figure 6. Core performance criteria for probiotic encapsulating materials used as protective matrices or coatings. The schematic highlights material
attributes that collectively determine suitability for delivery applications, including capacity for controlled release, biodegradability under gastrointestinal
conditions, non-toxicity/biocompatibility, compatibility with the probiotic core, appropriate rheological behavior for robust structure formation, and sensory
neutrality to avoid altering the final product.

selection of EMs [15, 40, 41, 93]. The choice of EMs for probi-
otics depends on several factors, including the specific pro-
biotic strain, the intended application (food, pharmaceutical,
etc.), and the desired properties of the encapsulated product.
Compatibility between the probiotic and the EM is essential
for effective functioning, protection, and targeted release in
the gut under varying conditions such as enzyme presence and
pH [15, 39, 59]. The general properties of probiotic EMs are
summarized in Figure 6.

Before utilizing an EM in probiotic nanomaterials, certain
properties must be ensured. Both natural and synthetic mate-
rials should be non-toxic, release the carrier precisely at the
target site, resist adverse gut conditions, and possess sufficient
residence time in the gut [33].

Materials with pH-responsive or enzymatically degradable
properties are generally preferred for probiotic encapsulation.
For example, polymers such as Eudragit L100 and Eudragit
S100 offer acid resistance through pH-dependent solubility,
ensuring targeted release in the intestine. In contrast, sodium
alginate alone does not provide adequate resistance to acidic
conditions; effective protection is achieved only when alginate
is cross-linked with CaCl2 to form calcium alginate gels, which
are then coated with an additional protective layer, such as
chitosan or pectin. Materials like pectin and chitosan, which
undergo enzymatic hydrolysis in the gut, also facilitate con-
trolled probiotic release at the desired site [33, 60, 88]. The
selection of EMs is crucial, as they define the final formula-
tion and application of the enclosed probiotics [34]. Food-grade
materials such as alginate, pectin, and starch are among the
most widely used and investigated, as they effectively support
the viability of probiotics [34].

Currently, combinations of different types of EMs are
employed across various applications. Experimental evidence

highlights the superior properties of these multi-layer EM sys-
tems. Multi-layer systems can provide enhanced protection,
controlled release, and tailored properties for specific needs
compared to single-layer systems [40, 59]. Multilayer EMs,
whether designed as heterostructures or composite mixtures,
are utilized to protect probiotics during gastrointestinal tran-
sit and ensure their targeted release in the colon, where they
exert their beneficial effects. These materials, commonly com-
posed of polysaccharides, are formulated to remain stable in the
acidic gastric environment and throughout the small intestine,
including the ileum. They are designed to degrade or dissolve
gradually under the neutral to slightly alkaline conditions of the
colon, thereby enabling controlled, site-specific release of viable
probiotic cells at their primary site of action [51, 59].

Types of EMs
Encapsulated materials are categorized based on their source,
nature, processing methods, and applications. Various biolog-
ical, synthetic, and natural substances are utilized to encap-
sulate probiotic bacteria. An overview of these materials is
presented in Figure 7. Among natural sources, carbohydrates,
proteins, lipids, and gum-based materials are employed due to
their enhanced properties and functionalities. Key attributes of
biological molecules include biocompatibility, biodegradability,
enhanced properties, and large-scale availability [59, 64, 97].
The different types of EMs, along with their advantages, disad-
vantages, and functions, are summarized in Table 2.

Natural materials
Natural materials are valued for their biocompatibility and
biodegradability, making them essential in various applica-
tions. Most natural EMs are derived from plants, algae, and
animals. The chemical composition of these natural compounds
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Figure 7. Classification scheme for probiotic encapsulating materials and carrier architectures. The diagram organizes materials used in delivery
systems according to complementary criteria, including source (natural, synthetic, or semisynthetic), key functional properties (e.g., gel-forming, film-
forming/coating, pH-sensitive, mucoadhesive), structural format (e.g., hydrogels, nanocapsules, liposomes, emulsions, solid matrices), intended delivery
function (acid protection, controlled/colon-targeted release), and the processing route by which the system is produced.

primarily consists of carbohydrates (mostly homo- or het-
eropolysaccharides) and proteins, while lipid-based EMs are
less common. Below are widely used natural materials for pro-
biotic encapsulation.

Polysaccharide-based encapsulation materials
Polysaccharides represent the largest class of carbohydrates
and are extensively utilized across industries. Their struc-
ture, properties, and abundance contribute to their widespread
applications. Polysaccharides can be formed from various
monomers, which may be identical or different.

Alginate

Alginate is a natural polysaccharide polymer characterized by
its biocompatibility, biodegradability, and gelation properties.
It contains numerous carboxylate groups that facilitate interac-
tions with divalent ions [33, 62, 126]. In addition to its non-toxic
nature, alginate can reduce immunological responses, min-
imize physiological disruption, and form hydrogels. Due to
these remarkable properties, alginate finds applications in food,
biotechnology, and biomedical sciences [35, 51, 127]. Alginate
varies in type based on its constituent units and their arrange-
ment; sodium alginate, for example, is an anionic polymer com-
posed of β-D-mannuronic acid and α-L-guluronic acid linked by
(1→4) glycosidic bonds [128].

Alginate serves as a popular encapsulating agent for probi-
otics due to its ability to create a stable gel matrix that protects
against harsh environments and facilitates controlled release at
target sites [47]. It can also be used synergistically with other
materials to enhance their properties [34]. Mechanistically,
sodium alginate forms an egg-box structure around probiotics,
maintaining their viability and survivability during GIT transit

and storage. However, the porous structure of alginate may
limit its encapsulation efficiency and cause premature release
of probiotics [127, 129].

Numerous studies have utilized alginate, both alone and in
combination, for probiotic encapsulation, yielding promising
results. Recently, Phùng et al. [130] employed sodium alginate
as an encapsulating agent for three next-generation probiotic
species, demonstrating enhanced properties in the presence of
gastrointestinal fluids. Another study encapsulated five yeast
strains within alginate beads, resulting in improved survivabil-
ity for one month at 4 °C [131]. Alginate microparticles have
also been used to encapsulate Bacillus licheniformis, aiding in
the targeted release of probiotics within a simulated shrimp
digestive tract and demonstrating probiotic survivability for
15 days at 4 °C [132].

