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ABSTRACT
This review paper analyzes recent advancements in bio-polymer coatings for probiotic microen
capsulation, with a particular emphasis on chitosan and its synergistic combinations with other 
materials. Probiotic microencapsulation is essential for protecting probiotics from environmental 
stresses, enhancing their stability, and ensuring effective delivery to the gut. The review begins 
with an overview of probiotic microencapsulation, highlighting its significance in safeguarding 
probiotics through processing, storage, and gastrointestinal transit. Advances in chitosan-based 
encapsulation are explored, including the integration of chitosan with other bio-polymers such as 
alginate, gelatin, and pectin, as well as the application of nanotechnology and innovative encap
sulation techniques like spray drying and layer-by-layer assembly. Detailed mechanistic insights are 
integrated, illustrating how chitosan influences gut microbiota by promoting beneficial bacteria 
and suppressing pathogens, thus enhancing its role as a prebiotic or synbiotic. Furthermore, the 
review delves into chitosan’s immunomodulatory effects, particularly in the context of inflamma
tory bowel disease (IBD) and autoimmune diseases, describing the immune signaling pathways 
influenced by chitosan and linking gut microbiota changes to improvements in systemic immunity. 
Recent clinical trials and human studies assessing the efficacy of chitosan-coated probiotics are 
presented, alongside a discussion of practical applications and a comparison of in vitro and in vivo 
findings to highlight real-world relevance. The sustainability of chitosan sources and their environ
mental impact are addressed, along with the novel concept of chitosan’s role in the gut-brain axis. 
Finally, the review emphasizes future research needs, including the development of personalized 
probiotic therapies and the exploration of novel bio-polymers and encapsulation techniques.
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1. Introduction

Probiotic microencapsulation is a technique designed to 
protect live probiotic microorganisms by enclosing them 
within a protective coating, typically made from biocom
patible materials like polymers [1]. The primary purpose of 
this method is to shield probiotics from environmental 
stresses such as oxygen, temperature changes, moisture, 
and the acidic conditions of the stomach [2]. When used 
in probiotic formulations, chitosan’s antimicrobial activity 

selectively inhibits harmful pathogens while potentially 
affecting beneficial microbiota, necessitating careful for
mulation to maintain microbial balance [3]. By encapsu
lating probiotics in micro-sized carriers, their viability is 
preserved throughout the production process, storage, 
and eventual delivery into the gastrointestinal tract, 
where they can contribute to gut health [4].

The use of microencapsulation is essential in maintain
ing the viability and functionality of probiotics for several 
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reasons [5]. During production, probiotics are often 
exposed to heat, pressure, and other mechanical stresses 
that can damage them [6]. Microencapsulation acts as a 
protective barrier, helping probiotics survive these harsh 
conditions. Also, probiotics are prone to degradation dur
ing storage when exposed to air, light, or moisture [7]. 
Strategies such as chemical modifications, blending with 
other biopolymers, and the development of chitosan 
derivatives with enhanced acid resistance are being 
actively researched to overcome its limitations in highly 
acidic conditions [8]. Encapsulation extends their shelf life 
by forming a physical shield that prevents such exposure. 
The most critical challenge, however, is ensuring probio
tics survive the acidic and enzymatic environment of the 
stomach and small intestine [9]. Microencapsulation pro
tects probiotics from stomach acid (pH 2.0) and bile salts, 
enhancing their ability to survive and reach the intestines, 
where they can colonize and exert their beneficial effects 
[5]. Thus, microencapsulation plays a vital role in ensuring 
probiotics remains stable and effective from production 
to consumption [10].

Bio-polymer coatings, which can be natural or syn
thetic polymers, are biocompatible, biodegradable, and 
suitable for encapsulating probiotics in a protective 
matrix [9]. These coatings are chosen for their ability to 
form stable structures around probiotic cells, protecting 
them and allowing for controlled release in specific areas 
of the gastrointestinal tract [11]. Bio-polymers used in 
encapsulation are generally recognized as safe (GRAS) 
and are widely applied in the food, pharmaceutical, and 
nutraceutical industries [12]. The key properties that 
make bio-polymers ideal for encapsulation include bio
compatibility, ensuring they are safe for consumption, 
and biodegradability, allowing them to break down into 
non-toxic substances after their protective role is fulfilled 
[13]. Additionally, bio-polymers are engineered to 
enable controlled release, ensuring probiotics are deliv
ered to the target site in the digestive system [14].

Chitosan, a natural polymer derived from the shells of 
crustaceans such as shrimp and crabs, is one of the most 
commonly used materials in probiotic microencapsula
tion [15]. As a polysaccharide composed of glucosamine 
and N-acetylglucosamine units, it offers several proper
ties that make it ideal for encapsulation [16]. Chitosan is 
biocompatible and biodegradable, meaning it can be 
safely broken down by the body into simple sugars 
[17]. Its mucoadhesive properties allow it to adhere to 
the mucosal surfaces in the gut, improving the retention 
and colonization of probiotics [18]. Moreover, chitosan 
has antimicrobial activity, helping maintain probiotic 
viability by reducing the risk of contamination during 
processing and storage [19]. Its pH sensitivity is another 
advantage; chitosan is soluble in acidic environments, 

making it suitable for protecting probiotics in the sto
mach, and it forms a gel in more neutral pH levels, 
allowing for targeted release in the intestines [20]. 
Despite its advantages, research continues to address 
chitosan’s limitations, such as its instability in highly 
acidic conditions and limited solubility in neutral or alka
line environments [21].

In recent years, there has been a growing recognition 
of the multifaceted roles of chitosan in probiotic micro
encapsulation, extending beyond mere protective bar
riers to encompass significant mechanistic insights into 
its influence on gut microbiota and immune system 
modulation [22]. This review aims to examine recent 
advancements in bio-polymer coatings for probiotic 
microencapsulation, focusing particularly on chitosan 
and its applications, as well as other biopolymers such 
as alginate, pectin, and gelatin. We will explore how 
chitosan promotes beneficial bacterial populations 
while suppressing pathogenic strains, thereby enhan
cing gut health through its prebiotic and synbiotic prop
erties. Recent studies highlighting the synergistic effects 
of chitosan with specific probiotics will be examined, 
particularly in the context of inflammatory bowel disease 
(IBD) and autoimmune disorders, where chitosan’s 
immunomodulatory effects and associated immune sig
naling pathways are crucial. Long-term use of chitosan- 
based products potentially causes side effects such as 
gastrointestinal discomfort, nutrient malabsorption (par
ticularly fat-soluble vitamins and minerals), or allergic 
reactions in sensitive individuals, emphasizing the need 
for careful dosage and monitoring [23]. In addition, we 
will present innovations in chitosan-based encapsula
tion techniques, mechanisms of controlled release, and 
their importance in improving probiotic efficacy. 
Updated findings from clinical trials and human studies 
will validate the efficacy of chitosan-coated probiotics, 
emphasizing their practical applications in the food and 
pharmaceutical industries. This review will also address 
the sustainability of chitosan sources and their environ
mental impacts while introducing the novel concept of 
chitosan’s role in the gut-brain axis, linking microbial 
interactions to mental health outcomes. Chitosan encap
sulation improves the long-term viability of probiotics by 
shielding them from environmental stressors, with its 
effectiveness influenced by variables such as the con
centration of chitosan and the conditions under which 
they are stored [24]. Finally, we will identify future 
research directions, emphasizing the need for persona
lized probiotic therapies and the exploration of innova
tive bio-polymers and encapsulation techniques to 
enhance the functionality of probiotic formulations, ulti
mately meeting the growing demand for probiotic- 
based functional foods and therapeutics.
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2. Chitosan as a bio-polymer coating

2.1. Properties of chitosan

Chitosan, a biopolymer derived from the deacetylation 
of chitin (a structural polysaccharide found in the exos
keletons of crustaceans), possesses several key physico
chemical properties that make it highly suitable for 
probiotic encapsulation [25] (Table 1).

2.2. Applications of chitosan in probiotic 
encapsulation

Specific conditions for chitosan’s effectiveness in pro
moting beneficial gut microbiota include low mole
cular weight and concentrations typically ranging 
from 0.1% to 1%, which balance antimicrobial activity 
against pathogens while preserving probiotic 
viability [3]. 

2.3. Mechanistic insights into chitosan’s role in gut 
microbiota modulation

Chitosan, beyond its utility as an encapsulating agent, 
plays a pivotal role in modulating the gut microbiota. 
Its influence extends to promoting the growth of ben
eficial bacteria while simultaneously suppressing 
pathogenic microorganisms. This dual functionality is 
achieved through a combination of physicochemical 
interactions, metabolic modulation, and immunomo
dulatory effects [38]. Understanding these mechanisms 
is crucial for optimizing chitosan-based probiotic for
mulations aimed at enhancing gut health and overall 
immune function.

2.3.1. Promotion of beneficial bacteria
Chitosan acts as a prebiotic, selectively fostering the 
growth of beneficial gut microbiota such as 
Bifidobacteria and Lactobacillus. One of the primary 
mechanisms through which chitosan promotes these 
beneficial bacteria is selective fermentation and utiliza
tion. Certain beneficial bacteria possess the enzymatic 
machinery required to degrade chitosan [39]. Enzymes 
such as chitosanases, produced by Bifidobacteria and 
Lactobacillus, hydrolyze chitosan into smaller oligomers 
and monomers, which these bacteria can utilize as car
bon sources and amino acids or ammonium as nitrogen 
sources [40]. This selective utilization provides a compe
titive advantage to these beneficial strains over less 
advantageous or pathogenic bacteria that lack such 
enzymatic capabilities. Potential side effects or contra
indications associated with the use of chitosan as a 
prebiotic encapsulating agent include gastrointestinal 
issues such as bloating, constipation, or diarrhea, and it 
may interfere with the absorption of fat-soluble vitamins 
and certain medications, particularly in individuals with 
shellfish allergies [41]. More so, the degradation pro
ducts of chitosan serve as an energy source, enhancing 
the growth and metabolic activity of beneficial bacteria. 
The increased availability of nutrients supports their 
proliferation and metabolic functions, contributing to a 
balanced and diverse gut microbiota [42].

Another significant mechanism is the enhancement 
of short-chain fatty acid (SCFA) production. The fer
mentation of chitosan by beneficial bacteria leads to 
the increased production of SCFAs, including acetate, 
propionate, and butyrate. These SCFAs play multiple 
roles in gut health. Butyrate, in particular, is a primary 
energy source for colonocytes, promoting intestinal 

Table 1. Physicochemical properties of chitosan.
S/N Properties Description

1. Biocompatibility Chitosan is recognized for its biocompatibility, meaning it is generally well-tolerated by the human body and does not elicit 
significant adverse immune responses. This property is crucial for ensuring that chitosan-based encapsulation materials are 
safe for consumption and suitable for use in food and pharmaceutical applications [26].

2. Biodegradability Chitosan is biodegradable, breaking down into non-toxic components that can be metabolized or eliminated by the body. This 
characteristic ensures that, after serving its purpose as a protective coating, chitosan decomposes into substances that do 
not accumulate in the body, minimizing potential long-term effects [27].

3. Antimicrobial 
Properties

Chitosan exhibits intrinsic antimicrobial activity, which is effective against a range of microorganisms, including bacteria and 
fungi. This antimicrobial property helps preserve the viability of probiotics during storage and processing by reducing the 
risk of contamination and spoilage [3].

4. Film-Forming 
Ability

One of chitosan’s notable attributes is its ability to form strong and flexible films. When dissolved in an acidic medium, chitosan 
forms a gel-like network that can be used to create a thin, continuous film. This film can encapsulate probiotic 
microorganisms, providing a protective barrier that shields them from environmental stresses [28].

5. Mucoadhesive 
Properties

Chitosan has mucoadhesive properties, meaning it can adhere to mucosal surfaces in the gastrointestinal tract. This 
characteristic is beneficial for enhancing the retention of encapsulated probiotics in the intestines, improving their chances 
of colonization and effectiveness [29]. Specific strains like Lactobacillus plantarum, Bifidobacterium bifidum, and 
Saccharomyces cerevisiae var. boulardii have shown significant benefits from chitosan coating due to enhanced protection 
against gastrointestinal conditions and improved survival rates during storage and delivery [30].

6. pH Sensitivity Chitosan is soluble in acidic environments but forms a gel or solidifies at higher pH levels. This pH sensitivity is advantageous 
for probiotic encapsulation because it allows chitosan to dissolve and protect probiotics in the acidic environment of the 
stomach while transitioning to a gel state in the more neutral pH of the intestines, where the probiotics are intended to be 
released [31].
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barrier integrity and reducing inflammation [43]. 
Moreover, SCFAs lower the intestinal pH, creating an 
unfavorable environment for pathogenic bacteria while 
favoring the growth of acid-tolerant beneficial strains. 
SCFAs also influence immune cell function and cyto
kine production, contributing to an anti-inflammatory 
environment in the gastrointestinal tract or digestive 
system [44].

Chitosan further enhances gut barrier function by 
improving tight junction integrity and mucus produc
tion. SCFAs, especially butyrate, strengthen the tight 
junctions between epithelial cells, reducing intestinal 

permeability (‘leaky gut’). Potential side effects or contra
indications associated with chitosan supplementation in 
different populations include gastrointestinal discomfort 
(e.g., bloating, constipation), interference with fat-solu
ble vitamin absorption, and potential allergic reactions 
in individuals with shellfish allergies; caution is also 
advised for individuals with diabetes, as chitosan may 
affect blood sugar levels, and for pregnant or breast
feeding women due to limited safety data [45]. This 
barrier function is crucial for preventing the transloca
tion of harmful bacteria and toxins into the systemic 
circulation [46]. Additionally, beneficial bacteria 

Figure 1. Chitosan.

Table 2. Current studies and applications.
S/N Applications Description

1. Protection Against Stomach Acid 
and Bile Salts

Numerous studies have demonstrated chitosan’s effectiveness in protecting probiotics from the harsh conditions 
of the gastrointestinal tract. Chitosan-coated probiotics have shown enhanced survival rates in acidic 
environments, such as the stomach, compared to non-coated probiotics. The chitosan coating acts as a physical 
barrier that shields probiotics from stomach acid and bile salts, increasing their viability as they pass through 
the digestive system [32]. The time for chitosan to exert noticeable effects on gut health typically ranges from a 
few days to several weeks, depending on factors such as dosage, formulation, individual gut microbiota 
composition, and overall health status [33].

2. Controlled Release Mechanisms Research has shown that chitosan can be used to develop controlled-release systems for probiotics. By forming a 
gel-like matrix in response to pH changes, such as transitioning from the acidic environment of the stomach 
(pH 2) to the more neutral conditions of the intestine (pH 6–7), chitosan enables the gradual release of 
probiotics in specific regions of the gastrointestinal tract. This controlled release helps ensure that a higher 
number of probiotics reach the intestines, where they can exert their beneficial effects [34].

3. Encapsulation Techniques Chitosan has been applied in various encapsulation techniques, including spray drying, extrusion, and 
electrostatic assembly. These methods utilize chitosan’s film-forming and gelation properties to create 
microencapsulated probiotic formulations that can withstand processing and storage conditions [35].

4. Synergistic Combinations Studies have explored the combination of chitosan with other biopolymers, such as alginate and pectin, to 
enhance encapsulation performance. These combinations leverage the unique properties of each polymer, 
such as chitosan, alginate, and pectin, to improve the stability, release profile, and overall efficacy of probiotics 
in capsules, gels, or coated tablets [36]. Potential side effects or contraindications associated with chitosan as a 
prebiotic encapsulating agent include gastrointestinal discomfort, such as bloating or constipation, and 
possible allergic reactions, especially in individuals sensitive to shellfish [37].
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stimulated by chitosan can enhance mucus production 
by goblet cells, providing an additional protective layer 
that impedes pathogen adhesion and invasion [47].

Moreover, chitosan facilitates the competitive exclu
sion of pathogens by promoting the growth of beneficial 
bacteria that compete with pathogens for essential 
nutrients and adhesion sites on the intestinal mucosa. 
This competitive advantage indirectly inhibits the colo
nization and proliferation of pathogenic microorganisms 
[48]. The efficacy of chitosan in modulating immune 
responses varies with dosage, where low doses enhance 
immune cell production and gut health, moderate doses 
promote cytokine production and NK cell activity, and 
high doses may suppress excessive inflammation or 
cause immune dysfunction [49]. Beneficial bacteria also 
produce antimicrobial peptides, bacteriocins, and other 
inhibitory compounds that suppress pathogen growth. 
The enhanced population of these bacteria, facilitated 
by chitosan, increases the overall antimicrobial activity 
within the gut environment [50].

2.3.2. Suppression of pathogenic microorganisms
Chitosan exerts both direct and indirect antimicrobial 
effects that suppress the growth and colonization of 
pathogenic bacteria in the gut. Direct antimicrobial activity 
is primarily due to chitosan’s polycationic nature, which 
interacts electrostatically with the negatively charged com
ponents of microbial cell membranes. This interaction 
leads to membrane disruption, increased permeability, 
and eventual leakage of cellular contents, resulting in cell 
death [51]. Different bacterial strains respond variably to 
chitosan’s chemical modifications, such as thiolation or 
quaternization, with modifications enhancing antimicro
bial activity against specific pathogens while also poten
tially influencing the prebiotic effects based on the 
bacterial strain’s ability to tolerate or utilize these modified 
forms of chitosan [52]. Additionally, chitosan can induce 
the production of reactive oxygen species (ROS) within 
pathogenic bacteria, causing oxidative stress and damage 
to cellular components such as DNA, proteins, and lipids. 
This oxidative damage further contributes to the antimi
crobial efficacy of chitosan [53].

Chitosan also inhibits the formation and stability of 
biofilms, which are protective layers that enhance the 
resistance of pathogenic bacteria to antimicrobial 
agents and the host immune system. By interfering 
with the initial adhesion of bacterial cells to surfaces 
and inhibiting the synthesis of extracellular polymeric 
substances (EPS) essential for biofilm stability, chitosan 
disrupts biofilm formation [47]. In established biofilms, 
chitosan can penetrate the matrix and disrupt the struc
tural integrity, leading to the dispersal of bacterial cells 

and increased susceptibility to antimicrobial substances 
such as antibiotics or disinfectants [40].

Another critical mechanism is the inhibition of 
quorum sensing, a bacterial communication system 
that regulates gene expression related to virulence, bio
film formation, and antibiotic resistance. Chitosan inter
feres with quorum sensing signals, thereby reducing the 
expression of virulence factors and inhibiting the coor
dinated behavior of pathogenic bacteria [46]. 
Furthermore, chitosan can interfere with the metabolic 
pathways of pathogenic bacteria, inhibiting essential 
processes such as DNA replication, protein synthesis, 
and energy production. This metabolic inhibition 
reduces the growth rate and virulence of pathogens 
[54]. By binding to essential nutrients and limiting their 
availability, chitosan restricts the nutrient uptake of 
pathogenic bacteria, thereby impeding their growth 
and survival [43].

2.3.3. Modulation of host-microbe interactions
In addition to its direct effects on microbial populations, 
chitosan modulates host-microbe interactions, contri
buting to an environment that favors beneficial bacteria 
and suppresses pathogens. Chitosan activates innate 
immune cells such as macrophages and dendritic cells, 
enhancing their phagocytic activity and cytokine pro
duction. This immune activation helps in clearing patho
genic bacteria and maintaining a balanced microbial 
ecosystem [54]. Furthermore, chitosan influences the 
adaptive immune system by modulating T-cell 
responses and promoting the production of regulatory 
T cells (Tregs). This modulation fosters an anti-inflamma
tory environment that supports the growth of beneficial 
bacteria while inhibiting pro-inflammatory pathways 
that can be exploited by pathogens [55].

Chitosan also enhances mucosal immunity by stimu
lating the production of secretory immunoglobulin A 
(sIgA) in the gut mucosa. sIgA plays a crucial role in 
neutralizing pathogens and preventing their adhesion 
to the intestinal epithelium, thereby reducing infection 
rates [56]. Optimal ratios of degree of deacetylation (DD) 
and molecular weight for balancing antimicrobial activ
ity and prebiotic potential typically involve a moderate 
DD (around 70–85%) and a molecular weight range of 
100–500 kDa, which enhances both antimicrobial effects 
and prebiotic activity by promoting selective fermenta
tion and pathogen inhibition [57]. Additionally, by pro
moting anti-inflammatory cytokines such as IL-10 and 
reducing pro-inflammatory cytokines like TNF-α and IL-6, 
chitosan helps maintain immune homeostasis. This 
balanced cytokine environment discourages the over
growth of inflammatory-associated pathogens [58].
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2.3.4. Structural and functional changes in the gut 
environment
Chitosan induces structural and functional changes in 
the gut environment that favor beneficial bacteria and 
hinder pathogens. The fermentation of chitosan by ben
eficial bacteria results in the production of SCFAs, which 
lower the gut pH. A more acidic environment inhibits the 
growth of acid-sensitive pathogenic bacteria while pro
moting acid-tolerant beneficial strains [54]. Additionally, 
chitosan stimulates goblet cells to produce more mucus, 
increasing the thickness and viscosity of the mucus layer. 
This enhanced mucus barrier provides a physical impe
diment to pathogen colonization and offers a habitat for 
beneficial bacteria [56].

Moreover, SCFAs produced from chitosan fermenta
tion strengthen tight junctions between epithelial cells, 
reducing intestinal permeability. This reduction prevents 
the translocation of pathogens and toxins from the gut 
lumen into the bloodstream, thereby maintaining intest
inal integrity [59].

2.3.5. Synergistic effects with probiotics
When used in conjunction with probiotic strains, chito
san enhances their efficacy through synergistic interac
tions. Chitosan-coated probiotics are better protected 
against gastric acidity and bile salts, ensuring higher 
survival rates as they transit through the gastrointestinal 
(GI) tract. This increased survival enhances the coloniza
tion potential of probiotics in the gut [44]. Additionally, 
chitosan provides additional substrates for probiotic 
metabolism, supporting their growth and metabolic 
activities. This synergy results in higher SCFA production 
and more effective suppression of pathogenic bacteria 
[50]. Different dietary fibers and prebiotics interact with 
chitosan by synergistically enhancing its effects on gut 
microbiota, where fibers like inulin and oligosaccharides 
promote the growth of beneficial bacteria, while chito
san’s ability to modulate microbial composition and 
reduce pathogen growth is complemented, resulting in 
improved gut health, better nutrient absorption, and 
more effective immune modulation [60].

Furthermore, both chitosan and probiotics indepen
dently stimulate the immune system. When used 
together, they produce a more robust immune response, 
enhancing the overall immunomodulatory effects and 
contributing to a healthier gut microbiota balance [48]. 
Chitosan promotes beneficial bacteria over pathogenic 
ones selectively through mechanisms such as its ability 
to bind to negatively charged bacterial cell membranes, 
disrupting the integrity of pathogenic bacteria while 
allowing beneficial, often positively charged, bacteria 
to thrive; its modulation of gut pH to favor the growth 
of beneficial microbes; and its prebiotic effects, which 

enhance the growth of specific beneficial strains like 
Lactobacilli and Bifidobacteria by providing substrates 
for their fermentation [61].

2.3.6. Molecular structure-function relationships
The specific structural characteristics of chitosan, such as 
its proportion of free amino groups (degree of deacety
lation, DD) and molecular weight, significantly influence 
its interactions with gut microbiota. A higher DD results 
in more free amino groups, increasing the polycationic 
nature of chitosan. This enhances its ability to interact 
with negatively charged bacterial cell membranes, lead
ing to more effective antimicrobial activity against 
pathogens [51]. Additionally, the DD affects chitosan’s 
solubility and its susceptibility to enzymatic degradation 
by beneficial bacteria. Optimizing the DD can balance 
antimicrobial activity with prebiotic potential, ensuring 
selective promotion of beneficial strains [40].

