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ARTICLE INFO ABSTRACT

Editor name: Dr. Yeonhwa Park Probiotics are live microorganisms that confer health benefits to host organisms when consumed in adequate

amounts and are often incorporated into foods for human consumption. However, this has negative implications

Keywords: on their viability as large numbers of these beneficial bacteria are deactivated when subjected to harsh condi-
Encapsulation tions during processing, storage, and passage through the gastrointestinal tract. To address these issues,
l\jlzz];ilﬁgfs numerous studies on encapsulation techniques to protect probiotics have been conducted. This review focuses on
Emulsions emulsion technology for probiotic encapsulation, with a special focus on Pickering emulsions. Pickering emul-

sions are stabilized by solid particles, which adsorb strongly onto the liquid-liquid interfaces to prevent aggre-
gation. Pickering emulsions have demonstrated enhanced stability, high encapsulation efficiency, and cost-
effectiveness compared to other encapsulation techniques. Additionally, Pickering emulsions are regarded as
safe and biocompatible and utilize natural materials, such as cellulose and chitosan derived from plants, shellfish,
and fungi, which may also be viewed as more acceptable in food systems than common synthetic and natural
molecular surfactants. This article reviews the current status of Pickering emulsion use for probiotic delivery and
explores the potential of this technique for application in other fields, such as livestock farming, pet food, and

Pickering emulsions

aquaculture.

1. Introduction

The term “probiotic” is derived from the Latin word pro meaning
“for,” and the Greek word fiwtikdg, meaning “of or pertaining to life”
(Liddell and Robert, 1889) and can be defined as “live microorganisms
(bacteria and yeast) which, when administered in adequate amounts,
confer a health benefit to the host” (FAO/WHO, 2001). Probiotics were
first associated with maintaining health over a century ago when
Metchnikoff suggested that the consumption of fermented milk products
was responsible for the long life of Bulgarian peasants (Metchnikoff,
1908). Over the decades, evidence pointing to the beneficial effects of
probiotics on human health has continued to expand. The increased use
of antibiotics, radiation, and immunosuppressive treatments has been
linked to changes in the composition of gut flora (Gupta and Garg,
2009). The introduction of beneficial bacterial species into the gastro-
intestinal tract represents a strategy to revive the microbial equilibrium
and prevent disease (Gupta and Garg, 2009). In addition to modulating
gut functionality, probiotics have been associated with boosting im-
munity and brain function, reducing serum cholesterol, suppressing
endogenous and exogenous pathogens, reducing symptoms of lactose
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intolerance, decreasing the prevalence of allergies, and reducing the
risks of certain cancers (Parvez et al., 2006; Kechagia et al., 2013; Rokka
and Rantamaki, 2010). Fig. 1 summarizes several health benefits of
probiotic consumption. The attractive properties of probiotics have led
to an increased interest in the development of probiotic formulations,
including novel functional foods, which can confer significant health
benefits to consumers. The most commonly used probiotics include
strains of the Bifidobacterium and Lactobacillus genera (Vlasova et al.,
2016). Some fungal strains belonging to Saccharomyces have also been
used in probiotic formulations (Ansari et al., 2021). Probiotics are
traditionally added to dairy products, such as cheeses (Sharifi et al.,
2021), yogurts (Afzaal et al., 2019), and milk (Abesinghe et al., 2020),
but recently non-dairy products, such as meats, bread, juices, and
chocolates have also been explored as probiotic delivery matrices (Aspri
et al., 2020). However, despite the growing market for probiotic for-
mulations, maintaining the viability of these products through pro-
cessing, storage, and passage through the gastrointestinal tract remains
a challenge (Rajam and Subramanian, 2022).

Various microencapsulation techniques have been explored in the
food industry as methods to protect probiotics from harsh conditions. In
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particular, Pickering emulsions have emerged as an attractive strategy
for encapsulation, with various reviews published in recent years.
Pickering emulsion stabilization by hybrid nanoparticles (Tavasoli et al.,
2022) and protein nanoparticles (Zhang et al., 2021) has been reviewed,
as well as the potential of Pickering multiple emulsions (Klojdova and
Stathopoulos, 2022) and high internal-phase Pickering emulsions
(Abdullah et al., 2020) in food applications. However, to the best of our
knowledge, no review article focusing on Pickering emulsions for pro-
biotic encapsulation has been reported. Furthermore, probiotic encap-
sulation by emulsification for animal and fish feeds has not been
extensively explored. In this review, probiotic encapsulation by emul-
sification techniques is discussed in detail, with an emphasis on Pick-
ering emulsions and applications for animals.