Chitosan

Chitosan is a natural linear biopolymer composed of glu-
cosamine and N-acetylglucosamine units linked by β-(1→4)
glycosidic bonds. It is characterized by its non-toxic, bio-
compatible, and biodegradable properties, with the number
of constituent units varying according to the source and
preparation method [133]. Chitosan has numerous applications
in tissue engineering, drug delivery, and the food industry,
serving as an encapsulating agent for bioactive compounds
and probiotics [15, 42, 47]. Structurally, the positively charged
moieties of chitosan electrostatically bind to other polymers,
entrapping probiotics and providing protection under harsh
conditions [33, 70]. However, its pH-dependent nature can
adversely affect the viability of encapsulated materials in the
acidic environment of the GIT [55, 134].
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The addition of outer core materials can enhance the surviv-
ability of chitosan-encapsulated probiotics in acidic conditions.
However, the use of crosslinkers in multi-layer protection
may negatively impact probiotic viability, potentially due to
swelling formation [33, 135]. Chitosan-encapsulated probiotics
can achieve targeted release in the intestine (alkaline pH),
where higher pH levels cause the chitosan layers to swell and
degrade, subsequently releasing the encapsulated probiotics.
Notably, the positively charged moieties of chitosan interact
with the negatively charged sialic acid moieties of mucin,
enhancing probiotic attachment in the intestine [15, 42, 136].
Chitosan-encapsulated probiotics demonstrate greater release
in the colon, facilitated by colonic pH, which causes the degra-
dation of the chitosan matrix and increases the number of pro-
biotics in the colon [33, 39, 137].

Currently, many probiotic strains are encapsulated with
chitosan, yielding promising results regarding viability and
survivability. For example, the encapsulation of L. casei ATCC
39392 and B. bifidum ATCC 29521 using a chitosan-alginate-
inulin mixture resulted in enhanced survivability under
simulated gastric conditions [138]. Similarly, chitosan- and
dextran-based hydrogels encapsulated L. acidophilus, demon-
strating superior survivability compared to non-encapsulated
cells [112]. Peñalva et al. [139] encapsulated L. plantarum (CECT
220 and WCFS1 strains) using casein-chitosan microparticles,
achieving higher loading capacity and improved probiotic
survivability under harsh gastric conditions.

Pectin

Pectin is a plant-derived heteropolysaccharide composed of
17 different monomers linked by α-1,4 bonds. It is classified
into high- and low-methoxy pectin based on the presence of
methyl groups [100, 101, 140]. As a natural polymer, pectin
exhibits properties of biocompatibility, stability, and stress
resistance, making it suitable for various applications in the
food and biotechnology industries. Pectin’s ability to bind with
mucin also contributes to its targeted release capabilities [33].
During encapsulation, pectin protects probiotics from harsh
environmental conditions and enhances their viability during
storage. However, lower mechanical strength and larger gaps
in the capsule may limit its applications [141]. During probi-
otic encapsulation, pectin provides protection and enhances
survivability within the GIT and during storage [142]. Var-
ious substances, including gut microbial enzymes, influence
the release of probiotics [143]. Several studies have demon-
strated the encapsulating potential of pectin with promising
results. For instance, Li et al. [144] used pectin to encap-
sulate B. breve, achieving over 99% efficiency. The combina-
tion of pectin and zein nanoparticles (ZNPs) as encapsulating
agents for probiotics, such as L. plantarum 550, resulted in
greater survivability (>95%) under harsh conditions. Pectin
as the outer layer enhanced heat stability (0.61 log CFU/mL
loss), while ZNP improved storage stability (0.21 log CFU/mL
loss) [91]. Recently, pectin in combination with other encap-
sulating agents was utilized to protect L. plantarum WCFS1,
revealing high survival rates for probiotics under challenging
conditions [141].

Starch

Starch is a natural polymer composed of glucose units linked
together by glycosidic bonds. Depending on the number of glu-
cose units and the branching positions, starch can exist in two
forms: amylose, which is linear and water-soluble, and amy-
lopectin, which is extensively branched and water-insoluble.
These forms typically constitute 20%–30% and 70%–80% of
starch, respectively [42, 145]. Starch serves as the primary stor-
age form of energy in plants and possesses diverse properties
that render it crucial for various applications. The presence
of hydroxyl (OH) groups on starch molecules facilitates their
modification into multiple forms. Among its various applica-
tions, starch is also utilized as an encapsulating agent [47, 107].
Materials encapsulated with starch exhibit improved resilience
against harsh conditions, including those encountered in the
GIT and during processing. However, the porous structure of
starch can lead to the premature release of encapsulated sub-
stances, thereby limiting its applications [59, 64, 146].

Extensive research has been conducted on starch as an EM
for probiotics, demonstrating effective protective and deliv-
ery properties across various studies. Multiple formulations
derived from starch or its derivatives are employed as probiotic
encapsulating agents. These coatings provide essential protec-
tion, preserve cell viability, and help maintain stable viable
counts during processing and storage [56, 147]. The survivabil-
ity of encapsulated probiotics can be enhanced when starch
is combined with other materials [39, 42]. Noman et al. [147]
investigated the effects of starch-based nanoparticles on the
viability and stability of probiotics under adverse conditions
and found that encapsulated probiotics exhibited higher via-
bility compared to their non-encapsulated counterparts. Sim-
ilarly, Khosravi Zanjani et al. [138] utilized alginate-gelatinized
starch microcapsules coated with chitosan for the encapsula-
tion of Lactobacillus casei and Bifidobacterium bifidum, reporting
enhanced protection in the presence of simulated intestinal
juice.

Dextran

Dextran is a homopolysaccharide composed of repeating units
of α-1,6 D-glucopyranose, produced by specific LAB. While
the primary linkage is α-1,6, other linkages such as α-1,3 and
α-1,4 are also present, all connected by glycosidic bonds. The
type and extent of branching vary depending on the bacteria
involved in its production [111, 148]. The incorporation of var-
ious cross-linkers allows dextran to form gel-like structures.
Its multiple hydroxyl groups contribute to its significance in
biomedical applications [59]. Due to its probiotic encapsulation
potential, dextran is widely employed because of its biocom-
patibility and hydrophilic properties. The dextranase enzyme
degrades dextran, which can influence the release of encapsu-
lated bacteria depending on dextranase availability. This char-
acteristic allows dextran hydrogels to be utilized as vehicles
for colon-specific drug delivery [59]. The use of chitosan and
dextran sulfate hydrogels with genipin crosslinker was found
to reduce the viability of L. acidophilus by 3.6 log CFU/mL,
attributed to the cross-linking conditions or specific interac-
tions between genipin and the polymers, which formed a dense
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structure that caused viable cell reduction, rather than any
inherent toxicity of dextran sulfate, which is generally regarded
as a safe EM [112].

Agarose

Agarose is a linear polysaccharide composed of β-1,3-linked
D-galactose and α-1,4-linked 3,6-anhydro-L-galactose units,
known for its gel-forming potential [59]. The formation
of agarose gel is influenced by factors such as temper-
ature and oxygen levels; at low temperatures, a hydro-
gel forms, while higher oxygen carrier capacity makes it
suitable for microencapsulation [39, 59]. Agarose exhibits
temperature-dependent gelling behavior, forming a hydrogel at
approximately 40 °C, which is advantageous for encapsulation
applications. To achieve a higher gelation temperature or modi-
fied gel properties, agarose can be blended with other polymers
to adjust its thermal and mechanical characteristics [108]. Its
gel network provides a stable physical matrix that protects
cells from environmental and gastrointestinal stresses. How-
ever, agarose’s non-degradable nature under gastrointestinal
conditions limits its use as an encapsulating agent. Moreover,
studies comparing its efficacy to other biodegradable sub-
stances regarding release behavior, colon-targeted delivery,
and biocompatibility can enhance its potential. It is impor-
tant to note that probiotic viability alone is not a sufficient
indicator for a promising encapsulating agent, necessitating
further studies [59, 108, 113]. Despite this, agarose’s properties,
including gelling potential, high hysteresis, gel reversibility,
and odorless taste, make it a significant agent in the food and
pharmaceutical industries [39].