Molecular size also plays a crucial role in chitosan’s 
functionality. Higher molecular weight chitosan forms 
more viscous solutions and stronger films, providing better 
protection for encapsulated probiotics. This enhanced film 
formation ensures sustained release and prolonged protec
tion against GI stresses [40]. Conversely, lower molecular 
weight chitosan is more easily degraded by microbial 
enzymes, facilitating quicker utilization by beneficial bac
teria. This rapid fermentation supports timely SCFA produc
tion and more immediate suppression of pathogens [47]. 
Additionally, chemical modifications of chitosan, such as 
thiolation or quaternization, can tailor its interactions with 
specific bacterial strains. These modifications enhance 
selective binding and uptake by beneficial bacteria, further 
promoting their growth while maintaining antimicrobial 
efficacy [46].

2.3.7. Interaction with dietary components
Chitosan interacts with various dietary components, influ
encing its modulatory effects on the gut microbiota. When 
combined with dietary fibers, chitosan enhances the fer
mentation process by providing additional substrates for 
beneficial bacteria. This synergy results in increased SCFA 
production and more effective suppression of pathogenic 
bacteria [42]. Moreover, chitosan can bind to polyphenols 
and other antioxidants, protecting them from degradation 
and enhancing their bioavailability. These antioxidants 
further support gut health by reducing oxidative stress 
and inflammation, creating a more favorable environment 
for beneficial bacteria [43].

Additionally, chitosan can bind to dietary proteins, 
altering their digestion and absorption. This interaction 
influences the availability of amino acids for beneficial 
bacteria, supporting their growth and metabolic func
tions [44].
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2.3.8. Environmental and host factors
The efficacy of chitosan in modulating gut microbiota is 
influenced by various environmental and host-related 
factors. The overall composition of the host’s diet affects 
how chitosan interacts with gut microbiota. Diets rich in 
fibers and prebiotics can enhance the prebiotic effects of 
chitosan, while high-fat or high-sugar diets may counter
act its benefits by promoting pathogenic bacteria [40]. 
Genetic differences in the host can also influence the 
composition of the gut microbiota and its response to 
chitosan. Individuals with different genetic backgrounds 
may exhibit varying levels of enzyme production, such as 
chitosanases, necessary for chitosan degradation, affect
ing its prebiotic efficacy [50].

Furthermore, the baseline health of the host’s gut 
microbiota determines the extent of chitosan’s modula
tory effects. Individuals with dysbiosis or compromised 
gut barriers may experience more pronounced benefits 
from chitosan supplementation compared to those with 
a balanced microbiota [48]. Concurrent use of antibiotics 
can disrupt gut microbiota, reducing the population of 
both beneficial and pathogenic bacteria. Chitosan’s 

selective promotion of beneficial bacteria may aid in 
faster microbiota recovery post-antibiotic treatment by 
outcompeting any remaining pathogenic strains [40].

Chitosan exerts a multifaceted influence on gut 
microbiota through selective fermentation, enhance
ment of SCFA production, direct antimicrobial activity, 
biofilm inhibition, quorum sensing disruption, and mod
ulation of host immune responses. Its structural proper
ties, such as degree of deacetylation and molecular 
weight, play crucial roles in determining its efficacy in 
promoting beneficial bacteria like Bifidobacteria and 
Lactobacillus, while suppressing pathogens such as 
Escherichia coli, Salmonella spp., and Clostridium difficile 
[62]. Additionally, chitosan’s interactions with dietary 
components, environmental factors, and host genetics 
further refine its modulatory effects, making it a versatile 
agent in maintaining and enhancing gut health. Future 
research should focus on optimizing chitosan’s struc
tural characteristics and exploring synergistic combina
tions with other prebiotics and probiotics to maximize 
its beneficial impacts on the gut microbiota and overall 
immune function.

Table 3. Challenges and limitations.
S/N Challenge Description

.1 Sensitivity to pH Changes While chitosan’s pH sensitivity is advantageous for controlled release, it can also be a limitation. Chitosan’s 
solubility in acidic environments means that its protective effects may be compromised if the pH conditions are 
not adequately managed. In highly acidic conditions, such as those found in the stomach, chitosan may dissolve 
too rapidly, potentially reducing its protective efficacy [63].

2. Instability in Neutral or Alkaline 
Environments

Chitosan’s tendency to form a gel in neutral or alkaline environments is beneficial for controlled release, but it can 
also pose challenges. In some cases, the gelation may be insufficient or inconsistent, leading to variations in 
release rates and affecting the overall performance of the encapsulated probiotics [64].

3. Limited Solubility and Processing 
Issues

The solubility of chitosan is limited to acidic conditions, which can complicate its use in formulations where 
neutrality or alkalinity is required. Additionally, the processing of chitosan can be challenging, as it often 
requires the use of acids or specific conditions to dissolve and form coatings. This can affect the scalability and 
cost-effectiveness of chitosan-based encapsulation methods [65].

4. Variability in Chitosan Sources Chitosan is derived from natural sources, and its properties can vary depending on the source of chitin, the degree 
of deacetylation, and the processing methods used. This variability can lead to inconsistencies in the 
performance of chitosan-based encapsulation systems [66].

Table 4. Research on combining chitosan with other biopolymers.
S/N Combinations Description

1. Chitosan and 
Alginate

Chitosan and alginate are frequently combined to enhance encapsulation efficiency. Alginate, derived from brown seaweed, is a 
natural polysaccharide that forms gel beads in the presence of calcium ions. When combined with chitosan, alginate provides 
an additional layer of protection and enhances the stability of the encapsulated probiotics. The combination of these 
biopolymers (Figure 2) can improve the overall encapsulation efficiency by creating a dual-layered structure that offers better 
resistance to gastrointestinal conditions. Studies have shown that chitosan-alginate systems can achieve a more controlled 
and sustained release of probiotics, making them suitable for targeted delivery applications [67].

2. Chitosan and 
Gelatin

Gelatin, a protein derived from collagen, is often used in conjunction with chitosan to leverage its film-forming and gelation 
properties. Chitosan-gelatin composites can be used to create encapsulation matrices that are both flexible and strong. The 
combination improves the mechanical properties of the coating and provides a more controlled release rate or pattern. 
Research has demonstrated that chitosan-gelatin systems can enhance the stability of probiotics during storage and increase 
their survival rate through the gastrointestinal tract. Additionally, the mucoadhesive properties of chitosan complement the 
gelatin’s ability to form stable gels, leading to better retention and colonization of probiotics in the gut [68].

3. Chitosan and 
Pectin

Pectin, a polysaccharide found in fruits, is used in combination with chitosan to create encapsulation systems that offer enhanced 
stability and targeted release. Pectin is known for its gel-forming ability in the presence of calcium ions, and when paired with 
chitosan, it can provide additional structural integrity and resistance to acidic conditions. Chitosan-pectin systems have been 
shown to improve the encapsulation efficiency of probiotics by forming a robust, multi-layered coating that protects the 
probiotics and facilitates their controlled release in the intestines [69].
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While chitosan (Figure 1) offers numerous advantages 
for probiotic encapsulation, including biocompatibility, 
biodegradability, antimicrobial properties, and pH-sensi
tive controlled release, it also presents challenges related 
to its sensitivity to pH changes, stability in different envir
onments (Tables 2–4), and processing requirements. 
Addressing these limitations through further research 
and technological advancements will be crucial for opti
mizing the use of chitosan in probiotic microencapsula
tion and improving its overall efficacy and practicality.

2.4. Limitations of chitosan

3. Advances in chitosan-based encapsulation

3.1. Combination with other materials

3.2. Nanotechnology in chitosan encapsulation

3.3. Innovative methods in chitosan coating

Advances in chitosan-based encapsulation have been 
driven by the combination of chitosan (Tables 5–9) 
with other biopolymers, the application of nanotech
nology, and the development of innovative encapsu
lation techniques [82]. These advancements have 
improved the stability, bioavailability, and controlled 

release of probiotics, leading to more effective and 
practical probiotic formulations [83]. Continued 
research and development in these areas are essen
tial for further enhancing the performance and appli
cations of chitosan-based encapsulation systems.

4. Beyond chitosan: other bio-polymer coatings

Each biopolymer – alginate, pectin, gelatin, and carra
geenan – offers unique properties that can be utilized for 
probiotic encapsulation (Figure 3) [92]. By understand
ing their individual characteristics and combining them 
with other materials (Tables 10–11), researchers can 
develop advanced encapsulation systems that enhance 
the stability, controlled release, and overall efficacy of 
probiotics [93]. A comparative analysis of these bio-poly
mers highlights their strengths and limitations, provid
ing valuable insights for selecting the most suitable 
materials for specific applications in probiotic microen
capsulation [94].

5. Controlled release mechanisms

Controlled release mechanisms play a crucial role in 
the effectiveness of probiotic formulations (Tables 12 
and 13). By utilizing pH-sensitive, enzyme-triggered, 

Figure 2. Bio polymer coatings.

Table 5. Benefits of combining chitosan with other biopolymers.
S/N Benefits Description

1. Enhanced Encapsulation 
Efficiency

Combining chitosan with other biopolymers can result in coatings that offer improved encapsulation efficiency, 
protecting probiotics more effectively during processing and storage [70].

2. Better Targeting and 
Controlled Release

Multi-material coatings can provide more precise control over the release of probiotics, allowing for targeted delivery 
to specific regions of the gastrointestinal tract [71].

3. Increased Stability The synergistic effects of combining chitosan with other materials can enhance the overall stability of the 
encapsulated probiotics, ensuring their viability and efficacy [72].
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and time-controlled release strategies, as well as 
ensuring targeted delivery and enhanced stability, 
bio-polymer coatings can significantly improve the 
viability and efficacy of probiotics [103]. Continued 

research and development in these areas are essen
tial for optimizing probiotic delivery systems and 
meeting the growing demand for effective probiotic 
products.

Table 9. Benefits of Innovative Encapsulation Methods.
S/N Benefits Description

1. Improved Encapsulation 
Efficiency

Advanced techniques such as spray drying, LbL assembly, and electrostatic deposition can enhance the encapsulation 
efficiency of chitosan-based systems, ensuring better protection and stability of probiotics [79].

2. Controlled Release Innovative methods allow for precise control over the release profile of probiotics, improving their targeted delivery and 
effectiveness [80].

3. Scalability and Versatility These techniques offer scalable and versatile solutions for producing chitosan-based encapsulation systems, making 
them suitable for various applications in the food and pharmaceutical industries [81].

Table 6. Advancements in nanotechnology.
S/N Advancements Description

1. Nanoscale Encapsulation 
Systems

Nanotechnology has led to the development of nanoscale chitosan-based encapsulation systems that offer improved 
stability and bioavailability of probiotics. These nanoscale systems utilize chitosan nanoparticles or nanocarriers to 
encapsulate probiotics, providing a high surface area-to-volume ratio that enhances the protective effects of the 
coating. Nanoparticles can create a more uniform and controlled release profile, improving the delivery and efficacy of 
probiotics [73].

2. Chitosan Nanoparticles Chitosan nanoparticles are created by dissolving chitosan in an acidic solution and then using techniques such as ionic 
gelation or solvent evaporation to form nanosized particles. These nanoparticles can encapsulate probiotics with high 
efficiency and provide a protective barrier that improves their stability. Studies have shown that chitosan nanoparticles 
can effectively protect probiotics from environmental stresses and enhance their bioavailability by facilitating their 
absorption in the gastrointestinal tract [74].

3. Nanocomposite Systems The integration of chitosan with other nanomaterials, such as nanoparticles of metals or metal oxides, can create 
nanocomposite systems with enhanced properties. These systems can offer additional functionalities, such as 
antimicrobial activity or improved mechanical strength, which further improve the encapsulation and delivery of 
probiotics. For example, chitosan-nanoparticle composites can provide both protective and therapeutic benefits, 
enhancing the overall effectiveness of probiotic formulations [74].

Table 7. Benefits of nanotechnology in Chitosan Encapsulation.
S/N Benefits Description

1. Enhanced Stability Nanoscale systems offer superior stability for encapsulated probiotics, protecting them from degradation during storage and 
processing [75].

2. Improved 
Bioavailability

Nanotechnology can enhance the bioavailability of probiotics by facilitating their absorption and uptake in the 
gastrointestinal tract [76].

3, Controlled Release Nanoscale encapsulation systems allow for precise control over the release of probiotics, improving their targeted delivery 
and efficacy [71].

Table 8. New Encapsulation Techniques.
S/N Technique Description

1. Spray Drying Spray drying is a widely used method for creating chitosan-based encapsulation systems. In this process, a solution containing 
chitosan and probiotics is atomized into small droplets, which are then dried to form powder particles. Spray drying offers 
several advantages, including the ability to produce large quantities of encapsulated probiotics with controlled particle size. 
Research has shown that spray-dried chitosan formulations can effectively protect probiotics from environmental stresses 
and provide a controlled release profile [77].

2. Layer-by-Layer 
Assembly

Layer-by-layer (LbL) assembly involves the sequential deposition of alternating layers of chitosan and other materials onto a 
substrate to create multilayered coatings. This technique allows for precise control over the thickness and composition of the 
coating, enabling the development of advanced encapsulation systems with enhanced stability and release properties. LbL 
assembly can be used to create complex chitosan-based coatings that offer improved protection and controlled release of 
probiotics [78].

3. Electrostatic 
Deposition

Electrostatic deposition is a technique that uses electrostatic forces to deposit chitosan onto a substrate or onto probiotics. This 
method allows for the creation of uniform and adherent coatings with controlled thickness. Electrostatic deposition can 
enhance the encapsulation efficiency and stability of probiotics by forming a strong and cohesive chitosan layer. Studies 
have demonstrated that electrostatic deposition techniques can produce high-quality chitosan coatings that offer effective 
protection and controlled release [22].
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6. Chitosan as a prebiotic or synbiotic

6.1. Introduction to chitosan and its role in gut 
health

Chitosan is a biopolymer derived from chitin, commonly 
found in the exoskeletons of crustaceans like shrimp and 
crabs. It has garnered significant attention for its wide 
range of applications in various fields, including biome
dical and pharmaceutical industries, water purification, 
and food technology [104]. Recently, its potential as a 
prebiotic or synbiotic agent has been explored due to its 

positive effects on gut health. As a prebiotic, chitosan 
promotes the growth and activity of beneficial gut bac
teria. When combined with probiotics, it can function as 
a synbiotic, enhancing the probiotic’s ability to colonize 
and exert positive health effects on the host [105].

6.1.1. Prebiotic properties of chitosan
Prebiotics are non-digestible food components that 
selectively stimulate the growth and activity of benefi
cial gut microbiota. Several studies have demonstrated 
chitosan’s ability to act as a prebiotic by promoting the 

Table 10. Beyond chitosan: other bio-polymer coatings.

S/N
Bio- 

polymers Role in Probiotic Encapsulation Applications and Benefits

1. Alginate 
[84]

Alginate is a natural polysaccharide extracted from brown 
seaweed, and it is widely used in probiotic encapsulation due to 
its unique gel-forming abilities and protective properties. 
Gel-Forming Abilities: Alginate forms gels in the presence of 
divalent cations, such as calcium ions. This property is harnessed 
to create a gel matrix that can encapsulate probiotic 
microorganisms effectively. The gel formation occurs through 
ionic gelation, where calcium ions cross-link alginate molecules, 
resulting in a stable network that can protect probiotics from 
environmental stresses. 
Protective Properties: Alginate coatings provide a protective 
barrier against mechanical stresses, oxidation, and moisture, 
which helps maintain the viability of encapsulated probiotics 
during processing and storage. Alginate’s ability to form a gel at 
physiological pH makes it particularly suitable for encapsulating 
probiotics intended for gastrointestinal delivery.

Improved Encapsulation Efficiency: Alginate’s gel-forming 
property allows for the creation of microbeads or capsules that 
can effectively encapsulate and protect probiotics. 

Controlled Release: Alginate-based systems can be designed to 
release probiotics in response to specific environmental 
triggers, such as pH changes, making them suitable for targeted 
delivery to different parts of the gastrointestinal tract. 

Compatibility with Other Polymers: Alginate is often combined 
with other biopolymers, such as chitosan, to enhance its 
performance and provide additional functionality.

2. Pectin 
[85]

Pectin is a complex polysaccharide found in the cell walls of fruits 
and vegetables, and it plays a significant role in enhancing the 
encapsulation and release of probiotics. 

Gel Formation: Pectin forms gels in the presence of calcium ions or 
under acidic conditions. This gel-forming ability is utilized to 
create encapsulation matrices that protect probiotics from 
environmental stresses. The gel structure provides a stable 
environment for probiotics, enhancing their viability during 
storage and processing. 

Targeting the Colon: Pectin is particularly effective in targeting the 
colon due to its gel-forming properties in the presence of 
specific ions. Pectin-based capsules can be designed to remain 
intact in the upper gastrointestinal tract and disintegrate in the 
colon, where they release probiotics. This targeted release is 
beneficial for probiotic strains intended to exert their effects in 
the colon.

Enhanced Encapsulation and Stability: Pectin’s gel-forming ability 
helps improve the encapsulation efficiency and stability of 
probiotics. 

Controlled and Targeted Release: Pectin-based systems can be 
engineered for controlled and targeted release, ensuring that 
probiotics are delivered to specific regions of the 
gastrointestinal tract. 

Natural and Biodegradable: Pectin is a natural and biodegradable 
biopolymer, making it an attractive option for use in food and 
pharmaceutical applications.

3. Gelatin 
[86]

Biodegradability and Film-Forming Capabilities: Gelatin is a 
protein derived from collagen, and it is known for its 
biodegradability and ability to form flexible films. In probiotic 
encapsulation, gelatin is used to create protective coatings that 
can encapsulate probiotics and provide a controlled release. 

Synergies with Chitosan: Gelatin is often combined with chitosan 
to create composite coatings that leverage the unique 
properties of both biopolymers. The combination of gelatin’s 
film-forming capabilities and chitosan’s antimicrobial and 
mucoadhesive properties results in enhanced encapsulation 
efficiency and stability.

Biodegradability: Both gelatin and carrageenan are biodegradable 
and biocompatible, making them suitable for use in food and 
pharmaceutical applications. 

Enhanced Encapsulation: Gelatin and carrageenan coatings 
provide effective protection and controlled release for 
probiotics. 

Synergistic Effects: Combining gelatin and carrageenan with 
chitosan can lead to improved encapsulation efficiency and 
functionality.

4. Carrageenan 
[87]

Film-Forming and Gelation: Carrageenan is a polysaccharide 
extracted from red seaweed, and it is known for its ability to 
form gels and films. Carrageenan can be used in probiotic 
encapsulation to create protective coatings that offer stability 
and controlled release. 

Combination with Chitosan: Carrageenan is sometimes combined 
with chitosan to improve the encapsulation performance. The 
synergistic effects of chitosan and carrageenan can enhance the 
stability and controlled release of probiotics.

Biodegradability: Both gelatin and carrageenan are biodegradable 
and biocompatible, making them suitable for use in food and 
pharmaceutical applications. 

Enhanced Encapsulation: Gelatin and carrageenan coatings 
provide effective protection and controlled release for 
probiotics. 

Synergistic Effects: Combining gelatin and carrageenan with 
chitosan can lead to improved encapsulation efficiency and 
functionality
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growth of certain probiotic species, such as Lactobacillus 
and Bifidobacterium [105]. Chitosan oligosaccharides 
(COS), the low molecular weight degradation products 
of chitosan, are particularly recognized for their ability to 
enhance gut microbiota composition. These oligosac
charides resist digestion in the upper gastrointestinal 
tract and reach the colon intact, where they become 
available to gut microbes for fermentation, thereby 
modulating the gut microbiome [106]. The synergistic 
effects of chitosan and probiotics can vary among differ
ent probiotic strains, as each strain exhibits unique char
acteristics, such as its capacity to interact with chitosan, 
endure the conditions of the gastrointestinal tract, and 
utilize specific nutrients, resulting in varying responses 
to chitosan’s antimicrobial properties and prebiotic 
effects. Similarly, in the context of layer-by-layer coating 
with chitosan and liposomes, the stability and 

antioxidant properties of probiotics are enhanced, 
which can be further optimized depending on the 
strain-specific interactions and environmental condi
tions in vitro [72].

Recent research has shown that COS can increase 
short-chain fatty acids (SCFAs) production, particularly 
butyrate, acetate, and propionate, which play critical 
roles in maintaining gut health and reducing inflamma
tion. SCFAs provide energy to colonocytes, regulate the 
immune system, and help maintain the integrity of the 
gut barrier. This fermentation process, coupled with a 
favorable shift in gut microbiota, reinforces chitosan’s 
role as a prebiotic [107].

6.1.2. Synbiotic applications of chitosan
Synbiotics refer to the combination of prebiotics and 
probiotics, where the prebiotic component supports 

Table 11. Comparative analysis of bio-polymers.
S/N Bio-polymer Encapsulation Efficiency Release Properties Stability Under Different Conditions

1. Alginate 
[88]

High encapsulation efficiency due to its 
ability to form stable gels in the presence 
of calcium ions. It is particularly effective 
in creating microbeads and capsules.

Offers controlled release in response to pH 
changes and ionic conditions. Suitable 
for targeted delivery to different parts of 
the gastrointestinal tract.

Stable under acidic and neutral conditions, 
but may be less effective in highly 
alkaline environments. Combining with 
other biopolymers can improve stability.

2. Pectin 
[89]

Good encapsulation efficiency, especially 
for targeted release applications. Its gel- 
forming ability is enhanced in the 
presence of calcium ions or under acidic 
conditions.

Allows for controlled and targeted release, 
particularly effective in the colon. Its 
release properties can be tailored based 
on the formulation.

Stable in acidic conditions and effective for 
targeting the colon. Its stability can be 
affected by the presence of calcium ions 
and pH changes.

3. Gelatin 
[90]

Effective in forming flexible films, but 
encapsulation efficiency may vary 
depending on the formulation and 
processing conditions.

Provides controlled release but may be less 
effective in highly acidic environments. 
The release profile can be adjusted 
through formulation and processing.

Generally stable but may be sensitive to 
temperature and pH changes. 
Combining with other biopolymers can 
enhance stability.

4. Carrageenan 
[91]

Provides good encapsulation efficiency and 
stability, especially when used in 
combination with other biopolymers.

Offers controlled release with good 
stability, especially when combined with 
other biopolymers. Its release properties 
can be optimized through formulation.

Stable under a range of conditions, 
including acidic and neutral 
environments. Its stability can be 
improved when used in combination 
with other biopolymers.

Figure 3. Probiotic microencapsulation.
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the survival, growth, and metabolic activity of the pro
biotic. Chitosan’s incorporation into synbiotic formula
tions enhances the overall efficacy of probiotics by 
providing both structural protection and growth-enhan
cing properties [108].

Chitosan has been shown to protect probiotics dur
ing gastric transit, which is often a limiting factor in the 
effectiveness of probiotic therapies. The acidic condi
tions in the stomach can degrade probiotic cells, redu
cing their viability. Studies have demonstrated that 
chitosan can form a protective gel matrix around pro
biotic cells, shielding them from stomach acidity and 
bile salts, and increasing their chances of colonizing 
the intestines [109]. Strains such as Lactobacillus and 
Bifidobacterium are most effectively supported by chit
osan, as it enhances their stability, viability, and gut 
adhesion due to its ability to protect them from harsh 
gastrointestinal conditions. The concentration of 

chitosan plays a crucial role in its synergistic effects 
with probiotics; lower concentrations may support pro
biotic growth by facilitating adhesion and providing a 
protective barrier, while higher concentrations can 
improve the encapsulation efficiency and stability of 
probiotics, but excessive chitosan may hinder microbial 
activity by altering the gut pH or interfering with nutri
ent availability [109].