2. Challenges faced in probiotic delivery

Bacterial viability refers to the ability of a cell to grow and be able to
generate a colony of cells under the required environmental conditions
(Wilkinson, 2018). Sufficiently large amounts of probiotic bacteria must
be able to pass through the gastrointestinal tract (GIT) and colonize the
colon in order to confer health benefits to host organisms. To ensure this,
it is commonly accepted that probiotic products should contain a min-
imum of 10°-107 CFU/mL or CFU/g of viable cells to generate beneficial
health effects (Liu et al., 2018). Often however, the addition of probiotic
cells directly to foods significantly reduces the cell viability, causing it to
drop below the recommended levels and reduces their efficacy. The
composition and distinct physicochemical characteristics of food
matrices, such as osmotic pressure, oxygen levels, pH and food pre-
servatives or additives can adversely affect bacterial cell growth and
metabolism, thus reducing the stability and functionality of the incor-
porated probiotics till the food is consumed (Saarela et al., 2006). Pro-
biotic viability is also impacted during processing, storage, and GIT
transit as summarized in Fig. 2. Although microencapsulation of pro-
biotics aims to address viability issues, it is important to consider all
factors affecting probiotic survival while developing probiotic formu-
lations so that any harmful agents or conditions can be avoided.

2.1. Food processing and storage

Probiotics are exposed to various environmental stresses during food
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production, storage, and transport, causing a loss of viable cells before
they are even ingested. High levels of oxygen exposure and relative
humidity are detrimental to many different probiotic strains (Tripathi
and Giri, 2014). These microorganisms are primarily anaerobic or
microaerophilic, and high oxygen levels during the fermentation process
or storage period can severely compromise their viability (Donaldson
et al., 2015). Oxygen is directly toxic to some strains and may also
oxidize other components such as fats, producing free radicals, which
are toxic to probiotic cells (Korbekandi et al., 2011). Certain cultures
also produce peroxides such as hydrogen peroxide when exposed to
oxygen, which are toxic and cause cell death when accumulated in large
amounts (Talwalkar et al., 2004). The moisture content of probiotic
products can also influence the shelf-life of live bacteria. Exposure to
moisture activates the bacteria and triggers the early onset of degrada-
tion since activation is intended to occur after ingestion by the consumer
(Zhao et al., 2018). Studies have shown that increasing the relative
humidity of the storage environment can increase the rate where
viability is lost (Ying et al., 2010).

Other factors influencing the viability of probiotics include temper-
ature, pH and the presence of food additives. Bacteria present in the
human gut have evolved to survive at human body temperature, and
therefore, are sensitive to elevated temperatures encountered during
food processing steps, such as pasteurization, sterilization, and cooking
(Anal and Singh, 2007). Furthermore, the viability during storage is
reduced at elevated temperatures (Gardiner et al., 2000). Optimal
storage temperatures tend to depend on the strain as well as the presence
of food additives. For Bifidobacteria, Bruno and Shah (2003) found that
viability was maximized when stored at —18 °C, and storage at 20 °C led
to a significant loss of viable cells (Bruno and Shah, 2003). The survival
of probiotics during storage is also impacted by pH (Perricone et al.,
2015), a particular concern when added to beverages such as fruit juices.
Compatibility with other food ingredients also plays a role in probiotic
survival. Commonly used additives such as sugars and aromatic com-
pounds can have drastic effects on the growth and viability of some
probiotic strains (Vinderola et al., 2002).

2.2. Harsh conditions in the GIT

After ingestion, probiotics are exposed to various harsh environ-
mental conditions in the upper GIT, particularly in the stomach and
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Fig. 1. Beneficial health effects of probiotic bacteria on human health. Data from (Markowiak and Slizewska, 2017).
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Fig. 2. Factors affecting the viability of probiotics. Adapted from (Terpou et al., 2019).

small intestine, which further impact their viability. Commonly used
strains such as Lactobacillus and Bifidobacterium have been found to be
particularly sensitive to harsh conditions encountered in the human gut,
such as gastric acids and bile salts, which limit their capacity to improve
human health (Cook et al., 2012). A previous study assessing the
viability of commercial probiotics during GIT transit found that for-
mulations saw a 10%-fold reduction in viable bacterial cells after 5 min of
incubation in gastric fluids (Dodoo et al., 2017). As a result, by the time
they reach the colon, there are insufficient viable cells remaining to
colonize the mucosal surfaces.