Agarose is also utilized as a probiotic encapsulating agent,
offering protection during processing and harsh gastrointesti-
nal conditions. Studies have shown that agarose-encapsulated
probiotics maintain high survivability and stability. A novel
approach employing chitosan-coated agar-gelatin gel particles
was applied to encapsulate Lactobacillus plantarum NCIMB 8826,
demonstrating effective protection during exposure to gastric
juice (pH 2.0) over 2 h [149]. Similarly, B. pseudocatenulatum
CECT 7765 was encapsulated with agarose and exhibited greater
survivability under simulated in vitro digestion conditions [59].
Although agarose is favored as an encapsulating agent due to its
mechanical strength and stability, its non-degradable nature (as
agarose-degrading enzymes are absent in the animal body) can
limit its potential [59].

Cellulose

Cellulose is a linear biopolymer composed of β-D-glucose
units connected by β-(1–4) glycosidic bonds. Its high number
of hydroxyl groups contributes to its polar nature, enhanc-
ing its range of applications [39, 42, 59]. Cellulose is an
amphiphilic, non-toxic, renewable, biocompatible, biodegrad-
able, semi-crystalline, and environmentally friendly material,
characterized by excellent mechanical strength and remark-
able surface properties [42, 47, 104]. It finds extensive use in
various industries, including healthcare, food, electronics, and
printing. In healthcare, cellulose is utilized in tissue engineer-
ing and drug delivery systems, while in the food industry,

it serves as a stabilizing, thickening, and bulking agent. Its envi-
ronmentally friendly nature makes it an integral component
of printing systems [105]. Cellulose-based polymers are widely
used in microencapsulation systems. In this context, cellulose
nanofiber (CNF) and cellulose nanocrystal (CNC), which are
non-toxic nanomaterials, have been experimentally validated
for probiotic encapsulation [42]. Due to its indigestibility, cellu-
lose is considered a promising option for targeted drug delivery
systems [104]. Recent research summarizing the various types
of cellulose and their applications in probiotics has been con-
ducted by Yang et al. [104].

Sabio et al. [150] developed a cellulose-based biomate-
rial for encapsulating probiotics (Lactobacillus fermentum or
Lactobacillus gasseri) and found that the encapsulated cells
remained active and viable, demonstrating potential for treat-
ing skin infections and wounds. A CNF and inulin-incorporated
carboxymethyl cellulose (CMC)-based probiotic nanocomposite
developed by Zabihollahi et al. [97] achieved a 36% increase
in the viability of encapsulated cells. Conversely, Salimiraad
et al. [113] reported a negative correlation between the sur-
vival of selected probiotics and storage time after encapsulat-
ing L. casei (survival rate of 6.01 log CFU/g) and B. coagulans
(survival rate of 6.35 log CFU/g) in cellulose-nano chitosan-
gelatin films. Nevertheless, these final counts remain within the
acceptable probiotic range, indicating that poor encapsulation
performance is not a valid conclusion.

Pullulan

Pullulan is a linear, water-soluble, neutral polysaccharide com-
posed of maltotriose units linked by α–1,6 bonds. It is char-
acterized by its non-toxic, non-carcinogenic, biodegradable,
adhesive, and film-forming properties, along with a white
appearance devoid of odor and taste [110, 151]. The abundance
of hydroxyl groups in pullulan’s structure allows for significant
modification potential, making it suitable as a probiotic encap-
sulating and delivery agent [59, 152].

Inherent properties and the potential to form nanocom-
posites render pullulan highly valuable. When combined
with other materials during probiotic encapsulation, it can
enhance the survivability of enclosed cells under harsh
conditions [109, 152, 153]. Studies have demonstrated pul-
lulan’s protective role for probiotics against oxidative
stress and moisture, thereby improving their shelf life and
stability [109, 151, 154]. A multi-layer encapsulation sys-
tem comprising pullulan nanofibers and two electrospun
poly-lactic-co-glycolic acid (PLGA) layers for the probiotic
Lactobacillus rhamnosus GG (LGG) showed enhanced viability
and prolonged storage potential [153]. In another study by
Ma et al. [74], a blend of gum Arabic and pullulan nanofibers
prepared via electrospinning was employed as an encapsulating
agent for Lactobacillus, resulting in greater survivability
(85.38%–97.83%) compared to freeze-drying (80.92%–89.84%)
and viability during 4 °C storage for 28 days. Pullulan, classified
as GRAS, possesses anti-bacterial, anti-carcinogenic, and
anti-viral properties, making it an essential agent in the food,
cosmetics, biomedical, and pharmaceutical sectors [152].
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Gums

Gums are complex polysaccharides characterized by
diverse structures and properties. Gellan gum, a linear
exopolysaccharide, consists of repeating tetrasaccharide units
(1,3-β-D-glucose, 1,4-β-D-glucuronic acid, 1,4-β-D-glucose,
and 1,4-α-L-rhamnose). Its attributes include gelation, emul-
sification, thickening, and stabilization, making it valuable
in the food, pharmaceutical, cosmetic, and biotechnologi-
cal industries [102, 155]. Additionally, gums are non-toxic,
stable, less viscous, and possess retention properties [59].
Based on their sources, gums can be categorized as plant-
based, exudate, and microbial gums, which are extracted
from plants (such as seeds and bark), secreted by plants in
response to stress or injury, and obtained from microorganisms,
respectively [103, 156].

The intrinsic properties of gums render them suitable for
encapsulating various substances, including probiotics. Xan-
than gum (XG) is an anionic biopolymer known for its excellent
biocompatibility and gelling properties, as well as its stabil-
ity against heat and acids [64]. For probiotic encapsulation,
gum arabic is typically used in conjunction with other poly-
mers. Gums form a protective coating around probiotics, safe-
guarding them during the harsh conditions of the GIT and
industrial processes [93]. They also enhance the stability and
survivability of probiotics during storage and utilization in the
food industry [102]. While gums offer advantages such as gela-
tion, biocompatibility, and accessibility, they also present chal-
lenges, including poor mechanical strength, lower stability, and
high gelling temperatures [59]. Saeed et al. [157] demonstrated
that a combination of alginate-carrageenan gums effectively
encapsulated L. acidophilus and L. casei, resulting in increased
probiotic viability in cottage cheese stored at 4 °C for 28 days.
Similarly, Pandey et al. [158] utilized xanthan and guar gum as
encapsulating agents for L. plantarum 299v, achieving enhanced
viability during storage and controlled release.