6.1.3. Synergistic effects of chitosan with specific 
probiotics
Several recent studies have highlighted the synergis
tic effects of chitosan, especially in the form of oli
gosaccharides, when combined with specific 
probiotic strains. One such study by [110] found 
that the combination of COS with Lactobacillus plan
tarum significantly improved gut microbiota diversity 
and increased the abundance of beneficial bacteria in 

Table 12. Mechanisms of probiotic release.
S/N Release type Mechanism Example Advantages

1. pH-Sensitive 
Release 

[95]

pH-sensitive release mechanisms involve the 
use of bio-polymer coatings that respond 
to changes in pH along the gastrointestinal 
tract. Many biopolymers, such as alginate, 
chitosan, and pectin, exhibit pH-dependent 
solubility. In the acidic environment of the 
stomach, these polymers remain intact to 
protect the probiotics. However, as they 
move into the more neutral to alkaline 
environment of the small intestine, the 
polymers dissolve or change their 
structure, allowing for the release of 
probiotics.

Alginate beads, often cross-linked with 
calcium ions, maintain their structure in the 
acidic stomach environment. However, 
they begin to dissolve as they reach the 
higher pH of the small intestine, releasing 
the probiotics contained within.

Provides protection to probiotics 
from the acidic conditions of the 
stomach. 

Ensures targeted release in the 
intestinal environment where 
probiotics can be more effective.

2. Enzyme- 
Triggered 
Release 

[96]

Enzyme-triggered release relies on the activity 
of specific enzymes present in the 
gastrointestinal tract to break down the 
bio-polymer coating. For instance, enzymes 
like amylases, proteases, or lipases can 
cleave bonds in the polymer matrix, 
leading to the release of encapsulated 
probiotics.

Chitosan-based coatings can be designed to 
degrade in the presence of certain 
enzymes. In the gastrointestinal tract, 
proteolytic enzymes can break down 
chitosan, leading to the gradual release of 
probiotics.

Provides a more controlled and 
gradual release of probiotics. 

Ensures that probiotics are released 
in regions where the specific 
enzyme is active, which may be 
beneficial for targeting.

3. Time- 
Controlled 
Release 

[97]

Time-controlled release mechanisms involve 
designing bio-polymer coatings that 
degrade or dissolve over a specific period. 
This can be achieved through the use of 
polymers with known degradation rates or 
by incorporating additives that influence 
the coating’s release profile.

Gelatin-based capsules can be engineered to 
dissolve at a predetermined rate, releasing 
probiotics over an extended period. This 
allows for sustained delivery of probiotics 
throughout the gastrointestinal tract.

Provides a sustained release of 
probiotics, ensuring prolonged 
activity. 

Useful for formulations requiring a 
steady release of probiotics over 
time.

4. Colon-Specific 
Delivery 

[98]

Targeted delivery systems are designed to 
ensure that probiotics are released at 
specific locations within the 
gastrointestinal tract, particularly in the 
colon. This is achieved through various 
strategies, such as using coatings that are 
resistant to stomach acid and small 
intestine enzymes but degrade in the 
colon.

Pectin-based coatings are often used for 
colon-targeted delivery. Pectin forms a gel 
in the presence of calcium ions, which can 
be stable in the upper gastrointestinal tract 
but break down in the colon, where the pH 
is different and specific bacteria can 
degrade the polymer.

Ensures that probiotics are delivered 
to the site where they are most 
needed and where they can have 
the greatest impact. 

Reduces premature release of 
probiotics in the upper 
gastrointestinal tract, where they 
may not be as effective.

5. Targeting by 
Microbial 
Degradation 

[99]

Some bio-polymer coatings are designed to 
be degraded by specific gut microbiota, 
which can be more prevalent in certain 
regions of the gastrointestinal tract, such as 
the colon. By using polymers that are 
selectively degraded by these microbes, 
the release of probiotics can be targeted to 
specific areas.

Chitosan-pectin composites can be 
formulated to be selectively degraded by 
specific bacterial enzymes found in the 
colon, allowing for targeted probiotic 
delivery.

Utilizes the natural microbial 
environment of the gut to 
achieve targeted delivery. 

May enhance the effectiveness of 
probiotics by ensuring they reach 
their intended site of action.
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animal models. The study reported enhanced anti- 
inflammatory effects in the gut, with reduced levels 
of pro-inflammatory cytokines like TNF-α and IL-6, 
pointing to the potential of chitosan to amplify the 
immunomodulatory effects of probiotics.

Another study by [44] explored the use of chitosan 
in combination with Bifidobacterium bifidum in a syn
biotic yogurt formulation. The researchers observed a 
substantial improvement in the survival rate of the 
probiotic strain during storage and simulated gastro
intestinal digestion. Additionally, the combination led 
to a significant increase in SCFA production and a 
reduction in pathogenic bacteria, demonstrating the 
efficacy of chitosan in enhancing probiotic 
functionality.

In a similar vein [42], examined the interaction 
between chitosan and Lactobacillus rhamnosus. Their 
findings revealed that chitosan oligosaccharides 
enhanced the adhesion of L. rhamnosus to the intestinal 
epithelium, a crucial step for colonization and long- 
term persistence in the gut. This adhesive property is 
vital for maintaining a stable probiotic population, 
which in turn can support gut barrier function and 
immune health.

6.1.4. Mechanisms underlying synergistic effects
The synergistic effects of chitosan and probiotics are 
largely attributed to their complementary mechan
isms of action. Chitosan serves as a scaffold for pro
biotics, enabling their survival during digestion and 
facilitating their colonization in the gut [101]. 
Furthermore, chitosan’s ability to modulate gut 
microbiota creates a favorable environment for pro
biotic strains to thrive. Chitosan also has antimicrobial 

properties, which help in suppressing the growth of 
pathogenic bacteria, thereby giving probiotics a com
petitive advantage [111].

Moreover, the ability of chitosan to enhance the 
production of SCFAs creates a feedback loop where 
the gut environment becomes more conducive for 
probiotic growth, and the host benefits from 
enhanced immune modulation, gut barrier integrity, 
and reduced inflammation. This synergy is further 
amplified by the bioadhesive properties of chitosan, 
which can help probiotics establish themselves on the 
intestinal mucosa, promoting prolonged probiotic 
activity [112].

6.1.5. Clinical implications and future directions
The potential of chitosan as a prebiotic or synbiotic 
offers promising avenues for the development of 
functional foods and nutraceuticals aimed at improv
ing gut health. Given its natural origin, biocompat
ibility, and non-toxicity, chitosan is well-suited for 
human consumption. Its prebiotic and synbiotic prop
erties could be leveraged in treating conditions 
related to gut dysbiosis, such as inflammatory bowel 
disease (IBD), irritable bowel syndrome (IBS), and 
obesity [113].

Future research should focus on optimizing the 
molecular structure of chitosan to enhance its prebiotic 
effects and identify the most effective probiotic combi
nations. Moreover, human clinical trials are needed to 
confirm the findings of animal studies and to explore 
chitosan’s long-term safety and efficacy in synbiotic 
formulations. Advances in nanotechnology could also 
play a role in the development of novel chitosan-based 
delivery systems for targeted probiotic therapy [114].

Table 13. Enhanced stability for probiotics.
S/N Stability Mechanism Example Advantages

1. Improved Stability 
During Storage 

[100]

Bio-polymer coatings provide a protective 
barrier that shields probiotics from 
environmental factors such as moisture, 
oxygen, and temperature fluctuations. This 
helps to maintain the viability and potency 
of probiotics during storage.

Alginate and chitosan coatings have been 
shown to extend the shelf life of probiotics 
by protecting them from moisture and 
oxidation. Encapsulated probiotics in 
alginate beads or chitosan nanoparticles 
exhibit improved stability compared to 
non-encapsulated strains.

Enhances the shelf life of 
probiotic products. 

Reduces the need for 
additional preservatives or 
refrigeration.

2. Protection During 
Processing 

[101]

During food and pharmaceutical 
manufacturing processes, probiotics are 
often exposed to harsh conditions such as 
heat, pressure, and mechanical stresses. 
Bio-polymer coatings protect probiotics 
from these conditions, ensuring their 
survival and efficacy.

Gelatin-based encapsulation systems can 
protect probiotics from heat during the 
spray-drying process. The gelatin forms a 
protective layer around the probiotics, 
preventin heat damage and preserving 
their viability.

Ensures the survival of 
probiotics through 
processing stages. 

Maintains the quality and 
effectiveness of the final 
product.

3. Protection During 
Gastrointestinal 
Transit 

[102]

Bio-polymer coatings protect probiotics from 
the harsh acidic conditions of the stomach 
and bile salts in the small intestine. By 
providing a barrier that withstands these 
conditions, the probiotics are able to reach 
the intestines in a viable state.

Pectin and chitosan coatings offer protection 
against stomach acid and bile salts, 
allowing probiotics to survive transit 
through the gastrointestinal tract and 
reach the colon.

Increases the likelihood that 
probiotics will reach their 
target site in the gut. 

Enhances the effectiveness of 
probiotics by ensuring 
their survival through the 
gastrointestinal tract.
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Chitosan, particularly in the form of chitosan oligo
saccharides, shows immense potential as a prebiotic and 
synbiotic agent. Its ability to promote the growth of 
beneficial gut bacteria, protect probiotics from harsh 
gastrointestinal conditions, and enhance the immuno
modulatory effects of probiotics makes it a valuable 
component in gut health management. Recent studies 
have highlighted its synergistic effects with specific pro
biotics, underscoring the importance of continued 
research to unlock its full potential in functional foods 
and therapeutic applications [115].

6.2. Immune system modulation & mechanisms of 
action

Chitosan not only influences the gut microbiota but also 
plays a significant role in modulating the host immune 
system. Its immunomodulatory effects are particularly 
noteworthy in the context of inflammatory diseases 
such as Inflammatory Bowel Disease (IBD) and various 
autoimmune disorders [116]. By interacting with both 
the gut microbiota and the host’s immune cells, chitosan 
orchestrates a complex network of immune responses 
that contribute to maintaining gut homeostasis and 
preventing excessive inflammation. This section delves 
into the depth of chitosan’s immunomodulatory capabil
ities, especially in disease contexts, and elucidates the 
immune signaling pathways it influences, thereby link
ing gut microbiota alterations to systemic immune 
improvements [117].

6.3. Chitosan’s immunomodulatory effects in 
disease contexts

6.3.1. Inflammatory bowel disease (IBD)
IBD, encompassing conditions like Crohn’s disease and 
ulcerative colitis, is characterized by chronic inflamma
tion of the gastrointestinal tract, resulting from an inap
propriate immune response to intestinal microbiota. 
Chitosan has been extensively studied for its potential 
therapeutic effects in IBD due to its anti-inflammatory 
properties and ability to modulate gut microbiota com
position [118].

Studies have demonstrated that chitosan supplemen
tation can significantly reduce inflammation markers in 
animal models of IBD. For instance [44], reported that 
chitosan oligosaccharides (COS) administration in mice 
with induced colitis led to a marked decrease in pro- 
inflammatory cytokines such as TNF-α, IL-6, and IL-1β, 
while simultaneously increasing anti-inflammatory cyto
kines like IL-10. This cytokine modulation helps in miti
gating the inflammatory response, thereby alleviating 
IBD symptoms.

Furthermore, chitosan’s ability to enhance the pro
duction of SCFAs, particularly butyrate, plays a crucial 
role in IBD management. Butyrate serves as an energy 
source for colonocytes and promotes the repair of the 
intestinal epithelium, thereby restoring barrier function 
and reducing intestinal permeability. By fostering a heal
thier gut barrier, chitosan helps prevent the transloca
tion of pathogenic bacteria and toxins that can 
exacerbate inflammation [43].

6.3.2. Autoimmune diseases
Autoimmune diseases, such as rheumatoid arthritis, multi
ple sclerosis, and type 1 diabetes, result from the immune 
system mistakenly attacking the body’s own tissues. The 
dysregulation of immune responses and the imbalance of 
pro-inflammatory and anti-inflammatory cytokines are 
central to the pathogenesis of these conditions. 
Chitosan has shown promise in modulating immune 
responses to alleviate autoimmune symptoms [119].

Research indicates that chitosan can influence the 
differentiation and activity of T-helper cells, particularly 
promoting the generation of regulatory T cells (Tregs) 
that suppress autoimmune reactions. Chitosan adminis
tration in a mouse model of multiple sclerosis resulted in 
an increased population of Tregs and a corresponding 
decrease in Th17 cells, which are known to drive inflam
mation and autoimmunity. This shift towards a more 
regulatory immune environment helps in controlling 
excessive immune responses and reducing tissue 
damage [120].

Moreover, chitosan’s anti-inflammatory effects 
extend to reducing oxidative stress and inhibiting the 
activation of nuclear factor kappa B (NF-κB), a key tran
scription factor involved in the expression of pro-inflam
matory genes. By downregulating NF-κB activation, 
chitosan effectively decreases the production of inflam
matory mediators, thereby protecting against autoim
mune-mediated tissue damage [53].

6.3.3. Immune signaling pathways influenced by 
chitosan
Chitosan interacts with various immune signaling path
ways to exert its immunomodulatory effects. These inter
actions are often mediated through changes in the gut 
microbiota, which in turn influence systemic immunity. 
The following sections outline the key immune signaling 
pathways influenced by chitosan and how these path
ways contribute to immune system improvements [17].

Toll-Like Receptor (TLR) Pathways: Toll-like receptors 
(TLRs) are crucial components of the innate immune 
system, recognizing pathogen-associated molecular pat
terns (PAMPs) and initiating immune responses. 
Chitosan has been shown to modulate TLR signaling 
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pathways, thereby influencing immune cell activation 
and cytokine production [121].

Chitosan can act as a ligand for TLRs, particularly 
TLR4, which is involved in recognizing lipopolysacchar
ides (LPS) from Gram-negative bacteria. Binding of chit
osan to TLR4 can lead to the activation of downstream 
signaling pathways such as the MyD88-dependent path
way, resulting in the activation of NF-κB and the produc
tion of pro-inflammatory cytokines. However, in the 
context of chitosan’s immunomodulatory role, it appears 
to selectively modulate TLR signaling to promote anti- 
inflammatory responses. For example, chitosan has been 
observed to inhibit excessive TLR4 activation in inflam
matory conditions, thereby reducing the overproduction 
of pro-inflammatory cytokines and mitigating inflamma
tion [46].

Nuclear Factor Kappa B (NF-κB) Pathway: The NF-κB 
pathway is a central regulator of immune and inflamma
tory responses. It controls the transcription of various 
genes involved in inflammation, immune cell prolifera
tion, and survival. Chitosan’s interaction with the NF-κB 
pathway is pivotal in its ability to modulate immune 
responses [122].

Chitosan inhibits the activation of NF-κB by pre
venting the phosphorylation and subsequent degra
dation of its inhibitor, IκBα. This inhibition blocks the 
translocation of NF-κB to the nucleus, thereby redu
cing the transcription of pro-inflammatory genes 
such as TNF-α, IL-6, and IL-1β. By downregulating 
NF-κB activity, chitosan effectively attenuates inflam
matory responses, which is beneficial in managing 
conditions like IBD and autoimmune diseases [123]. 
Studies have provided clinical evidence that chitosan- 
based formulations can modulate immune responses, 
showing potential benefits in autoimmune and 
inflammatory diseases. Chitosan’s ability to enhance 
immune cell activity, reduce inflammation, and regu
late cytokine production has been observed, particu
larly in conditions like rheumatoid arthritis and 
inflammatory bowel disease. However, the potential 
side effects or limitations of using chitosan in immu
nomodulation include its dose-dependent effects, 
where high concentrations might cause gastrointest
inal discomfort, interfere with nutrient absorption, or 
trigger allergic reactions in sensitive individuals. 
Additionally, its efficacy may vary based on the for
mulation and the individual’s immune system 
response, requiring careful optimization of dosage 
and delivery methods [124].

Mitogen-Activated Protein Kinase (MAPK) Pathway: 
The MAPK pathway plays a crucial role in transmitting 
extracellular signals to the nucleus, influencing gene 
expression related to cell growth, differentiation, and 

immune responses. Chitosan has been found to modu
late the MAPK pathway, contributing to its immunomo
dulatory effects [125].

Chitosan can inhibit the activation of key MAPKs 
such as ERK, JNK, and p38, which are involved in the 
production of pro-inflammatory cytokines and the acti
vation of immune cells. By suppressing MAPK signal
ing, chitosan reduces the inflammatory response and 
prevents the overactivation of immune cells that can 
lead to tissue damage in autoimmune and inflamma
tory diseases [53]. Potential side effects or contraindi
cations associated with the use of chitosan for immune 
modulation include gastrointestinal discomfort such as 
bloating, constipation, or diarrhea, especially at high 
doses. Also, chitosan interferes with the absorption of 
fat-soluble vitamins and other nutrients due to its 
ability to bind to lipids. In some cases, individuals 
with shellfish allergies may experience allergic reac
tions, as chitosan is derived from chitin found in shell
fish. Moreover, excessive immune modulation could 
lead to immune dysregulation or hypersensitivity, par
ticularly in individuals with pre-existing autoimmune 
conditions, making it important to use chitosan-based 
formulations with caution and under professional 
supervision [126].

Janus Kinase/Signal Transducer and Activator of 
Transcription (JAK/STAT) Pathway: The JAK/STAT path
way is essential for the transmission of cytokine signals 
from the cell membrane to the nucleus, influencing 
immune cell differentiation and function. Chitosan’s 
influence on the JAK/STAT pathway contributes to its 
ability to modulate immune responses [127].

Chitosan has been shown to downregulate the phos
phorylation of STAT proteins, which are critical for the 
expression of genes involved in inflammation and 
immune cell proliferation. By inhibiting the JAK/STAT 
pathway, chitosan reduces the production of pro-inflam
matory cytokines and supports the development of reg
ulatory immune responses. This modulation is particularly 
beneficial in autoimmune diseases, where the overactiva
tion of the JAK/STAT pathway leads to excessive immune 
cell proliferation and inflammation [40].

6.4. Gut-brain axis and systemic immunity

Different strains of gut bacteria respond to chitosan 
treatment in varying ways, which can have significant 
implications for systemic immunity. Chitosan, being a 
biopolymer with antimicrobial properties, can inhibit 
the growth of harmful pathogens like Escherichia coli 
or Salmonella while promoting the growth of beneficial 
strains such as Lactobacillus and Bifidobacterium [128]. 
These beneficial bacteria contribute to gut health by 
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producing short-chain fatty acids (SCFAs) like butyrate, 
which help maintain intestinal barrier integrity and mod
ulate local immune responses. As a result, chitosan treat
ment can influence systemic immunity by improving gut 
microbiota composition, enhancing the production of 
immune-modulating metabolites, and promoting a 
balanced immune response [129]. This can potentially 
reduce inflammation and the risk of autoimmune dis
eases by promoting a more resilient and regulated 
immune system, particularly by modulating T-cell and 
cytokine responses. However, the exact impact varies 
depending on the strain of gut bacteria and the dose 
and form of chitosan used [130].

Chitosan’s effects on the gut microbiota have far- 
reaching implications for systemic immunity through 
the gut-brain axis. The gut-brain axis is a bidirectional 
communication system between the gastrointestinal 
tract and the central nervous system, involving neural, 
hormonal, and immune signaling pathways. By modulat
ing the gut microbiota, chitosan influences the produc
tion of neurotransmitters, neuropeptides, and immune 
mediators that affect systemic immune responses [131].

Chitosan-induced changes in the gut microbiota lead 
to altered SCFA production, which not only benefits 
colonocytes but also acts as signaling molecules that 
influence immune cell function throughout the body. 
SCFAs can enter the bloodstream and interact with 
immune cells in various organs, promoting anti-inflam
matory responses and enhancing systemic immune reg
ulation. This connection highlights how chitosan’s 
modulation of the gut microbiota can lead to improve
ments in systemic immunity, reducing the risk of auto
immune and inflammatory diseases [42].

Interaction with Gut-Associated Lymphoid Tissue 
(GALT): GALT is a critical component of the immune 
system, housing a large number of immune cells that 
monitor and respond to pathogens in the gut. Chitosan 
influences GALT by enhancing the activation and func
tion of immune cells within this tissue [132].

Chitosan stimulates dendritic cells and macrophages 
in GALT, enhancing their antigen-presenting capabilities 
and promoting the activation of T cells. This stimulation 
leads to a more robust immune surveillance system that 
can effectively respond to pathogenic threats while 
maintaining tolerance to commensal microbiota. By 
strengthening GALT’s immune functions, chitosan 
helps in maintaining a balanced immune response, pre
venting excessive inflammation and autoimmune reac
tions [48].

Linking Gut Microbiota Changes to Systemic Immunity 
Improvements: Chitosan’s ability to modulate the gut 
microbiota is intrinsically linked to its effects on systemic 
immunity. The alterations in gut microbial composition 

and activity influence immune signaling pathways, lead
ing to widespread immune system improvements [133].

Enhancement of Microbial Diversity and Immune 
Homeostasis: Chitosan promotes the growth of a diverse 
and balanced gut microbiota, which is essential for main
taining immune homeostasis. A diverse microbiota ensures 
the presence of various microbial metabolites, such as 
SCFAs, that play critical roles in regulating immune cell 
function and cytokine production. This diversity helps in 
preventing the overgrowth of pathogenic bacteria that can 
trigger systemic inflammatory responses [134].

6.5. SCFA-mediated immune modulation

Short-chain fatty acids (SCFAs) play a crucial role in 
immune modulation, serving as metabolic products of 
gut microbiota fermentation of dietary fibers and pre
biotics like chitosan. The three primary SCFAs; acetate, 
propionate, and butyrate act as signaling molecules that 
influence both local gut immune responses and systemic 
immunity. Chitosan’s ability to increase the production 
of these SCFAs is a key mechanism by which it exerts its 
immunomodulatory effects [134].

Increased SCFA Production through Chitosan 
Supplementation: Chitosan promotes the growth of 
beneficial gut bacteria, such as Bifidobacterium and 
Lactobacillus, which are known to produce SCFAs. As a 
prebiotic, chitosan not only enhances microbial diversity 
but also provides fermentable substrates that the gut 
microbiota can convert into SCFAs. Studies have shown 
that chitosan oligosaccharides (COS), due to their smal
ler molecular size, are more easily fermented by gut 
bacteria, resulting in higher levels of SCFAs compared 
to native chitosan. This increase in SCFA levels has pro
found effects on immune regulation, especially in 
inflammatory and autoimmune diseases [135].

Butyrate’s Role in Immune Modulation: Among the 
SCFAs, butyrate has the most significant impact on the 
immune system. Butyrate is a primary energy source for 
colonocytes, promoting the integrity of the gut barrier. A 
healthy gut barrier prevents the translocation of harmful 
pathogens and toxins, reducing the likelihood of sys
temic inflammation. In addition to its role in gut health, 
butyrate has been shown to exert direct immunomodu
latory effects on immune cells [129].

Butyrate influences the differentiation and function of 
regulatory T cells (Tregs), which are crucial for maintain
ing immune tolerance and preventing autoimmunity. 
Studies have demonstrated that butyrate enhances the 
production of Tregs by increasing the expression of the 
transcription factor FOXP3, which is essential for Treg 
development. These regulatory cells help suppress 
excessive immune responses, reducing inflammation in 
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autoimmune diseases such as IBD, multiple sclerosis, and 
type 1 diabetes [120].

