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Abstract

Developing functional foods through the incorporation of bioactive ingredients presents numerous technological obstacles.
Microencapsulation is an effective method for increasing the delivery of bioactive chemicals, including probiotics, minerals, vitamins, etc.
Numerous microencapsulation technologies have been developed that maintain probiotic bacteria’s survival during food product processing
and storage. Additionally, studies examining the viability and stability of probiotics encapsulated in food matrices are shown and addressed.
Although numerous reports have been published on the application of probiotics through its microencapsulation, hardly any exist that
have focused on incorporating probiotics with prebiotics and other nutraceuticals. Thus, this analysis not only provides a fundamental
understanding of the mechanism of microencapsulation and the properties of functional foods along with its fermented products, but also
highlights the microencapsulation technique’s potential as a promising tool for enhancing the viability, growth and activity of probiotics by
combining two or more bioactive ingredients to have a synergistic effect. Encapsulation systems, nutraceuticals and probiotics principles and
present market condition, microbial microencapsulation and food uses for nutraceuticals and probiotics outside their usage in the industry
are discussed. The most recent findings on the nano/microencapsulation of nutraceuticals, prebiotics, and probiotics for use in food items
have been summarized.
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Introduction

Numerous studies have been advanced to establish a link
between gut health and immunological function and to
explain how probiotics, prebiotics, nutraceuticals affect
the gut microbiota and immune function. A probiotic must
possess favourable technical features, be able to live in
the upper gastrointestinal system, and operate in the gut
environment in order to enhance human health. Probiotic
safety is critical, that includes the antibiotic resistance criteria,
non-pathogenicity and the strain’s human origin. However,
with probiotics for human consumption, its specificity and
capacity to remain viable at the target are more essential
than the origin. Probiotics have historically been added to
fermented dairy products but are also being added to a variety
of other foods. There is an increasing need for functional
meals that can aid in weight control, sleep management, and
even the treatment of chronic conditions such as diabetes,
hypertension, and cardiovascular illnesses [1]. There is a
growing recognition of the critical nature of immunity in
the aftermath of the continuing COVID-19 epidemic. As a
result, functional meals that attempt to enhance immunity
have gained appeal in recent years. Functional foods, such
as probiotics and prebiotics, have been shown to modify the
gut microbiota, consequently enhancing the host’s immune
system. Prebiotics and probiotics are frequently ingested to
help prevent and treat disorders such as obesity, diabetes, and
poor digestion, as well as to increase immunity [1].

The most often used probiotic strains recorded are from the
genera Bifidobacterium and Lactobacillus. Most commonly
found in the human large intestine, Bifidobacteria are gram-
positive, anaerobic bacteria that thrive at a pH ranging from
4.5 to0 8.5. Lactobacilli are a diverse collection of gram-positive,
anaerobic and microaerobic bacteria that exhibit a wide range
of growth and metabolic properties.

Industrial food production frequently necessitates the
inclusion of useful additives. Typically, they are employed to
regulate flavour, colour, texture and preservation qualities,
but increasingly, they include compounds with possible
health advantages. Including bioactive components in
functional foods involves a number of issues, most notably the
stability of the bioactive compounds throughout processing
and storage, as well as the requirement to avoid undesired
interactions with the matrix of the carrier food. With respect to
this, the microencapsulation of bioactive compounds may aid
in resolving some of these issues.

Biological Mechanisms
Gut and gut microbiota

The gastrointestinal tract, also known as the ‘gut, is divided
into two parts. The upper region contains the jaw, pharynx,
oesophagus, liver, and duodenum, while the lower region

contains the small and large intestine [1]. The microflora
of the gastrointestinal tract is complex, with 100 trillion
microorganisms and 150,000 microbial genomes [2]. The
individual-specific diversity of microflora is responsible for
host metabolism and immune modulation [3]. Genetics,
water, medicine, farming, and other factors all have an effect
on the gut microbiota [4]. The majority of this microbial
community is found in the Gl colon and some parts of the
upper area. As a result, an organism with a specific metabolic
constraint favours specific sections of the Gl tract [4]. The
majority of the microbial species belonged to one of the four
phyla mentioned below. Firmicutes (31.1%), Actinobacteria
(25.9%), Proteobacteria (29.5%), and Bacteroidetes (7.1%)
are the most common bacteria [5]. Lactic acid bacteria (LAB)
and Bifidobacteria have a lot of promise, so they're being
studied a lot. Probiotics are the generic name for them. This
microbiota is essential for the body’s metabolism as well as its
immune response system. It has been discovered that there
is a connection between different diseases in other major
body systems and gut microbiota. Certain chronic disorders
linked to digestion and immunity have been linked to the
composition of microbiota and their end-products [3]. The
gut microbiota’s role is to control and synthesise metabolites
such as bile acids, short-chain fatty acids (SCFA) and indoleshu
[6] These molecules, which are generated or produced by
microorganisms, are critical for immune cell communication

[7].
Immune system

The immune system can be classified as innate (non-specific)
or adaptive (specific) [1]. The immune system is stimulated
by altering the expression of a wide number of genes
which can also result in the development of cytokines, lipid
mediators, and tissue remodelling enzymes, among other
things. Immune cells produce energy through a variety of
metabolic mechanisms, including the TCA cycle, the pentose
phosphate cycle, fatty acid oxidation, amino acid metabolism,
and fatty acid synthesis. Immune cells are classified into two
types: T-cells and B-cells. Immunoglobin (lg) is generated by
B cells in response to antigenic stimuli such as allergens and
pathogens. Ig is further classified into three classes: Ig A, 19G,
and IgE. IgA can be found in mucosal secretions, breast milk,
and tears, among other places. T cells can be further divided
into CD4 or CD8 cells based on their surface expression [8] .
CD4*T cells or helperT cells (Th) support otherimmune cells in
their roles. They contribute to the development of a variety of
cytokines, including interleukin-4 (IL-4), interleukin-17 (IL-17),
and interferons (IFN-). These helperT cells protect the mucosal
barrier while still producing antimicrobial peptides [6].

While the study of microbiota and its composition, as well
as its relationship to immunity, is complicated, numerous
studies have shown a substantial link between gut health
and the onset of other diseases. Given the diet, exercise, and
vitamins can change the microflora, functional foods such as
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prebiotics and probiotics can be used to improve gut health
and therefore immunity.[9]

Functional Foods

Functional foods are distinguished from conventional foods
by their unique physiological and biochemical benefits.
However, since functional food cannot be described in
a single way, a wide range of foods may be classified as
functional foods. Functional foods are an entirely distinct
and distinct group from nutraceuticals, medi-foods, and
dietary supplements [10]. Although functional foods can
have therapeutic properties, they are not considered as drugs
[11]. The aim of functional food is to reduce the risk of illness,
rather than to prevent or cure it entirely. Functional foods are
everyday foods that are eaten as part of a balanced diet. They
are made up of natural or synthetic compounds found in food
that would not necessarily have the same benefits. In addition
to their nutritional value, functional foods have an uplifting
impact. They can improve health or aid in disease prevention.
They make legitimate and statistically supported assertions.
According to European consensus, a food is considered
functional if it has been suitably shown to beneficially affect
one or more target functions in the body, in addition to
sufficient nutritional effects, in a way thatis important to either
risk mitigation or an improved stage of health and well-being.
A functional food must remain food and show its effects in
quantities that are typically eaten in the diet: it is not a pill or
capsule, but rather a component of the usual food sequence.”
[12]. It should be remembered, however, that this type of diet
might not be helpful to the entire population, as each human
has specific biochemical requirements.

Functional foods are classified according to the active
functional compounds they contain, which may include
fibres, vitamins, flavonoids, and electrolytes [13]. They may
also be classified according to their intended application,
which could include boosting immunity, improving sleep

and stress control, boosting energy, and increasing stamina.
Probiotics and prebiotics are functional foods that are used
to help people lose weight, increase their digestion, lower
their chance of developing hypertension, and enhance
their immunity and resistance to disease. They are made
of dairy and non-dairy ingredients. The adage “Let food be
thy medicine and medicine be thy food” is often repeated
[14]. Historically, many practical foods included a variety of
nutrients and phytochemicals to boost immunity, including
vitamin C, vitamin D, zinc, iodine, andrographis paniculate,
purpura, and astragalus radix. Probiotics and prebiotics, on
the other hand, are gaining traction in the consumer market
as a result of increased research and their immense potential
[14] (Figure 1).

Probiotics

Probiotics were originally classified as ‘growth-promoting
factors formed by microorganisms.! However, this concept
changed over time. The United Nations World Health
Organization (WHO) and Food and Agricultural Organization
(FAO) have followed a rigorous definition, which is as follows:
“living microorganisms that, when administered in adequate
amounts, confer a health benefit on the host” Historically,
probiotics were used to ferment and preserve milk. It was
later discovered that it possessed excellent sensory properties
[15]. Numerous microorganisms may be categorised as
prebiotics but probiotics are mostly included in the genera
Lactobacillus and Bifidobacterium. Several strains of yeast,
such as Saccharomyces cerevisiae var. boulardii, and bacteria,
such as Bacillus pumilus, Bacillus clausii, Bacillus cereus, Bacillus
subtilis, and Escherichia coli, have also been considered as
possible probiotics [15]. Nonpathogenic yeasts are considered
probiotic, and scientific interest in probiotic yeasts has
grown in recent years due to their potential for product
production in the field of functional foods [16]. Yeast strains
such as S. cerevisiae are used to fortify beer, cheese, and wine
as probiotics. Baker's and brewer’s yeasts- Saccharomyces

Probiotics
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Figure 1: Summary of the uses of Probiotics, Prebiotics and Synbiotics.
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cerevisiae (S. cerevisiae) have been used as a food supplement
duetoits nutritional advantages such as calcium, peptide, high
vitamin B content, and amino acids. V. Zoumpourtikoudi’s [17]
study of the relationship between yeast and other probiotic
bacteria demonstrated that yeast supplements increase the
hydrophobicity of probiotics, decrease the pH by raising the
lactic acid content, and thus improve immune response to
infections [17]. As awareness regarding the value of immunity
has grown, probiotics have become a common addition to
the diet. Consumers prefer milk and fermented milk drinks.
Additionally, probiotics are prescribed as part of a healthy diet
to boost immunity against SARS COVID-19 [18].

Prebiotics

Prebiotics were described in the twentieth century as“a non-
digestible food element that benefits the host by selectively
stimulating the growth and/or activity of one orasmallnumber
of bacteria in the colon, thereby improving host health”
The concept has since been refined, and the International
Scientific Association of Probiotics and Prebiotics (ISAPP) now
defines prebiotics as “a substrate that is selectively used by a
host microorganism conferring a health benefit” [19]. Insulin,
galactooligosaccharides (GOS), fructooligosaccharides (FOS),
and xylooligosaccharides (XOS) are carbohydrate-based
prebiotics, while vitamins, polyphenols, and polyunsaturated
fatty acids are non-carbohydrate-based prebiotics [20,21].