Protein-based EMs
Various biological and protein-based EMs are employed to
protect probiotics. Proteins derived from both plant and ani-
mal sources are utilized, although animal-based proteins may
exhibit allergenic properties. Protein denaturation can enhance
the mechanical properties of probiotics, while the aggregation
of denatured proteins increases their strength and elasticity
due to disulfide bonds [8, 59]. Probiotics coated in denatured
proteins can improve their effectiveness under gastric condi-
tions. Protein-based materials used in microencapsulation are
categorized into animal and plant-derived proteins.

Animal-based proteins
Animal-derived proteins, despite their potential allergenic
properties, are employed as encapsulating agents due to their
beneficial characteristics. Key animal-based proteins are dis-
cussed below.

Gelatin

Gelatin is a water-soluble, degradable biopolymer with a com-
plex structure composed of polypeptide chains. It exhibits

amphoteric and thermoreversible gelling properties, making
it suitable for encapsulation either alone or in combination
with other materials [47, 64]. Gelatin predominantly consists of
glycine, proline, and hydroxyproline, which together constitute
approximately 57% of its structure. Additionally, gelatin pos-
sesses cationic and ionic properties, allowing it to be combined
with other substances [15]. There are two commercially avail-
able types of gelatin, Type-A and Type-B, which respond differ-
ently to pH levels. Gelatin’s cost-effectiveness contributes to its
significant applications in medicine and food industries, includ-
ing food packaging, emulsification, and encapsulation [159].

The recent interest in multilayer encapsulation is due to
its enhanced resistance and release properties in the pres-
ence of gastric and intestinal juices [15, 64]. Gelatin’s gelation
potential, biodegradable nature, and biocompatibility further
support its role as an encapsulating agent. Its film-forming
ability and biocompatibility contribute to its protective capa-
bilities[160]. However, certain limitations are associated with
gelatin, including high solubility, pork origin (which is not per-
missible for Muslims), and limited thermal stability [59, 114].

Research evaluating the use of gelatin in combination with
sodium alginate for encapsulating L. acidophilus LA-5 probiotics
during baking and storage conditions indicated higher surviv-
ability of encapsulated bacteria over seven days compared to
free cells, suggesting its potential as a baking enhancer [161].
The encapsulation of Kluyveromyces lactis using gelatin hydro-
gels demonstrated improved survival and physicochemical
properties [162]. Rama et al. [163] employed ricotta whey and
gelatin as encapsulating agents for L. acidophilus LA-5 and B. lac-
tis BB-12 using a spray-drying method, revealing less reduction
in viability compared to non-encapsulated cells.

Casein

Casein, a milk protein comprising 94% proteins and 6% low
molecular weight compounds, exhibits gelation, foaming, and
emulsification properties. It is utilized in various applica-
tions, including food, beverages, biotechnology, tissue engi-
neering, drug delivery, and biomedical fields [115, 164]. Casein’s
ability to form micelles allows it to entrap and protect var-
ious substances, making it a suitable agent for probiotic
encapsulation [116, 164, 165]. In addition to providing protec-
tion during gastrointestinal transit, casein facilitates targeted
release in the intestine [78, 165, 166]. Casein-based encapsula-
tion systems maintain probiotic viability during gastrointesti-
nal transit and storage by forming stable matrices that shield
cells from acidic and enzymatic degradation. Moreover, casein
can be combined with other biopolymers, such as alginate or
chitosan, to enhance mechanical strength and modulate release
kinetics, thereby establishing itself as a versatile candidate for
probiotic delivery applications [164, 165].

In contrast to polysaccharide-based materials, such as
alginate or chitosan, which primarily provide pH-dependent
protection, casein offers a protein-based matrix capable of
forming micelles that entrap and stabilize probiotic cells. This
structure allows for the gradual release of probiotics as the
matrix undergoes enzymatic degradation. Specifically, casein
is digested by gastrointestinal proteases, such as pepsin in
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the stomach and trypsin in the intestine, leading to controlled
disintegration and site-specific release of viable probiotics.
Comparative studies have demonstrated that casein-based
systems can achieve equal or greater cell viability during
storage and simulated digestion compared to conventional
polysaccharide matrices. Consequently, casein not only pro-
vides physical protection but also facilitates targeted deliv-
ery through enzyme-triggered release mechanisms [115, 165].
Peñalva et al. [139] employed casein-chitosan microparticles
to encapsulate L. plantarum (CECT 220 and WCFS1) in an in
vivo model, revealing higher survivability and safe release in
the distal ileum. Similarly, encapsulating Lactobacillus F19 and
_B. Bb12 with casein through an enzymatic gelation process
resulted in greater survivability during three months of storage
under optimized conditions [59].

Whey proteins

Whey proteins are globular, water-soluble proteins con-
sisting primarily of β-lactoglobulin, α-lactoalbumin, and
immunoglobulins, which are derived from whey during
cheese production [89]. Their varied structures provide
desirable properties such as high digestibility, gelation,
antioxidant activity, and antihypertensive effects, making
them essential in the food, biotechnology, and pharmaceutical
industries [89, 167]. They serve as effective encapsulating
agents for bioactive compounds and probiotics, enhancing
the shelf life of encapsulated materials and acting as deliv-
ery vehicles in pharmaceutical applications [78, 168]. The
ability of whey proteins to gel at low temperatures without
cross-linkers is crucial for probiotic encapsulation under
industrial conditions [59]. For instance, encapsulation of
L. fermentum 39-183 with whey protein isolates demonstrated
86% survivability in ex vivo conditions (pH 2.0 for 3 h),
compared to a complete loss of viability in free cells [169]. The
combination of whey proteins with other encapsulating agents
further enhances protection; for example, the use of whey
proteins with calcium alginate provides superior protection
for probiotics [170]. Additionally, a whey protein isolate-lignin
complex was utilized as an encapsulating agent for L. reuteri
KUB-AC5, yielding higher protection and survival rates for the
encapsulated probiotics in vitro [171].

Plant-based proteins material
Plant-based proteins are increasingly recognized as EMs for
probiotics, offering a sustainable approach for applications in
the food, pharmaceutical, and cosmetic industries [59].

Zein

Zein is a biodegradable, thermostable, hydrophobic protein
derived from gluten and is widely utilized across various
industries [59]. Recognized as GRAS, zein’s ease of modification
enhances its applicability in food, pharmaceuticals, biotech-
nology, and drug delivery processes [117, 172]. Its versatility
in encapsulation technology significantly enhances probiotic
viability in the presence of gastric juice [59]. For example,
B. subtilis was successfully encapsulated with zein and solu-
ble soybean polysaccharide (SSPS), demonstrating increased

viability during GIT, storage, and pasteurization. Results indi-
cated a 3.13-fold increase in simulated gastrointestinal diges-
tion, a 3.20-fold increase during pasteurization, and a 1.50-fold
increase during storage conditions [118].