Probiotics are generally optimized to survive at pH conditions within
the colon, which is typically around 6 to 7. However, before reaching the
colon, they pass through the stomach, where they are exposed to acidic
gastric fluid, which has a pH ranging from 1 to 3. This environment can
be extremely lethal to probiotics, causing a reduction of the cytoplasmic
pH. The high levels of H' ions causes a decrease in the activity of
glycolytic enzymes and reduces the activity of the F1Fy-ATPase proton
pumps, which are responsible for their survival in acidic environments
(Cotter and Hill, 2003). Additionally, enzyme activity, mechanical
churning, and high ionic strength in the stomach can have adverse ef-
fects on viability (Sarao and Arora, 2017). After passing through the
stomach, probiotic bacteria enter the small intestine, where they
encounter bile acids and digestive enzymes, including lipases, proteases,
and amylases (Han et al., 2021). These conditions can disrupt cell
membranes and cause DNA damage, further reducing probiotic viability
(Hamner et al., 2013). A previous study has shown that the viability of
Lactobacillus was significantly reduced in simulated intestinal fluid (Yao
et al., 2017). Furthermore, once probiotics reach the colon, they must
compete with the bacteria in the colon for nutrients and adhesion sites
(Zmora et al., 2018). Therefore, it is essential that there are enough
viable probiotic cells, as a large number is excreted due to the coloni-
zation resistance.

3. Current strategies for probiotic encapsulation and delivery

Improving probiotic stability and colon-adhesion continues to be a
challenge for commercial probiotic supplements since their viability
may be lowered below the desired levels during manufacturing, storage,
and digestion. Therefore, probiotics must be encapsulated in protective
systems that shield the probiotic cells from external conditions and en-
hances bacterial vitality (Reque and Brandelli, 2021). Encapsulation
may also increase the efficacy of probiotics by controlling their release at
the site of action in the intestine.

Encapsulation is a physicochemical or mechanical technique to
protect one substance within one or more coating materials, with the

1605

produced particles ranging from a few nanometers (nm) to a few milli-
meters (mm) in size (Khosravi Zanjani et al., 2014). Encapsulation
techniques have been designed to protect encapsulated materials from
environmental changes, such as pH, oxygen, heat, or UV radiation.
Encapsulation systems can also be functionalized to mask unpleasant
flavours or odours; impart stimuli-responsiveness; and control targeted,
sustained, and burst release. The encapsulation of probiotics, vitamin C,
insulin, and other active ingredients is an established procedure in the
food industry (Iravani et al., 2015) (Fig. 3).

Various encapsulation techniques, such as spray drying, emulsifica-
tion, extrusion, electrospraying, and freeze-drying, are currently used to
produce probiotic formulations (Rokka and Rantamaki, 2010). The ad-
vantages and disadvantages of each of these techniques are presented in
Table 1. Prior to implementation, it is necessary to select the appropriate
encapsulation strategy based on the probiotic species, as different pro-
biotic species have different levels of sensitivity to environmental con-
ditions (Sipailiené and Petraityte, 2018). However, most reports tend to
favour gentle and non-aggressive operations as well as non-toxic sol-
vents to maintain viability during the encapsulation process.

3.1. Spray drying

Among the various encapsulation processes, spray-drying (Fig. 4A) is
one of the most common methods of microencapsulation used in the
food, chemical, pharmaceutical, and cosmetic industries. This method is
suitable for continuous mass production and for obtaining a uniform
particle size distribution (Pupa et al., 2021). The principle of spray
drying technology is that a polymer solution containing an active ma-
terial, such as a suspension, solution, or emulsion is sprayed into a
drying chamber, and the solvent is rapidly evaporated by the flow of
heated gas and solidified into nano- or micro-sized particles (Pinon--
Balderrama et al., 2020). Tuning the operating conditions and the design
of the equipment are critical to producing a powder with the desired
characteristics and good probiotic viability. Important parameters
include flow pattern, inlet temperature, flow rates, and carrier agent
characteristics. To minimize reduction in probiotic viability, a
co-current flow of sprayed material and heated carrier is preferred as it
ensures the dried particles are exposed to the least amount of heat
(Sehrawat et al., 2022). Despite the benefits of spray drying, the high
temperatures required to facilitate water removal diminish the viability
and activity of probiotics in the final product, which also impacts the
storage stability (Gbassi and Vandamme, 2012).
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Fig. 3. Important applications of microencapsulation. Reproduced from (Iravani et al., 2015; Gomez et al., 2018).

Table 1

Pros and cons of the different encapsulation technologies for probiotics. Adapted from (Mendes and Chronakis, 2021).

Spray-drying Freeze-drying

Extrusion Electrospraying Emulsification

Encapsulation Efficiency
Cell viability
Temperature regularity
Cost

Material flexibility
Scalability

ok

*%: Best; **: Good; *: Fair; -: Worst.