The gut microbiota’s primary role is to metabolise branched
chain fatty acids (BCFA), short chain fatty acids (SCFA), biogenic
amines, branched chain amino acids (BCAAs), bile acids (BAs),
vitamins, and xenobiotics, in addition to producing gases
[9,12]. The metabolised compounds contribute to barrier
function maintenance and immune control [3,9,22]. While the
interaction between optimal health and the gut microbiota
is critical and complex, many factors may result in regulation
of signalling defects associated with disease onset. Thus,
prebiotics can play a significant role in preserving the richness
of the total microbiota [3]. Beneficial microbes in the intestine
degrade and metabolise prebiotics in the diet [2]. These
probiotic metabolites (SCFA, BCFA, BA, etc.) are beneficial
for primary degraders because they provide a substrate for
other bacterial groups that are incapable of metabolising
parent compounds such as long chained fatty acids. Thus, it
is feasible to modulate individual gut bacteria with the aim
of producing specific metabolites or regulating the bacterial
population size. This can be extremely useful in terms of
preserving and restoring host fitness. Prebiotics are described
as fermentable fibres, fatty acids and micronutrients. In vivo
experiments indicate that they could be a candidate to confer
health benefits on the host [15]. Prior to choosing a prebiotic,
a few criteria must be met [1] such as susceptibility to gut
fermentation, beneficial to the consumer’s wellness, growth-
selective stimulation for probiotics, stability inside food matrix
during fermentation, preservation, storage and resistance
against breakdown in the alimentary canal’s upper portion.

When prebiotics such as maltodextrin, pectin and fructose
are added to practical drinks and baby formulas, probiotic
viability and development are enhanced. In one sample,
fermented milk was supplemented with two probiotic strains
of Bifidobacterium lactis Bi-07 and Lactobacillus acidophilus, as
well as a prebiotic (isomaltooligosaccharide), and delivered to
100 healthy volunteers at a dosage of 480g/day for two weeks.
It was discovered that both participants had a significantly
higher faecal population of Lactobacilli and Bifidobacteria
than the control sample. Additionally, the population of
Enterobacilli decreased significantly. Thus, those formulations
have the ability to alter the host’s gut intestinal flora and
immune system.

Synbiotics

Synbiotics, which are described as a mix of a probiotic and
a prebiotic, are intended to boost the survival and activity
of established probiotics in vivo while also promoting
indigenous Bifidobacteria and Lactobacilli. Again, efficacy data
in human disease are scarce, while some small trials in irritable
bowel syndrome indicate some promise [23-26]. Synbiotics
facilitate apoptotic response to carcinogen-induced DNA
damage in the colon, enhance colonization, stimulate growth,
survival and activity of probiotics in the presence of selective
prebiotic substrate. They also increase SCFA production and
immunomodulation. The anti proliferative activity of synbiotics
initiates downregulation of inducible NO-synthase and
cycloxygenase-2 enzymes, involved in colon carcinogenesis.
Additionally, they play a role in modifying colonic bacterial
ecosystem, leading to an overall improvement in metabolic
activity of the colon and cecum.

Nutraceuticals

Stephen DeFelice invented the phrase “nutraceutical”in 1989
by combining the phrases “nutrition” and “pharmaceutical”
Nutraceuticals, he stated, are “foods (or components of food)
that provide medicinal or health benefits, such as illness
prevention and/or therapy” [27]. They are often available in
capsules, tinctures and tablets. Nutraceuticals encompass a
diverse range of items, including drinks, dietary supplements,
separated nutrients, foods produced with genetic engineering,
herbalitems, and processed meals. Nutraceuticals are classified
into three broad categories: dietary supplements, functional
foods along with beverages and nutraceutical components
(oils or raw minerals) [27].

However, Nutraceuticals as a concept are not well established
due to a lack of a well-defined industry, i.e., if they belong to
the food, food supplement, or pharmaceutical sector [28].
Additionally, each country has its own set of laws, which
makes it difficult to develop standard rules to assess the safety,
mechanism of action, and efficacy of such drugs using proper
clinical data. Additionally, nutraceuticals have been defined
as food supplements that “provide a concentrated version
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of a putative bioactive ingredient from a food, presented in
a nonfood matrix, and utilised to improve health” T'elessy
[29] also views nutraceuticals to be dietary supplements
from a legal standpoint and says they are not disclosed
as pharmaceutical products due to the time and expense
associated with preclinical (safety) and clinical (efficacy)
investigations.

Nonetheless, Santini et al. [30] assert that nutraceuticals vary
from food supplements in that they are backed up by clinical
data demonstrating their efficacy and safety.

Japan was one of the first countries to regulate food
supplements in 1991, using the term Foods for Specified
Health Use (FOSHU). This term later evolved into the concept
of functional food [30], which refers to food products that
contain compounds that support specific body functions
in addition to their nutritional properties [31]. According to
Diplocketal., functional foods are those that have the potential
to benefit organism functions, such as enhancing health
and well-being or lowering the chance of acquiring disease.
Additionally, functional foods have been characterised as
food items that include one or more bioactive compounds
that have physiological effects and may potentially improve
a consumer’s health. Functional foods vary from fortified
foods in that the latter have a higher concentration of certain
components, whilst the former are of higher quality than
ordinary foods.

Nutraceuticals are gaining traction in Europe and North
America, where they are becoming a staple of the consumer
diet. The primary cause for this is the rising prevalence
of lifestyle-related illnesses, which has increased public
awareness of preventative health measures. The functional
foods category accounts for the lion’s share of the natural
goods industry, followed by functional beverages and food
supplements. According to a BBC study [32], the worldwide
nutraceutical industry reached $230.9 billion in 2018 and is
expected to expand at a 7.8 percent compound annual growth
rate (CAGR) between 2018 and 2023. Currently, the greatest
nutraceutical market is focused in Europe; however, the Asian
industry is rising at the fastest rate [33].

Numerous modes of action have been ascribed to the various
substances included in nutraceutical formulations, including
antioxidant, antibacterial, anticancer, antihypertensive,
antihypercholesterolemic, anticoagulant, anti-inflammatory,
and bone protective properties. Nonetheless, there are
several obstacles to their inclusion into food items, including
low water solubility, chemical instability, temperature, light,
and oxygen sensitivity, as well as issues with GIT absorption.
Numerous unfavourable interactions between nutraceuticals
and food matrix chemicals are conceivable, which can resultin
alterations to the sensory qualities and shelf life of food items
[34].

Microencapsulation Technology

The fact that the human digestive tract offers such a wide
variety of different environmental conditions makes it difficult
to design a probiotic delivery system, but also presents a
chance to make a system highly tailored to the targeted
region. Despite this, the fate of a product’s probiotic bacteria
is also dependent on its survival during the encapsulation
process. The current devices vary in size from tens of microns
to millimetres and their ability to boost probiotic survival
varies depending on device size [35]. A dry powder, as a
microencapsulated probiotic product, would be preferred for
long-term storage, while a wet gel with a lengthy shelf life is
the better option for being able to stay stable in food.

Microcapsules are extruded or emulsified in three principal
ways: extrusion, emulsion and spray drying (including
spouted bed drying). Cross-linking is done via emulsification
and extrusion. When it comes to extrusion research, needles
and syringes are typically utilised. However, in the spray
method category, for example, air-atomizing nozzles [36],
spinning-disk atomization [37] and vibrating nozzles [38]
have all been used. Industries routinely use multi-nozzle
arrays to scale up extrusion operations [39]even while batch
processing is involved. Additionally, spray systems lower the
size of microcapsules, which are normally a millimetre or two
in size, to several hundred microns [40,41]and are useful for
laboratory-scale production.

It is recommended to separate dry-powder particles after
preparing them since they are easier to handle and store. The
material has been sprayed, air dried, frozen, then fluid bed
dried to prepare it for injection moulding. The techniques
of manufacturing that directly lead to a dried product, like
spouted bed drying and spray drying, occur less frequently
and result in significantly increased cell damage and death.
Probiotic bacteria was encapsulated in microcapsules through
intricate coacervation [42]which was then followed by spray
drying or spouted bed drying . Unlike spray drying, where the
fluid is applied to a bed of drying particles, in spouted bed
drying, the fluid is poured over a large fluid bed-type drying
drum that suspends and dries the particles [43]. In high acid
conditions, spray drying yielded bacteriologically protected
microcapsules of B. lactis and L. acidophilus, with a loss of 2
logCFU/mL due to the drying procedure. However, it should
be noted that the spouted bed drying method proved
unsuccessful at preventing bacteria loss. The increase in acidity
was due to the bacteria’s susceptibility to damage from the
spouted bed drier, causing it to become more acid sensitive.
Since these spray and spouted bed techniques have a cheap
cost, they have a widespread use in the pharmaceutical and
biotechnology industries [44]. Increasing the storage qualities
and decreasing the size of the microcapsule are possible
through the drying process [45]. Drying procedures in earlier
studies have produced proven issues such as agglomeration
and the creation of cracks during air drying [46].
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Freeze drying is the process which utilises a vacuum for the
sublimation of ice to dry a frozen sample. Due to the availability
of cryoprotectants, freeze drying techniques have the added
benefit of supporting bacterial growth. However, freeze drying
is time-consuming; also, due to the retention of the hydrated
structure, it does not reduce particle size as significantly as the
various other drying processes. By contrast, fluid bed drying
achieves drying by suspending the load in air with extra heat
to aid in solvent evaporation [47]. This is an efficient approach
since it is fast, commonly utilised in granulation and will break
up any grain size.

A separate study was conducted on the effect of drying the
fluid bed on various microcapsules and demonstrated that
drying the fluid bed does not affect the ability of various
microcapsules to protect encapsulated bacteria from low
pH [48]. One problem of fluid bed drying is the aerobic
environment required for drying, which may be harmful to
strict anaerobic organisms. However, this drawback may
be circumvented if a device could be built to circulate an
atmosphere which does not contain oxygen. Additionally,
germs may be harmed by the high temperatures employed
in the drying process (80°C and more). While oven drying
and vacuum oven drying are simpler processes, they have
a number of disadvantages, including the lengthy drying
durations and particle clumping. [46]

Encapsulation applied in probiotics and nutraceuticals

In the recent decade, much research has been conducted
on the encapsulation of bioactive substances, particularly
those with nutraceutical claims. Numerous comprehensive
studies have accumulated data on the utilisation of various
encapsulation methods and encapsulating materials for
a variety of bioactive compounds [32,33,49,50]. Several
plant-derived nutraceuticals with established anticancer
activity, including resveratrol, quercetin, curcumin, genistein,
and epigallocatechin gallate, have been encapsulated in
nanoliposomes and biocompatible polymeric nanoparticles
[49,51]. Anticancer nutraceuticals loaded into nanoparticles
have exceptional outcomes in terms of solubility, absorption,
bioavailability, and anticancer activity when compared
to nutraceuticals alone. It is worth noting, however, that
until recently, only few studies successfully evaluated
these nanostructures in real food systems [52]. The series
includes several instances of food uses for nanostructured
nutraceuticals.