Pea proteins

Pea protein isolates possess several beneficial properties,
including low allergenic potential, sustainability, emulsify-
ing capabilities, and film-forming capacity, making them
valuable encapsulating agents for various food and biotech-
nology applications [88, 173]. Research has explored the
encapsulation of probiotics with pea proteins. For instance,
encapsulation of L. reuteri ATCC 53608 with pea proteins and
alginate resulted in enhanced survivability under gastroin-
testinal conditions in studied mice [59]. A recent study by
Saiz-Gonzalo et al. (2025) demonstrated the microencapsula-
tion of Lacticaseibacillus rhamnosus GG (ATCC 53103) with pea
protein, showing significantly greater survivability compared
to non-encapsulated cells, where 50% of cells were lost under
gastric conditions. In contrast, pea-encapsulated cells exhibited
enhanced viability at higher pH levels (5–7) [212].

Soy proteins

Soy proteins and their isolates exhibit properties that render
them essential across diverse industries. Their solubility, sta-
bilization potential, gelation, and film-forming capabilities are
notable attributes. Consequently, soy proteins are employed
as encapsulating agents for bioactive compounds, fish oil, and
probiotics [88, 174]. Soy protein microcapsules have demon-
strated improved viability for encapsulated probiotics in gastric
conditions [59]. A recent study by Babot et al. [174] utilized soy
protein isolate-alginate microcapsules to encapsulate Ligilacto-
bacillus salivarius CRL2217, yielding promising results regarding
the protective potential of the EM, which enhanced probiotic
survivability in gastric juice (low pH) and protected against
proteolytic activity.

Synthetic EMs
Despite the extensive use of natural substances in encapsula-
tion, they often present limitations such as tedious extraction
processes, limited solubility, and complex processing protocols.
This has led to the development of synthetic polymers as EMs.
Synthetic materials offer enhanced protection for encapsulated
agents, such as probiotics, in harsh conditions. The primary
advantages of synthetic polymers include controlled release,
higher stability, and reduced reactivity.

Eudragit

Eudragit is a synthetic polymer composed of methacrylic acid
and methacrylate monomers in varying proportions. This poly-
mer exhibits pH-responsive characteristics and has applica-
tions in food, agriculture, biomedical, and pharmaceutical
industries [8, 33, 119]. Its controlled release potential has been
utilized in the coating of tablets and bioactive compounds.
Notably, the two common pH-responsive polymers, L100 and
S100, exhibit resistance under gastric conditions [119, 126]. As
a probiotic encapsulating agent, Eudragit provides protection
during storage and facilitates targeted delivery, with these
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properties further enhanced when combined with additional
EMs [33, 42, 175]. However, despite its advantages, challenges
such as food interactions, processing difficulties, and thermal
instability may limit its applications [63, 64, 119].

Eudragit is frequently employed in probiotic encapsu-
lation. For instance, Ansari et al. [176] utilized calcium
alginate-chitosan and Eudragit S100 nanoparticles as EMs for
L. rhamnosus, demonstrating enhanced survivability under
simulated gastric and intestinal juices (pH 1.5 and 7.5).
Similarly, L. rhamnosus GG was encapsulated in Eudragit®
S100 microparticles for effective colonic release, and this
approach showed promising results, with greater viability in
the gastrointestinal environment after 6 h of incubation [175].
Furthermore, the encapsulation of L. casei and L. bulgaricus
using chitosan and Eudragit S100 resulted in a decrease in
viability from 6.0 × 106 and 7.2 × 106 (on the first day) to
4.1 × 105 and 5.3 × 106 (on day 32) under gastrointestinal
conditions [177].

Carrageenan

Carrageenan is a high molecular weight linear polysaccharide
composed of alternating β-D-galactose and α-D-galactose units
linked by glycosidic bonds [121, 178]. Its notable properties—
gelation, viscosity, and thickening ability—enhance its appli-
cations across biomedical, food, cosmetic, and biotechnological
sectors [122]. Based on structural arrangement and repeat-
ing unit patterns, carrageenan is categorized into lambda (λ),
kappa (κ), or iota (ι) forms [47, 64, 179]. Temperature signifi-
cantly influences its structure and functionality, making it a
vital biomaterial for delivery systems across varying thermal
conditions [64].

Probiotics encapsulated in carrageenan exhibit improved
stability, survivability, and viability during storage and sim-
ulated conditions [64, 66]. Recently, Saeed et al. [157] encap-
sulated L. acidophilus and L. casei using alginate-carrageenan
gums, resulting in higher viability in cottage cheese. Sim-
ilarly, Sogut et al. [180] demonstrated that encapsulating
mixed cultures of Lactobacillus spp. and Bifidobacterium spp.
with carrageenan resulted in enhanced survivability and cell
counts. Hydrogels made from sodium alginate and carrageenan
were employed for encapsulating L. acidophilus ATCC-4356,
achieving a higher survival potential (3 log reductions) com-
pared to free cells (6 log reduction) [66]. Overall, research
on carrageenan encapsulation primarily focuses on evaluating
physical protection and cell survivability under gastrointesti-
nal conditions, while limited information exists regarding the
behavior of cells post-release from EMs.

PVA

PVA is a water-soluble, biocompatible, and non-toxic synthetic
polymer that can be easily modified for various applications,
including encapsulation, drug delivery, and tissue engineer-
ing. PVA is characterized by its odorless and tasteless nature,
chemical resistance, and stability [125, 181]. In addition to its
diverse applications, PVA serves as a probiotic encapsulating
agent. A study utilized a combination of PVA and PVA/SF
nanofibers to encapsulate L. plantarum, resulting in greater

survivability for 2 h under gastric conditions [73]. In another
study, a gelatin–PVA hydrogel successfully trapped Lactiplan-
tibacillus plantarum spp. CM-CNRG TB98, achieving a probi-
otic loading capacity and a survival rate exceeding 94% in the
intestine [182]. The Escherichia coli strain Nissle 1917 (EcN)
was encapsulated in composite mats of cellulose acetate and
PVA, demonstrating improved survivability of probiotics under
simulated digestive conditions [183]. The addition of chitosan
to PVA enhanced probiotic viability; Bifidobacterium animalis
subsp. lactis Bb12 encapsulated in chitosan/PVA, along with
inulin as a prebiotic, exhibited greater survivability in sim-
ulated gastric and intestinal juices [184]. However, current
research on PVA encapsulation predominantly addresses probi-
otic protection during gastrointestinal conditions, with limited
knowledge of cell behavior post-release, highlighting the need
for comprehensive assessments of post-release functionality
to ensure that encapsulated probiotics retain their biological
efficacy.

CMC

CMC is a widely utilized packaging material known for its
non-toxic, biodegradable properties, as well as its ability to
form films and serve as an efficient barrier to oxygen and
lipids [97, 104]. While the abundance of hydroxyl groups con-
tributes to its functionality, it also results in poor water bar-
rier properties, limiting its applications [97]. Incorporating
CMC into nanocomposites can mitigate these limitations by
forming barriers that restrict water ingress [185, 186]. The
flexibility and biocompatibility of CMC are crucial for its
applications in agriculture, food packaging, drug delivery, and
encapsulation, providing protection during storage, delivery,
and processing [104, 124].