3.2. Freeze-drying

Freeze drying (Fig. 4B) is ideal for dehydrating heat-sensitive sub-
stances since it removes moisture from a frozen solution by sublimation
at reduced pressure. This process is suitable for the long-term preser-
vation of probiotics, which is convenient for the distribution and storage
of probiotic formulations. There are three steps in the freeze-drying
process. (1) Very low temperature (between —70 °C and —80 °C) is
used to freeze the solution. (2) Primary drying is used to partially dry the
solution by reducing pressure, followed by (3) secondary drying, which
removes the remaining water (Yadegari et al., 2017). During these three
steps, the probiotics are exposed to a variety of stress factors, especially
dehydration, which negatively impacts the viability of the probiotics
(Santivarangkna et al., 2011). To address this, cryoprotectants need to
be used to prevent cold damage and increase the probiotics’ surviv-
ability. Sugars, polymers, and proteins are commonly utilized to shield
against freeze-drying and storage conditions (Cui et al., 2018; Shu et al.,
2018; Romyasamit et al., 2021). Additionally, this procedure is
time-consuming and expensive; compared to spray drying, and it
generally costs about six times more to remove 1 kg of water (Barbosa
et al., 2015).

3.3. Extrusion

The extrusion method is known to display excellent probiotic sur-
vival rates of 85-90% in gastric acid and bile conditions compared to
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other methods (Krasaekoopt et al., 2003). The technique avoids high
temperatures during processing, allowing a higher survival rate of pro-
biotics. In the extrusion method, a hydrocolloid material such as algi-
nate, carrageenan, gelatin, or chitosan is typically used as a coating
material. In short, the hydrocolloid solution is mixed with probiotics,
passed through a syringe (lab scale) or extruder (pilot scale), and dis-
charged into a gelling solution containing a multivalent cation (e.g.,
CaCly) to prepare a hard capsule, as depicted in Fig. 4C. This method is
simple, low-cost, and promotes high levels of cell retention. However, it
has been pointed out that the size of the capsules is limited by the
diameter of the nozzle and it is challenging to scale up the process.
Electrospraying, jet cutting, vibrating-nozzle techniques, and spinning
disc atomization are some methods that may be integrated to improve
the scalability and particle size limitations of extruded microcapsules
(Sultana et al., 2022). The resulting gels were also shown to be sensitive
to extreme pH conditions, though multilayer coatings have been
explored to address this issue (Khosravi Zanjani et al., 2014).

3.4. Electrospraying

Electrospraying (Fig. 4D) is a technique used to produce nano- or
microparticles that involves injecting a sufficiently electrically conduc-
tive and viscous polymer solution into a capillary, then applying an
electrostatic force to the solution at the tip of the needle. The electrically
charged droplets are drawn towards a metallic collector via electrstatic
attraction (Phuong Ta et al., 2021). Because of the simple structure of
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Fig. 4. Schematic representations of probiotic encapsulation technologies. A) Spray drying. Reproduced from (Rajam and Subramanian, 2022), B) Freeze-drying.
Reproduced from (Bodzen et al., 2020), C) Extrusion. Reproduced from (Gurram et al., 2021), D) Electrospraying. Reproduced from (Mendes and Chronakis,

2021), and E) Emulsification. Reproduced from (Camelo-Silva et al., 2022).

the device, electrospraying is straightforward to operate under moderate
conditions and can generate particles with a monodisperse distribution
(Premjit and Mitra, 2021). Research is now being conducted to produce
drug and probiotic-containing particles using electrospraying since it
does not require high temperatures, pressures, or harsh chemical con-
ditions (Zaeim et al., 2018). In a recent study, Lactobacillus Plantarum
was encapsulated within alginate particles and coated with chitosan via
electrospraying. The fabricated particles demonstrated good mucosal
retention, which allowed the probiotics to remain longer in the digestive
tract and interact with the microbiome (Phuong Ta et al., 2021). How-
ever, electrospraying may produce small quantities of particles, and
occasionally cross-linking chemicals are required. Furthermore, the
solvent in which the polymer is dissolved is not entirely removed, which
may result in improper particle formation (Tapia-Hernandez et al.,
2015).