Polyphenols and vitamins that have been encapsulated
can be added to a variety of edible goods while preserving
their stability. Certain factors, however, must be addressed,
including the optimal encapsulation matrix, the optimal
core-to-carrier ratio, and the most appropriate operating
parameters. For example, folic acid (FA) is a synthetic vitamin
that is often used for food fortification; FA may be effectively
encapsulated with silica particles and added to commercial

citrus juices such as apple or orange juice. FA may benefit from
encapsulation during processing and storage, leading in more
precise fortification. Additionally, prolonged release following
ingestion would aid in vitamin metabolism and assist avoid
any harmful effects associated with FA overdosing [53].

The food sector has mostly used lipid transporters, such
as nanoliposomes, to encapsulate flavorful, nutritional, and
antibacterial chemicals, hence boosting product quality
and shelf life. Recent research indicates that tocosomes
and nanoliposomes may be used as possible carriers for
encapsulating and delivering nutraceuticals in food systems.
Several examplesinclude the synergistic delivery of tocopherol
and ascorbic acid, or tocopherol and glutathione, to increase
the antioxidant activity of foods, and the stability of certain
minerals (such as calcium and iron) in milk and other liquids
[54]. Additionally, it has been claimed that nanostructured
polyunsaturated fatty acids (PUFAs) have been incorporated
into bread and milk. The formulations comprising
docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA)
encapsulated in nanoliposomes demonstrated losses of 4.2—
6.5 percent and 5.6-5.9 percent in bread and milk, respectively,
while no additional losses occurred during storage [55-57].

At the moment, probiotic cells in their encapsulated form are
mostly employed for the marketing of nutraceutical goods.
However, the need of developing novel foods that are viable
carriers for these bacteria has been widely explored.

Incorporating probiotics into food items presents a number of
issues, including ensuring the viability of live cells throughout
processing and storage, as well as avoiding undesired
interactions with the food matrix. Thus, encapsulation of
probiotics attempts to boost their stability and vitality, as well
as to offer a regulated release that allows them to attach and
colonise the gut efficiently. In this regard, polymers utilised
for microencapsulation should be capable of protecting cells
during stomach acidity and releasing them during the small
intestine’s neutral to alkaline circumstances [58]. To ensure
the survivability of probiotics in microcapsules, it is critical
to consider specific physical and chemical features, such as
coating material concentration, culture type, starting cell
count, particle size, and water solubility [59-61].

Although several methodologies and wall materials have
been described for successful probiotic encapsulation,
maintaining bacterial viability remains a major difficulty,
necessitating more study [62].

Prebioticssuchasinulin, polydextrose, fructooligosaccharides
(FOS), and galactooligosaccharides (GOS) have been
characterised as a highly intriguing and promising technique
for extending the shelf life of probiotic microbes. Along
with boosting probiotic viability during microcapsule
manufacture and storage, symbiotics are an approach for
food functionalization [63]. In addition to co-encapsulating
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probiotics and prebiotics, the incorporation of other bioactive
compounds, such as omega-3 fatty acids, curcuminoids,
antioxidants from fruit juice and green tea extracts, and agro-
industrial by-products, can help increase the stability and
bioactivity of these microorganisms [64].

Because bacteria are only a micron in size, probiotics
encapsulation is only achievable via microencapsulation;
nanotechnology is not a viable alternative (particles smaller
than 1 m, although microbial cells diameters are generally
in the range of around 1-10 m). Additionally, administration
channels should be enhanced to ensure optimal protection
during storage and transit through the GIT, allowing probiotics
to be released into the colon and exercise their health-
promoting effects. Then, a number of critical challenges
must be addressed, including the development of novel
encapsulating methodsto boostthe heatresilience of probiotic
strains and the enhancement of colloidal distribution systems
for probiotics of various sizes. Alginate, starch, chitosan,
xanthan gum, k-carrageenan, cellulose acetate phthalate,
gelatin, and milk proteins are the most frequently used
polymers for probiotic encapsulation [65], whereas the most
frequently used techniques are gelling, spray-drying, spray-
cooling, extrusion, and emulsification (Cor Biopolymer beads
made by extrusion in a water-in-oil emulsion are a frequently
used encapsulation technique for probiotic bacteria [66]. Due
to its simplicity, cheap cost, and formulation conditions that
ensure high cell viability, extrusion is the most widely used
approach for probiotic microencapsulation [67]. Coacervation,
electrospinning/electrospraying, vibrating methods, and
impinging aerosol are other potential approaches [63].

Extrusion microencapsulation involves the addition of a
hydrocolloid solution containing probiotic microorganisms
to a hardening solution containing cations such as CaCl,,
therefore producing a three-dimensional network by
cross-linking. The emulsification process is defined by the
development of a water-in-oil emulsion by dispersing the
cell hydrocolloid suspension in an immiscible liquid in
which the polymer becomes insolubilized following calcium
chloride addition. The first technique offers advantages
such as increased cell viability and consistent microcapsule
size, but the second method has the disadvantage of being
difficult to create evenly shaped microcapsules [68]. Complex
coacervation is an intriguing method for encapsulating
probiotic bacteria since it does not involve the use of organic
solvents or high temperatures. However, this approach may
impair the functioning of microencapsulated bacteria, even if
it increases their survival rate.

Microencapsulating probiotics with biopolymers is a
promising technique since it increases their storage stability
and vitality throughout upper GIT transit (Marcial-Coba et al.,
2019). However, encapsulating probiotics in simple microgels
may not protect them from stomach conditions, as hydrogen
ions and digestive enzymes can penetrate into microgels

owing to the high hole size of the biopolymer network.
Recent research has demonstrated that microgels containing
cellulose nanoparticles (CNCs) can greatly boost the viability
of probiotics in simulated GIT settings by plugging holes and
preventing stomach acid entrance.

Finally, certain in vivo studies confirm that encapsulation can
significantly increase the viability and effects of probiotics.
When a commercial powdered probiotic cocktail including
Lactobacillus fermentum, Lactobacillus acidophilus, and
Bacillus spp. was evaluated in duck feed [69]. In comparison
to powdered probiotic, formulations containing 0.2 percent
and 0.4 percent encapsulated probiotic performed better on
relative carcass, villus height, and villus weight. Gunzburg et
al. [70] demonstrated that cellulose sulphate encapsulation
enhanced probiotic strain distribution to the digestive system.
Five probiotic bacteria (Lactobacillus and Bifodobacterium
species) and one yeast (Saccharomyces boulardii) were
encapsulated in cellulose sulphate microspheres and were
found to survive for at least 4 hours in low pH without
significant loss of viability when compared to their non-
encapsulated counterparts. Bioluminescent bacteria were
used to demonstrate effective intestine transport and release
of encapsulated cells in mice. The cecum of mice receiving
encapsulated bacteria had much more bacteria than those
getting non-encapsulated bacteria, and this difference was
considerably more pronounced in the large intestine. Similar
changes in the quantity of live bacteria were also seen 24
hours after dosing in faecal pellets. Given that a mouse’s
gastrointestinal transit time is approximately 4-6 hours, the
results indicate that encapsulated bacteria were protected
during passage through the stomach and that they were also
released and colonised in the intestine, as evidenced by the
continued presence of marked bacteria at a constant level in
the faeces 24 hours later [70].

To encapsulate probiotic Bacillus coagulans, a layer-
by-layer method was adopted, alternating layers of the
cationic polysaccharide chitosan and the anionic polymer
alginate via electrostatic interactions. The effect of coating
on probiotic survival and delivery was examined in vivo
by oral gavage administration of an equivalent amount of
free and encapsulated bioluminescent bacteria. One hour
after treatment, the encapsulated probiotic generated a
bioluminescence signal that was almost sixfold that of the
free bacteria in the GIT [71]. In vivo, the chitosan-alginate
coated B. coagulans outperformed free B. coagulans in terms
of survivability against acid and bile damage, adherence to
intestinal surfaces at short time periods, and direct growth on
intestinal surfaces. In another work, chitosan-coated alginate
beads encapsulating L. plantarum MTCC2621 were produced
and assessed for their ability to ameliorate alcohol-induced
liver damage (ALD) in rats. When bacterial cells were subjected
to gastrointestinal tract conditions, viability was preserved
when the strain was encapsulated, but free probiotics had
a substantial fall in viable counts. After continuous alcohol
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treatment, the animals developed endotoxemia; however,
supplementation with encapsulated probiotics dramatically
decreased endotoxemia, serum transaminases, NF-kB, and
cytokines, accompanied by restoration of normal intestinal
and liver histology. Thus, the encapsulated probiotic was more
effective in restoring liver and intestine histology, decreasing
endotoxemia, and decreasing inflammation in the ALD rat
model.

Delivery Systems of Microencapsulation
Prebiotics with probiotics

Proven by change in bacterial metabolism and an increase
in the relative numbers of Lactobacillus and Bifidobacterium,
an/a increased/higher synthesis of short-chain fatty acids
such as butyrate and propionate was seen [72].

A short-chain fatty acid also has antibacterial activity and
supports colonic homeostasis in a number of ways, primarily
via its influence on the integrity of the colonic epithelium
along with the metabolic, immunological activities of the
short-chain fatty acids [42-45]. Some of the positive benefits
of prebiotics may be mediated via interactions with the
epithelium or immune system. These interactions may have
effects on bile acid metabolism [75] and neuroendocrine
responses. In addition, data has also demonstrated influences
that extend outside the gastrointestinal tract, all the way to
the central nervous system [76]. Over time, more precise
probiotic compounds will be developed, making it easier to
specifically affect certain biological functions.

Inulin and oligosaccharides: Bifidobacteria and lactobacilli
ferment inulin and fructo-oligosaccharides, which results in
their stimulating action. Bifidobacteria only partially digest
fructo-oligosaccharides and inulin, and the importance of
enzyme concentration in this process varies by species. For
instance, the enzyme from B. adolescentis G1 has a substrate
selectivity for fructooligomers that is unique from inulin.
Additionally, B. longum and B. animalis were capable of
hydrolyzing a broad range of oligosaccharides, including
FOS with a DP of 2-4 and inulin with a DP>8. The biggest
number of viable bifidobacteria (3.59-2.25 billion CFU/g) was
found in the product, which included B. animalis and FOS and
was largest when the corn starch was high in amylose. For
21 days, a live bacterium was detected in yoghurt with FOS.
Bifidobacterium is less tolerant to milk preservation at low
temperatures than Lactobacillus acidophilus. Bifidobacteria
are currently acknowledged to be subspecies of animal
bifidobacteria. Bifidobacterium animalis ssp. lactis Bb12 is
the predominant strain discovered in dairy products in
Europe. Bifidobacterium lactis contains the required enzyme,
b-glucosidase which is employed to utilise oligosaccharides
and cleave related b-(2,6) linked fructans in both MRS and
fermented milk, thereby increasing the Bifidobacterium'’s
growth and metabolic activity.