Additionally, butyrate inhibits the activation of his
tone deacetylases (HDACs) in immune cells, leading to 
changes in gene expression that favor anti-inflammatory 
responses. This mechanism helps shift the immune sys
tem from a pro-inflammatory to an anti-inflammatory 
state, making butyrate a critical player in controlling 
immune-mediated tissue damage [136].

Propionate and Acetate in Immune Regulation: While 
butyrate is particularly known for its potent immunomodu
latory effects, propionate and acetate also contribute to 
immune regulation. Propionate has been shown to inhibit 
the migration and activation of neutrophils, a type of 
immune cell involved in inflammation. By reducing neutro
phil recruitment to sites of inflammation, propionate helps 
prevent excessive tissue damage, which is crucial in condi
tions like IBD and rheumatoid arthritis [137].

Acetate, though less studied, has been found to enhance 
IgA production in the gut, a crucial component of the 
mucosal immune system. IgA antibodies play a key role in 
neutralizing pathogens and preventing their adhesion to 
the gut epithelium. By boosting IgA production, acetate 
supports the first line of defense in the gut, enhancing 
immune protection against infections [51].

Systemic Immune Modulation via SCFAs: SCFAs pro
duced in the gut can enter the bloodstream and exert 
effects on immune cells in distant tissues, thereby linking 
gut health to systemic immunity. For example, butyrate has 
been shown to modulate the function of macrophages and 
dendritic cells in peripheral tissues, promoting the produc
tion of anti-inflammatory cytokines such as IL-10 while 

inhibiting pro-inflammatory cytokines like TNF-α and IL-6 
[138]. This systemic immune modulation is beneficial not 
only for managing autoimmune diseases but also for 
enhancing the body’s overall immune resilience.

In addition, SCFAs can cross the blood-brain barrier and 
influence the central nervous system’s immune response. 
This interaction is part of the gut-brain axis, where gut 
health influences brain function and immune responses in 
the brain. SCFAs have been implicated in reducing neuroin
flammation and improving immune surveillance in neuro
degenerative diseases such as multiple sclerosis and 
Alzheimer’s disease [40]. By modulating systemic immunity, 
chitosan-induced SCFA production has the potential to 
impact a wide range of disease processes beyond the gut.

Chitosan’s ability to enhance SCFA production in the 
gut is a key mechanism through which it modulates 
immune responses. The increased levels of butyrate, 
propionate, and acetate not only strengthen gut barrier 
integrity but also influence immune cell differentiation, 
cytokine production, and inflammation regulation [137]. 
These effects are critical in managing inflammatory dis
eases such as IBD and autoimmune conditions like rheu
matoid arthritis and multiple sclerosis. By linking 
changes in gut microbiota to systemic immunity, chito
san emerges as a powerful tool in the prevention and 
management of immune-related disorders.

7. Applications in food and pharmaceutical 
industries

Chitosan has garnered significant attention in both the 
food and pharmaceutical industries due to its versatile 

Table 14. Probiotic-enriched foods.

S/N
Probiotic-Enriched 

Foods Mechanism Example Advantages

1. Yogurt and Kefir 
[143]

In yogurt and kefir production, 
probiotics are often added to 
fermented milk products to enhance 
their health benefits. Bio-polymer 
coatings help protect these 
probiotics from the harsh conditions 
during fermentation and storage, 
ensuring that they remain alive and 
active.

Alginate-coated probiotics are 
commonly used in yogurt and kefir. 
The alginate coating protects 
probiotics from the acidic conditions 
during fermentation and the cold 
temperatures during storage. This 
ensures that the probiotics retain 
their health benefits, such as 
improving digestion and enhancing 
the immune system.

Enhanced Viability: Bio-polymer 
coatings help maintain the viability of 
probiotics during the fermentation 
process and storage. 

Extended Shelf Life: Protecting 
probiotics from environmental 
stresses extends the shelf life of 
probiotic-enriched products. 

Health Benefits: Probiotic-enriched 
yogurt and kefir can offer health 
benefits such as improved gut health, 
enhanced digestion, and immune 
support.

2. Dietary Supplements 
[144]

In dietary supplements, bio-polymer- 
coated probiotics are used to create 
capsules, tablets, or powders that can 
be consumed for their health 
benefits. The coating ensures that 
probiotics survive the manufacturing 
process and remain effective until 
ingestion.

Chitosan-coated probiotics are used in 
dietary supplements to protect them 
from moisture and oxidation. The 
chitosan coating helps ensure that 
the probiotics are delivered to the 
gut in a viable state, providing 
benefits such as gut health 
improvement and immune support.

Improved Stability: Bio-polymer 
coatings protect probiotics from 
environmental factors that could 
degrade them. 

Controlled Release: Coatings can be 
designed for controlled release, 
ensuring that probiotics are delivered 
effectively to the target site in the 
gastrointestinal tract. 

Enhanced Efficacy: Supplements with 
bio-polymer-coated probiotics can 
provide more consistent health 
benefits.
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properties, particularly as a coating material for probiotics 
[139]. Chitosan’s biocompatibility, biodegradability, and 
antimicrobial activity make it an ideal candidate for pro
tecting probiotics during food processing, storage, and 
passage through the harsh gastrointestinal (GI) tract [10]. 
Furthermore, its ability to enhance the stability and viabi
lity of probiotics translates into better health outcomes, 
making it a highly valuable resource in functional food 
development and pharmaceutical formulations [140].

7.1. Probiotic-enriched foods

Bio-polymer-coated probiotics are increasingly used in 
the food industry to create functional foods that pro
mote gut health [141]. These products leverage the 
protective capabilities of bio-polymer coatings to ensure 
that probiotics remain viable and effective throughout 
the manufacturing process, storage, and consump
tion [142]. 

7.2. Pharmaceutical applications

Encapsulated probiotics are also used in pharmaceutical 
formulations, where they offer various health benefits, 
including immune modulation, gastrointestinal health, 
and disease prevention [145]. 

7.3. Latest clinical trials and human studies on 
chitosan-coated probiotics

Chitosan-coated probiotics work to reduce gastrointest
inal infections by providing a protective barrier around 
the probiotics, shielding them from harsh stomach acids 

and bile, which enhances their survival and activity in the 
gastrointestinal tract. The chitosan coating also improves 
the adhesion of probiotics to the intestinal lining, promot
ing their colonization and activity, while the antimicrobial 
properties of chitosan can help inhibit the growth of 
harmful pathogens. This combination enhances the pro
biotics’ ability to balance the gut microbiota, support 
immune responses, and prevent infection [72].

Recent clinical trials and human studies have focused 
on assessing the efficacy of chitosan-coated probiotics in 
promoting gut health, immune function, and even treat
ing gastrointestinal disorders like irritable bowel syn
drome (IBS) and inflammatory bowel disease (IBD). 
Chitosan coatings help improve the survival of probio
tics in low pH environments like the stomach, enabling 
their safe transit to the intestine, where they can exert 
their beneficial effects [149].

A 2024 study by [150] evaluated chitosan-coated 
Lactobacillus acidophilus in a randomized clinical trial invol
ving patients with IBS. The results showed that the chito
san coating significantly increased probiotic viability in the 
gut, leading to improved symptom management, reduced 
inflammation, and enhanced gut microbiota balance com
pared to non-coated probiotics. Participants receiving the 
chitosan-coated probiotics reported higher levels of relief 
from abdominal pain and bloating, along with a better 
quality of life after eight weeks of supplementation.

Another trial conducted explored the efficacy of chit
osan-coated Bifidobacterium bifidum in improving 
immune function in elderly adults. The results demon
strated that the coated probiotics led to a marked 
increase in the production of anti-inflammatory cyto
kines and a decrease in pro-inflammatory markers. 

Table 15. Pharmaceutical applications.
S/N Applications Mechanism Example Advantages

1. Immune 
Modulation 

[146]

Probiotics can influence the immune 
system by interacting with gut- 
associated lymphoid tissue (GALT). Bio- 
polymer coatings help protect these 
probiotics from the gastrointestinal 
environment, allowing them to exert 
their immune-modulating effects.

Gelatin-coated probiotics are used in 
pharmaceutical formulations to 
enhance their stability and efficacy. 
These probiotics can help modulate 
immune responses, potentially 
reducing the risk of infections and 
inflammatory conditions.

Enhanced Immune Function: Probiotics 
can improve immune responses and 
help prevent infections and diseases. 

Consistent Efficacy: Bio-polymer 
coatings ensure that probiotics remain 
effective throughout the 
gastrointestinal tract.

2. Gastrointestinal 
Health 

[147]

Probiotics help maintain a healthy balance 
of gut microbiota, which is crucial for 
digestive health. Bio-polymer coatings 
protect probiotics from degradation 
and ensure their delivery to the 
intestines.

Pectin-coated probiotics are used in 
pharmaceutical formulations to 
promote gastrointestinal health. These 
coatings ensure that probiotics survive 
transit through the digestive system 
and reach the intestines where they can 
enhance gut health.

Improved Digestive Health: Probiotics 
can alleviate symptoms of 
gastrointestinal disorders such as 
irritable bowel syndrome (IBS) and 
inflammatory bowel disease (IBD). 

Effective Delivery: Bio-polymer coatings 
enhance the delivery and stability of 
probiotics, maximizing their health 
benefits.

3. Disease 
Prevention 

[148]

Probiotics have been studied for their 
potential role in preventing various 
diseases, including infections, allergies, 
and even some cancers. Encapsulation 
with bio-polymers helps maintain the 
viability of probiotics, allowing them to 
exert their preventative effects.

Alginate-chitosan composite coatings are 
used to enhance the stability and 
effectiveness of probiotics in disease 
prevention applications.

Potential Disease Prevention: 
Probiotics may offer protective effects 
against certain diseases. 

Stable Formulation: Bio-polymer 
coatings ensure that probiotics remain 
viable and effective, contributing to 
disease prevention.
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These findings align with earlier in vitro studies showing 
that chitosan’s interaction with probiotics can modulate 
the immune system, offering therapeutic potential for 
elderly populations with compromised immunity [151].

In pediatric populations, a clinical trial examined the 
effect of chitosan-coated probiotics in reducing the inci
dence of gastrointestinal infections. Children receiving 
these chitosan-coated probiotic supplements experi
enced fewer episodes of diarrhea and showed faster 
recovery from GI infections compared to the control 
group. These findings highlight the potential of chito
san-coated probiotics as preventive and therapeutic 
agents, particularly in vulnerable populations such as 
children and the elderly [152].

7.3.1. Practical applications in the food industry
In the food industry, the encapsulation of probiotics with 
chitosan is widely employed to enhance the stability and 
viability of probiotics in functional foods such as yogurts, 
cheeses, and fermented beverages. Probiotics are sensi
tive to environmental stressors like temperature, moist
ure, and pH fluctuations, which can significantly reduce 
their efficacy when incorporated into food products. 
Chitosan coating provides a protective barrier, ensuring 
that probiotics maintain their viability throughout food 
processing, packaging, and shelf life [4].

Recent innovations have further improved the appli
cation of chitosan-coated probiotics in foods. For 
instance, advanced microencapsulation techniques 
using chitosan in combination with other biopolymers, 
such as alginate or pectin, have shown promising results 
in extending the shelf life of probiotic-enriched products 
[22]. A 2021 study demonstrated that combining chito
san with alginate for probiotic encapsulation in dairy 
products resulted in a 50% increase in probiotic survival 
rates after 30 days of storage, compared to probiotics 
encapsulated with chitosan alone. This synergistic 
approach has practical implications for the functional 
food market, where probiotic longevity is crucial for 
product efficacy and consumer satisfaction [153].

Chitosan also offers antimicrobial properties that 
enhance food safety by inhibiting the growth of patho
genic bacteria such as Escherichia coli and Salmonella in 
probiotic-enriched foods. This dual functionality protect
ing probiotics while safeguarding the food from contam
ination makes chitosan-coated probiotics especially 
valuable in ensuring the quality and safety of perishable 
food items [154].

7.3.2. Practical applications in the pharmaceutical 
industry
In the pharmaceutical industry, chitosan-coated probio
tics are being explored for their therapeutic potential in 

treating gut-related diseases and supporting overall 
health. One of the main challenges in probiotic delivery 
is ensuring that sufficient numbers of live probiotics 
reach the intestine to exert their beneficial effects 
[155]. The harsh acidic environment of the stomach 
and exposure to bile salts in the small intestine can kill 
or damage many probiotics before they reach their tar
get site. Chitosan coatings address this issue by forming 
a protective layer around probiotic cells, enabling their 
survival during GI transit.

In the context of IBD and other inflammatory condi
tions, chitosan-coated probiotics have shown promising 
results. In a 2022 study, Gallo et al. evaluated the use of 
chitosan-coated Lactobacillus plantarum in an animal 
model of colitis. The study found that the chitosan coat
ing significantly improved the anti-inflammatory proper
ties of the probiotic, leading to a reduction in intestinal 
inflammation and mucosal damage. These preclinical 
findings are now being explored in human trials, with 
preliminary results indicating similar benefits in patients 
with mild-to-moderate IBD [5].

Chitosan-coated probiotics are also being explored in 
personalized medicine. Recent advancements in the 
field suggest that tailoring chitosan formulations to the 
specific gut microbiota profile of individuals could opti
mize probiotic efficacy. A 2024 demonstrated that per
sonalized chitosan-coated probiotic formulations based 
on individual microbiota composition led to superior 
outcomes in terms of immune modulation and gut 
health improvement, compared to standardized probio
tic formulations [156].

7.3.3. Comparison of in vitro and in vivo findings
Comparing in vitro and in vivo findings reveals some key 
differences, but also important synergies. In vitro studies 
have consistently shown that chitosan coatings protect 
probiotics from acidic conditions and bile salts, enhan
cing their viability. However, translating these findings 
to in vivo conditions often introduces additional vari
ables, such as individual differences in gut microbiota 
composition and host immune responses [22]. In vivo 
studies have demonstrated that while chitosan coatings 
do improve probiotic survival and efficacy in humans 
and animals, the extent of this benefit can vary based 
on factors such as diet, health status, and microbial 
diversity.

For example, while in vitro studies on chitosan- 
coated Lactobacillus rhamnosus showed significant pro
tection from acidic environments, an in vivo study in 
healthy adults found that the survival rates of the pro
biotics varied between participants. The variability in 
probiotic efficacy was linked to individual gut micro
biota profiles, suggesting that in vivo outcomes can be 
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influenced by host factors that cannot be fully repli
cated in vitro [157].

Nonetheless, both in vitro and in vivo research con
firms that chitosan-coated probiotics offer substantial 
improvements in probiotic viability and function, with 
promising implications for health applications. As 
research advances, the development of more persona
lized and targeted chitosan-coated probiotic formula
tions could further bridge the gap between laboratory 
findings and real-world efficacy [158].

The application of chitosan in the food and pharma
ceutical industries, particularly as a coating material for 
probiotics, holds significant potential for enhancing pro
biotic viability, stability, and efficacy. Recent clinical trials 
and human studies have demonstrated the real-world 
benefits of chitosan-coated probiotics in promoting gut 
health, reducing inflammation, and preventing infec
tions [22]. Both the food and pharmaceutical sectors 
are increasingly adopting chitosan-based technologies 
to improve probiotic delivery, with promising results 
that suggest wide-ranging benefits for public health. 
The comparison of in vitro and in vivo findings under
scores the importance of continued research to optimize 
these formulations for maximum efficacy in practical 
applications.

7.4. Challenges in industrial applications

Bio-polymer-coated probiotics have significant appli
cations in both the food and pharmaceutical industries 
[161] (Tables 14–16). They are used in creating probiotic- 
enriched foods and dietary supplements that promote 
gut health, as well as in pharmaceutical formulations for 
immune modulation, gastrointestinal health, and disease 
prevention [41]. However, scaling up bio-polymer encap
sulation methods presents challenges such as cost, reg
ulatory approval, and ensuring consistent probiotic 

viability [162]. Addressing these challenges is essential 
for advancing the application of bio-polymer-coated pro
biotics and meeting the growing demand for functional 
foods and therapeutic products [163].

8. Sustainability & gut-brain axis

8.1. Sustainability of chitosan sources and 
environmental impact

Chitosan, a natural biopolymer, is primarily derived 
from chitin, which is abundantly found in the exoske
letons of crustaceans such as shrimp, crabs, and lob
sters. This makes chitosan a sustainable resource, as 
its production typically utilizes waste materials from 
seafood processing industries [104]. The large 
volumes of shellfish waste generated worldwide 
have spurred interest in extracting valuable by-pro
ducts like chitosan, transforming what would other
wise be a disposal problem into an environmentally 
friendly solution [164].

8.2. Factors that underscore the sustainability of 
chitosan

Resource Utilization: Chitosan production repurposes 
shellfish waste, reducing the environmental burden of 
seafood processing. On a larger scale, fungal-derived 
chitosan is generally more cost-effective compared to 
marine-derived chitosan. Fungal chitosan is produced 
from easily cultivated fungi like Mucor species, which 
have faster growth rates and lower cultivation costs, 
making it more affordable to produce. In contrast, mar
ine-derived chitosan, sourced from crustacean shells 
(such as shrimp and crab), often incurs higher costs 
due to the extraction process, which involves collec
tion, processing, and purification from shellfish, as well 

Table 16. Scaling up bio-polymer encapsulation methods.
S/N Criteria Challenge Solutions

1. Cost 
[159]

Scaling up bio-polymer encapsulation methods for industrial 
applications can be expensive due to the costs of high-quality 
biopolymers, specialized equipment, and quality control 
measures.

Cost-Effective Materials: Research into more cost-effective bio- 
polymers or alternative materials could help reduce costs. 

Optimized Processes: Streamlining encapsulation processes 
and improving efficiency can help lower production costs.

2. Regulatory 
Approval 

[149]

Obtaining regulatory approval for bio-polymer-coated probiotic 
products involves meeting stringent safety and efficacy 
standards set by regulatory agencies.

Rigorous Testing: Conducting thorough safety and efficacy 
testing to meet regulatory requirements. 

Compliance with Standards: Ensuring that bio-polymer 
coatings and probiotic formulations comply with relevant 
regulations and standards.

3. Ensuring 
Consistent 
Probiotic 
Viability 

[160]

Maintaining consistent probiotic viability throughout the 
manufacturing process, storage, and distribution is crucial for 
ensuring the effectiveness of probiotic products.

Quality Control: Implementing rigorous quality control 
measures to monitor and ensure the stability and viability of 
probiotics. 

Advanced Encapsulation Techniques: Developing advanced 
encapsulation techniques and formulations to enhance the 
stability and consistency of probiotics.
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as seasonal variability. Additionally, marine chitosan 
may have environmental and sustainability concerns 
due to the reliance on marine resources, which further 
contributes to higher production costs [165].

According to a study, the global seafood industry 
produces over 6 million tons of shell waste annually, 
which can be converted into chitosan, alleviating waste 
management challenges and promoting a circular econ
omy. This extraction process is relatively low-cost, espe
cially in coastal regions with abundant seafood 
processing operations, making chitosan a renewable 
and accessible resource [166].

Eco-Friendly Production Processes: Modern chitosan 
extraction techniques have shifted towards more eco- 
friendly methods, reducing the use of harsh chemicals 
traditionally involved in the deacetylation of chitin to 
chitosan. A study demonstrated a greener extraction 
process using enzyme-assisted techniques, which not 
only lower the environmental footprint but also improve 
the quality of the chitosan produced. This has led to 
reduced energy consumption, lower carbon emissions, 
and minimized waste in the production chain [167].

Biodegradability: Chitosan is highly biodegradable 
and non-toxic, making it a suitable material for applica
tions where environmental sustainability is critical. 
Unlike synthetic polymers, chitosan decomposes natu
rally, with minimal environmental impact. This charac
teristic is especially beneficial when considering its 
applications in food packaging and pharmaceuticals, as 
products utilizing chitosan coatings do not contribute to 
long-term plastic pollution. A 2021 report by [51] high
lighted that chitosan-based bioplastics, used for food 
packaging, fully decompose within months under typi
cal environmental conditions.

Marine-Sourced vs. Fungal-Sourced Chitosan: While 
marine-derived chitosan remains the most common, 
there is a growing interest in fungal-derived chitosan 
as a more sustainable alternative. Fungal chitosan, 
derived from the cell walls of certain fungi, bypasses 
the need for marine harvesting, potentially reducing 
the environmental impact on marine ecosystems [168]. 
This alternative source is gaining traction as a vegan- 
friendly and ecologically responsible option for indus
tries aiming to reduce their reliance on animal-derived 
materials. A study by found that fungal chitosan offers 
similar physicochemical properties to marine-derived 
chitosan, with the added benefit of being produced 
under more controlled and sustainable conditions, mini
mizing ecological impact [169].

Despite its advantages, chitosan production does face 
challenges, particularly around scaling up for industrial 
use and ensuring consistency in quality. As demand for 
chitosan increases, especially in pharmaceutical and 

food packaging applications, more sustainable and effi
cient extraction methods must be developed to mitigate 
potential environmental impacts, such as overfishing or 
unsustainable shellfish farming. Research into alterna
tive sources, such as fungal chitosan, and optimizing 
production processes will be critical in maintaining chit
osan’s status as a sustainable biopolymer [170]. Studies 
on the long-term effects of chitosan consumption on 
mental health in mice are limited, but some research 
suggests that chitosan may have a positive impact on 
mental health through its effects on gut microbiota and 
inflammation. Since chitosan can modulate gut bacteria 
and reduce gut permeability, it may indirectly influence 
the gut-brain axis, potentially alleviating symptoms of 
anxiety or depression [171]. However, there are concerns 
that prolonged chitosan consumption could affect nutri
ent absorption, which might lead to deficiencies that 
could negatively impact brain function over time. More 
research is needed to definitively determine the long- 
term mental health effects of chitosan in animal mod
els [172].

8.3. Chitosan’s role in the gut-brain axis

In recent years, the gut-brain axis, a complex commu
nication network between the gastrointestinal (GI) tract 
and the central nervous system (CNS); has emerged as a 
critical area of research in understanding the link 
between gut health and mental well-being. This axis 
relies heavily on the gut microbiota, which play a central 
role in modulating mood, cognition, and behavior 
through the production of neurotransmitters, metabo
lites, and immune signaling molecules. Chitosan, due to 
its prebiotic and synbiotic properties, is now being 
investigated for its potential role in influencing the 
gut-brain axis and, by extension, mental health out
comes [173].

Modulation of Gut Microbiota: Chitosan has demon
strated the ability to alter the composition of the gut 
microbiota, promoting the growth of beneficial bacteria 
like Lactobacillus and Bifidobacterium while inhibiting 
pathogenic bacteria. This microbial modulation is signif
icant because gut dysbiosis (an imbalance in gut micro
biota) has been linked to mental health disorders such as 
anxiety, depression, and even neurodegenerative dis
eases like Parkinson’s and Alzheimer’s. By fostering a 
more balanced and healthy microbiome, chitosan may 
play an indirect but crucial role in regulating mood and 
cognitive function [174]. The impact of chitosan on gut 
microbiota diversity and SCFA production is highly dose- 
dependent. At low dietary concentrations, chitosan sup
ports microbial diversity by promoting the growth of 
beneficial bacteria such as Lactobacillus and 
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Bifidobacterium, which ferment fibers and chitosan to 
produce SCFAs like acetate, propionate, and butyrate, 
essential for gut health and reducing inflammation. 
Moderate concentrations further boost SCFA production 
while maintaining a healthy microbiota balance, as chit
osan’s antimicrobial effects effectively suppress patho
gens without significantly affecting beneficial microbes 
[175]. However, at high concentrations, chitosan’s strong 
antimicrobial activity may reduce microbiota diversity, 
inhibiting both harmful and beneficial bacteria, leading 
to lower SCFA production and potential dysbiosis. 
Therefore, optimizing chitosan dosage is crucial to har
ness its benefits while avoiding adverse effects on gut 
health [57].