3.5. Emulsification

An emulsion is an example of a colloidal system with at least two
immiscible liquids, such as oil and water, with one dispersing in the
other (Chappat, 1994). Emulsions can be utilized to encapsulate pro-
biotic cells, as shown in Fig. 4E. The two types of simple emulsions
commonly used are (a) oil-in-water (O/W) and (b) water-in-oil (W/O)
(Bai et al., 2017). Emulsions can be produced through physical (me-
chanical) and chemical processes (interfacial chemistry) (Karbstein and
Schubert, 1995; Zafeiri et al., 2017). Chemical methods are dependent
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on the hydrophilic-hydrophobic balance (HLB) value of the emulsifier
and the concentration of the emulsifier (Dominguez and Abreu, 2016).
Physical methods utilize an emulsifying device with high shear or
high-pressure capabilities. A homogenizing mixer, such as a high-speed
or ultrasonic homogenizer, is used to prepare small particles, while a
microfluidizer can be used to produce nano- and microemulsions. Often,
a combination of physical and chemical methods are used to prepare
these emulsions.

When a W/0 emulsion is emulsified in water, a W/O/W emulsion
can be produced (Fig. 6A). The term “multiple emulsion” or “double
emulsion” is widely used to refer to this type of emulsion. A W/O/W
emulsion can typically be produced in two steps. First, a stable W/O
emulsion is prepared under high shear, which is then re-dispersed in an
aqueous solution containing a hydrophilic emulsifier under lower shear
conditions. When a high shear is applied in the second step, coalescence
can occur due to the collision of water droplets and the rupture of the oil
phase (Dominguez and Abreu, 2016).

The types of emulsion systems used in probiotic encapsulation can be
broadly divided into two categories based on the stabilizing surfactants
used. There are conventional emulsions stabilized with molecular (or
conventional) surfactants and particle-stabilized Pickering emulsions,
which will be reviewed in Section 3.4. Various conventional surfactants
have been used to encapsulate probiotics for oral delivery in combina-
tion with other novel approaches such as nanogels and structured
emulsion gels. For instance, Ding et al. (2022) generated W/O/W
emulsions with the inner aqueous phase loaded with probiotic cells and
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various protectant compounds. The oil phase consisted of soybean oil
and polyglycerol polyricinoleate (PGPR), a common food-safe molecular
surfactant, stabilizing both the W;/0 and O/W, interfaces (Ding et al.,
2022; Wu et al., 2021a). The outer aqueous phase was additionally
stabilized by a nanogel matrix of carboxymethyl konjac
glucomannan-chitosan (CMKGM-CS), allowing for reduced droplet
diameter and higher emulsified phase volume. The nanogel W/O/W
emulsions were additionally encapsulated in alginate hydrogel beads,
further improving protection, and providing a controlled release
mechanism at the target site through pH-responsive behavior. In another
set of studies, monoglyceride emulsion gels were investigated in the
stabilization of O/W emulsions for food systems where these types of
emulsions occur (Melchior et al., 2021, 2022; Marino et al., 2017).
Contrary to W/0O and W/O/W emulsions that are widely reported in the
literature, the probiotic cells were present in the continuous phase,
where they are more vulnerable to processing and digestive stresses.
Despite this, gel complexes formed by oil emulsion droplets, crystalline
monoglyceride lamellae, and milk proteins formed a dense structure
protecting the probiotic cells under processing, storage, and gastric
conditions.

A review of conventional emulsification techniques for probiotic
encapsulation in papers published prior to January 2021 by Camelo-
Silva et al. describes the state of the field and the established emulsifi-
cation methods commonly used (Camelo-Silva et al., 2022). It also
highlights two emerging technologies for future consideration; mem-
brane and microfluidic emulsification. Membrane emulsification in-
volves the introduction of the dispersed phase of the target emulsion into
the continuous phase through a porous membrane. Each pore can pro-
duce separate micro- or nanosized droplets, resulting in highly mono-
disperse emulsions through a relatively high throughput continuous
process when the membrane and process conditions can be precisely
controlled (Camelo-Silva et al., 2022). As of June 2022, no additional
papers using the membrane emulsification process for probiotic emul-
sification have been published.

Microfluidic emulsification uses the intersection of microchannels in
various configurations to generate droplets of the dispersed phase in a
continuous phase. Common configurations include the T-junction, flow-
focusing, and co-flow geometries (Shembekar et al., 2016). Recently,
Quintana et al. (2021a,b) investigated the application of flow-focusing
microfluidic chips in the generation of lecithin stabilized W/O emul-
sions for the encapsulation of the probiotic Lactobacillus plantarum
CIDCA 83114 in okara oil, a soy by-product (Quintana et al., 2021;
Quintana et al., 2021). Okara oil, a soy byproduct, was used as the
continuous phase and a block copolymer containing poly(acrylic acid),
poly(ethylene oxide), and poly(propylene oxide) (PPP12) with a
demonstrated resistance to gastrointestinal decomposition was used in
the dispersed phase. They found that the microfluidic method could be
used to reliably generate a steady flow of uniform spherical emulsion
droplets, and that larger diameter microchannels were advantageous
due to fewer issues with flow obstruction and greater flow rates.