The digestive enzyme activity and gut microbe ecology in
rats were examined by Suh-Ching et al. [77] using a symbiotic.
SD rats, were organised into three groups, according to the
dosage of prebiotics and probiotics in the feed: control, low
and high dose. After 8 weeks it was investigated that high
and low dose groups significantly increased the counts of
Lactobacillus and Bifidobacterium while lowering counts of
Coliform organisms. Lactase activity only increased in the low-
dose group, attritubed to the lower count of Lactobacillus.
The increase in sucrose, lipase, isomaltase and lactase was
particularly pronounced in the high dose group. Probiotics
consumed in low and high doses changed the ecology of the
digestive tract by increasing the probiotic population.

The antidiarrheal properties of synbiotic plum juice
containing prebioticinulin were also investigated to determine
the effect of prebiotic meals comprising of oligosaccharides
on the formation and activity of probiotic bacteria [78]. Plum
juice contains Lactobacillus kefiranofaciens, Saccharomyces
boluradii and Candida kefir probiotic strains. Synbiotic
plum juice was evaluated for its antibacterial effectiveness
against diarrhea-causing organisms such as Escherichia coli,
Staphylococcus aureus, Salmonella paratyphi A, Vibrio cholerae
and Shigella dysenteriae. The compound found in synbiotic
plum juice was analysed using gas chromatography(GS)-
mass spectrometry(MS). The research established that
oligofructose-enriched inulinis the most appropriate prebiotic
in spray drying microencapsulation of Bifidobacterium BB-12,
with high potential of being a beneficial ingredient in dairy
meals [79].

Currently, a human clinical investigation is taking place to
see if probiotic Bifidobacterium lactis Bb12 and Lactobacillus
rhamnosus GG supplements together with prebiotic
oligofructose-enriched inulin would impact colon cancer risk
biomarkers [80-83]. It has been claimed that this synbiotic
combination affects the balance of gut flora, as demonstrated
by an increase in the numbers of lactobacilli and bifidobacteria
along with a decrease in the numbers of coliforms. It remains
to be seen whether or not this approach will lower cancer
rates [83].

In animal study, it is postulated that synbiotics have a
protective effect on colorectal cancer. There is only one
human study to date showing that a synbiotic prevents colon
cancer. A synbiotic mixture combining oligofructose-enriched
inulin, B. lactis (BB12) and L. rhamnosus GG (LGG) was shown
to reduce the risk of colon cancer in a 12-week randomised,
double-blinded, placebo-controlled human research [84].

Bifidobacteriaand lactobacilliwere both raised and Clostridium
perfringens was lowered when synbiotic intervention took
place. Additionally, this intervention greatly reduced the
number of new cells in the colon and increased the capacity
of faecal water to induce cell death in colonic cells, while
simultaneously increasing the integrity of the epithelial barrier
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in polypectomized patients. Supplementation with synbiotic
ingredients not only increased interferon production but also
inhibited interleukin-2 (IL-2) secretion by peripheral blood
mononuclear cells(PBMC) [84].

The evidence till date suggests that synbiotics are much
more effective at preventing and treating colorectal cancer
than prebiotics or probiotics alone. Combining the strains of
Lactobacillus and Bifidobacteria with oligosaccharides such as
galacto-oligosaccharides(GOS), fructo-oligosaccharides (FOS)
and inulin increased its efficacy compared to administering
the probiotics in isolation [85].

Freeze-dried fruit and vegetable extracts administered to
mice reduces the number of intestinal adenomas, a tumour-
inducing condition, showing that eating less and changing
diet could also alter the intestinal microbiota and lower the
risk of cancer [86]. Similar beneficial changes in bacterial
metabolic activity and cecal physiology, as well as decreased
tumour risk and the likelihood of azoxymethane-induced pre-
neoplastic colonic lesions, were found in the mouse model
when B. longum (a probiotic) and a derivate of inulin prebiotic
(“Raftiline HP") were co-administered [87].

The viability of probiotics remained higher in the
control batch than in any of the yoghurts with additional
prebiotics after storage. Inulin, Hi-maize and FOS (fructo-
oligosaccharides) were found to be beneficial in preserving
the viability of probiotic organisms in fresh yoghurt during
storage but were found to be detrimental in freeze-dried
yoghurt. Increased viability in fresh yoghurt may be a result
of prebiotics supplying more solids, which protect cells from
damage. The oligosaccharides utilised in this investigation
are hydrocolloids that have been shown to protect probiotic
bacteria. Although FOS was found to be the most efficient
prebiotic in preserving the viability of probiotic organisms
in yoghurt, the addition of FOS lowered the survivability of
probiotics when the yoghurt was freeze-dried.

It has been demonstrated that the inclusion of
oligosaccharides such as -glucan and other plant extracts
enhances  probiotic  distribution  [88-93].  Although
oligosaccharides are not normally degraded by enzymes
found in gastrointestinal fluids, they can be utilised by certain
bacteria, particularly Lactobacillus species in the colon.
Recently, it was demonstrated that microencapsulating
Lactobacillus fermentum with oligosaccharides protects
probiotics from low temperatures [90]. Additionally, it has
been observed that incorporation of sea buckthorn (having
non-digestible oligosaccharides) extract into microgels
protected L. casei during heat treatment and GIT passage, [94]
which was attributed to its antioxidative activity and effects
on the size and structure of the microgels [92].

Resistant starch (RS): While studying the encapsulation
of bifidobacteria in stirred yoghurt, a granular texture was

noted with particles ranging from 22 to 50 millimetres.
However, the probiotic bacteria could not be retained in the
microencapsulation due to the sensory issues, which lead to
poor customer approval [95].

Prebiotics such as resistant starch or cryoprotectants like
glycerol may be used to encapsulate probiotic cells, thereby
enhancing their viability [96,97]. It was reported that this
technique increases probiotic viability within the product but
not in simulated Gl environments.

A combination of Bacillus lactis and resistant starch (RS)
improved the tumour’s sensitivity to a genotoxic carcinogen
(AARGC) and colonic fermentative processes in rats [98,99].
B. lactis has the capability to exert its pro-apoptotic activity
when used as a metabolic substrate for RS. To assess the
effectiveness of treatment in patients, a research group
utilised a rat model of colorectal cancer (AOM-induced
rat colon cancer) [100]. When used individually and in
combination, B. lactis and RS were effective against AOM-
induced rat colon cancer. RS is proven to have an impact on
fermentation [101], while AOM-induced colorectal adenomas
and carcinogenesis are inhibited by synbiotic combinations
containing fructans, B. lactis (Bb12) and L. rhamnosus GG. This
resulted in the production of SCFAs, a decrease in proliferation
and an increase in expression of Pi-type, cyclooxygenase-2
enzymes implicated in the pathogenesis of collateral cancer
and inducible NO-synthase. [102] Researchers theorised that
synbiotic dietary supplements that feature oligofructose-
enriched inulin, Lactobacillus rhamnosus and Lactobacillus
lactis have antitumorigenic properties because they regulated
immune responses, affecting Peyer’s patches (PP) and
peripheral blood mononuclear cells (PBMC) [102].

There was a larger number of live bacteria present in
microcapsules with the addition of Hi-Maize starch (a kind of
Resistance Starch) [103]. Probiotic viability and effectiveness
are both improved by increasing the alginate content and
capsule size [104]. According to Chen et al. [105] this solution
of 2% sodium alginate and 1% gellan gum offers the best
protection for Bifidobacterium bifidum when heat-treated. In
addition, peptides were found to have a prebiotic effect. A
new study discovered that extruding nonfat milk increases/
boosts the number of viable cells.

Fructo-oligosaccharides: Colorectal cancer has received
more attention from scientists since the research suggested
that prebiotics and probiotics are critical for treating this
disease. Probiotic supplementation significantly reduced
cytotoxicity compared to control, as well as to prebiotic
supplemented groups. In the case of Peyer’s patches
(PP), NK cell-like cytotoxicity was reduced when synbiotic
supplementation was used [106]. Synbiotics and prebiotics
administered to the groups also enhanced IL-10 production,
whereas the opposite was observed in Peyer’s patches (PP)
groups, with interferon production decreasing. This synbiotic
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treatment strengthened the immune system, as demonstrated
by higher immunoglobulin levels in the Peyer's patches
(PP) and was correlated with reduced incidence of colon
cancer in rats treated with carcinogens [106]. The study also
mentioned in vitro and in vivo models that included Fructo-
oligosaccharides in conjunction with a Bifidobacterium strain
and lactitol [107].

Live/living cells from the abrasive conditions are associated
with a low pH in the stomach. Geneflora™ was developed in
the United States of America by the BioPlus Corporation. It is
a synbiotic probiotic composed of lactobacillus sporogenes
encapsulated in a fructo-oligosaccharide prebiotic which
sparked interest in the use of prebiotics and fibre as probiotic
cell protectors in the last several years.

Fructooligosaccharides and isomaltooligosaccharides, as
well as peptide and growth stimulant sodium alginate were
employed as coating materials to encapsulate four probiotics
(Lactobacillus casei, Lactobacillus acidophilus, Bifidobacterium
longum, and Bifidobacterium bifidum). To investigate the
survival of probiotics in simulated gastric fluid, various
proportions of the prebiotic, peptide sodium alginate were
adjusted using response surface methodology (RSM). This
was followed by sequential quadratic programming (SQP) to
optimise the modelit was determined that samples comprising
3% fructooligosaccharides, 1% sodium alginate and 1%
peptide, produced the best results. It was also discovered
that prebiotics within the walls of probiotic microcapsules
enhanced the protection of the active organisms [108].

The effect of isomalto-oligosaccharides on foods such
as honey, soy, sauce and miso was examined. Bacteroides
fragilis and Bifidobacteria in miso, soy, sauce, sake, and honey
were able to utilise isomalto-oligosaccharides, unlike E. coli.
After two weeks of daily administration of 13.5 grammes of
isomalto-oligosaccharides to healthy adults, the abundance
of bifidobacteria increased [109].