A 2022 study by [114] explored the effect of chitosan- 
enriched diets on gut microbiota in mice. The study 
found that chitosan increased the abundance of 
Lactobacillus plantarum, a probiotic known for its role 
in producing gamma-aminobutyric acid (GABA), a neu
rotransmitter that reduces neuronal excitability and is 
associated with feelings of calm and reduced anxiety. 
Mice fed with chitosan exhibited reduced anxiety-like 
behaviors, suggesting that chitosan-mediated changes 
in the gut microbiota can positively influence mental 
states.

Production of Short-Chain Fatty Acids (SCFAs): 
Chitosan also influences the production of short- 
chain fatty acids (SCFAs), which are microbial metabo
lites with known roles in both gut and brain health. 
SCFAs, particularly butyrate, propionate, and acetate, 
can cross the blood-brain barrier and modulate 
inflammation and neurotransmission. Butyrate, for 
example, has been shown to possess neuroprotective 
properties and can regulate the expression of brain- 
derived neurotrophic factor (BDNF), a key molecule 
involved in neuroplasticity and cognitive func
tion [107].

A 2024 study by [176] demonstrated that chitosan 
supplementation in rats led to increased levels of 
SCFAs in the gut, particularly butyrate, which was 
associated with improved cognitive function and 
reduced markers of neuroinflammation. This high
lights the potential of chitosan to influence mental 
health through its effects on SCFA production, linking 
gut microbial activity to brain health via the gut-brain 
axis. Chitosan’s influence on neurotransmitter systems 
in individuals with depressive disorders is likely to 
vary due to differences in gut microbiota composi
tion, metabolic activity, and the underlying causes of 
depression [177]. Chitosan can modulate the gut 
microbiota, which in turn affects the gut-brain axis 
and neurotransmitter production, such as serotonin, 
dopamine, and gamma-aminobutyric acid (GABA). 

Variations in individual microbiota profiles may result 
in different levels of neurotransmitter precursors 
being available. Additionally, genetic, environmental, 
and dietary factors that influence both gut health and 
neurotransmitter pathways could lead to varying 
responses to chitosan among individuals with depres
sive disorders [176]. This suggests that personalized 
approaches are necessary when considering chitosan 
as a potential adjunct for mood modulation.

Inflammation and the Gut-Brain Connection: 
Inflammation, both systemic and localized in the gut, 
plays a pivotal role in the pathogenesis of mood disor
ders and cognitive decline. The gut microbiota, influ
enced by dietary components like chitosan, modulate 
inflammatory pathways, including the production of 
pro-inflammatory cytokines. Chitosan’s known anti- 
inflammatory properties in the gut may thus have down
stream effects on brain inflammation, helping to prevent 
or alleviate mental health conditions like depression, 
which are often characterized by chronic low-grade 
inflammation [177].

A 2024 study by [178] investigated the impact of 
chitosan on systemic inflammation in a model of 
depression in mice. The researchers found that chit
osan supplementation reduced levels of circulating 
pro-inflammatory cytokines like IL-6 and TNF-α, 
which are often elevated in individuals with depres
sive disorders. These anti-inflammatory effects were 
attributed to chitosan’s ability to improve gut barrier 
integrity and prevent translocation of inflammatory 
molecules from the gut to the bloodstream, a process 
known as ‘leaky gut.’ By stabilizing gut health and 
reducing systemic inflammation, chitosan may play a 
crucial role in mitigating inflammation-related mental 
health conditions.

Neurotransmitter Regulation: Emerging research sug
gests that chitosan may directly or indirectly influence 
neurotransmitter systems, particularly serotonin, which 
is heavily produced in the gut and plays a critical role in 
mood regulation. The gut microbiota help regulate ser
otonin synthesis by influencing tryptophan metabolism, 
and by promoting a healthy microbial environment, 
chitosan could contribute to more balanced serotonin 
levels. This link between gut microbiota, chitosan, and 
serotonin production is an exciting area of research for 
potential treatments for mood disorders like depression 
and anxiety [179].

A 2024 study by [180] on the role of chitosan in 
serotonin regulation demonstrated that chitosan sup
plementation in rodents led to increased serotonin 
levels in the hippocampus, a brain region crucial for 
mood regulation and cognitive function. These effects 
were mediated by changes in gut microbial composition 

22 G. I. EDO ET AL.



and function, particularly through the enhancement of 
tryptophan availability for serotonin synthesis.

Chitosan’s sustainability, largely driven by its origin in 
seafood waste and potential fungal sources, positions it 
as an environmentally friendly biopolymer with far- 
reaching applications. Its eco-friendly production pro
cesses, biodegradability, and potential to repurpose 
waste products align with global efforts towards sustain
ability in industrial practices [167].

In addition, the novel concept of chitosan’s role in the 
gut-brain axis is gaining traction. Through its prebiotic 
effects, modulation of SCFA production, anti-inflamma
tory properties, and potential impact on neurotransmit
ter systems, chitosan appears to be a promising 
candidate for influencing mental health outcomes 
[181]. Continued research is necessary to fully elucidate 
the mechanisms by which chitosan impacts the gut- 
brain axis and to explore its potential applications in 
both preventative and therapeutic contexts for mental 
health disorders.

9. Challenges, future directions and future 
research needs

9.1. Challenges and future directions

While there are significant advancements in bio- 
polymer coatings for probiotic microencapsulation, 
challenges such as ensuring consistent release, 
impacts of manufacturing processes, and variability 
in probiotic strains need to be addressed [100] 

(Tables 17–19). Future research should focus on 
exploring new bio-polymers, optimizing combination 
coatings, and developing advanced controlled release 
systems. Additionally, the potential for personalized 
probiotic therapies offers an exciting direction for 
future research, with the promise of tailored treat
ments that cater to individual health needs and gut 
microbiota profiles [190].

9.2. Future research needs: personalized probiotic 
therapies and novel bio-polymers & encapsulation 
techniques

The potential of chitosan as a versatile biopolymer for 
probiotic encapsulation, gut health modulation, and 
therapeutic applications is well-established. However, 
several gaps in the research landscape remain, particu
larly in the areas of personalized probiotic therapies, 
novel bio-polymers, and advanced encapsulation tech
niques. Addressing these areas will help unlock the full 
potential of chitosan and similar materials for tailored 
health interventions and broader industrial applica
tions [17].

9.2.1. Personalized probiotic therapies
Individual Variability in Microbiota: One of the most 
significant challenges in the application of probiotics 
and prebiotics like chitosan is the variability in individual 
microbiomes. Each person’s gut microbiota is unique, 
shaped by factors such as genetics, diet, lifestyle, and 
environmental exposures. As a result, the same probiotic 

Table 17. Limitations in current encapsulation techniques.
S/N Limitation Challenge Impact Solutions

1. Ensuring Consistent 
Release 

[182]

Achieving consistent release of 
probiotics from bio-polymer coatings 
remains a significant challenge. 
Variability in release profiles can 
occur due to differences in the 
thickness or uniformity of the 
coating, the type of bio-polymer 
used, or the conditions within the 
gastrointestinal tract.

Inconsistent release can lead to either 
premature release in the upper 
gastrointestinal tract or incomplete 
release in the targeted areas, 
reducing the effectiveness of 
probiotics.

Enhanced Formulation: Developing 
more precise and uniform coating 
techniques to ensure consistent 
release. 

Advanced Testing: Implementing 
rigorous testing protocols to assess 
and optimize release profiles across 
different conditions.

2. Impact of 
Manufacturing 
Processes 

[183]

The manufacturing processes for 
producing bio-polymer-coated 
probiotics can affect the quality and 
viability of the final product. Factors 
such as heat, pressure, and 
mechanical stress during production 
can impact the stability of probiotics 
and the integrity of the coatings.

Variations in manufacturing processes 
can lead to inconsistencies in product 
quality and efficacy.

Process Optimization: Refining 
manufacturing processes to minimize 
stress on probiotics and coatings. 

Quality Control: Implementing 
stringent quality control measures 
throughout the production process 
to ensure product consistency.

3. Variability in Probiotic 
Strains 

[184]

Different probiotic strains may have 
varying sensitivities to encapsulation 
techniques and environmental 
conditions. This variability can affect 
the overall efficacy of probiotic 
products.

Strain-specific differences can result in 
uneven performance and health 
benefits across different probiotic 
formulations.

Strain-Specific Research: Conducting 
detailed research on the specific 
needs and characteristics of different 
probiotic strains to tailor 
encapsulation strategies. 

Customization: Developing 
encapsulation methods that can be 
adapted for various probiotic strains 
to ensure consistent performance.
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strain or prebiotic compound may have different effects 
across individuals [157]. Future research should prioritize 
the development of personalized probiotic therapies, 
where the selection of probiotic strains or prebiotics 
like chitosan is tailored to an individual’s specific micro
biome composition. This approach could optimize the 
efficacy of probiotics, reduce side effects, and enhance 
therapeutic outcomes in both preventive health and 
disease management.

Personalized therapies would require advancements 
in microbiome profiling technologies. Techniques such 
as 16S rRNA sequencing and metagenomics are already 
being used to map microbial communities, but more 
affordable and accessible tools will be necessary to 
make personalized probiotic therapies widely available. 
Furthermore, clinical trials should aim to stratify partici
pants based on their microbiome composition to better 
understand how different populations respond to chit
osan-coated probiotics and synbiotics [191].

Targeted Probiotic Strains: There is growing interest 
in developing probiotic strains that target specific dis
eases or health conditions, such as irritable bowel syn
drome (IBS), inflammatory bowel disease (IBD), and 
metabolic disorders like obesity and diabetes. Recent 

studies suggest that probiotics can exert a range of 
effects on the host, from improving gut barrier function 
to modulating immune responses. However, many cur
rent therapies use a ‘one-size-fits-all’ approach [41]. The 
future of probiotic research must focus on designing 
probiotics that are tailored to specific health needs, tak
ing into account individual microbiome compositions 
and disease states. This can be achieved through syn
thetic biology approaches that engineer probiotics to 
produce specific bioactive molecules or modulate key 
metabolic pathways.

For example, engineered strains of Lactobacillus or 
Bifidobacterium could be combined with chitosan encap
sulation techniques to ensure the targeted delivery of 
therapeutic compounds to specific areas of the gastroin
testinal tract. These customized probiotics could be espe
cially beneficial for conditions like IBD or Crohn’s disease, 
where local modulation of inflammation is critical [149].

Role of the Gut-Brain Axis in Personalized Probiotic 
Therapies: As research on the gut-brain axis evolves, 
there is a growing need to understand how personalized 
probiotic therapies can influence mental health out
comes. Different strains of probiotics affect the produc
tion of neurotransmitters and short-chain fatty acids 

Table 18. Future research directions.
S/N Directions Potential Focus Areas

1. Exploring New Bio- 
Polymers 

[185]

Research into new and innovative bio-polymers could lead to the 
development of more effective and versatile encapsulation 
materials. New bio-polymers may offer improved 
biocompatibility, controlled release properties, and enhanced 
stability.

Novel Materials: Investigating natural and synthetic 
polymers with unique properties for probiotic 
encapsulation. 

Sustainability: Exploring bio-polymers that are 
environmentally friendly and sustainable.

2. Optimizing 
Combination 
Coatings 

[186]

Combining different bio-polymers in encapsulation coatings can 
provide synergistic benefits, such as improved stability, enhanced 
release control, and better protection against environmental 
stresses.

Hybrid Materials: Developing hybrid coatings that 
combine the strengths of multiple bio-polymers. 

Customization: Tailoring combination coatings for 
specific probiotic strains and applications.

3. Developing Advanced 
Controlled Release 
Systems 

[187]

Advancements in controlled release systems can improve the 
precision and effectiveness of probiotic delivery. Innovative 
techniques may include stimuli-responsive systems, such as those 
triggered by pH, temperature, or enzymatic activity.

Smart Delivery Systems: Creating encapsulation 
systems that respond to specific physiological 
conditions for targeted release. 

Nanotechnology: Leveraging nanotechnology to 
enhance the stability and bioavailability of 
probiotics.

Table 19. Potential for personalized probiotic therapies.
S/N Therapy Potential Focus Areas

1. Personalized Probiotic 
Treatments 

[188]

Personalized medicine, including personalized probiotic 
therapies, holds promise for addressing individual health 
needs based on specific gut microbiota profiles. Tailored 
probiotic treatments can be designed to target individual 
health conditions more effectively.

Gut Microbiota Profiling: Developing techniques to analyze 
individual gut microbiota profiles for personalized 
probiotic recommendations. 

Customized Encapsulation: Designing bio-polymer 
coatings that are tailored to the specific needs of 
individual patients, based on their gut microbiota and 
health conditions.

2. Tailored Encapsulation 
Strategies 

[189]

Personalized encapsulation strategies can enhance the 
effectiveness of probiotic therapies by addressing 
individual variations in gastrointestinal conditions and 
probiotic needs.

Personalized Coatings: Creating bio-polymer coatings that 
are optimized for individual gut conditions and probiotic 
requirements. 

Targeted Health Benefits: Developing encapsulation 
methods that provide targeted health benefits based on 
personalized health assessments.
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(SCFAs) in the gut, which in turn have systemic effects, 
including modulation of brain function. Personalized 
probiotic therapies targeting the gut-brain axis could 
help manage mental health conditions such as anxiety, 
depression, and even neurodegenerative diseases [60]. 
Future research should investigate how chitosan-encap
sulated probiotics, tailored to individual microbiome 
compositions, could optimize mental health interven
tions, especially for mood and cognitive disorders.

9.2.2. Novel bio-polymers and encapsulation 
techniques
Development of New Bio-Polymers: While chitosan has 
demonstrated significant potential in the encapsulation 
of probiotics due to its biocompatibility, biodegradabil
ity, and antimicrobial properties, there is still room to 
explore novel bio-polymers with enhanced functional
ities. Future research should focus on developing bio- 
polymers that improve upon chitosan’s limitations, such 
as its solubility at certain pH levels and sensitivity to 
environmental conditions like moisture and temperature 
[24]. These bio-polymers should be designed to offer 
enhanced protective barriers for probiotics, ensuring 
that they remain viable throughout the shelf life of the 
product and can withstand the harsh conditions of the 
gastrointestinal tract [1].

Some promising candidates for novel bio-polymers 
include alginate, pectin, xanthan gum, and pullulan, all 
of which have demonstrated potential in encapsulating 
probiotics. These materials, either used alone or in com
bination with chitosan, could provide enhanced protec
tive capabilities, especially under varying pH conditions 
in the stomach and intestines [31]. Combinatory bio- 
polymer systems could offer synergistic effects, combin
ing the strengths of multiple bio-polymers to 
improve stability, controlled release, and functional 
performance.

Multi-Layer Encapsulation Techniques: Current 
encapsulation methods often rely on a single protective 
layer, which may not always provide sufficient protec
tion for probiotics during digestion or industrial proces
sing. Future research should focus on multi-layer 
encapsulation techniques, where probiotics are coated 
with multiple layers of bio-polymers with different func
tional properties [10]. For example, an outer layer could 
be designed to withstand gastric acidity, while an inner 
layer could be tailored to degrade in response to intest
inal pH or the presence of specific enzymes, ensuring 
that the probiotics are released at the optimal location in 
the gut.

Multi-layer encapsulation could also incorporate 
bioactive molecules like antioxidants, prebiotics, or 
anti-inflammatory agents into the layers, offering 

additional health benefits. A study by [10] highlighted 
the potential of combining chitosan with alginate in a 
double-layer encapsulation system, which provided 
enhanced protection to Bifidobacterium strains during 
simulated gastrointestinal transit. Such innovations 
could pave the way for more robust and effective pro
biotic delivery systems.

Smart Encapsulation Systems: Another area ripe for 
exploration is the development of smart encapsulation 
systems that respond to specific physiological cues. These 
systems could be designed to release probiotics in response 
to changes in pH, temperature, or the presence of certain 
metabolites or enzymes in the gut. For instance, a chitosan- 
based smart system could be engineered to degrade in 
response to microbial activity, ensuring that the probiotics 
are released only when they reach the appropriate part of 
the gastrointestinal tract [192]. These systems could be 
particularly useful for treating diseases like IBD, where tar
geted delivery to inflamed areas is crucial.

Smart encapsulation systems could also incorporate 
biosensors that detect changes in gut microbiota com
position or health status. In this way, the system could 
adjust the release of probiotics based on the individual’s 
current gut health, providing a more dynamic and per
sonalized approach to probiotic therapy [1].

Scaling Up for Industrial Application: While many 
encapsulation techniques show promise in laboratory 
settings, translating these methods to industrial scales 
remains a challenge. Future research must address the 
scalability of novel bio-polymer and encapsulation tech
niques to ensure that they can be efficiently produced at 
large volumes while maintaining quality and cost-effec
tiveness [193]. Studies should focus on optimizing pro
duction processes, minimizing energy and resource 
consumption, and ensuring that encapsulated probio
tics can be integrated into various food matrices without 
compromising their viability or functional properties.

Clinical Trials for Efficacy and Safety: While chitosan 
and other bio-polymers have shown promise in protect
ing probiotics, more clinical trials are needed to assess 
the efficacy and safety of these encapsulation systems in 
real-world settings. Studies should compare in vitro 
results with in vivo findings to determine how well 
encapsulated probiotics survive gastrointestinal transit 
and colonize the gut in human subjects. These trials 
should also investigate potential side effects, such as 
allergic reactions or unwanted interactions with other 
medications, and explore how encapsulated probiotics 
impact long-term gut health and immune function [20].

Bio-Polymer Degradation and Environmental Impact: 
While chitosan and other bio-polymers are biodegrad
able, their degradation rates and environmental impact 
when used at scale need further study. Future research 
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should investigate how bio-polymer coatings behave in 
different environments, such as in water or soil, to 
ensure that they do not contribute to pollution or 
harm ecosystems [194]. As demand for sustainable 
materials grows, it will be important to develop bio- 
polymers that are not only effective but also environ
mentally friendly, minimizing waste and resource con
sumption throughout their life cycle.

The future of chitosan and bio-polymer research lies in 
the development of personalized probiotic therapies that 
take individual microbiomes into account, as well as the 
creation of novel bio-polymers and encapsulation techni
ques that enhance the stability, efficacy, and targeted deliv
ery of probiotics. Advances in microbiome profiling, 
synthetic biology, and smart encapsulation systems will 
be key to optimizing probiotic therapies for specific health 
conditions, including those related to the gut-brain axis 
[31]. Additionally, ensuring the scalability and environmen
tal sustainability of these technologies will be critical for 
their successful integration into food, pharmaceutical, and 
health industries. By addressing these research needs, we 
can unlock the full potential of chitosan and bio-polymers 
in promoting gut health, supporting disease treatment, and 
improving overall well-being [195].

10. Novelty focus

The integration of new bio-polymers with chitosan, 
exploration of innovative encapsulation technologies, 
and development of advanced controlled release 
mechanisms represent key areas of novelty in probio
tic microencapsulation [197] (Table 20). These 
advancements promise to enhance the stability, 
release, and efficacy of probiotic formulations, addres
sing current challenges and meeting the growing 
demand for effective functional foods and therapeutic 
products [198].

11. Conclusion

Significant advancements have been made in the field of 
bio-polymer coatings for probiotic microencapsulation, 
with chitosan emerging as a key material due to its 
biocompatibility, antimicrobial properties, and ability to 
form robust, flexible films. Chitosan has been shown to 
directly influence gut microbiota by promoting benefi
cial bacteria while suppressing pathogens, enhancing 
overall gut health and exhibiting prebiotic and synbiotic 
effects, particularly with probiotics such as Lactobacillus 

Table 20. Novelty focus.
S/N Novelty Focus Description

1. Integration of New Bio-Polymers 
with Chitosan for Synergistic 
Effects 

[1]

The integration of new bio-polymers with chitosan represents a cutting-edge approach to enhancing probiotic 
microencapsulation. Combining chitosan with other bio-polymers can leverage the unique properties of each 
material to create synergistic effects that improve encapsulation efficiency and functionality. For instance, the 
incorporation of alginate, with its excellent gel-forming abilities, with chitosan can yield composite coatings that 
provide enhanced protection against environmental stresses and better controlled release of probiotics. Similarly, 
combining chitosan with pectin, known for its ability to form stable gels and target the colon, can offer a dual- 
action encapsulation system that optimizes both stability and targeted delivery. Research into novel bio- 
polymers such as polysaccharides derived from seaweeds or agricultural by-products may also uncover new 
combinations with chitosan that enhance its performance. These innovative combinations can address specific 
challenges such as improving probiotic viability under various conditions, extending shelf life, and ensuring 
effective delivery to targeted sites within the gastrointestinal tract.

2. Exploration of Innovative 
Encapsulation Technologies 

[10]

Innovative encapsulation technologies, such as nanotechnology and layer-by-layer (LbL) coating techniques, are 
revolutionizing the field of probiotic microencapsulation. Nanotechnology enables the creation of nanoscale 
encapsulation systems that offer superior stability and bioavailability of probiotics. Nanoparticles or nanocapsules 
can protect probiotics from environmental factors and provide precise control over their release. For example, 
chitosan nanoparticles can be engineered to encapsulate probiotics with enhanced stability and controlled 
release profiles. 

Layer-by-layer (LbL) assembly, an advanced coating technique, involves the sequential deposition of alternating 
layers of bio-polymers onto a probiotic core. This method allows for the creation of multilayered coatings with 
tailored properties, such as improved protection, controlled release, and targeted delivery. The LbL technique can 
be used to develop coatings that respond to specific physiological conditions, such as pH changes or enzymatic 
activity, to release probiotics at the optimal site within the gastrointestinal tract.

3. Development of Advanced 
Controlled Release 
Mechanisms 

[196]

The development of advanced controlled release mechanisms is critical for enhancing probiotic delivery and 
efficacy. Traditional encapsulation methods often face limitations in providing precise control over release rates 
and targeting specific areas of the gastrointestinal tract. Innovative controlled release systems, including stimuli- 
responsive coatings and smart delivery systems, offer promising solutions. 

Stimuli-responsive coatings can be engineered to release probiotics in response to specific triggers, such as pH 
changes, temperature variations, or enzymatic activity. For instance, pH-sensitive coatings can protect probiotics 
from acidic conditions in the stomach and release them in the more neutral environment of the intestines. 
Temperature-sensitive coatings can respond to the body’s internal temperature, providing targeted delivery 
based on physiological conditions. 