3.6. Pickering emulsions

Pickering emulsions have recently emerged as an excellent strategy
to stabilize emulsion systems. Unlike conventional emulsions, Pickering
emulsions are attractive in food research since they are free of low
molecular weight surfactants and the irreversible adsorption of solid
particles at the oil-water interface can produce safe, stable, and envi-
ronmentally friendly systems (Baek et al., 2019). Compared to conven-
tional surfactant-stabilized emulsions, Pickering emulsions exhibit
enhanced stability and lower toxicity (when biocompatible, food-grade
particles are used) (Anjali and Basavaraj, 2018).

Pickering emulsions are stabilized by adsorbing nano- or micro-sized
solid particles at the oil-water interface to prevent coalescence of the
emulsion droplets. The large interfacial adsorption energies of Pickering
emulsifiers allow for irreversible adsorption, unlike conventional
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emulsifiers (Fujisawa et al., 2017). The particles must have a contact
angle which is measured at a three-phase boundary (0) that has sulffi-
cient interface adsorption capacities (Chen et al., 2020) and are selected
by emulsion types (Gonzalez Ortiz et al., 2020) (Fig. 5). Hydrophilic
particles have a contact angle, measured at the water side of the inter-
face, smaller than 90° and a large part of the particle surface is present
on the aqueous phase. On the other hand, the lipophilic particles have a
contact angle greater than 90°, and a large part of the particle surface is
present on the oil phase (Rayner et al., 2014). Therefore, hydrophilic
particles tend to form an O/W emulsion, and lipophilic particles tend to
form a W/O emulsion. A solid particle with a contact angle close to 90°
forms the most stable emulsion with the highest irreversible adsorption
at the interface between water and oil.

When spherical particles are adsorbed at the interface of two fluids
(e.g., oil (4Ep) and water (AE)) the attachment energy can be
described by the equations below.

AEpy = — nry,, (1 —cos 6,.)’ ¢))

AE;p= — nr*y,,(1 + cos 6,) @

The energy of adsorption E represents the energy required to remove
a particle of radius r from an oil and water interface with an interfacial
tension y,y,. Equations (1) and (2) describe the adsorption energy to the
interface when the particles exist in the water or oil phase in the initial
state, respectively. The wettability of particles at the fluid interface can
be characterized by the three-phase contact angle (6.) at the three-phase
(particle-oil-water) interface. For example, when a neutrally wetting (6,
= 90°) particle with a radius of 1 mm is adsorbed at the oil-water
interface, its energy is approximately 108 kgT, which corresponds to a
very large energy barrier. Here, kpT is the thermal energy of one particle,
kg is the Boltzmann’s constant, and T is the temperature. The adsorption
energy indicates that the particles adsorbed to the interface are irre-
versible, and the particles cannot be spontaneously desorbed from the
interface unless a significant amount of energy is supplied (Binks and
Fletcher, 2001; Binks, 2002).