Though treated with simulated stomach juice and bile salt,
the probiotic counts were maintained between 106 and 107
colony-forming units (CFU)/gram for microcapsules that had
been stored for 1 month.The probiotics that were encapsulated
in prebiotic microcapsules in milk persisted for two weeks
when the milk was stored in the refrigerator. Similar outcomes
were discovered in fermented frozen dairy desserts owing to
the probiotics microencapsulated in alginate microcapsules
in yoghurt [96,110]. Thus it was concluded that probiotics in
food products can be safeguarded by microencapsulation
with calcium alginate [111]. Prebiotics also increased the
protection of the microorganisms included in the capsules of
probiotic alginate.

Prebiotic fibres: The ability of various prebiotic fibres to
protect the stability and viability of Lactobacillus rhamnosus
probiotic strains was crucial in the setting of probiotic

encapsulation. It was described how this type of protection
is maintained throughout the freeze-drying, storage,
formulation processes for apple juice and chocolate-coated
breakfast cereals [112]. According to studies conducted, fibres
are classified as prebiotics because they contain anindigestible
component that aids the survivability of probiotics and acts as
an optimal carrier for probiotics in the route of administration
[113].

Additionally, psylliumandfenugreekhave beendemonstrated
to be excellent prebiotics, enhancing the viability and growth
of probiotics in the gastrointestinal tract [114]. During freeze
drying, polydextrose and wheat dextrin-based prebiotics have
demonstrated effectiveness as preservatives for Lactobacillus
rhamnosus[112].

Raftilose: Numerous studies have been conducted on the
use of raftilose, a prebiotic, to co-encapsulate two probiotic
strains (Bifidobacterium infantis CSCC 1912 and Lactobacillus
acidophilus CSCC 2409) with the goal of enhancing bacterial
growth and protecting cells from dangerous environmental
conditions. Due to the synergy between the prebiotic and
probiotic components, this concept of co-encapsulation
results in an increase in the efficiency of functional foods.
Utilization of prebiotic compounds also contributes to the
viability of probiotic cells. It was demonstrated that coating
the capsule with chitosan protects probiotic cells better than
alginate does in yoghurt and in simulated Gl transit conditions
[115].

Probiotic bacteria such as Bifidobacterium spp., Lactobacillus
casei, Lactobacillus acidophilus and Lactobacillus rhamnosus
were examined following processing and storage of yoghurt
and freeze-dried yoghurt. Additionally, the effectiveness
of microencapsulating probiotic organisms, as well as the
addition of prebiotics and cryoprotectants was explored in
order to increase their viability. The viability of L. rhamnosus
GG and Bifidobacterium infantis 17930 was reduced at a lesser
extent than L. casei 1520 and Bifidobacterium longum 1941. L
casei 1520 viability increased by 7% when 2.5 percent (w/v)
cryoprotectant UnipectineTM RS 150-was added to it. When
added to yoghurt at a concentration of 1.5 percent w/v, the
prebiotic RaftiloseP95 increased the viability of the combined
probiotic organisms after four weeks of storage at 4°C. Alginate
microencapsulation increased the viability of a mixture of
selected probiotic organisms in freeze-dried yoghurt stored
at 21°C [97]. Due to the availability of prebiotics, the presence
of these oligosaccharides led to reduction in the rate of cell
death of the saccharolytic bacteria during storage. A marginal
increase in the viability of probiotic organisms was also
discovered in yoghurt containing FOS after four weeks of
refrigerated storage [116].

Although when prebiotics were added to freeze dried
yoghurt, the viability of the probiotic organisms was
significantly lower than the control. According to the research,
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lactic acid bacteria are subjected to environmental challenges
[117]. The oligosaccharides may have been unable to shield
the cells from damage, resulting in a decrease in probiotic
viability.

Galacto-oligosaccharide: Arecentstudy examined the effect
of incorporated Bifidobacterium breve into a multiparticulate
made up of poly D,L-lactic-co-glycolic acid microcapsules
containing prebiotic galactooligosaccharides embedded in
an matrix consisting of a combination of alginate and chitosan
[88]. After one hour of exposure to stomach conditions at pH
2, the viable cell count of the multiparticulate system coated
with chitosan decreased significantly. This method results in a

low viability of B. breve in a gastrointestinal environment when
compared to the fluid-bed drying techniques [48]. However,
the chitosan-coated multiparticulate system significantly
increased cell viability in the intestinal portion, possibly due
to the release of prebiotics (galactooligosaccharides) that
stimulated cell development.

Encapsulating prebiotics within the core of microgels has
recently been proven to increase their viability without
impairing their release [90]. Prebiotics are typically indigestible
or only partially digestible substances that promote probiotic
growth un the human gut [101].

Table 1: List of the systems encapsulating Prebiotics with Probiotics.

Probiotic Bacterial Strain Prebiotic Strain Key findings Reference
Lactobacillus, Bifidobacterium Inulin, Fructo-oligosaccharides. ;nciir\?iat;ed probiotic growth and metabolic [118]
Lactobacillus kefiranofaciens, Candida Inulin effective against diarrhea-causing organisms [78]
kefir, Saccharomyces boluradii 9 gorg
. . Resistant Starch or . o
Encapsulated bifidobacteria . increases probiotic viability within the product | [96,97]
cryoprotectants like glycerol
Lactobacillus acidophilus CSCC 2409 Raftilose viability of probiotic cells and efficiency of [115]
Bifidobacterium infantiis CSCC 1912 functional foods
. L optimal carrier for probiotics may be
Lactobacillus rhamnosus Prebiotic fibres . - . [119]
contingent on the final route of administration
Lactobacillus sporogenes Fructo-oligosaccharide development of Geneflora [109]
Lactobacillus acidophilus, Fructooligosaccharides, . .
Lactobacillus casei, Bifidobacterium isomalto-oligosaccharides, S?h::iz:lsthe protection of the active [108]
bifidum, Bifidobacterium longum peptide 9 )
Lactobacillus acidophilus, increased the viability of the probiotic after
. . . . . . four weeks of storage,reduced the rate of cell
Lactobacillus casei, Lactobacillus RaftiloseP95, oligosaccharides . . . [97]
; . death of the saccharolytic bacteria during
rhamnosus, Bifidobacterium spp
storage
. . . improved viability of probiotics in freeze-dried
L. acidophilus 33200, L. casei . - . . S
279, B. longum 536, L. rhamnosus GG Hi-maize, FOS and inulin yoghurt with FOS being the most effective in [114]
yoghurt
Bifidobacterium BB-12 Oligofructose-enriched inulin beneficial ingredient in dairy meals [79]
Bifidobacterium breve B-3 Galactooligosaccharides increased cell viability in the intestine [88,120]
Lactobacillus fermentum Oligosaccharides such as enhanced probiotic distribution [90]
glucan, plant extracts
. . . enhancing the viability, growth of probiotics in
Lactobacillus species Psyllium, Fenugreek the gastrointestinal tract [114]
Lactobacillus casei Sea buckthorn extract attributed to probiotic's antioxidative activity [94]
Lactobacillus rhamnosus GG, Oligofructose-enriched inulin affects the balance of gut flora, increases [121]
Bifidobacterium lactis Bb12 9 probitotic strains, decreases coliforms
beneficial changes in cecal physiology,
Bifidobacterium Longum Raftiline HP(derivative of inulin) | bacterial metabolic activity and decreased [87]
tumour risk.
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improved tumour's sensitivity to a genotoxic
Bifidobacterium Lactis Resistant Starch carcinogen (AARGC) and colonic fermentative [98,99]
processes
Lactobaqllus rhamnosus, oligofructose-enriched inulin, Antltumorlgenlc properties and regulated [122]
Lactobacillus lactis immune responses
strengthened immune system, increased
Bifidobacterium, lactitol Fructo-oligosaccharides. immunoglobulin levels in PP, reduced colon [107]
cancer risk
Lactobacillus, Bifidobacteria pllgpsaccharldes (GOS, FOS, prevgnt.lng and trgat!ng colorectal cancer than [85]
inulin) probiotics or prebiotics alone
L.rhamnosus GG (LGG), B. lactis (BB12) | Oligofructose-enriched inulin reduced colon cancer risk [81-83,123]
Bifidobacterium Bifidum Hi-maize encapsulates Ia_lrger numb'er pf live bacteria, [103]
enhances survival of probiotics
Lactobacillus rhamnosus Wheat dextrin and polydextrose z:;t:;t probiotic bacteria strain during freeze [112]

Nutraceuticals with probiotics

To have a favourable impact, it is considered that an active
probiotic meal should contain around 105 CFU/g [59].
According to Yao et al. [62], a research on the GIT survivability
of probiotics revealed a decrease of 106 CFU in all commercial
products evaluated after 5 minutes incubation in stomach
secretions. Probiotic-containing nutraceuticals are derived
from biomass produced in large-scale industrial fermentation
and then microencapsulated and dried. Typically, these
products are marketed in the form of powder, capsules, or
chewable tablets. Encapsulation can be accomplished by
spray coating the probiotic microbes with fat-based polymers,
therefore improving their bioavailability in the stomach
environment. STAR™ and Probiocap™ technology are two
examples available on the market [68].

Fatty acids (Omega-3, Omega-6): Health benefits
of omega-3 and omega-6 fatty acids have been widely
documented, however, major obstacles to these oils’ flavour
and odour, as well as their tendency to oxidise rapidly, have
emerged [124.] It was proven that eating foods enriched
with spray-dried microencapsulated fish oil was equivalently
effective to consuming fish oil gelatine capsules on a regular
basis owing to the equal amounts of omega-3 long-chain fatty
acid in both.

Fourteen species of live probiotic bacteria were employed,
which include, Acetobacter, Lactobacillus and Lactococcus,
Propionibacterium and Bifidobacterium. Animal groups
received combinations comprising of Symbiter-Smectite and
Symbiter-Omega complicated mixes that included, in addition
to probiotics, smectite gel. Another group of rats also got flax
oil and wheat germ oil, along with an omega-3 unsaturated
fatty acid. These oils include alpha-linoleic acid, which acts as
a substrate for eicosapentaenoic and docosahexaenoic acids
[125].

Combining nutraceuticals and probiotics yields an overall
enhanced cytoprotection of the mucosa and a simultaneous
improvement in the relationship between the intestinal
bacteria and the physiological microflora of the gut. The
micro-capsulation technique combining probiotics with
nutraceuticals such as omega-3 or smectite is more effective
than simply using probiotics alone in a rat model of obesity
developed from the ingestion of monosodium glutamate
(MSQG). To conclude, it preserves the bioactive and non-stable
food ingredients and helps to prevent their fast degradation
before the products are delivered to specific locations [126-
128].

Encapsulating probiotic bacteria in an oil emulsion
containing omega-3 fatty acids was in order to help with
probiotic bacteria adhesion to the intestinal epithelium, as
well as for the benefits of its synergy [129]. It has been difficult
to combine pharmacological agents and nutraceuticals in the
same bioactive preparation, until now, since the hydrophobic
nature of omega-3 fatty acids and the hydrophilic nature of
probiotic mass do not mix well.