The probiotic L. plantarum was encapsulated using CNF
and inulin-incorporated CMC nanocomposites, enhancing pro-
tection and antibacterial potential [97]. An improved sur-
vivability of the encapsulated probiotic (L. acidophilus) was
observed under simulated GIT conditions using a layer-by-layer
approach with polyelectrolytes, chitosan, and CMC, achieving a
survivability of 6 log CFU/500 mg compared to near-complete
mortality of non-encapsulated cells [62]. Additionally, a layer-
by-layer approach combining sodium alginate, whey protein
isolate fibrils, and CMC for encapsulating L. plantarum 90
demonstrated a survivability of 6.65 log CFU/mL after 48 h of
fermentation [92].

Applications of encapsulated probiotics
Encapsulation enhances the protection and viability of encap-
sulated materials, broadening their applications. The effective-
ness of encapsulated probiotics varies depending on the nature,
type, and method of encapsulation. Encapsulated probiotics
find extensive applications across food, agriculture, biomedical,
drug delivery, health, and biotechnological industries. A sum-
mary of the diverse applications of encapsulated probiotics is
presented in Figure 8.

The intrinsic properties of EMs—such as pH sensitiv-
ity, thermal stability, and controlled-release behavior—
significantly enhance probiotic viability and survivability,
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Figure 8. Cross-sector application landscape for encapsulated probiotics. The schematic summarizes major end-use domains—functional foods and
beverages, nutraceuticals/dietary supplements, pharmaceuticals, animal feed/veterinary use, cosmetics/personal care, and agriculture/environmental
applications—illustrating how encapsulation supports sector-specific goals such as stability, efficacy, improved product quality, targeted delivery, prolonged
activity, and performance under environmental stressors.

facilitating targeted delivery within the GIT. A summary of
the probiotic encapsulation methods, materials used, duration,
and outcomes is provided in Table 3. Key areas of probiotic
encapsulation are discussed below.

Probiotication of food substances
Probiotication, the process of incorporating probiotics into food
substances, offers substantial benefits, enhancing the nutri-
tional value and health outcomes of food products. This pro-
cess can be achieved through fermentation of food products or
direct addition of probiotics [34]. Among the available tech-
niques, microencapsulation has emerged as one of the most
effective methods for integrating probiotics into various food
matrices. Encapsulation provides several advantages, including
improved cell viability, enhanced survivability during process-
ing and storage, and protection against environmental stresses
encountered during handling and transport. Furthermore, the
addition of encapsulated probiotics contributes to the overall
nutritional profile, health benefits, and consumer acceptance
of functional foods [12, 34]. However, despite these benefits,
challenges persist, such as maintaining sensory quality, ensur-
ing controlled release, and achieving cost-effective large-scale
production [12, 187].

Bakery products
Probiotics play a significant role in the bakery industry, which
contributes substantially to the food sector. Bakery products,

including cakes, pastries, biscuits, and bread, are staples in
daily diets. Collectively, the bakery and related industries bol-
ster the economy. The incorporation of probiotics into bakery
products can enhance health benefits and improve product
quality [188, 189]. However, the addition of probiotics faces
challenges, particularly during storage, packaging, cooking,
and transportation [34].

To address these challenges, the encapsulation of probiotics
presents a promising solution. Encapsulated materials protect
probiotics and thereby enhance food quality. For example, the
incorporation of L. acidophilus probiotic into bakery items was
achieved using a starch edible film at high temperatures, yield-
ing a survival rate of approximately 63% post-baking and 10%
after 24 h of storage [34, 190]. Similarly, the introduction of L.
rhamnosusR011 via microencapsulated whey protein into bis-
cuits demonstrated a decrease of 2 log cycles after 24 h and
5 log cycles after three weeks of storage [191]. Furthermore,
the inoculation of L. reuteri DSM 17938 via chitosan-alginate
microcapsules in chocolate resulted in a 10% survival rate com-
pared to just 1% without microencapsulation, following baking
at 180 °C for 10 min [192]. Critical assessments of probiotic
integration in bakery products indicate that, despite the pro-
tective effects of encapsulation, the final viable counts after
baking often remain below the minimum therapeutic threshold
recommended for probiotic functionality. Studies have indi-
cated that survival rates can diminish during baking even with
encapsulation, suggesting that current methods may not fully
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deliver the anticipated health benefits of probiotic-enriched
bakery products. Therefore, further optimization of encapsu-
lation materials, process parameters, and post-baking fortifi-
cation strategies is essential to achieve the desired probiotic
dosage in bakery matrices [190, 213].

Meat-based substances
The incorporation of probiotics into meat-based products rep-
resents a promising strategy to enhance their functional and
health-promoting properties. However, maintaining probiotic
viability during processing, storage, and digestion is chal-
lenging due to environmental stresses such as heat, oxygen
exposure, and low pH [214, 215]. To mitigate these issues,
microencapsulation and immobilization have shown promising
results. Research indicates that the incorporation of encapsu-
lated probiotics in fermented or processed meats can improve
microbial safety, oxidative stability, and shelf life, while also
contributing to favorable flavor development [215]. Microen-
capsulated strains of L. reuteri ATCC 55730 and B. longum
demonstrated higher viability during processing, fermentation,
and drying when added to sausages [34]. The addition of algi-
nate, β-cyclodextrin, and XG-based encapsulated B. animalis
ssp. lactis (BB-12) to fermented meat products, such as Ital-
ian salami, resulted in greater viability (above 8 log CFU/g)
for 45 days at 25 °C. Notably, this addition did not adversely
affect other food properties, such as texture, nutritional value,
or lipid profiling [193]. Conversely, some studies have indi-
cated that encapsulated probiotics do not enhance the prop-
erties of probiotic-infused products. For instance, Camargo
et al. [194] observed a decline in viability of encapsulated B.
animalis ssp. Lactis (BB12) in meat (coppa), from 10.60 CFU/g
to 7.3 log CFU/g, along with low lipid oxidation and increased
weight loss. It is crucial to emphasize that the selection of
encapsulation material must balance probiotic protection with
the maintenance of food quality. While robust encapsulation
materials provide superior protection, they may also alter the
texture, flavor, or appearance of the final product. There-
fore, optimizing the encapsulation matrix is vital to preserve
both functional efficacy and sensory acceptability, ensuring the
product appeals to consumers while delivering its intended
health benefits [12, 215].

Vegetable and fruit-based products
Probiotics are widely utilized in fruit- and vegetable-based
products. The abundance and variety of these substances
present a promising market for probiotic applications. Probi-
otics can be added in various forms to enhance the functionality
and quality of these products [187, 195]. Studies have identi-
fied higher viability of L. casei DN-114 001, L. rhamnosus GG,
and L. paracasei NFBC43338 in different fruit juices, whereas
L. salivarius UCC118, L. salivarius UCC500, and B. lactis BB-12
exhibited lower viability [34]. Encapsulated probiotics demon-
strated improved viability during storage in apple juice. One
study found that microencapsulated L. rhamnosus GG, com-
bined with resistant starch and whey protein isolate, retained
greater cell viability [196]. Another research effort showed
that sodium alginate-based encapsulated probiotic E. faeciumin

sour cherry juice exhibited higher viability after two months
of storage [197]. Deshpande et al. (2022) reported that the
colony count of probiotic cultures decreased from 3.0 × 109 to
1.5 × 109 CFU/mL when L. bulgaricusand L. plantarumwere
encapsulated in sweet orange juice. This reduction suggests that
although encapsulation provides some degree of protection,
specific physicochemical properties of the juice matrix may still
adversely affect probiotic viability during storage [187, 216].