The Pickering emulsion system can be used to encapsulate probiotics
to enhance bacterial survivability in liquid form. For instance, Wang
et al. (2020) developed a Pickering double emulsion (PDE) of the
W1/0/Wj, type for the purpose of encapsulating Lactobacillus acidophilus
for targeted delivery to the colon (Wang et al., 2020). The unique
structure of these emulsions makes them attractive for food applications
as they can be tuned to possess triggered release as well as flavour
masking. The author improved on the previous approach of a double
emulsion stabilized with a pair of low-molecular surfactants, which is
not stable against droplet coalescence or aggregation, to demonstrate
outstanding stability with the exterior interface layer comprising bac-
teria cellulose (BC) nanoparticles. The double emulsion was composed
of sodium alginate with CaCl; (W), soybean oil containing polyglycerol
polyricinoleate (O), and bacteria cellulose solution (W5). Confocal laser
scanning microscopy was used to investigate the microstructure of the
PDE that had the greatest stability after 14 days of storage at 4 °C
(Fig. 6B). Under simulated gastrointestinal conditions, around 84.24%
of encapsulated cells remained alive while free cells exhibited greater
loss of viability, owing to their poor tolerance to low pH conditions. In
addition, they found that the colon-adhesion efficacy of
probiotics-loaded Pickering emulsions after GIT transit was 43.27%,
which was three times higher than unencapsulated probiotic cells. This
is most likely the result of the presence of micelles and sodium alginate,
which improve the rate of adherence of probiotics in the colon. In
another study, Eslami et al. (2017) conducted a comprehensive inves-
tigation on multiple emulsion formation and stabilization using
B-cyclodextrin ($-CD) inclusion complexes for Lactobacillus dellbrueckii
(Eslami et al., 2017). The multiple emulsion (W;/0/Wy) is composed of
the primary emulsion (W;/0), which has a probiotic containing an
aqueous phase and oil with span-80, which is introduced to the outer
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aqeous B-CD or Tween-80 solution (Fig. 6C). The authors discovered that
f-CD was more effective than Tween 80 surfactant at stabilizing mi-
croorganisms. Even though Tween-80 stabilized double emulsions with
long-term stability, the high survival of cells using -CD demonstrated
that solid particles adsorbed at the oil-water interface were a good op-
tion for probiotic encapsulation. Rattanaburi et al. (2019) prepared
Pickering emulsions stabilized by hydroxypropyl methylcellulose
(HPMC) as a typical anionic polymer with chitosan and Lactococcus lactis
I0-1 (L. lactis IO-1), as shown in Fig. 6D. (Rattanaburi et al., 2019). The
Pickering emulsions possessed the health benefits of chitosan with the
antibacterial activity of bacteriocin, which was generated by L. lactis.
The self-association of positively charged chitosan with negatively
charged cells of the L. lactis altered the surface properties of the bacteria,
allowing it to be used as a soft hydrophobic material suited for Pickering
emulsification. The network of lactic acid and chitosan did not reduce
the interfacial tension but was adsorbed at the oil-water interface.
Hydroxypropyl cellulose was able to aid in the stability of the emulsion
by filling the gaps between the chitosan and lactic acid bacteria network
present at the oil interface, and acted as an effective steric barrier at the
oil-water interface (Rattanaburi et al., 2019). Recent research has
demonstrated that Lactobacillus plantarum was successfully encapsulated
using whey protein isolate (WPI)/(—)-epigallocatechin-3-gallate (EGCG)
covalent conjugate nanoparticles as an emulsifier within the Pickering
high internal phase emulsions to enhance its durability at storage and
gastrointestinal conditions. The term “high internal phase emulsions,”
or “HIPEs,” refers to emulsions that have a highly viscous or gel-like
network, and are typically formed by a minimal oil fraction (¢) of
0.74 (Fig. 6E). These emulsions have been utilized for purposes
including the protection of bioactive substances, the delivery of drugs,
and the creation of porous polymer materials. In the study, WPI-EGCG
covalent conjugates were formed into nanoparticles with amphiphilic
wettability (53.0°) using a free-radical induction procedure at a pH of 9
(Fig. 6F). These nanoparticles had an average size of 814 nm and could
effectively stabilize Pickering emulsions. Additionally, they had an
inhibitory influence on digestive enzymes and improved their antioxi-
dant properties, which resulted in a slight reduction of probiotic activity
compared to free probiotics in the stomach and colon (Qin et al., 2021).

Table 2
Summary of probiotic microencapsulation using Pickering emulsions and the
Pickering emulsifiers used.

Emulsion Probiotic Identity Pickering Emulsifier Reference
Type
o/wW None tested WPI-phytosterol Zhou et al.
nanoparticles (2022)
Lactobacillus casei Phytoglycogen Wang & Chen
K17 nanoparticles (2021)
Lactobacillus lactis HPMC-chitosan-L. lactis Rattanaburi
10-1 conjugate et al. (2019)
O/W HIPE Lactobacillus WPI-EGCG Qin et al.
plantarum (2021)
Lactobacillus p-lactoglobulin-propylene Su et al. (2021)
rhamnosus GG glycol alginate composite
nanoparticles
Ww/0 Saccharomyces Amidine latex particles Hamad (2012)
cerevisiae
Ww/0" None tested Butyl methacrylate Sabatini et al.
derivatives (2021)
Foam Lactobacillus Chitosan coated L. (Yucel Falco
acidophilus acidophilus et al., 2017)
W/0/W Lactobacillus BC Nanoparticle Wang et al.
acidophilus (2020)
Lactobacillus p-cyclodextrin Eslami et al.
delbrueckii (2017)
Lactobacillus Sugar beet pectin Zhang et al.
salivarius NRRL B- (2016)

30514

# W/O Pickering emulsion used as an intermediate synthesis state for the
production of polymer microcapsules.
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A summary of recent work using Pickering emulsions for the encapsu-
lation of probiotics in food applications is summarized in Table 2.