Vitamins: Most generally used methods for encapsulating
water-soluble vitamins are fluidized-bed coating and spray-
chilling, whereas spray-drying emulsions are the more
commonly recommended for lipid-soluble vitamins (e.g.
b-carotene, vitamins A, D and E).

Ensuring appropriate calcium-protein interactions was
made achievable by encapsulating calcium lactate in lecithin
liposomes and fortifying soymilk with quantities of calcium
comparable to those seen in cow’s milk. As with probiotics,
vitamin and mineral co-encapsulation may be helpful [130].

Co-encapsulation of minerals and vitamins may be more
effective. Since calcium in a hydrophilic phase is coupled with
vitamins A or D in a hydrophobic phase, it may help the body
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absorb calcium. Synergistic antioxidant activity has been seen
in the situation when vitamin E is co-encapsulated within the
liposome wall, whereas ascorbic acid is located within the
aqueous space [131]

Whey protein, protein isolate and casein hydrolysate:
An encapsulation method used to keep live probiotic cells
maintained in fermented dairy products in the gastrointestinal
system was reported to be capable of transporting
Bifidobacteria cells as well [132]. Since using the spray drying
method necessitates high temperatures, heat resistance must
be examined before the process is initiated. No change in
yoghurt appearance, colour, flavour, taste, or acidity was noted
when probiotic capsules were added. In contrast, including
probiotic organisms changed the textural characteristics
such as smoothness and also resulted in customers noting
a gritty texture in yoghurts. However, it was discovered that
after the acidification step, the post-acidification process was
comparatively slow.

While it is difficult to preserve probiotics in acidic fluids, whey
protein matrices encapsulated with bacteria survived for
several weeks in acid environments. Probiotics were shielded
from the low pH environment due to whey protein’s ability to
create a colloidal matrix.

In addition to that, Reid et al. [96] proved that
microencapsulation in a milk matrix also increased L.
rhamnosus survival time in vegetable juice by two weeks as
compared to free cells stored in a whey protein matrix. In
cranberry juice (pH 2.3), which has a low viable count, a milk
matrix offered the maximum survival rate.

Bioactive peptides are peptides produced from various
protein sources, for example, milk or soy. Exemplying this,
milk peptides are well-known for their anti-inflammatory
and blood pressure-lowering effects as well as for helping to
increase mineral absorption [133].

Ensuring the effectiveness of peptides in food can often
need concealing their bitter taste and also handling their
hygroscopic character through encapsulation techniques.
The soybean protein isolate and pectin complex coacervation
resulted in a casein hydrolysate that was less bitter than
the hydrolysate that was not encapsulated. Besides, the
encapsulated casein was less hygroscopic than the free
hydrolysate. Similar improvements were obtained when a
casein hydrolysate was produced by spray drying gelatin and
soy protein carriers.

Alginic acid: A blend of 1,4-linked D-mannuronic and
L-guluronic acids is known as alginic acid. Interfacial
polymerization also uses cationic monomers, such as calcium,
which combines with the water-soluble polymer, alginate, to
form a calcium alginate hydrogel. The hydrogel then slowly
dries and polymerizes, forming an impermeable barrier. On a

laboratory or industrial scale, alginates are commonly used in
microencapsulation. This is a common property of powdery
matrix capsules, however, the capsules are exceedingly
porous, allowing water to flow in and out of the matrix.

Alginate encapsulation enhanced survival by one log as
compared to free cell counts when bacteria were maintained
in skim milk for 24 hours. To ensure their survivability during
storage, Lactobacillus bulgaricus can be encapsulated
with alginate and a chitosan coating. Kebary et al. [134]
demonstrated that Bifidobacteria encased in alginate showed
higher survival after being frozen. The alginate beads were
prepared by adding glycerol and mannitol, while glucose had
no affect.

Glucan: Also, in apple juice, fresh L. rhamnosus grown on
an oat flour with 20% -glucan medium fared better than
freeze-dried cells. When L. rhamnosus with fibres as carriers
was stored for three months, there was no change in the pH
of juice [135]. Bifidobacteria encapsulated in potato starch,
which are difficult to cultivate in fermented oat drinks, show
no increase in cultivability when stored in nondistilled or
distilled beverages. However, when encapsulated in a lipid
matrix (cocoa butter) and polydextrose, the bifidobacteria do
benefit from improved storage stability.

Combination of various nutraceuticals: Eratte et al. [136]
was the first to use microcapsules created by the coacervation
of whey protein isolate (WPI) and gum Arabic to encapsulate
probiotic bacteria (GA) and omega-3 fatty acids. The omega-3
fatty acid tuna oil (O) and the probiotic bacterium Lactobacillus
casei 431 (P) were utilised as models, respectively. Through
freeze and spray drying, the WPI-P-O-GA Comicrocapsules
and L. casei microcapsules were converted into powder. The
L. casei bacterium was more vigorous in co-microcapsules of
WPI-P-O-GA than in co-microcapsules of WPI-P-GA(without
omega-3-fatty acids). For this work, concentrated probiotic
bacteria biomass was employed, enhanced with sterile
smectite gel and omega-3 polyunsaturated fatty acids derived
from flax seeds and wheat embryos. Eicosapentaenoic and
docosahexaenoic acids can be formed from alpha-linoleic
acid by using it as a substrate. These pharmacological forms
were found to be more efficacious than microcapsules. Due
to the bacterium’s biologically active state being present
in preparations of varying quantities, these bacteria were
ready to operate immediately upon oral administration of the
preparation. On the other side, the inclusion of smectite gel
was designed to enhance probiotic efficacy, as the gel in its
active state acts as an enterosorbent.

The limitation of this model was that it caused an early-onset
obesity due to MSG-induced lesions in newborn animals’
arcuate nuclei. This model was defined by an elevated fat-to-
body weightratio as a result of VAT buildup, an abnormally high
HOMA index, severe hyperinsulinemia and hyperleptinemia, all
of which indicated the development of diabetes mellitus [137].
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In the rat MSG obesity model, probiotics and nutraceuticals
resulted in a substantial decrease in obesity prevalence, total
VAT weight and insulin resistance. The study established that
supplementing probiotics with omega-3 fatty acids may be
the most helpful anti-obesity strategy.

Probiotic bacteria are commonly stabilised by embedding
them in food biopolymeric gel matrices (e.g., alginate, milk
protein gels, carrageenan and gellan gum). This process
entails extruding a hydrocolloid-probiotic cell combination
into a solution which hardens the capsules through a nozzle
and maintains a protective environment for the desired
microorganisms until they reach the desired location in the
intestinal system.

Synbiotic formulations including protein-carbohydrate-oil
matrices and prebiotics preserve probiotic bacteria during
nonrefrigerated storage when they are exposed to low pH,
while also enabling their release in simulated intestinal fluids
[138].

Resveratrol and curcumin are insoluble in water and oils,
and so they are easily destroyed. Due to this, the challenges
that prevent these chemicals from entering water-based
meals and transportation across the gastrointestinal system
are stabilisation and increasing their solubility in aquatic
conditions. A wide range of delivery vehicles is conceivable for
polyphenols, including, but not limited to, protein, liposomal
preparations, cyclodextrin, and polysaccharide (pectinate,
chitosan). They are efficient transporters of polyphenols due
to their protein-based capability to transport polyphenols. A
different option is to use partially-separated buttermilk, which
is the byproduct of creating butter. During the separation
process, certain components of the butter stay in the
buttermilk’s oil phase.

The application of gum acacia soluble fibre prior to spray
drying results in an increase in the growth of Lactobacillus
Paracasei, while a modified waxy maize starch coating does
not [139].

Table 2: List of the systems incorporating various Nutraceuticals with Probiotics.

Bacterial Strain Nutraceutical Key findings Reference
s Calcium lactate coupled with .
Probiotic cells Vitamins A, Vitamin D, Vitamin E help the body absorb calcium [130,140]
Probiotic cells Omega—3 and Omega-6 fatty eqUI\{aIentIy effective to consuming fish oil [124]
acids gelatine capsules
Lactobacillus, Bifidobacterium, . ' effective a'lgalnst'obesny an'd improves rglatlonshlp
L. . Smectite, Omega-3 fatty acids, between intenstinal bacteria and gut microflora;
Propionibacterium, . . . L . . [141]
. flax oil, wheat germ oil help with probiotic bacteria adhesion to the
Acetobacter, symbiter . . o
intestinal epithelium
. . Whey protein isolate (WFI)’ gum enhanced probiotic efficacy, made bacteria ready
Lactobacillus casei 431 arabic, omega-3 fatty acids, - . . . [136]
: to operate immediately upon oral administration
smectite
Various strains of Lactobacillus Alginate, carrageenan, gellan provides a protective environment until probiotics (142]
and Bifidobacteria gum and milk protein gels reach the target site in the intestinal tract.
Bifidobacteria Whey protein helped in preservatlc?n of probiotics by shielding it [132]
from the low pH environment
Lactobacillus rhamnosus Whey protein provided good survival rate of probiotics [143]
Probiotic cells Bloactlve. peptides from Milk and ShO\{V |mn.1u.n.omodulatory effect, antlhypx.ertenswe [133]
soy proteins opoid activities, enhance mineral absorption
Lactobacillus bulgaricus, S . . o
Bifidobacteria Alginic acid improves survival rate of probiotic [134]
Lactobacillus paracasei Gum acacia improves viability of probiotic bacteria [139]
Probiotic and Prebiotic cells Protein-carbohydrate-oil matrices preserve probiotic b.actena du.rlr.\g nor'wrefrlggrated [138]
storage, enables their release in intestinal fluids.
protein, liposomal preparations,
Polyphenol prebiotics cyclodextrin and polysaccharide act as delivery vehicles to carry polyphenols [144]
(chitosan, pectinate
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Most water-soluble polyphenols (such as tea catechins) can
be absorbed directly into the body but they must be protected
from oxidation and maintained at a high pH. Epigallocatechin
gallate (EGCG) is bound to natural food-derived components,
such as apple pomace, to be used as a carrier in functional
food formulations. Studies conducted in vitro have proven
that chitosan-tripolyphosphate nanoparticles that are coated
with catechin and EGCG remain stable in the acidic digestive
system environment. In the small intestine, anthocyanins
have also been proven to be protected from degradation by
being encapsulated in polysaccharide (pectin amide) or whey
proteins.