Dairy-based products
The dairy industry significantly contributes to national
economies and is a vital area for economic stability. Probiotics
are extensively applied in various dairy products, such as milk,
yogurt, and cheese, serving as vehicles for probiotic delivery.
Various factors, including pH, salt concentration, and humidity,
can influence probiotic effectiveness in dairy products, which
encapsulation can help mitigate [34, 63]. Encapsulation has
emerged as an effective strategy to enhance the stability,
survivability, and functional performance of probiotics in
dairy-based products. It improves microbial viability and can
also influence the sensory and textural attributes of the food.
Therefore, it is imperative to recognize that the choice of EM
must strike a balance between effective probiotic protection and
preservation of food quality. Generally, thick or incompatible
coatings may compromise the sensory characteristics of the
product, while insufficient protection can result in diminished
probiotic efficacy. Thus, rational design of encapsulation
systems is essential to ensure both probiotic functionality
and consumer acceptance of the final dairy product [217, 218].
Research on the effectiveness of microencapsulated probiotics
in yogurt indicated minimal reduction (0.07 log) in the viability
of B. infantis 17930 and L. rhamnosus GG [198]. Mortazavian
et al. (2008) utilized encapsulated L. acidophilus La-5 and B.
lactis Bb-12 strains, observing their survival in yogurt drinks
over six weeks, with encapsulated cells demonstrating a higher
viability of 5.5 log cycles compared to 4.0 log cycles for free
cells [217, 219].

Other benefits
In addition to the previously mentioned advantages, encap-
sulated probiotics exhibit diverse applications across vari-
ous sectors, particularly in non-dairy food matrices such as
fruit juices, cereals, and plant-based beverages. Encapsula-
tion enhances probiotic viability during processing and storage
while protecting the cells from adverse physicochemical con-
ditions typically encountered in these products, including low
pH, oxygen exposure, and the presence of natural antimicro-
bial compounds [220, 221]. For instance, polyphenols in green
tea, while recognized for their health benefits, may negatively
impact probiotic cells by inhibiting their growth or metabolic
activity during fermentation. To mitigate this issue, a whey
protein-based encapsulated probiotic, L. rhamnosus, was uti-
lized and stored. After 23 days at 4 °C, this strain demonstrated
enhanced survivability [199]. Chewing gum, often categorized
as junk food, presents a promising delivery vehicle for probi-
otics. Qaziyani et al. (2019) incorporated Lactobacillus reuteri,
encapsulated in alginate, inulin, and lecithin, into chewing
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gum, concluding that the encapsulated strain remained viable
after 21 days of storage. Furthermore, the inclusion of this
strain improved the texture and sensory properties of the
product [200].

Role of encapsulated probiotics in biomedical and drug delivery
systems
Beyond their applications in the food industry, encapsu-
lated probiotics hold promise in biomedical and drug deliv-
ery systems due to their ability to endure harsh conditions.
Encapsulation materials enhance their stress resistance and
stability during manufacturing, storage, and transit through
the GIT. This process not only preserves viability but also facil-
itates targeted delivery to specific intestinal sites [115, 164].
A critical determinant of successful targeted delivery is the
formulation design, which requires optimization of polymer
types, combinations, coating thickness, and processing param-
eters. The diverse microbial community in the large intes-
tine enzymatically degrades polysaccharide coatings, serving
as the primary mechanism for colon-targeted release. Con-
sequently, encapsulated medications or probiotics are selec-
tively released through microflora-mediated breakdown in the
colonic region, where the concentration of fermentative bac-
teria is highest [222, 223]. Co-encapsulation strategies that
combine probiotics with functional components (such as pre-
biotics and polyphenols) and advanced manufacturing meth-
ods (including microfluidics, 3D printing, and electrospinning)
have demonstrated enhanced stability, targeted release, and
functional persistence in vivo, indicating potential for inter-
vention in chronic diseases like inflammatory bowel disease,
diabetes, and colorectal cancer [224].

Studies in animal models have shown that encapsulated pro-
biotics exhibit improved colonization and immunomodulatory
effects compared to non-encapsulated cells. However, the tran-
sition to clinical practice remains limited, as human trials inves-
tigating site-targeted delivery, functional outcomes (beyond
survival), and safety of encapsulated formats are scarce. More-
over, standardization of dosage, release kinetics, and matrix
performance is lacking. Therefore, while biomedical prospects
are encouraging, they should be regarded as emerging rather
than established [225].

Challenges, limitations, and future perspectives
Current literature indicates the potential and promising results
of encapsulated probiotic strains in various formats, sub-
stances, and applications. Nevertheless, several challenges and
limitations must be addressed. These challenges encompass the
selection and optimization of suitable encapsulation materials
and methods, process effectiveness, preservation of enclosed
cells’ integrity, assurance of timely and site-specific probiotic
release, and thorough elucidation of environmental factors.
Another concern involves achieving optimal encapsulation
efficiency without compromising the sensory, textural, and
nutritional quality of the final food product. While encapsu-
lation materials can effectively shield probiotics from adverse
environmental stresses, their compatibility with the food
matrix and consumer acceptability must be carefully assessed.

Therefore, considerations should primarily focus on maintain-
ing the texture, flavor, and nutritional value of the final prod-
uct rather than solely on the probiotics themselves [15, 63].
Additionally, protecting probiotics from moisture, air, and tem-
perature, as well as determining the negative effects during
storage, processing, and delivery, pose significant challenges.
The costs associated with encapsulation, scalability, and com-
mercialization also remain barriers to widespread adoption.
Furthermore, during administration, encapsulated probiotics
encounter pre-existing bacteria, leading to competition for
mucosal attachment and nutrients, which presents additional
challenges [15, 40, 52, 60, 63, 211].

The science of probiotic encapsulation is rapidly evolv-
ing, utilizing various methods, materials, and combinato-
rial approaches to achieve more promising outcomes. Despite
technological advancements, several limitations continue to
obstruct the full realization of probiotic encapsulation’s poten-
tial. These include the unavailability of specific instruments,
high costs, and risks of uncontrolled damage or death of
probiotic cells. Allergies to certain EMs also pose a limi-
tation. Furthermore, the uncontrolled effects of encapsula-
tion methods and materials on probiotics require thorough
consideration [15, 60, 70].