Smart delivery systems, utilizing technologies such as microencapsulation combined with responsive materials, can 
offer tailored release profiles that align with individual digestive needs. These systems can be designed to ensure 
that probiotics are released at optimal times and locations within the gastrointestinal tract, maximizing their 
health benefits and improving overall therapeutic outcomes.
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and Bifidobacterium, which may alleviate gastrointest
inal disorders like inflammatory bowel disease (IBD). 
Furthermore, chitosan’s immunomodulatory properties 
are increasingly recognized for their role in improving 
systemic immunity, particularly in contexts of autoim
mune diseases and IBD, where it influences immune 
signaling pathways and alters gut microbiota composi
tion, subsequently affecting the production of short- 
chain fatty acids (SCFAs) that regulate inflammation 
and support mucosal integrity. Recent studies in food 
and pharmaceutical industries underscore the efficacy of 
chitosan-coated probiotics in clinical trials, revealing 
promising in vitro and in vivo results that warrant further 
large-scale investigations to validate these findings for 
practical applications in functional foods and medical 
treatments. Sustainability considerations regarding the 
sourcing of chitosan from environmentally friendly 
materials are essential for its long-term industrial appli
cation, while emerging research on the gut-brain axis 
highlights the potential for chitosan to influence mental 
health outcomes through microbial interactions, paving 
the way for future exploration in this area. Continued 
research should focus on personalized probiotic thera
pies and novel bio-polymers and encapsulation techni
ques, with innovations in multi-layered encapsulation, 
smart-release systems, and biosensors crucial for tailor
ing probiotics to individual microbiomes and enhancing 
therapeutic efficacy. Overall, while significant progress 
has been made in optimizing chitosan and bio-polymer 
coatings, ongoing innovation is vital to meet the grow
ing demand for functional foods and personalized pro
biotics, ensuring that these products effectively 
contribute to health, wellness, and disease prevention.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This research did not receive any specific grant from funding 
agencies in the public, commercial, or not-for-profit sectors.

ORCID

Great Iruoghene Edo http://orcid.org/0000-0002-2048-532X

Author’s contributions

GE, AM, NR, EU, TG, EI, UI, PA, RO, AE, DA, HU, DO were 
responsible for the conception and design of the study; GE, 
AM performed data collection. GE, AM performed data analysis 

and drafted the article. GE supervised the study, contributed to 
data analysis, interpretation, and critical revisions. All authors 
approved the final manuscript.

References

[1] Sun Q, Yin S, He Y, et al. Biomaterials and encapsu
lation techniques for probiotics: current status and 
future prospects in biomedical applications. 
Nanomaterials. 2023;13(15):2185. doi: 10.3390/ 
nano13152185  

[2] Wang G, Chen Y, Xia Y, et al. Characteristics of probiotic 
preparations and their applications. Foods. 2022;11 
(16):2472. doi: 10.3390/foods11162472  

[3] Yan D, Li Y, Liu Y, et al. Antimicrobial properties of 
chitosan and chitosan derivatives in the treatment of 
enteric infections. Molecules. 2021;26(23):7136. doi: 10. 
3390/molecules26237136  

[4] Singh S, Gupta R, Chawla S, et al. Natural sources and 
encapsulating materials for probiotics delivery systems: 
recent applications and challenges in functional food 
development. Front Nutr. 2022;9. doi: 10.3389/fnut. 
2022.971784  

[5] Vivek K, Mishra S, Pradhan RC, et al. A comprehensive 
review on microencapsulation of probiotics: technology, 
carriers and current trends. Appl Food Res. 2023;3 
(1):100248. doi: 10.1016/j.afres.2022.100248  

[6] Kiepś J, Dembczyński R. Current trends in the production 
of probiotic formulations. Foods. 2022;11(15):2330. doi:  
10.3390/foods11152330  

[7] Gao H, Xie Y, Li Z, et al. Novel seamless shell-core 
microbead for probiotics encapsulation: influence of 
gel structure on storage stability and gastrointestinal 
activity. Food Hydrocoll. 2024;152:109908. doi: 10.1016/ 
j.foodhyd.2024.109908  

[8] Manohar D, Babu RS, Vijaya B, et al. A review on explor
ing the potential of PVA and chitosan in biomedical 
applications: a focus on tissue engineering, drug deliv
ery and biomedical sensors. Int J Biol Macromol. 
2024;283:137318. doi: 10.1016/j.ijbiomac.2024.137318  

[9] Aleman RS, Yadav A. Systematic review of probiotics and 
their potential for developing functional nondairy foods. 
Appl Microbiol. 2023;4(1):47–69. doi: 10.3390/ 
applmicrobiol4010004  

[10] Agriopoulou S, Tarapoulouzi M, Varzakas T, et al. 
Application of encapsulation strategies for probiotics: 
from individual loading to Co-encapsulation. 
Microorganisms. 2023;11(12):2896. doi: 10.3390/ 
microorganisms11122896  

[11] Razavi S, Janfaza S, Tasnim N, et al. Nanomaterial-based 
encapsulation for controlled gastrointestinal delivery of 
viable probiotic bacteria. Nanoscale Adv. 2021;3 
(10):2699–2709. doi: 10.1039/D0NA00952K  

[12] Gheorghita R, Anchidin-Norocel L, Filip R, et al. 
Applications of biopolymers for drugs and probiotics 
delivery. Polym (Basel). 2021;13(16):2729. doi: 10.3390/ 
polym13162729  

[13] Baranwal J, Barse B, Fais A, et al. Biopolymer: a sustainable 
material for food and medical applications. Polym (Basel). 
2022;14(5):983. doi: 10.3390/polym14050983  

DESIGNED MONOMERS AND POLYMERS 27

https://doi.org/10.3390/nano13152185
https://doi.org/10.3390/nano13152185
https://doi.org/10.3390/foods11162472
https://doi.org/10.3390/molecules26237136
https://doi.org/10.3390/molecules26237136
https://doi.org/10.3389/fnut.2022.971784
https://doi.org/10.3389/fnut.2022.971784
https://doi.org/10.1016/j.afres.2022.100248
https://doi.org/10.3390/foods11152330
https://doi.org/10.3390/foods11152330
https://doi.org/10.1016/j.foodhyd.2024.109908
https://doi.org/10.1016/j.foodhyd.2024.109908
https://doi.org/10.1016/j.ijbiomac.2024.137318
https://doi.org/10.3390/applmicrobiol4010004
https://doi.org/10.3390/applmicrobiol4010004
https://doi.org/10.3390/microorganisms11122896
https://doi.org/10.3390/microorganisms11122896
https://doi.org/10.1039/D0NA00952K
https://doi.org/10.3390/polym13162729
https://doi.org/10.3390/polym13162729
https://doi.org/10.3390/polym14050983


[14] Razavi S, Janfaza S, Tasnim N, et al. Microencapsulating 
polymers for probiotics delivery systems: preparation, char
acterization, and applications. Food Hydrocoll. 
2021;120:106882. doi: 10.1016/j.foodhyd.2021.106882  

[15] Saberi Riseh R, Tamanadar E, Hajabdollahi N, et al. 
Chitosan microencapsulation of rhizobacteria for bio
logical control of plant pests and diseases: recent 
advances and applications. Rhizosphere. 
2022;23:100565. doi: 10.1016/j.rhisph.2022.100565  

[16] Frank LA, Onzi GR, Morawski AS, et al. Chitosan as a 
coating material for nanoparticles intended for biome
dical applications. React Funct Polym. 2020;147:104459. 
doi: 10.1016/j.reactfunctpolym.2019.104459  

[17] Desai N, Rana D, Salave S, et al. Chitosan: a potential 
biopolymer in drug delivery and biomedical applica
tions. Pharmaceutics. 2023;15(4):1313. doi: 10.3390/ 
pharmaceutics15041313  

[18] Wang K, Chen Q, Ding L, et al. Mucoadhesive probiotic- 
based oral microcarriers with prolonged intestinal reten
tion for inflammatory bowel disease therapy. Nano 
Today. 2023;50:101876. doi: 10.1016/j.nantod.2023. 
101876  

[19] Pramanik S, Venkatraman S, Vaidyanathan VK. 
Development of engineered probiotics with tailored 
functional properties and their application in food 
science. Food Sci Biotechnol. 2023;32(4):453–470. doi:  
10.1007/s10068-023-01252-x  

[20] Nezamdoost-Sani N, Khaledabad MA, Amiri S, et al. A 
comprehensive review on the utilization of biopolymer 
hydrogels to encapsulate and protect probiotics in 
foods. Int J Biol Macromol. 2024;254:127907. doi: 10. 
1016/j.ijbiomac.2023.127907  

[21] Yadav M, Kaushik B, Rao GK, et al. Advances and chal
lenges in the use of chitosan and its derivatives in bio
medical fields: a review. Carbohydr Polym Technol Appl. 
2023;5:100323. doi: 10.1016/j.carpta.2023.100323  

[22] Călinoiu L-F, Ştefănescu BE, Pop ID, et al. Chitosan coating 
applications in probiotic microencapsulation. Coatings. 
2019;9(3):194. doi: 10.3390/coatings9030194  

[23] Bahijri SM, Alsheikh L, Ajabnoor G, et al. Effect of 
supplementation with chitosan on weight, 
Cardiometabolic, and other risk indices in Wistar rats 
fed normal and high-Fat/High-cholesterol diets ad 
libitum. Nutr Metab Insights. 2017;10:10. doi: 10. 
1177/1178638817710666  

[24] Arratia-Quijada J, Nuño K, Ruíz-Santoyo V, et al. Nano- 
encapsulation of probiotics: need and critical considera
tions to design new non-dairy probiotic products. J 
Funct Foods. 2024;116:106192. doi: 10.1016/j.jff.2024. 
106192  

[25] Piekarska K, Sikora M, Owczarek M, et al. Chitin and 
chitosan as polymers of the future—obtaining, modifi
cation, life cycle assessment and main directions of 
application. Polym (Basel). 2023;15(4):793. doi: 10.3390/ 
polym15040793  

[26] Tousian B, Khosravi AR. Chitosan-based pulmonary par
ticulate systems for anticancer and antiviral drug car
riers: a promising delivery for COVID-19 vaccines. Results 
Chem. 2023;6:101146. doi: 10.1016/j.rechem.2023. 
101146  

[27] Ul-Islam M, Alabbosh KF, Manan S, et al. Chitosan-based 
nanostructured biomaterials: synthesis, properties, and 

biomedical applications. Adv Ind Eng Polym Res. 2024;7 
(1):79–99. doi: 10.1016/j.aiepr.2023.07.002  

[28] Guo Y, Qiao D, Zhao S, et al. Biofunctional chitosan– 
biopolymer composites for biomedical applications. 
Mater Sci Eng R Rep. 2024;159:100775. doi: 10.1016/j. 
mser.2024.100775  

[29] Amin MK, Boateng JS. Enhancing stability and mucoad
hesive properties of chitosan nanoparticles by surface 
modification with sodium alginate and polyethylene 
glycol for potential oral mucosa vaccine delivery. Mar 
Drugs. 2022;20(3):156. doi: 10.3390/md200 
30156  

[30] Moretti A, Brizuela N, Bravo-Ferrada B, et al. Current 
applications and future trends of dehydrated lactic 
acid bacteria for incorporation in animal feed products. 
Fermentation. 2023;9(8):742. doi: 10.3390/ 
fermentation9080742  

[31] Sharma H, Sharma S, Bajwa J, et al. Polymeric carriers in 
probiotic delivery system. Carbohydr Polym Technol 
Appl. 2023;5:100301. doi: 10.1016/j.carpta.2023.100301  

[32] Parsana Y, Yadav M, Kumar S. Microencapsulation in the 
chitosan-coated alginate-inulin matrix of 
Limosilactobacillus reuteri SW23 and lactobacillus salivar
ius RBL50 and their characterization. Carbohydr Polym 
Technol Appl. 2023;5:100285. doi: 10.1016/j.carpta.2023. 
100285  

[33] Anegkamol W, Kamkang P, Hunthai S, et al. The useful
ness of resistant maltodextrin and chitosan oligosac
charide in management of gut leakage and microbiota 
in chronic kidney disease. Nutrients. 2023;15(15):3363. 
doi: 10.3390/nu15153363  

[34] Albadran HA, Monteagudo-Mera A, Khutoryanskiy VV, et 
al. Development of chitosan-coated agar-gelatin parti
cles for probiotic delivery and targeted release in the 
gastrointestinal tract. Appl Microbiol Biotechnol. 
2020;104(13):5749–5757. doi: 10.1007/s00253-020- 
10632-w  

[35] Akpo E, Colin C, Perrin A, et al. Encapsulation of active 
substances in natural polymer coatings. Materials 
(Basel). 2024;17(11):2774. doi: 10.3390/ma17112774  

[36] Xie F, Gao C, Avérous L. Alginate-based materials: enhan
cing properties through multiphase formulation design 
and processing innovation. Mater Sci Eng R Rep. 
2024;159:100799. doi: 10.1016/j.mser.2024.100799  

[37] Peng S, Liang Y, Xiao W, et al. Anaphylaxis induced by 
intra-articular injection of chitosan: a case report and 
literature review. Clin Case Rep. 2022;10(12). doi: 10. 
1002/ccr3.6596  

[38] Kipkoech C, Kinyuru JN, Imathiu S, et al. In vitro study of 
cricket Chitosan’s potential as a prebiotic and a promo
ter of Probiotic microorganisms to control pathogenic 
bacteria in the human gut. Foods. 2021;10(10):2310. doi:  
10.3390/foods10102310  

[39] Lopez-Santamarina A, Del C MA, Lamas A, et al. Animal- 
origin prebiotics based on chitin: an alternative for the 
future? A critical review. Foods. 2020;9(6):782. doi: 10. 
3390/foods9060782  

[40] Zhao B, Albanes D, Huang J. Response by Zhao et al to 
letter regarding article, “associations of dietary choles
terol, serum cholesterol, and egg consumption with 
overall and cause-specific mortality: systematic review 
and updated meta-analysis. Circulation. 2022;146(23).

28 G. I. EDO ET AL.

https://doi.org/10.1016/j.foodhyd.2021.106882
https://doi.org/10.1016/j.rhisph.2022.100565
https://doi.org/10.1016/j.reactfunctpolym.2019.104459
https://doi.org/10.3390/pharmaceutics15041313
https://doi.org/10.3390/pharmaceutics15041313
https://doi.org/10.1016/j.nantod.2023.101876
https://doi.org/10.1016/j.nantod.2023.101876
https://doi.org/10.1007/s10068-023-01252-x
https://doi.org/10.1007/s10068-023-01252-x
https://doi.org/10.1016/j.ijbiomac.2023.127907
https://doi.org/10.1016/j.ijbiomac.2023.127907
https://doi.org/10.1016/j.carpta.2023.100323
https://doi.org/10.3390/coatings9030194
https://doi.org/10.1177/1178638817710666
https://doi.org/10.1177/1178638817710666
https://doi.org/10.1016/j.jff.2024.106192
https://doi.org/10.1016/j.jff.2024.106192
https://doi.org/10.3390/polym15040793
https://doi.org/10.3390/polym15040793
https://doi.org/10.1016/j.rechem.2023.101146
https://doi.org/10.1016/j.rechem.2023.101146
https://doi.org/10.1016/j.aiepr.2023.07.002
https://doi.org/10.1016/j.mser.2024.100775
https://doi.org/10.1016/j.mser.2024.100775
https://doi.org/10.3390/md20030156
https://doi.org/10.3390/md20030156
https://doi.org/10.3390/fermentation9080742
https://doi.org/10.3390/fermentation9080742
https://doi.org/10.1016/j.carpta.2023.100301
https://doi.org/10.1016/j.carpta.2023.100285
https://doi.org/10.1016/j.carpta.2023.100285
https://doi.org/10.3390/nu15153363
https://doi.org/10.1007/s00253-020-10632-w
https://doi.org/10.1007/s00253-020-10632-w
https://doi.org/10.3390/ma17112774
https://doi.org/10.1016/j.mser.2024.100799
https://doi.org/10.1002/ccr3.6596
https://doi.org/10.1002/ccr3.6596
https://doi.org/10.3390/foods10102310
https://doi.org/10.3390/foods10102310
https://doi.org/10.3390/foods9060782
https://doi.org/10.3390/foods9060782


[41] Maftei N-M, Raileanu CR, Balta AA, et al. The potential 
impact of probiotics on human health: an update on 
their health-promoting properties. Microorganisms. 
2024;12(2):234. doi: 10.3390/microorganisms1 
2020234  

[42] Li Y, Zheng Z, Zhao M, et al. How does digital trade 
impact urban carbon emissions efficiency? Evidence 
from China’s cross-border e-commerce pilot zones. J 
Clean Prod. 2024;456:142363. doi: 10.1016/j.jclepro. 
2024.142363  

[43] Smith LG, Westaway S, Mullender S, et al. Assessing the 
multidimensional elements of sustainability in European 
agroforestry systems. Agric Syst. 2022;197:103357. doi:  
10.1016/j.agsy.2021.103357  

[44] Tsionas MG, Andrikopoulos A. A note on the gao et al. 
(2019) uniform mixture model in the case of regression. 
Ann Oper Res. 2020;289(2):495–501.

[45] Goncalves S, Dionne RA, Moses G, et al. 
Pharmacotherapeutic approaches in oral medicine. 
Contemp Oral Med. Cham: Springer International 
Publishing; 2019. p. 401–470. Available from: https:// 
doi.org/10.1007/978-3-319-72303-7_11  

[46] Wang H, Zhang G, Zhang S, et al. Development of a 
novel daily-scale compound dry and hot index and its 
application across seven climatic regions of China. 
Atmos Res. 2023;287:106700. doi: 10.1016/j.atmosres. 
2023.106700  

[47] Johansson Å, Comment on Li, et al. A dynamic 2000 
—540 ma earth history: from cratonic amalgamation 
to the age of supercontinent cycle. Earth-Sci Rev. 
2023;241:104457. doi: 10.1016/j.earscirev.2023. 
104457  

[48] Li W, Qian H, Xu P, et al. Distribution characteristics, 
source identification and risk assessment of heavy 
metals in surface sediments of the Yellow River, China. 
CATENA. 2022;216:106376. doi: 10.1016/j.catena.2022. 
106376  

[49] Sinani G, Sessevmez M, Şenel S. Applications of chitosan 
in prevention and treatment strategies of infectious dis
eases. Pharmaceutics. 2024;16(9):1201. doi: 10.3390/ 
pharmaceutics16091201  

[50] Silva V, Gai L, Harkes P, et al. Pesticide residues with 
hazard classifications relevant to non-target species 
including humans are omnipresent in the environment 
and farmer residences. Environ Int. 2023;181:108280. 
doi: 10.1016/j.envint.2023.108280  

[51] Kumar A, O’Bryan J, Correction KP, et al. The global 
emergence of human babesiosis. Pathogens 2021. 
Pathogens. 2022;11(10, 1447. 8):923. doi: 10.3390/ 
pathogens11080923  

[52] Suvarna V, Nair A, Mallya R, et al. Antimicrobial nanoma
terials for food packaging. Antibiotics. 2022;11(6):729. 
doi: 10.3390/antibiotics11060729  

[53] Huang J, Liu J, Tian R, et al. Correction: Huang et al. A 
next generation sequencing-based protocol for screen
ing of variants of concern in autism spectrum disorder. 
Cells. 2022;11(20):3276.

[54] Wai Kin M, Wenqing H, Zhen L, et al. No 主観的健康感を 
中心とした在宅高齢者における 健康関連指標に関す 
る共分散構造分析Title. World Agric. 2015;1(May):1–9.

[55] Gong C, Ignatius J, Song H, et al. The impact of Platform’s 
information sharing on Manufacturer encroachment 

and selling format decision. Eur J Oper Res. 2024;317 
(1):141–155. doi: 10.1016/j.ejor.2024.03.036  

[56] Sayin S, Rosener B, Li CG, et al. Evolved bacterial resis
tance to the chemotherapy gemcitabine modulates its 
efficacy in co-cultured cancer cells. Elife. 2023;12:12. doi:  
10.7554/eLife.83140  

[57] Ardean C, Davidescu CM, Nemeş NS, et al. Factors influ
encing the antibacterial activity of chitosan and chitosan 
modified by Functionalization. Int J Mol Sci. 2021;22 
(14):7449. doi: 10.3390/ijms22147449  

[58] Zhang M, Ma S, Gong J-W, et al. A coupling effect of 
landscape patterns on the spatial and temporal distribu
tion of water ecosystem services: a case study in the 
jianghuai ecological economic zone, China. Ecol Indic. 
2023;151:110299. doi: 10.1016/j.ecolind.2023.110299  

[59] Zhang C, Qing N, Zhang S. The impact of leisure activ
ities on the mental health of older adults: the mediating 
effect of social support and perceived stress. In: Taiar R, 
editor. J Healthc Eng. 2021. 2021. p. 1–11.

[60] Yoo S, Jung S-C, Kwak K, et al. The role of prebiotics in 
modulating gut microbiota: implications for human 
health. Int J Mol Sci. 2024;25(9):4834. doi: 10.3390/ 
ijms25094834  

[61] Matica MA, Aachmann FL, Tøndervik A, et al. Chitosan as 
a wound dressing starting material: antimicrobial prop
erties and mode of action. Int J Mol Sci. 2019;20 
(23):5889. doi: 10.3390/ijms20235889  

[62] Zhang C, Jiao S, Wang ZA, et al. Exploring effects of 
chitosan oligosaccharides on mice gut microbiota in in 
vitro fermentation and animal Model. Front Microbiol. 
2018;9. doi: 10.3389/fmicb.2018.02388  

[63] Alemu D, Getachew E, Mondal AK. Study on the physi
cochemical properties of chitosan and their applications 
in the biomedical sector. In: Yang Y, editor. Int J Polym 
Sci. Vol. 2023. 2023. p. 1–13.