Fermented Foods

Probiotics in food not only have additional health benefits
but also improve its taste. Their high stability during
manufacturing and storage for the duration of the food’s shelf
life, on the other hand, is critical for maintaining the food'’s
probiotic impact [115]. The majority of probiotic-containing
foods on the market are enhanced with probiotic microbes
in their natural state, with just a small percentage using their
microencapsulated form [61]. Additionally, probiotics can
be incorporated into edible polymeric matrices to create
(bio)active food packaging, acting as a natural alternative
to antibiotics in terms of preventing pathogenic/spoilage
microorganisms and enhancing food safety, in addition to their
role in promoting consumer health (Espitia et al., 2016). The
most common food products functionalized with probiotic
microcapsules are dairy (yoghurt and cheese), bakery (bread,
cakes, and cookies), meat (fermented sausages), juices
(fruits and vegetables), and others (ice cream, mayonnaise,
fermented drinks).

Lactose-based

Probiotic milk products, fresh and ripened cheese, have all
been around for a long time. Prebiotic lactulose increases
probiotic count (especially Bifidobacterium lactis), lactic acid
concentration and acidification rate in skimmed milk while
also shortening fermentation time [146]. The use of prebiotic
milk whey culture can help with the treatment of inflammatory
bowel disease [141]. Probiotic starter cultures, fermented
milk products and yoghurt powder are used to make these
probiotic ice creams since the twentieth century. Lactobacillus
caseiand 2.5 percentinulin were added to this ice cream, which
had favourable nutritional and sensory properties [147]. Other
probiotic-rich fermented milk products, such as sour milk,
sour whey, sour cream, buttermilk, or kefir, are less common.
Compared to yoghurt, probiotic-enriched unfermented milks
(bifidus milk, sweet acidophilus milk) are far less popular.

Baked products

Bakery goods, which include breads, cakes, and pastries, are
critical to the European diet, so they allow for functionality
in any form to be provided to the customer in an acceptable
meal. Concentrated forms of bioactive substances such as
curcumin or omega-3 fatty acids are frequently encapsulated
in breads [148]. The use of probiotic microorganisms in this
kind of food remains unexplored. The only major hurdle to
probiotic survival is the heat involved in cooking food and
how long some probiotic-containing foods have to be stored
afterward (e.g. biscuits). Ensuring that probiotic cultures
remain viable until product consumption is vital for the
successful production of bakery products. Probiotic resilience
and stability are improved through microencapsulation.

i
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Figure 2: Overview of the classification of Fermented Foods.
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Concurrently, the applicability of probiotics in breads remains
unexplored [149].

Altamirano-Fortoul et al. [150] used Lactobacillus acidophilus
probiotic microcapsules was to bind to the surface of partially
baked bread. Immediately after baking, the final product had
a survival rate of 63% with a 10% drop over time. Although
Lactobacillus rhamnosus GG cells are used to produce
edible films which are applied to cooked bread, they do
microencapsulate probiotic cells. Instead, they were given
via edible films composed of a mixture of two biopolymers,
whey proteins and sodium alginate, often employed as
microencapsulating agents [151]. Probiotic viability was
increased after using an edible film that contained alginate
and whey proteins during the drying and storage of bread, as
opposed to an alginate-only film that caused higher in vitro
digestion survival results. Lactobacillus rhamnosus RO11 was
encapsulated in whey protein for inclusion in baked goods
[143]. The viability of microencapsulated cells decreased by
two log cycles during the baking process but a total of five log
cycles were lost by the end of storage.

Malmo et al. [152] implanted Lactobacillus reuteri DSM
17938 into chitosan-alginate microcapsules within a
chocolate soufflé prior to baking at 180°C for 10 minutes
(the core of the product at 80°C). Following chitosan-alginate
microencapsulation treatment, the scientists obtained a 10%
survival rate for the probiotic population, compared to the 1%
survival rate of the unencapsulated cells. Moreover, the study
found that encapsulated Lactobacillus reuteri DSM 17938 is
more heat resistant in actual food than in vitro.

Usingthe hypothesisthatfood matrices protect probioticcells,
cakes were stuffed with Lactobacillus acidophilus ATCC 39392
microencapsulated in a cream. They had a reduced viability of
about 3 log cycles, indicating that microencapsulation has a
significant protective impact on probiotic bacteria in bakery
goods [153].

Cereal-based

Cereals, particularly barley and oat, are essential in the
manufacturing of functional foods. Cereals’ numerous health
benefits can be leveraged in a variety of ways, resulting in the
development of novel cereal foods and cereal ingredients
aimed at specific demographics. To make an easy-to-use
carrier for dried probiotics, cereals (“flakes”) were combined
with sugar and lyophilized probiotic cultures [154]. Breads
with dietary fibres have better sensory perception, more
resistant and less digestible starch [155].

Damen et al. [156] investigated the synthesis of prebiotic
AXOS in-situ during the bread-making process. Also, the in
vivo prebiotic potential of barley -glucan was found to have a
strong bifidogenic effect [157].

Meat-based

Human health and wellness has likewise influenced interestin
functional meat products because of various studies regarding
the fat and salt content. Probiotic microorganisms may have
additional benefits in functional meat production. Probiotic
use has been studied in many different types of fermented
sausage, pork where novel probiotic strains are isolated. The
lactobacilliare the main microorganisms used in the fermented
meat products as starter cultures; it has also been shown
that certain probiotic or potentially probiotic lactobacillus
strains retain viability and fermentative activity in sausages,
resulting in a final product. Probiotic bacteria is used in meat
products to create an antibacterial impact on spoilage and
pathogenic populations. In a meat-fermented environment,
however, it was discovered that Lactobacillus reuteri ATCC
55730 is particularly susceptible to severe conditions. Low
pH and competing organisms have all been identified as
intrinsic factors that can lead to the failure of probiotic cells.
Microencapsulation process still requires improvements on a
commercial scale, representing a challenge to be overcome in
order to obtain immobilized products that are economically
viable. Probiotic sausages were created by encapsulating
live Lactobacillus reuteri ATCC 55730 and Bifidobacterium
longum, which remained viable during the manufacturing,
fermentation and drying processes. Microencapsulation had
no effect on the antimicrobial activity of the sausage against
E. coliO157:H. Lactobacillus casei ATCC 393 in wheat grains was
used to functionalize fermented sausage. Their goals were to
preserve the probiotic strain’s survival at levels high enough to
impart health benefits, improve the qualitative aspects of the
new goods and extend their shelf life. Additionally, L. casei was
found in sausages in the free and immobilised state, both of
which had levels high enough to be responsible for imparting
a probiotic effect during ripening. Besides demonstrating a
protective effect on cell viability, L. casei cells with chemical
preservatives have a greater effect in retarding sausage
deterioration than free L. casei cells. The effect of L. casei and
its inoculum concentration was also studied on the sausage’s
aroma. Despite being underutilised, microencapsulation
technologies may be a possible way to use probiotic
microorganisms in meat products.

From fruits and vegetables

Fermented vegetable products (for example, “sauerkraut,’
“kimchi,” or “lacto-pickles”) contain probiotic lactobacilli [158].
The probiotic impact of fermented cashew and apple juice
is assessed by using Lactobacillus johnsonii B-2178 [159]. By
combining probiotic bacteria, Lactobacillus rhamnosus GG with
the prebiotics oligofructose and inulin, potentially synbiotic
fresh-cut apple wedges have also been created [160].

From roots and tubercules

Sinki and Sunki is a fermented radish product and the
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most common probiotic bacteria identified are Lactobacillus
fermentum, Lactobacillus brevis and Lactobacillus plantarum
[161]. The Japanese product “sunki” is made by fermenting
otaki-turnip without the addition of salt. Lactobacillus
delbrueckii, Lactobacillus plantarum and Lactobacillus
fermentum dominated the bacterial community when it was
profiled using PCR-denaturing gradient gel electrophoresis
throughout fermentation [132].

Kanji is a product made from fermented purple carrots. This
carrot kanji yielded one genotype of Lb. pentosus and two
genotypes of Lb. paraplantarum after addition of water and
being brine-salted for 7-10 days [133].

Spray-dried probioticbacteria can beadded to the production
of sweets, confectionery pastries [164]. Milk powder based

products skimmed milk, yoghurt family, buttermilk, or whey
on the other hand, can be used as a delivery mechanism. Little
attention has been paid to the long-term viability of probiotic
microorganisms in powdered milk products [165].

Beverages

Non-alcoholic beverage is a significant functional foood
fortified with vitamins A, C, and E or other functional additives.
There are numerous cholesterol-lowering beverages
(including a mix of omega-3 and soy), beverages for eye health
(including lutein) and bone health (containing calcium and
inulin) available as functional foods [130,136]. Fortified juices
with inulin, vitamins, L-carnitine, magnesium and calcium are
also marketed.

Table 3: Sources of Fermented Foods available.

Source of food Bacterial Strain (Producer) | Target Reference
Bacillus cereus, B. pumilus, B. megaterium, B. coagulans, B.
subtilis, Geobacillus stearothermophilus, Alicyclobacillus
Suan-Tsai, a traditional Chinese | Lactobacillus plantarum acidoterrestris, Paenibacillus polymyxa, Clostridium difficile,
. . [167]
fermented cabbage JLA-9 C. perfringens, C. sporogenes, S. aureus, Micrococcus luteus,
Pseudomonas fluorescens, Serratia marcescens, Escherichia
coli, Salmonella enteritidis
. Listeria monocytogenes, Staphylococcus aureus, Salmonella
Nham, Thai fermented pork Weissella hellenica BCC 7293 typhimurium, Escherichia coli, Pseudomonas aeruginosa [168]
sausage .
and Aeromonas hydrophila
Lactobacillus delbruleckii subsp. bulgaricus, Lactobacillus
acidophilus, S. aureus, Listeria monocytogenes, E. coli,
Chinese fermented cucumber Lactococcus garvieae LG34 Shigella flexneri, Lactobacillus plantarum L8, L. delbruleckii [169]
subsp. delbrueckii, Streptococcus thermophilus, Sarcina
flava, Salmonella typhimurium
Jiangshui Cai, traditional Lactobacillus coryniformis Escherichia coli, Staphylococcus aureus, Salmonella sp., [170]
fermented vegetable (China) MXJ 32 Listeria monocytogenes, Cronobacter sakazakii
Shubo (rice malt) Lactobacillus sakei D98 Bacillus circulans, L/;tena fnnocua, L monocy tog enes, [171]
Enterococcus faecalis, Lactobacillus sakei ssp. Sakei
Kimchi (Korean traditional Lactococcus lactis KC24 Listeria monocytogenes [172]
fermented vegetables)
Charqui, a Brazilian fermented, .
. Lactococcus lactis subsp. .
salted and sun-dried meat lactis 69 Listeria monocytogenes, Staphylococcus aureus [173]
product
Nham, Thai fermented pork Lactococcus garvieae BCC L. garvieae strains, pathogenic Enterococcus faecium, [174]
sausages 43578 Listeria monocytogenes
Boza, a fermented cereal-based | Lactococcus lactis subsp. Lactobacillus, Enterococcus, Leuconostocs, Listeria, Bacillus, [175]
beverage (from Turkey) lactis BZ Enterobacter, Escherichia, Rhodococcus, Salmonella
Boza, a fermented cereal- Lactococcus lactis subsp. f . .
based beverage (from Turkey) lactis MA23 Gram-positive bacteria, lactococcal strains [176]
Norwegian smoked salmon Enterococcus faecium ST5Ha E{’ tert?cgccus faecalis, Lactobacillus curvatus, L. sakei, [177]
Listeria innocua, L. monocytogenes
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Jiaoke, a naturally fermented