The future of encapsulation technologies in probiotics
appears promising. Given the extensive applications of probi-
otics in food, pharmaceuticals, and personal care sectors, there
is growing interest among researchers to identify novel strains
with probiotic potential and to develop effective protection
methods for existing strains. Future research in the following
areas may help address current challenges and limitations, ulti-
mately enhancing the efficacy, stability, and applicability of
probiotics across diverse industries.

a) Development of smart encapsulation materials:
Advancements should focus on creating stimuli-responsive
materials that react to GIT stimuli such as changes in pH,
temperature, and enzymatic activity.

b) Development of a synbiotic system: An integrative
approach that combines probiotics and prebiotics into a synbi-
otic system with enhanced properties should be pursued.

c) Enhancing shelf life without sensory alterations:
Research efforts should prioritize extending the shelf life of
probiotic products while preserving the sensory attributes of
the food matrix.

d) Exploring understudied probiotic strains: Current
research predominantly focuses on well-characterized genera
such as Lactobacilli and Bifidobacterium. Less-explored strains
may possess equal or even superior probiotic properties.

e) Advancing automation and production: The integra-
tion of automated systems is essential for the scalable, consis-
tent, and cost-effective production of encapsulated probiotics,
including their protection and storage.

f) Identifying specific biomarkers for efficacy: Devel-
oping specific biomarkers or target substances is vital for
assessing and tracking probiotic attachment, colonization, and
functional effectiveness.

g) Integrating genetic engineering tools: Advanced
genetic technologies, such as CRISPR-Cas systems, present
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promising opportunities to enhance the stability, functionality,
and specificity of encapsulated probiotics.

h) Integrating artificial intelligence tools: AI-based tools,
including machine learning, deep learning, and neural net-
works, can optimize encapsulation techniques, predict strain
behavior, and personalize probiotic formulations.

i) Engaging stakeholders in product development: Incor-
porating perspectives from consumers, policymakers, and reg-
ulatory authorities is crucial for the successful development,
acceptance, and regulation of encapsulated probiotic products.

j) Addressing regulatory challenges: The regulatory
frameworks governing encapsulated probiotic products are
complex and fragmented. Establishing clear guidelines and
harmonized standards is essential to facilitate product devel-
opment and market access.

Conclusion
The global probiotic market is experiencing rapid expansion,
leading to an increasing demand for products that offer opti-
mal nutritional value, sensory quality, and extended shelf life.
Probiotic encapsulation has emerged as a promising strategy
to meet these demands by enhancing cell viability, stabil-
ity, and safe storage during processing and gastrointestinal
transit. However, the success of encapsulation should not be
solely measured by higher survival rates; it must also address
critical challenges in the food processing industry, such as
cost-effectiveness, scalability, and compatibility with existing
systems.

The practical application of this technology from laboratory
settings to large-scale production necessitates a careful balance
between probiotic protection and production feasibility. A vari-
ety of natural and synthetic EMs are currently utilized to safe-
guard probiotics under harsh processing and gastrointestinal
conditions. Various physical and chemical encapsulation meth-
ods exist, each presenting distinct advantages and disadvan-
tages based on the product matrix and desired release profile.

Encapsulation has demonstrated promising results, signif-
icantly improving the stability and functionality of probiotics
in diverse food applications. Strains from the Lactobacillus and
Bifidobacterium genera have been effectively encapsulated using
single-layer systems, double coatings, or composite materials to
optimize protection and controlled release.

Importantly, future research must extend beyond the mere
quantification of viable cells to validate the therapeutic effi-
cacy of encapsulated probiotics through functional assess-
ments, including metabolic activity, adherence capabilities,
and immunomodulatory potential within host systems. Such
evidence-based validation will ensure that encapsulation tech-
nologies not only enhance probiotic survivability but also
improve their biological functionality and health-promoting
effects.
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[165] Głab TK, Boratyński J. Potential of casein as a carrier for biologically
active agents. Top Curr Chem 2017;375(4):71. https://doi.org/10.1007/
s41061-017-0158-z.

Hussain et al.
Probiotic encapsulation technologies 29 www.biomolbiomed.com

https://www.biomolbiomed.com
https://doi.org/10.1016/j.foodhyd.2024.110857
https://doi.org/10.3390/foods9081051
https://doi.org/10.1016/j.aquaculture.2021.736675
https://doi.org/10.3390/polym13193256
https://doi.org/10.3390/polym13193256
https://doi.org/10.1016/j.carbpol.2022.119877
https://doi.org/10.1038/s41598-025-95499-5
https://doi.org/10.1038/s41598-025-95499-5
https://doi.org/10.3390/pharmaceutics9040053
https://doi.org/10.3390/pharmaceutics9040053
https://doi.org/10.26599/FSHW.2022.9250246
https://doi.org/10.26599/FSHW.2022.9250246
http://www.ncbi.nlm.nih.gov/pubmed/25276184
https://doi.org/10.1016/j.foodhyd.2022.108213
https://doi.org/10.1016/j.foodhyd.2022.108213
https://doi.org/10.3390/foods11172683
https://doi.org/10.3390/foods11172683
https://doi.org/10.1016/j.foodhyd.2024.110765
https://doi.org/10.1016/j.foodhyd.2024.110765
https://doi.org/10.1007/s42770-023-01041-y
https://doi.org/10.1007/s42770-023-01041-y
https://doi.org/10.1155/2014/924278
https://doi.org/10.3168/jds.2018-15597
https://doi.org/10.1007/978-3-540-30429-6_35
https://doi.org/10.1007/978-3-540-30429-6_35
http://www.espublisher.com/journals/articledetails/493
http://www.espublisher.com/journals/articledetails/493
https://doi.org/10.1080/10942912.2023.2236316
https://doi.org/10.3389/fmicb.2023.1108120
https://doi.org/10.1007/s00253-020-10632-w
https://doi.org/10.1016/j.actbio.2021.01.039
https://doi.org/10.1007/s00289-024-05300-2
https://doi.org/10.1007/s00289-024-05300-2
https://doi.org/10.3390/ijms24054962
https://doi.org/10.1016/j.foodhyd.2021.107112
https://doi.org/10.1016/j.foodhyd.2021.107112
https://doi.org/10.1016/j.lwt.2020.109414
https://doi.org/10.1016/j.lwt.2020.109414
https://doi.org/10.1016/j.ijbiomac.2019.05.103
https://doi.org/10.1002/jsfa.10302
https://doi.org/10.1021/acsomega.3c08588
https://doi.org/10.1021/acsomega.3c08588
https://doi.org/10.1016/j.ijbiomac.2016.07.053
https://doi.org/10.3390/polym14030436
https://doi.org/10.3390/polym14030436
https://doi.org/10.1038/s41598-024-71913-2
https://doi.org/10.1038/s41598-024-71913-2
https://doi.org/10.3390/foods10092215
https://doi.org/10.3390/polym12061287
https://doi.org/10.3390/polym12061287
https://doi.org/10.1590/fst.19720
https://doi.org/10.1016/j.jddst.2021.102843
https://doi.org/10.1016/j.jddst.2021.102843
https://doi.org/10.1007/s41061-017-0158-z
https://doi.org/10.1007/s41061-017-0158-z
https://www.biomolbiomed.com


[166] Abd El-Salam MH, El-Shibiny S. Preparation and properties of milk
proteins-based encapsulated probiotics: a review. Dairy Sci Technol
2015;95(4):393–412. https://doi.org/10.1007/s13594-015-0223-8.
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