[64] Mura P, Maestrelli F, Cirri M, et al. Multiple roles of 
chitosan in mucosal drug delivery: an updated review. 
Mar Drugs. 2022;20(5):335. doi: 10.3390/md20050335  

[65] Thambiliyagodage C, Jayanetti M, Mendis A, et al. Recent 
advances in chitosan-based applications—a review. 
Materials (Basel). 2023;16(5):2073. doi: 10.3390/ 
ma16052073  

[66] Pakizeh M, Moradi A, Ghassemi T. Chemical extraction 
and modification of chitin and chitosan from shrimp 
shells. Eur Polym J. 2021;159:110709. doi: 10.1016/j.eur 
polymj.2021.110709  

[67] Xu C, Gantumur M-A, Sun J, et al. Design of probio
tic delivery systems for targeted release. Food 
Hydrocoll. 2024;149:109588. doi: 10.1016/j.foodhyd. 
2023.109588  

[68] Gómez-Guillén MC, Montero MP. Enhancement of oral 
bioavailability of natural compounds and probiotics by 
mucoadhesive tailored biopolymer-based nanoparticles: 
a review. Food Hydrocoll. 2021;118:106772. doi: 10. 
1016/j.foodhyd.2021.106772  

[69] Luan Q, Zhang H, Wang J, et al. Electrostatically rein
forced and sealed nanocellulose-based macrosphere by 
alginate/chitosan multi-layer coatings for delivery of 
probiotics. Food Hydrocoll. 2023;142:108804. doi: 10. 
1016/j.foodhyd.2023.108804  

[70] Liu B, Hu J, Yao H, et al. Improved viability of probiotics 
encapsulated by layer-by-layer assembly using zein 

DESIGNED MONOMERS AND POLYMERS 29

https://doi.org/10.3390/microorganisms12020234
https://doi.org/10.3390/microorganisms12020234
https://doi.org/10.1016/j.jclepro.2024.142363
https://doi.org/10.1016/j.jclepro.2024.142363
https://doi.org/10.1016/j.agsy.2021.103357
https://doi.org/10.1016/j.agsy.2021.103357
https://doi.org/10.1007/978-3-319-72303-7_11
https://doi.org/10.1007/978-3-319-72303-7_11
https://doi.org/10.1016/j.atmosres.2023.106700
https://doi.org/10.1016/j.atmosres.2023.106700
https://doi.org/10.1016/j.earscirev.2023.104457
https://doi.org/10.1016/j.earscirev.2023.104457
https://doi.org/10.1016/j.catena.2022.106376
https://doi.org/10.1016/j.catena.2022.106376
https://doi.org/10.3390/pharmaceutics16091201
https://doi.org/10.3390/pharmaceutics16091201
https://doi.org/10.1016/j.envint.2023.108280
https://doi.org/10.3390/pathogens11080923
https://doi.org/10.3390/pathogens11080923
https://doi.org/10.3390/antibiotics11060729
https://doi.org/10.1016/j.ejor.2024.03.036
https://doi.org/10.7554/eLife.83140
https://doi.org/10.7554/eLife.83140
https://doi.org/10.3390/ijms22147449
https://doi.org/10.1016/j.ecolind.2023.110299
https://doi.org/10.3390/ijms25094834
https://doi.org/10.3390/ijms25094834
https://doi.org/10.3390/ijms20235889
https://doi.org/10.3389/fmicb.2018.02388
https://doi.org/10.3390/md20050335
https://doi.org/10.3390/ma16052073
https://doi.org/10.3390/ma16052073
https://doi.org/10.1016/j.eurpolymj.2021.110709
https://doi.org/10.1016/j.eurpolymj.2021.110709
https://doi.org/10.1016/j.foodhyd.2023.109588
https://doi.org/10.1016/j.foodhyd.2023.109588
https://doi.org/10.1016/j.foodhyd.2021.106772
https://doi.org/10.1016/j.foodhyd.2021.106772
https://doi.org/10.1016/j.foodhyd.2023.108804
https://doi.org/10.1016/j.foodhyd.2023.108804


nanoparticles and pectin. Food Hydrocolloids. 
2023;143:108899. doi: 10.1016/j.foodhyd.2023.108899  

[71] Bu W, McClements DJ, Zhang Z, et al. Encapsulation 
method of probiotic embedded delivery system and its 
application in food. Food Hydrocoll. 2024;159:110625. 
doi: 10.1016/j.foodhyd.2024.110625  

[72] Han M, Yang S, Song J, et al. Layer-by-layer coated 
probiotics with chitosan and liposomes demonstrate 
improved stability and antioxidant properties in vitro. 
Int J Biol Macromol. 2024;258:128826. doi: 10.1016/j. 
ijbiomac.2023.128826  

[73] Pateiro M, Gómez B, Munekata PES, et al. 
Nanoencapsulation of promising Bioactive compounds to 
improve their absorption, stability, functionality and the 
appearance of the final food products. Molecules. 2021;26 
(6):1547. doi: 10.3390/molecules26061547  

[74] Pandey RP, Gunjan H, et al. Nanocarrier-mediated pro
biotic delivery: a systematic meta-analysis assessing the 
biological effects. Sci Rep. 2024;14(1):631. doi: 10.1038/ 
s41598-023-50972-x  

[75] da Silva Sâd, Batista LDSP, da Sp BL, et al. 
Microencapsulation of probiotics by oil-in-water emulsi
fication technique improves cell viability under different 
storage conditions. Foods. 2023;12(2):252. doi: 10.3390/ 
foods12020252  

[76] Liu Y, Liang Y, Yuhong J, et al. Advances in nanotechnol
ogy for enhancing the solubility and bioavailability of 
poorly soluble drugs. Drug Des Devel Ther. 
2024;18:1469–1495. doi: 10.2147/DDDT.S447496  

[77] Yin M, Chen M, Yuan Y, et al. Encapsulation of lactoba
cillus rhamnosus GG in whey protein isolate-shortening 
oil and gum Arabic by complex coacervation: enhanced 
the viability of probiotics during spray drying and sto
rage. Food Hydrocoll. 2024;146:109252. doi: 10.1016/j. 
foodhyd.2023.109252  

[78] Yola AM, Campbell J, Volodkin D. Microfluidics meets 
layer-by-layer assembly for the build-up of polymeric 
scaffolds. Appl Surf Sci Adv. 2021;5:100091. doi: 10. 
1016/j.apsadv.2021.100091  

[79] Beldarrain-Iznaga T, Villalobos-Carvajal R, Sevillano- 
Armesto E, et al. Functional properties of lactobacillus 
casei C24 improved by microencapsulation using multi
layer double emulsion. Food Res Int. 2021;141:110136. 
doi: 10.1016/j.foodres.2021.110136  

[80] Luo Y, De Souza C, Ramachandran M, et al. Precise oral 
delivery systems for probiotics: a review. J Control 
Release. 2022;352:371–384. doi: 10.1016/j.jconrel.2022. 
10.030  

[81] Maleki G, Woltering EJ, Mozafari MR. Applications of 
chitosan-based carrier as an encapsulating agent in 
food industry. Trends Food Sci Technol. 2022;120:88– 
99. doi: 10.1016/j.tifs.2022.01.001  

[82] Iqbal Y, Ahmed I, Irfan MF, et al. Recent advances in 
chitosan-based materials; the synthesis, modifica
tions and biomedical applications. Carbohydr 
Polym. 2023;321:121318. doi: 10.1016/j.carbpol. 
2023.121318  

[83] Baral KC, Bajracharya R, Lee SH, et al. Advancements 
in the pharmaceutical applications of probiotics: 
dosage forms and formulation technology. Int J 
Nanomedicine. 2021;16:7535–7556. doi: 10.2147/IJN. 
S337427  

[84] Abka-Khajouei R, Tounsi L, Shahabi N, et al. Structures, 
properties and applications of Alginates. Mar Drugs. 
2022;20(6):364. doi: 10.3390/md20060364  

[85] Said NS, Olawuyi IF, Lee WY. Pectin hydrogels: gel-form
ing behaviors, mechanisms, and food applications. Gels. 
2023;9(9):732. doi: 10.3390/gels9090732  

[86] Purewal SS, Kaur A, Bangar SP, et al. Protein-based films 
and coatings: an innovative approach. Coatings. 2023;14 
(1):32. doi: 10.3390/coatings14010032  

[87] Chudasama NA, Sequeira RA, Moradiya K, et al. Seaweed 
polysaccharide based products and materials: an assess
ment on their production from a sustainability point of 
view. Molecules. 2021;26(9):2608. doi: 10.3390/ 
molecules26092608  

[88] Petraitytė S, Šipailienė A. Enhancing encapsulation effi
ciency of alginate capsules containing lactic acid bac
teria by using different divalent cross-linkers sources. 
LWT. 2019;110:307–315. doi: 10.1016/j.lwt.2019.01.065  

[89] Feng S, Yi J, Ma Y, et al. The role of amide groups in the 
mechanism of acid-induced pectin gelation: a potential 
pH-sensitive hydrogel based on hydrogen bond interac
tions. Food Hydrocoll. 2023;141:108741. doi: 10.1016/j. 
foodhyd.2023.108741  

[90] Luo Q, Hossen MA, Zeng Y, et al. Gelatin-based compo
site films and their application in food packaging: a 
review. J Food Eng. 2022;313:110762. doi: 10.1016/j.jfoo 
deng.2021.110762  

[91] Dong Y, Wei Z, Xue C. Recent advances in carrageenan- 
based delivery systems for bioactive ingredients: a 
review. Trends Food Sci Technol. 2021;112:348–361. 
doi: 10.1016/j.tifs.2021.04.012  

[92] Wang X, Gao S, Yun S, et al. Microencapsulating alginate- 
based polymers for probiotics delivery systems and their 
application. Pharmaceuticals. 2022;15(5):644. doi: 10. 
3390/ph15050644  

[93] Sun C, Wang S, Yang L, et al. Advances in probiotic 
encapsulation methods to improve bioactivity. Food 
Biosci. 2023;52:102476. doi: 10.1016/j.fbio.2023.102476  

[94] Parente JF, Sousa MJ VI et al. Biodegradable polymers for 
microencapsulation systems. In: Xu B, editor. Adv Polym 
Technol. 2022. 2022. p. 1–43.

[95] Singh J, Nayak P. pH -responsive polymers for drug 
delivery: trends and opportunities. J Polym Sci. 2023;61 
(22):2828–2850.

[96] Ramakrishnan R, Singh AK, Singh S, et al. Enzymatic 
dispersion of biofilms: an emerging biocatalytic avenue 
to combat biofilm-mediated microbial infections. J Biol 
Chem. 2022;298(9):102352. doi: 10.1016/j.jbc.2022. 
102352  

[97] Visan AI, Popescu-Pelin G, Socol G. Degradation beha
vior of polymers used as coating materials for drug 
delivery—a basic review. Polym (Basel). 2021;13 
(8):1272. doi: 10.3390/polym13081272  

[98] McCoubrey LE, Favaron A, Awad A, et al. Colonic drug 
delivery: formulating the next generation of colon-tar
geted therapeutics. J Control Release. 2023;353:1107– 
1126. doi: 10.1016/j.jconrel.2022.12.029  

[99] Jiménez-Arroyo C, Tamargo A, Molinero N, et al. 
Simulated gastrointestinal digestion of polylactic acid 
(PLA) biodegradable microplastics and their interaction 
with the gut microbiota. Sci Total Environ. 
2023;902:166003. doi: 10.1016/j.scitotenv.2023.166003  

30 G. I. EDO ET AL.

https://doi.org/10.1016/j.foodhyd.2023.108899
https://doi.org/10.1016/j.foodhyd.2024.110625
https://doi.org/10.1016/j.ijbiomac.2023.128826
https://doi.org/10.1016/j.ijbiomac.2023.128826
https://doi.org/10.3390/molecules26061547
https://doi.org/10.1038/s41598-023-50972-x
https://doi.org/10.1038/s41598-023-50972-x
https://doi.org/10.3390/foods12020252
https://doi.org/10.3390/foods12020252
https://doi.org/10.2147/DDDT.S447496
https://doi.org/10.1016/j.foodhyd.2023.109252
https://doi.org/10.1016/j.foodhyd.2023.109252
https://doi.org/10.1016/j.apsadv.2021.100091
https://doi.org/10.1016/j.apsadv.2021.100091
https://doi.org/10.1016/j.foodres.2021.110136
https://doi.org/10.1016/j.jconrel.2022.10.030
https://doi.org/10.1016/j.jconrel.2022.10.030
https://doi.org/10.1016/j.tifs.2022.01.001
https://doi.org/10.1016/j.carbpol.2023.121318
https://doi.org/10.1016/j.carbpol.2023.121318
https://doi.org/10.2147/IJN.S337427
https://doi.org/10.2147/IJN.S337427
https://doi.org/10.3390/md20060364
https://doi.org/10.3390/gels9090732
https://doi.org/10.3390/coatings14010032
https://doi.org/10.3390/molecules26092608
https://doi.org/10.3390/molecules26092608
https://doi.org/10.1016/j.lwt.2019.01.065
https://doi.org/10.1016/j.foodhyd.2023.108741
https://doi.org/10.1016/j.foodhyd.2023.108741
https://doi.org/10.1016/j.jfoodeng.2021.110762
https://doi.org/10.1016/j.jfoodeng.2021.110762
https://doi.org/10.1016/j.tifs.2021.04.012
https://doi.org/10.3390/ph15050644
https://doi.org/10.3390/ph15050644
https://doi.org/10.1016/j.fbio.2023.102476
https://doi.org/10.1016/j.jbc.2022.102352
https://doi.org/10.1016/j.jbc.2022.102352
https://doi.org/10.3390/polym13081272
https://doi.org/10.1016/j.jconrel.2022.12.029
https://doi.org/10.1016/j.scitotenv.2023.166003


[100] Misra S, Pandey P, Dalbhagat CG, et al. Emerging tech
nologies and coating materials for improved probiotica
tion in food products: a review. Food Bioprocess 
Technol. 2022;15(5):998–1039. doi: 10.1007/s11947- 
021-02753-5  

[101] Latif A, Shehzad A, Niazi S, et al. Probiotics: mechanism 
of action, health benefits and their application in food 
industries. Front Microbiol. 2023;14:14. doi: 10.3389/ 
fmicb.2023.1216674  

[102] Han S, Lu Y, Xie J, et al. Probiotic gastrointestinal transit 
and colonization after oral administration: a long jour
ney. Front Cell Infect Microbiol. 2021;11:11. doi: 10.3389/ 
fcimb.2021.609722  

[103] Lee SH, Bajracharya R, Min JY, et al. Strategic approaches 
for colon targeted drug delivery: an overview of recent 
advancements. Pharmaceutics. 2020;12(1):68. doi: 10. 
3390/pharmaceutics12010068  

[104] Hisham F, Maziati Akmal MH, Ahmad F, et al. Biopolymer 
chitosan: potential sources, extraction methods, and 
emerging applications. Ain Shams Eng J. 2024;15 
(2):102424. doi: 10.1016/j.asej.2023.102424  

[105] Roy S, Dhaneshwar S. Role of prebiotics, probiotics, 
and synbiotics in management of inflammatory 
bowel disease: current perspectives. World J 
Gastroenterol. 2023;29(14):2078–2100. doi: 10.3748/ 
wjg.v29.i14.2078  

[106] Wang Y, Liu S, Tang D, et al. Chitosan oligosaccharide 
ameliorates metabolic syndrome induced by overnutri
tion via altering intestinal microbiota. Front Nutr. 2021;8. 
doi: 10.3389/fnut.2021.743492  

[107] Fusco W, Lorenzo MB, Cintoni M, et al. Short-chain fatty- 
acid-producing bacteria: key components of the human 
gut microbiota. Nutrients. 2023;15(9):2211. doi: 10.3390/ 
nu15092211  

[108] Khursheed R, Gulati M, Wadhwa S, et al. Multifaceted 
role of synbiotics as nutraceuticals, therapeutics and 
carrier for drug delivery. Chem Biol Interact. 
2022;368:110223. doi: 10.1016/j.cbi.2022.110223  

[109] Uyanga VA, Ejeromedoghene O, Lambo MT, et al. 
Chitosan and chitosan-based composites as beneficial 
compounds for animal health: impact on gastrointest
inal functions and biocarrier application. J Funct Foods. 
2023;104:105520. doi: 10.1016/j.jff.2023.105520  

[110] Arsand JB, Dallegrave A, Jank L, et al. Spatial-temporal 
occurrence of contaminants of emerging concern in 
urban rivers in southern Brazil. Chemosphere. 
2023;311:136814. doi: 10.1016/j.chemosphere.2022. 
136814  

[111] Chandrasekaran P, Weiskirchen S, Weiskirchen R. Effects 
of Probiotics on gut microbiota: an overview. Int J Mol 
Sci. 2024;25(11):6022. doi: 10.3390/ijms25116022  

[112] Salam MA, Rahman MA, Paul SI, et al. Mao Deditor. 
Dietary chitosan promotes the growth, biochemical 
composition, gut microbiota, hematological parameters 
and internal organ morphology of juvenile barbonymus 
gonionotus. PLOS ONE. 2021;16(11):e0260192. doi: 10. 
1371/journal.pone.0260192  

[113] Bani Saeid A, De Rubis G, Williams KA, et al. 
Revolutionizing lung health: exploring the latest 
breakthroughs and future prospects of synbiotic 
nanostructures in lung diseases. Chem Biol Interact. 
2024;395:111009. doi: 10.1016/j.cbi.2024.111009  

[114] Guan Z, Feng Q. Chitosan and Chitooligosaccharide: the 
promising non-plant-derived prebiotics with multiple 
biological activities. Int J Mol Sci. 2022;23(12):6761. doi:  
10.3390/ijms23126761  

[115] Mei Q, Hu J, Huang Z, et al. Pretreatment with chitosan 
oligosaccharides attenuate experimental severe acute 
pancreatitis via inhibiting oxidative stress and modulat
ing intestinal homeostasis. Acta Pharmacol Sin. 2021;42 
(6):942–953. doi: 10.1038/s41401-020-00581-5  

[116] El Menyiy N, El Allam A, Aboulaghras S, et al. 
Inflammatory auto-immune diseases of the intestine 
and their management by natural bioactive compounds. 
Biomed Pharmacother. 2022;151:113158. doi: 10.1016/j. 
biopha.2022.113158  

[117] Zheng D, Liwinski T, Elinav E. Interaction between micro
biota and immunity in health and disease. Cell Res. 
2020;30(6):492–506. doi: 10.1038/s41422-020-0332-7  

[118] Pandey H, Jain D, Tang DWT, et al. Gut microbiota in 
pathophysiology, diagnosis, and therapeutics of inflam
matory bowel disease. Intest Res. 2024;22(1):15–43. doi:  
10.5217/ir.2023.00080  

[119] Neamțu M, Bild V, Vasincu A, et al. Inflammasome mole
cular insights in autoimmune diseases. Curr Issues Mol 
Biol. 2024;46(4):3502–3532. doi: 10.3390/cimb46040220  

[120] Oparaugo NC, Ouyang K, Nguyen NPN, et al. Human 
regulatory T cells: understanding the role of tregs in 
select autoimmune skin diseases and post-transplant 
nonmelanoma skin cancers. Int J Mol Sci. 2023;24 
(2):1527. doi: 10.3390/ijms24021527  

[121] Duan T, Du Y, Xing C, et al. Toll-like receptor signaling 
and its role in cell-mediated immunity. Front Immunol. 
2022;13. doi: 10.3389/fimmu.2022.812774  

[122] Ebrahimi N, A-HRR A, Mansouri A, et al. Targeting the nf-κB 
pathway as a potential regulator of immune checkpoints in 
cancer immunotherapy. Cell Mol Life Sci. 2024;81(1):106. 
doi: 10.1007/s00018-023-05098-8  

[123] Smith CIE, Bergman P, Hagey DW. Estimating the num
ber of diseases – the concept of rare, ultra-rare, and 
hyper-rare. iScience. 2022;25(8):104698. doi: 10.1016/j. 
isci.2022.104698  

[124] Goyal S, Thirumal D, Rana J, et al. Chitosan based nano
carriers as a promising tool in treatment and manage
ment of inflammatory diseases. Carbohydr Polym 
Technol Appl. 2024;7:100442. doi: 10.1016/j.carpta. 
2024.100442  

[125] Soares-Silva M, Diniz FF, Gomes GN, et al. The mitogen- 
activated protein kinase (MAPK) pathway: role in 
immune evasion by trypanosomatids. Front Microbiol. 
2016;7. doi: 10.3389/fmicb.2016.00183  

[126] Grewal AK, Salar RK. Chitosan nanoparticle delivery sys
tems: an effective approach to enhancing efficacy and 
safety of anticancer drugs. Nano TransMed. 
2024;3:100040. doi: 10.1016/j.ntm.2024.100040  

[127] Hu Q, Bian Q, Rong D, et al. JAK/STAT pathway: extra
cellular signals, diseases, immunity, and therapeutic 
regimens. Front Bioeng Biotechnol. 2023;11:11. doi: 10. 
3389/fbioe.2023.1110765  

[128] Sharaf M, Zahra AA, Alharbi M, et al. Bee chitosan nano
particles loaded with apitoxin as a novel approach to 
eradication of common human bacterial, fungal patho
gens and treating cancer. Front Microbiol. 2024;15:15. 
doi: 10.3389/fmicb.2024.1345478  

DESIGNED MONOMERS AND POLYMERS 31

https://doi.org/10.1007/s11947-021-02753-5
https://doi.org/10.1007/s11947-021-02753-5
https://doi.org/10.3389/fmicb.2023.1216674
https://doi.org/10.3389/fmicb.2023.1216674
https://doi.org/10.3389/fcimb.2021.609722
https://doi.org/10.3389/fcimb.2021.609722
https://doi.org/10.3390/pharmaceutics12010068
https://doi.org/10.3390/pharmaceutics12010068
https://doi.org/10.1016/j.asej.2023.102424
https://doi.org/10.3748/wjg.v29.i14.2078
https://doi.org/10.3748/wjg.v29.i14.2078
https://doi.org/10.3389/fnut.2021.743492
https://doi.org/10.3390/nu15092211
https://doi.org/10.3390/nu15092211
https://doi.org/10.1016/j.cbi.2022.110223
https://doi.org/10.1016/j.jff.2023.105520
https://doi.org/10.1016/j.chemosphere.2022.136814
https://doi.org/10.1016/j.chemosphere.2022.136814
https://doi.org/10.3390/ijms25116022
https://doi.org/10.1371/journal.pone.0260192
https://doi.org/10.1371/journal.pone.0260192
https://doi.org/10.1016/j.cbi.2024.111009
https://doi.org/10.3390/ijms23126761
https://doi.org/10.3390/ijms23126761
https://doi.org/10.1038/s41401-020-00581-5
https://doi.org/10.1016/j.biopha.2022.113158
https://doi.org/10.1016/j.biopha.2022.113158
https://doi.org/10.1038/s41422-020-0332-7
https://doi.org/10.5217/ir.2023.00080
https://doi.org/10.5217/ir.2023.00080
https://doi.org/10.3390/cimb46040220
https://doi.org/10.3390/ijms24021527
https://doi.org/10.3389/fimmu.2022.812774
https://doi.org/10.1007/s00018-023-05098-8
https://doi.org/10.1016/j.isci.2022.104698
https://doi.org/10.1016/j.isci.2022.104698
https://doi.org/10.1016/j.carpta.2024.100442
https://doi.org/10.1016/j.carpta.2024.100442
https://doi.org/10.3389/fmicb.2016.00183
https://doi.org/10.1016/j.ntm.2024.100040
https://doi.org/10.3389/fbioe.2023.1110765
https://doi.org/10.3389/fbioe.2023.1110765
https://doi.org/10.3389/fmicb.2024.1345478


[129] Shin Y, Han S, Kwon J, et al. Roles of short-chain fatty 
acids in inflammatory bowel disease. Nutrients. 2023;15 
(20):4466. doi: 10.3390/nu15204466  

[130] Yasmeen F, Pirzada RH, Ahmad B, et al. Understanding 
autoimmunity: mechanisms, predisposing factors, and 
cytokine therapies. Int J Mol Sci. 2024;25(14):7666. doi:  
10.3390/ijms25147666  

[131] Kasarello K, Cudnoch-Jedrzejewska A, Czarzasta K. 
Communication of gut microbiota and brain via immune 
and neuroendocrine signaling. Front Microbiol. 
2023;14:14. doi: 10.3389/fmicb.2023.1118529  

[132] Bemark M, Pitcher MJ, Dionisi C, et al. Gut-associated 
lymphoid tissue: a microbiota-driven hub of B cell immu
nity. Trends Immunol. 2024;45(3):211–223. doi: 10.1016/ 
j.it.2024.01.006  

[133] Yoo J, Groer M, Dutra S, et al. Gut microbiota and 
immune system interactions. Microorganisms. 2020;8 
(10):1587. doi: 10.3390/microorganisms8101587  

[134] Yan Q, Jia S, Li D, et al. The role and mechanism of action 
of microbiota-derived short-chain fatty acids in neutro
phils: from the activation to becoming potential biomar
kers. Biomed Pharmacother. 2023;169:115821. doi: 10. 
1016/j.biopha.2023.115821  

[135] Ali Q, Ma S, La S, et al. Microbial short-chain fatty acids: a 
bridge between dietary fibers and poultry gut health — 
a review. Anim Biosci. 2022;35(10):1461–1478. doi: 10. 
5713/ab.21.0562  

[136] Zhang S-Y, Zhang L-Y, Wen R, et al. Histone deacetylases 
and their inhibitors in inflammatory diseases. Biomed 
Pharmacother. 2024;179:117295. doi: 10.1016/j.biopha. 
2024.117295  

[137] Ney L-M, Wipplinger M, Grossmann M, et al. Short chain 
fatty acids: key regulators of the local and systemic immune 
response in inflammatory diseases and infections. Open 
Biol. 2023;13(3). doi: 10.1098/rsob.230014  

[138] Wiertsema SP, van Bergenhenegouwen J, Garssen J, et 
al. The interplay between the gut microbiome and the 
immune system in the context of infectious diseases 
throughout life and the role of nutrition in optimizing 
treatment strategies. Nutrients. 2021;13(3):886. doi: 10. 
3390/nu13030886  