Lactobacillus plantarum

Listeria monocytogenes, Staphylococcus aureus, Salmonella

cream from China KLDS1.0391 typhimurium, Escherichia coli [178]
Starter-free cheese from raw Lactococcus lactis subsp. Staphylococcus aureus, Listeria innocua, Lactobacillus sakei, [179]
milk lactis 1AA17 and 2BB9 Lactobacillus plantarum, strains of L. lactis subsp. Lactis
. Staphylococcus aureus, Listeria innocua, Lactobacillus sakei,
Starter-free cheese from raw Lactococcus lactis subsp. : . .
. . Lactobacillus plantarum, same strains of L. lactis subsp.
milk Lactis . [179]
Lactis
Starter-free cheese from raw Lactococcus lactis subsp. Lactobacillus sakei, strains of L. lactis subsp. lactis and [179]
milk Cremoris 2A27 cremoris
Lactococcus lactis subsp. . . . . .
Stgrter-free cheese from raw lactis Q1-2, Q1-6, Q1-8, T2-26, Lactoch:llus sakei, strains of L. lactis subsp. lactis and [179]
milk cremoris
72-43
Lukanka, dry Bulgarian sau- Lactobaqllus pentgsus, Listeria innocua, E. coli (180]
sage Lactobacillus brevis
Lactobacillus plantarum . . L o
Kefir STSKF Lactobacillus casei, L. salivarius, L. curvatus, Listeria innocua | [181]
Lactococcus lactis subsp. lactis, Listeria innocua, L.
Alheira Pediococcus acidilactici HA- monocytogenes, Listeria ivanovii subsp. ivanovii, [182]
6111-2 and HA-5692-3 Enterococcus faecalis, Enterococcus faecium, Streptococcus
caprinus
Honeybee beebread Enterococcus avium Listeria monocytogenes, Listeria spp. [183]
Lactobacillus paracasei
subsp. Paracasei ST11BR,
Lactobacillus plantarum . . . .
South African barley beer ST13BR, Lactobacillus Lactol_)aallus case:,_LaF toch:llus sakei, Pseudomf) nas [184]
aeruginosa, Escherichia coli, Enterococcus faecalis.
pentosus ST151BR,
Lactococcus lactis subsp.
lactis ST34BR
Chinese fermented vegetable Lactobacillus casei LiN333 against Gram positive, Gram negative pathogenic [185]

(Jiangshui Cai)

Challenges while Incorporating Nutraceuticals in
Food and Its Solutions

While delivering an effective dose of nutrients is important,
it is necessary to consider its impact on the completed
product’s flavour and fragrance. Ensuring that the food is free
of contamination is also a challenge, especially as food can
sometimes harbour contaminants.

Additionally, there are several concerns: a) avoiding
undesirable interactions between the nutraceutical, the
environment and the food matrix components; b) limiting
nutraceutical degradation during processing of food; c)
stabilising the nutraceutical during shelf life; and d) preventing
contamination of the food containing the nutraceutical. As
many bioactivesarefoundonlyintheirnaturalfood source, they
need to be encapsulated before being used in the preparation
of designed functional food. In order to encapsulate an
unstable component, the encapsulation system should take
into account the component’s compatibility for the final food

bacteria

application and the substance’s anticipated health impact.

Establishing the need for microencapsulation before
manufacturing  microencapsulated nutraceuticals  that
give advantages over direct usage and incorporating a
nutraceutical into a food product is of paramount importance.
When administering nutraceuticals in their natural state (i.e.,
unencapsulated), special consideration needs to be given
to the difficulties associated with effectively distributing
and incorporating them into food products. Overcoming
the restrictions in the application of nonencapsulated
nutraceuticals in functional foods is a must in order to
find creative solutions. At certain instances, while using
natural carriers like food components, it may be possible to
encapsulate micronutraceuticals for a specific application.

High levels of omega-3 fatty acids found in certain oils

This ingredient has gained a lot of attention because of its
multiple health benefits. As far as health benefits go, these
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individuals are also more protected from the wide range of
inflammatory conditions [186]. Some types of polyunsaturated
fatty acids, particularly the long-chain polyunsaturated
fatty acids (LCPUFAs) that contain the omega-3 fatty acid,
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA),
are subject to oxidation. Inadequate protection of omega-3
fatty acids from oxygen results in the production of smells
and tastes that are objectionable. To protect the oil from
oxidation, antioxidants may be added to large-volume oils
to help slow down the oxidation process. For this purpose,
antioxidants have been used to help keep high-quality fish
oils in good condition, where they are added to some short-
life products to provide lower amounts of omega-3 LCPUFAs.
To protect them from oxidation, microencapsulation uses
two mechanisms: First, it prevents oxidation in the omega-3
fatty acid component; second, it keeps oxidation out of the
finished food product. This allows omega-3 LCPUFAs to be
utilised in a wider range of dishes [187]. Omega-3 fatty acid
formulations that use several patented ways to encapsulate
them include spray drying emulsions, fluidized bed coating,
extrusion, coacervation, and biopolymer gelation [188].
Stabilised oils-in-water emulsions commonly use proteins or
combinations of proteins and carbohydrates that have been
spray dried into powders. To obtain Maillard reaction products
prior to emulsification, protein-sugar mixtures are heated
until the formation of Maillard reaction products occurs. This
enables oils stabilised by proteins and carbohydrates to be
more resistant to oxidation [189]. Omega-3-rich milk powders
or powdered drinks can be made by combining powdered
omega-3 oils with other powdered ingredients. It is also
possible to include oils into aqueous-based food items like
juices because of the availability of omega-3 fatty acids in both
powder and emulsion forms. Some investigations have found
omega-3 fish oils provided as microencapsulated complex
coacervates to be bioequivalent to soft gel capsules [127].
Two experiments designed to examine human ileostomy
capabilities showed that both microencapsulated fish oils and
fish oil gelatin capsules, whose ingredients included Maillard
reaction products, proved equally effective when blended
with a variety of meals, including orange juice, yoghurt, and
cereal bars. The kinetics of the fish oil microencapsulation in
the gastrointestinal tract was modified too [190].

Fat-soluble bioactives

Additionally, phytosterol, carotenoids, phytostanol and fat-
soluble vitamins such as vitamins A, D, E, and K can be added
to functional foods. The major problems with included dietary
fats in the diet are their sensitivity to oxidation and low water
solubility. They are insoluble in water, which means that they
are unable to be absorbed into the human body. Because
encapsulation technologies (emulsions, microemulsions,
nanoemulsions, solid lipid nanoparticles, and liposomes)
have successfully incorporated these lipids and fat-soluble
bioactives into functional meals, these may be more
bioavailable than previously thought [191,192].

Emerging Trends and Future Perspectives

The technically and economically viable method of
microencapsulating probiotic bacteria and omega-3 fatty
acids is suitable for incorporation into foods. Food and
beverage items must be rigorously tested for their effects on
shelf life and sensory qualities before they can be released to
the market. While omega-3 fatty acids are typically found in
functional foods, probiotic bacteria are rarely included in the
formulas. Because of the significant savings in money and
increased product quality, it is essential to co-encapsulate
numerous substances into a single microcapsule. Unstable
substances, including numerous reagents, have been shown
to benefit from the use of coacervation, which utilises a
complex coacervation.

Finally, given the global demand for prebiotics, probiotics
and nutraceuticals, there has been a concerted effort to meet
that demand over the last decade. Developed nations should
work together to develop a common standard for probiotic,
prebiotic, and nutraceutical manufacturing practises. Because
many prebiotic sources are geographically limited, the quality
manufacturing guideline may help to reduce trade barriers
between countries and continents for prebiotics, probiotics
and nutraceuticals.

Given thatitis widely accepted that a person’s nutritional and
medical requirements alter as they age, the functional food and
nutraceutical sectors may offer products targeted at specific
age groups. (for example, omega-3 fatty acids), immunological
health (for example, probiotics), digestive health (for example,
probiotics, fibre), skeletal and bone health (e.g.vitamin
D3, calcium), the ageing process (for example, resveratrol,
antioxidants) and eye health (for example, zeaxanthin, lutein).
For babies and very young children, products that stimulate
immune health (e.g., probiotics) and brain development (e.g.,
omega-3 fatty acids).

Infant formula is the fastest growing category of functional
foods on the planet, followed by energy drinks and pre- and
probiotic yoghurts. Due to the increased prevalence of dietary
intolerances and health concerns connected with soy and
dairy, nondairy milk substitutes such as rice, hemp nut and
oat milks are predicted to be the fastest-growing functional
beverage category. Functional foods and beverages that
promote general well-being perform best, followed by
those that promote digestive health, weight management,
endurance and energy boost. Among these categories, the
fastest growing occupation is Energy-boosting foods [193].

Due to the potential for synergistic health benefits, foods
containing a combination of nutraceutical ingredients are
fast gaining appeal in the market [194]. This hampers the
evolution of encapsulation technologies and their placement
in functional meals in the future. Advances in nutrigenomics,
combined with a greater understanding of nutrient-gene
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interactions along with the impact of diet and lifestyle on
health and well-being, will spur the industry to formulate more
personalised products for certain demographic segments and
people.

Conclusion

By incorporating nutraceuticals into meals, customers gain
access to a broader variety of healthier food options that can
assist them in meeting some of their health and wellness
goals. Customer trust in functional food items containing
nutraceuticals will rise as a result of evidence-based research,
as will the regulations governing functional foods and
nutraceuticals. These regulations vary by country [195] and
must be taken into account when developing functional foods
for international markets.

Encapsulating a nutraceutical component before adding it
to a food product is a common practise in the food industry.
It is employed to overcome challenges associated with the
addition of nutraceutical components at an acceptable
dosage without impairing the sensory features or storage
stability of the meal. There are numerous encapsulation
methods available, and the method chosen is dictated by the
nutraceutical component’s properties and intended usage.
When food is used as a vehicle for delivery, novel formulation
processes and food shapes have been investigated. Whichever
methodology is used, it is vital to understand the interaction
between the nutraceutical component and the food matrix
during processing. These interactions may have an effect
on the extra nutraceutical component’s bioavailability and
bioefficacy. Additional research is critical for understanding
the interactions of nutraceuticals with complex food matrices
and to emphasise both the health advantages of nutraceutical
products in food and the challenges associated with their
transit from the intestines to the body.
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