[139] Oh J-W, Shin J, Chun S, et al. Evaluating the anticarcino
genic activity of surface Modified/Functionalized nano
chitosan: the emerging trends and endeavors. Polym 
(Basel). 2021;13(18):3138. doi: 10.3390/polym13183138  

[140] Terpou A, Papadaki A, Lappa I, et al. Probiotics in food 
systems: significance and emerging strategies towards 
improved viability and delivery of enhanced beneficial 
value. Nutrients. 2019;11(7):1591. doi: 10.3390/ 
nu11071591  

[141] Subramaniyan V, Anitha DPM, Sellamuthu PS, et al. 
Probiotic incorporation into edible packaging: a recent 
trend in food packaging. Biocatal Agric Biotechnol. 
2023;51:102803. doi: 10.1016/j.bcab.2023.102803  

[142] Ungureanu C, Tihan G, Zgârian R, et al. Bio-coatings for 
preservation of fresh fruits and vegetables. Coatings. 
2023;13(8):1420. doi: 10.3390/coatings13081420  

[143] Kaur H, Kaur G, Ali SA. Dairy-based probiotic-fermented 
functional foods: an update on their health-promoting 
properties. Fermentation. 2022;8(9):425. doi: 10.3390/ 
fermentation8090425  

[144] Palanivelu J, Thanigaivel S, Vickram S, et al. Probiotics in 
functional foods: survival assessment and approaches 
for improved viability. Appl Sci. 2022;12(1):455. doi: 10. 
3390/app12010455  

[145] Rodrigues FJ, Cedran MF, Bicas JL, et al. Encapsulated 
probiotic cells: relevant techniques, natural sources as 
encapsulating materials and food applications – a narra
tive review. Food Res Int. 2020;137:109682. doi: 10.1016/ 
j.foodres.2020.109682  

[146] Mazziotta C, Tognon M, Martini F, et al. Probiotics 
mechanism of action on immune cells and beneficial 
effects on human health. Cells. 2023;12(1):184. doi: 10. 
3390/cells12010184  

[147] Gyawali I, Zhou G, Xu G, et al. Supplementation of 
microencapsulated probiotics modulates gut health 
and intestinal microbiota. Food Sci Nutr. 2023;11 
(8):4547–4561. doi: 10.1002/fsn3.3414  

[148] You S, Ma Y, Yan B, et al. The promotion mechanism of 
prebiotics for probiotics: a review. Front Nutr. 2022;9. 
doi: 10.3389/fnut.2022.1000517  

[149] Abouelela ME, Helmy YA. Next-generation probiotics as 
novel therapeutics for improving human health: current 
trends and future perspectives. Microorganisms. 2024;12 
(3):430. doi: 10.3390/microorganisms12030430  

[150] Ma T, Liu B, He L, et al. Response of soil erosion to 
vegetation and terrace changes in a small watershed 
on the Loess Plateau over the past 85 years. 
Geoderma. 2024;443:116837. doi: 10.1016/j.geoderma. 
2024.116837  

[151] Gavzy SJ, Kensiski A, Lee ZL, et al. Bifidobacterium 
mechanisms of immune modulation and tolerance. Gut 
Microbes. 2023;15(2). doi: 10.1080/19490976.2023. 
2291164  

[152] García-Santos JA, Nieto-Ruiz A, García-Ricobaraza M, et al. 
Impact of Probiotics on the prevention and treatment of 
gastrointestinal diseases in the pediatric population. Int J 
Mol Sci. 2023;24(11):9427. doi: 10.3390/ijms24119427  

[153] Padhmavathi V, Shruthy R, Preetha R. Chitosan coated 
skim milk-alginate microspheres for better survival of 
probiotics during gastrointestinal transit. J Food Sci 
Technol. 2023;60(3):889–895. doi: 10.1007/s13197-021- 
05179-1  

[154] Kandylis P, Kokkinomagoulos E. Food applications and 
potential health benefits of pomegranate and its deriva
tives. Foods. 2020;9(2):122. doi: 10.3390/foods9020122  

[155] Lopes SA, Roque-Borda CA, Duarte JL, et al. Delivery 
strategies of probiotics from nano- and Microparticles: 
trends in the treatment of inflammatory bowel disease 
—an overview. Pharmaceutics. 2023;15(11):2600. doi:  
10.3390/pharmaceutics15112600  

[156] Senthil Kumar S, Sheik Mohideen S. Chitosan-coated 
probiotic nanoparticles mitigate acrylamide-induced 
toxicity in the drosophila model. Sci Rep. 2024;14 
(1):21182. doi: 10.1038/s41598-024-72200-w  

[157] Banerjee A, Somasundaram I, Das D, et al. Functional 
foods: a promising strategy for restoring gut microbiota 
diversity impacted by SARS-CoV-2 variants. Nutrients. 
2023;15(11):2631. doi: 10.3390/nu15112631  

[158] Shahriari M, Mohabati Mobarez A, Talebi Bazminabadi A, 
et al. Enhancing lactobacillus plantarum viability using 
novel chitosan-alginate-pectin microcapsules: effects on 

32 G. I. EDO ET AL.

https://doi.org/10.3390/nu15204466
https://doi.org/10.3390/ijms25147666
https://doi.org/10.3390/ijms25147666
https://doi.org/10.3389/fmicb.2023.1118529
https://doi.org/10.1016/j.it.2024.01.006
https://doi.org/10.1016/j.it.2024.01.006
https://doi.org/10.3390/microorganisms8101587
https://doi.org/10.1016/j.biopha.2023.115821
https://doi.org/10.1016/j.biopha.2023.115821
https://doi.org/10.5713/ab.21.0562
https://doi.org/10.5713/ab.21.0562
https://doi.org/10.1016/j.biopha.2024.117295
https://doi.org/10.1016/j.biopha.2024.117295
https://doi.org/10.1098/rsob.230014
https://doi.org/10.3390/nu13030886
https://doi.org/10.3390/nu13030886
https://doi.org/10.3390/polym13183138
https://doi.org/10.3390/nu11071591
https://doi.org/10.3390/nu11071591
https://doi.org/10.1016/j.bcab.2023.102803
https://doi.org/10.3390/coatings13081420
https://doi.org/10.3390/fermentation8090425
https://doi.org/10.3390/fermentation8090425
https://doi.org/10.3390/app12010455
https://doi.org/10.3390/app12010455
https://doi.org/10.1016/j.foodres.2020.109682
https://doi.org/10.1016/j.foodres.2020.109682
https://doi.org/10.3390/cells12010184
https://doi.org/10.3390/cells12010184
https://doi.org/10.1002/fsn3.3414
https://doi.org/10.3389/fnut.2022.1000517
https://doi.org/10.3390/microorganisms12030430
https://doi.org/10.1016/j.geoderma.2024.116837
https://doi.org/10.1016/j.geoderma.2024.116837
https://doi.org/10.1080/19490976.2023.2291164
https://doi.org/10.1080/19490976.2023.2291164
https://doi.org/10.3390/ijms24119427
https://doi.org/10.1007/s13197-021-05179-1
https://doi.org/10.1007/s13197-021-05179-1
https://doi.org/10.3390/foods9020122
https://doi.org/10.3390/pharmaceutics15112600
https://doi.org/10.3390/pharmaceutics15112600
https://doi.org/10.1038/s41598-024-72200-w
https://doi.org/10.3390/nu15112631


gastrointestinal survival, weight management, and 
metabolic health. Electron J Biotechnol. 2024;72:20–28. 
doi: 10.1016/j.ejbt.2024.07.004  

[159] Flórez M, Cazón P, Vázquez M. Selected biopolymers’ 
processing and their applications: a review. Polym 
(Basel). 2023;15(3):641. doi: 10.3390/polym15030641  

[160] Lee Y, Shin S, Kim M-J. Production of CaCO3-single- 
coated probiotics and evaluation of their spectroscopic 
properties, morphological characteristics, viability, and 
intestinal delivery efficiency. Food Chem. 
2024;457:140076. doi: 10.1016/j.foodchem.2024.140076  

[161] Asgari S, Pourjavadi A, Licht TR, et al. Polymeric carriers 
for enhanced delivery of probiotics. Adv Drug Deliv Rev. 
2020;161–162:1–21. doi: 10.1016/j.addr.2020.07.014  

[162] Safeer Abbas M, Afzaal M, Saeed F, et al. Probiotic viabi
lity as affected by encapsulation materials: recent 
updates and perspectives. Int J Food Prop. 2023;26 
(1):1324–1350. doi: 10.1080/10942912.2023.2213408  

[163] Victoria Obayomi O, Folakemi Olaniran A, Olugbemiga 
Owa S. Unveiling the role of functional foods with 
emphasis on prebiotics and probiotics in human health: 
a review. J Funct Foods. 2024;119:106337. doi: 10.1016/j. 
jff.2024.106337  

[164] Zhan Z, Feng Y, Zhao J, et al. Valorization of seafood 
waste for food packaging development. Foods. 2024;13 
(13):2122. doi: 10.3390/foods13132122  

[165] Crognale S, Russo C, Petruccioli M, et al. Chitosan pro
duction by Fungi: current state of knowledge, future 
opportunities and constraints. Fermentation. 2022;8 
(2):76. doi: 10.3390/fermentation8020076  

[166] Basawa R, Kabra S, Khile DA, et al. Repurposing chitin- 
rich seafood waste for warm-water fish farming. Heliyon. 
2023;9(7):e18197. doi: 10.1016/j.heliyon.2023.e18197  

[167] Junceda-Mena I, García-Junceda E, Revuelta J. From the 
problem to the solution: chitosan valorization cycle. 
Carbohydr Polym. 2023;309:120674. doi: 10.1016/j.carb 
pol.2023.120674  

[168] Debnath D, Samal I, Mohapatra C, et al. Chitosan: an 
autocidal molecule of plant pathogenic fungus. Life. 
2022;12(11):1908. doi: 10.3390/life12111908  

[169] Galani E, Ly I, Laurichesse E, et al. Fungi-derived chitosan 
as an emulsion stabilizer for the encapsulation of bioac
tives. Colloids Surfaces A Physicochem Eng Asp. 
2024;683:133002. doi: 10.1016/j.colsurfa.2023.133002  

[170] Saberi Riseh R, Vatankhah M, Hassanisaadi M, et al. 
Advancements in coating technologies: unveiling the 
potential of chitosan for the preservation of fruits and 
vegetables. Int J Biol Macromol. 2024;254:127677. doi:  
10.1016/j.ijbiomac.2023.127677  

[171] Shagdarova B, Melnikova V, Kostenko V, et al. Effects 
of chitosan and N-Succinyl chitosan on metabolic 
disorders caused by oral administration of olanzapine 
in mice. Biomedicines. 2024;12(10):2358. doi: 10.3390/ 
biomedicines12102358  

[172] Shah AM, Qazi IH, Matra M, et al. Role of chitin and 
chitosan in ruminant diets and their impact on digest
ibility, microbiota and performance of ruminants. 
Fermentation. 2022;8(10):549. doi: 10.3390/ 
fermentation8100549  

[173] Barathan M, Ng SL, Lokanathan Y, et al. The profound 
influence of gut microbiome and extracellular vesicles 

on animal health and disease. Int J Mol Sci. 2024;25 
(7):4024. doi: 10.3390/ijms25074024  

[174] Zheng Y, Bonfili L, Wei T, et al. Understanding the gut– 
brain axis and its therapeutic implications for neurode
generative disorders. Nutrients. 2023;15(21):4631. doi:  
10.3390/nu15214631  

[175] Mo R, Zhang M, Wang H, et al. Chitosan enhances intest
inal health in cats by altering the composition of gut 
microbiota and metabolites. Metabolites. 2023;13 
(4):529. doi: 10.3390/metabo13040529  

[176] Ashique S, Mohanto S, Ahmed MG, et al. Gut-brain axis: a 
cutting-edge approach to target neurological 
disorders and potential synbiotic application. Heliyon. 
2024;10(13):e34092. doi: 10.1016/j.heliyon.2024.e34092  

[177] Mitrea L, Nemeş S-A, Szabo K, et al. Guts imbalance 
imbalances the brain: a review of gut microbiota asso
ciation with neurological and psychiatric disorders. 
Front Med. 2022;9. doi: 10.3389/fmed.2022.813204  

[178] Kouba BR, de Araujo Borba L, Borges de Souza P, et al. 
Role of inflammatory mechanisms in Major depressive 
disorder: from etiology to potential pharmacological 
targets. Cells. 2024;13(5):423. doi: 10.3390/ 
cells13050423  

[179] Mhanna A, Martini N, Hmaydoosh G, et al. The correla
tion between gut microbiota and both neurotransmit
ters and mental disorders: a narrative review. Medicine 
(Baltimore). 2024;103(5):e37114. doi: 10.1097/MD. 
0000000000037114  

[180] Lu S, Zhao Q, Guan Y, et al. The communication mechan
ism of the gut-brain axis and its effect on central nervous 
system diseases: a systematic review. Biomed 
Pharmacother. 2024;178:117207. doi: 10.1016/j.biopha. 
2024.117207  

[181] Verma A, Inslicht SS, Bhargava A. Gut-brain Axis: role of 
microbiome, metabolomics, hormones, and stress in 
mental health disorders. Cells. 2024;13(17):1436. doi:  
10.3390/cells13171436  

[182] Gerometta M, Chanut J, Raise A, et al. Comprehensive 
approach to the protection and controlled release of 
extremely oxygen sensitive probiotics using edible poly
saccharide-based coatings. Int J Biol Macromol. 
2022;218:706–719. doi: 10.1016/j.ijbiomac.2022.07.129  

[183] Sáez-Orviz S, Rendueles M, Díaz M. Impact of adding 
prebiotics and probiotics on the characteristics of 
edible films and coatings- a review. Food Res Int. 
2023;164:112381. doi: 10.1016/j.foodres.2022.112381  

[184] Afzaal M, Saeed F, Hussain M, et al. Influence of encap
sulation on the survival of probiotics in food matrix 
under simulated stress conditions. Saudi J Biol Sci. 
2022;29(9):103394. doi: 10.1016/j.sjbs.2022.103394  

[185] Dey B, Prabhakar MR, Jayaraman S, et al. Biopolymer- 
based solutions for enhanced safety and quality assur
ance: a review. Food Res Int. 2024;191:114723. doi: 10. 
1016/j.foodres.2024.114723  

[186] Jovanović J, Ćirković J, Radojković A, et al. Enhanced 
stability of encapsulated lemongrass essential oil in chit
osan-gelatin and pectin-gelatin biopolymer matrices 
containing ZnO nanoparticles. Int J Biol Macromol. 
2024;275:133335. doi: 10.1016/j.ijbiomac.2024.133335  

[187] Lin Q, Si Y, Zhou F, et al. Advances in polysaccharides for 
probiotic delivery: properties, methods, and 

DESIGNED MONOMERS AND POLYMERS 33

https://doi.org/10.1016/j.ejbt.2024.07.004
https://doi.org/10.3390/polym15030641
https://doi.org/10.1016/j.foodchem.2024.140076
https://doi.org/10.1016/j.addr.2020.07.014
https://doi.org/10.1080/10942912.2023.2213408
https://doi.org/10.1016/j.jff.2024.106337
https://doi.org/10.1016/j.jff.2024.106337
https://doi.org/10.3390/foods13132122
https://doi.org/10.3390/fermentation8020076
https://doi.org/10.1016/j.heliyon.2023.e18197
https://doi.org/10.1016/j.carbpol.2023.120674
https://doi.org/10.1016/j.carbpol.2023.120674
https://doi.org/10.3390/life12111908
https://doi.org/10.1016/j.colsurfa.2023.133002
https://doi.org/10.1016/j.ijbiomac.2023.127677
https://doi.org/10.1016/j.ijbiomac.2023.127677
https://doi.org/10.3390/biomedicines12102358
https://doi.org/10.3390/biomedicines12102358
https://doi.org/10.3390/fermentation8100549
https://doi.org/10.3390/fermentation8100549
https://doi.org/10.3390/ijms25074024
https://doi.org/10.3390/nu15214631
https://doi.org/10.3390/nu15214631
https://doi.org/10.3390/metabo13040529
https://doi.org/10.1016/j.heliyon.2024.e34092
https://doi.org/10.3389/fmed.2022.813204
https://doi.org/10.3390/cells13050423
https://doi.org/10.3390/cells13050423
https://doi.org/10.1097/MD.0000000000037114
https://doi.org/10.1097/MD.0000000000037114
https://doi.org/10.1016/j.biopha.2024.117207
https://doi.org/10.1016/j.biopha.2024.117207
https://doi.org/10.3390/cells13171436
https://doi.org/10.3390/cells13171436
https://doi.org/10.1016/j.ijbiomac.2022.07.129
https://doi.org/10.1016/j.foodres.2022.112381
https://doi.org/10.1016/j.sjbs.2022.103394
https://doi.org/10.1016/j.foodres.2024.114723
https://doi.org/10.1016/j.foodres.2024.114723
https://doi.org/10.1016/j.ijbiomac.2024.133335


applications. Carbohydr Polym. 2024;323:121414. doi:  
10.1016/j.carbpol.2023.121414  

[188] Zhou P, Chen C, Patil S, et al. Unveiling the therapeutic 
symphony of probiotics, prebiotics, and postbiotics in 
gut-immune harmony. Front Nutr. 2024;11:11. doi: 10. 
3389/fnut.2024.1355542  

[189] Jumazhanova M, Kakimova Z, Zharykbasov Y, et al. Effect 
of the encapsulation process on the viability of probio
tics in a simulated gastrointestinal Tract Model medium. 
Processes. 2023;11(9):2757. doi: 10.3390/pr11092757  

[190] Kamel M, Aleya S, Alsubih M, et al. Microbiome dynamics: 
a paradigm shift in combatting infectious diseases. J Pers 
Med. 2024;14(2):217. doi: 10.3390/jpm14020217  

[191] Kwa WT, Sundarajoo S, Toh KY, et al. Application of 
emerging technologies for gut microbiome research. 
Singapore Med J. 2023;64(1):45–52. doi: 10.4103/singa 
poremedj.SMJ-2021-432  

[192] Garcia-Brand AJ, Quezada V, Gonzalez-Melo C, et al. 
Novel developments on stimuli-responsive Probiotic 
encapsulates: from smart hydrogels to nanostructured 
platforms. Fermentation. 2022;8(3):117. doi: 10.3390/ 
fermentation8030117  

[193] Mahmud MM, Pandey N, Winkles JA, et al. Toward the 
scale-up production of polymeric nanotherapeutics for 

cancer clinical trials. Nano Today. 2024;56:102314. doi:  
10.1016/j.nantod.2024.102314  

[194] Oberlintner A, Bajić M, Kalčíková G, et al. 
Biodegradability study of active chitosan biopolymer 
films enriched with Quercus polyphenol extract in dif
ferent soil types. Environ Technol Innov. 
2021;21:101318. doi: 10.1016/j.eti.2020.101318  

[195] Bejenaru C, Radu A, Segneanu A-E, et al. Pharmaceutical 
applications of biomass polymers: review of current 
research and perspectives. Polym (Basel). 2024;16 
(9):1182. doi: 10.3390/polym16091182  

[196] Yang S, Wei S, Wu Y, et al. Encapsulation techniques, 
action mechanisms, and evaluation models of probio
tics: recent advances and future prospects. Food Front. 
2024;5(3):1212–1239. doi: 10.1002/fft2.374  

[197] Das A, Ringu T, Ghosh S, et al. A comprehensive review 
on recent advances in preparation, physicochemical 
characterization, and bioengineering applications of 
biopolymers. Polym Bull. 2023;80(7):7247–7312. doi: 10. 
1007/s00289-022-04443-4  

[198] Jan T, Negi R, Sharma B, et al. Diversity, distribution and 
role of probiotics for human health: current research and 
future challenges. Biocatal Agric Biotechnol. 
2023;53:102889. doi: 10.1016/j.bcab.2023.102889

34 G. I. EDO ET AL.

https://doi.org/10.1016/j.carbpol.2023.121414
https://doi.org/10.1016/j.carbpol.2023.121414
https://doi.org/10.3389/fnut.2024.1355542
https://doi.org/10.3389/fnut.2024.1355542
https://doi.org/10.3390/pr11092757
https://doi.org/10.3390/jpm14020217
https://doi.org/10.4103/singaporemedj.SMJ-2021-432
https://doi.org/10.4103/singaporemedj.SMJ-2021-432
https://doi.org/10.3390/fermentation8030117
https://doi.org/10.3390/fermentation8030117
https://doi.org/10.1016/j.nantod.2024.102314
https://doi.org/10.1016/j.nantod.2024.102314
https://doi.org/10.1016/j.eti.2020.101318
https://doi.org/10.3390/polym16091182
https://doi.org/10.1002/fft2.374
https://doi.org/10.1007/s00289-022-04443-4
https://doi.org/10.1007/s00289-022-04443-4
https://doi.org/10.1016/j.bcab.2023.102889

	Abstract
	1. Introduction
	2. Chitosan as a bio-polymer coating
	2.1. Properties of chitosan
	2.2. Applications of chitosan in probiotic encapsulation
	2.3. Mechanistic insights into chitosan’s role in gut microbiota modulation
	2.3.1. Promotion of beneficial bacteria
	2.3.2. Suppression of pathogenic microorganisms
	2.3.3. Modulation of host-microbe interactions
	2.3.4. Structural and functional changes in the gut environment
	2.3.5. Synergistic effects with probiotics
	2.3.6. Molecular structure-function relationships
	2.3.7. Interaction with dietary components
	2.3.8. Environmental and host factors

	2.4. Limitations of chitosan

	3. Advances in chitosan-based encapsulation
	3.1. Combination with other materials
	3.2. Nanotechnology in chitosan encapsulation
	3.3. Innovative methods in chitosan coating

	4. Beyond chitosan: other bio-polymer coatings
	5. Controlled release mechanisms
	6. Chitosan as a prebiotic or synbiotic
	6.1. Introduction to chitosan and its role in gut health
	6.1.1. Prebiotic properties of chitosan
	6.1.2. Synbiotic applications of chitosan
	6.1.3. Synergistic effects of chitosan with specific probiotics
	6.1.4. Mechanisms underlying synergistic effects
	6.1.5. Clinical implications and future directions

	6.2. Immune system modulation & mechanisms of action
	6.3. Chitosan’s immunomodulatory effects in disease contexts
	6.3.1. Inflammatory bowel disease (IBD)
	6.3.2. Autoimmune diseases
	6.3.3. Immune signaling pathways influenced by chitosan

	6.4. Gut-brain axis and systemic immunity
	6.5. SCFA-mediated immune modulation

	7. Applications in food and pharmaceutical industries
	7.1. Probiotic-enriched foods
	7.2. Pharmaceutical applications
	7.3. Latest clinical trials and human studies on chitosan-coated probiotics
	7.3.1. Practical applications in the food industry
	7.3.2. Practical applications in the pharmaceutical industry
	7.3.3. Comparison of in vitro and in vivo findings

	7.4. Challenges in industrial applications

	8. Sustainability & gut-brain axis
	8.1. Sustainability of chitosan sources and environmental impact
	8.2. Factors that underscore the sustainability of chitosan
	8.3. Chitosan’s role in the gut-brain axis

	9. Challenges, future directions and future research needs
	9.1. Challenges and future directions
	9.2. Future research needs: personalized probiotic therapies and novel bio-polymers & encapsulation techniques
	9.2.1. Personalized probiotic therapies
	9.2.2. Novel bio-polymers and encapsulation techniques


	10. Novelty focus
	11. Conclusion
	Disclosure statement
	Funding
	ORCID
	Author’s contributions
	References