An important factor to consider when discussing the benefits of
utilizing Pickering emulsions for probiotic encapsulation is the
improved oxygen resistance. For the avoidance of oxygen (O3) diffusion
and migration, Pickering emulsion particle-based film creation for food
has been advanced in recent years. Typically, the majority of food
oxidation events including lipid oxidation are caused by the presence of
O, and are associated with unpleasant tastes, nutrient loss, rancidity,
and deterioration (Trinh et al., 2022). Edible coatings are intended to
have limited moisture and oxygen permeability, preserve or improve
visual quality, and give mechanical rigidity for food applications. For
instance, the incorporation of polylactic acid (PLA) (Zhu et al., 2018);
ZnO nanoparticle (Wu et al., 2021b); sodium starch octenyl succinate
(SSOS) (Sun et al., 2020); zein/chitosan colloidal particle (ZCCPEs) (Shi
et al., 2016); and konjac glucomannan (KGM) (Liu et al., 2021) based
Pickering emulsion bi- or multi-layer films have been developed and
studied. A dense and rigid solid particles-based network was observed to
partition to the interface of the droplet in the Pickering emulsion. The
distinctive interfacial structure may perform as a natural barrier to O,
hence decreasing oxygen permeability.

Additionally, there is strong evidence that the liquid-liquid interfa-
cial zone plays a very important role in oxidative stability of multiphase
systems (Berton-Carabin et al., 2014). In their review of the stabilization
of lipids in O/W emulsions by emulsifiers, Berton-Carabin et al. (2014)
suggested that more controlled studies are necessary to derive the
necessary conclusions due to the complexity of the process. However,
studies suggested that both conventional and Pickering emulsifiers
played a role in the inhibition of lipid oxidation. Antioxidants are
another effective tool for reducing oxidation in emulsions and Laguerre
et al. (2015) indicated that the location of the antioxidants in the
multiphase system played an important role in their efficacy. Especially,
antioxidant activity appeared to increase when located at the interfaces,
hence the adsorption of antioxidant-modified Pickering emulsifiers to
interfaces could be an effective solution (Laguerre et al., 2015).

4. Encapsulated probiotics for various applications

Previous sections focus on the encapsulation of probiotics for human
applications. However, the beneficial effects of probiotics are not
restricted to humans. Probiotic bacteria have also been shown to
enhance the health of animal pets, livestock, and farmed fish, prompting
research on novel encapsulation techniques for application in these
fields. This section reviews the current status of encapsulated probiotics
for farmed animals, pets, and fish, highlighting recent publications
which have focused on emulsification technology.

4.1. Farmed animals and pets

Probiotics play an important role in the health of domesticated an-
imals, and have found their way into livestock, poultry and pet feed. The
use of probiotics in poultry and livestock has had positive impacts on
growth performance, feed utilization, disease resistance, and immu-
nostimulation (Gopal and Dhanasekaran, 2021). Similarly, for pets such
as cats and dogs, probiotics have been associated with reduced stress,
immune system modulation, and protection against infections caused by
intestinal pathogens (Lee et al., 2022). However, issues pertaining to loss
of viability due to storage conditions and GIT transit apply to animal
probiotic formulations too, prompting researchers to investigate the
potential of microencapsulation techniques in these fields as well. Re-
searchers have explored the use of spray drying (Pupa et al., 2021) and
extrusion techniques (Atia et al., 2018) to encapsulate probiotics for
application in poultry and livestock feeds. Pupa et al. (2021) developed
a double-encapsulated coating using 1.5% alginate and 0.5% chitosan
by extrusion, emulsion, and spray-drying methods for the encapsulation
of Lactobacillus plantarum strains 31F, 25F, 22F, Pediococcus pentosaceus
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77F, and P. acidilactici 72N (Pupa et al., 2021). They found that all three
methods resulted in high encapsulation efficiencies, and spray dried
particles had the smallest diameter, which enabled easy mixing with
livestock feed. The encapsulated probiotics were stable after 6 months
storage at room temperature and retained their acid-bile tolerance and
antibacterial capabilities. Atia et al. (2018) developed a probiotic for-
mula consisting of alginate and inulin beads for potential application as
growth promoters for swine (Atia et al., 2018). Pediococcus acidilactici
ULS5, Lactobacillus reuteri, and Lactobacillus salivarius were encapsulated
to study the release and behaviour through the GIT using in vitro models.
Scanning electron and fluorescence microscopic results showed that
beads containing 5% inulin were the most stable in the stomach and
small intestine. The beads were degraded in 3 h when incubated in
fermented media designed to mimic the colon. Therefore, this study
showed how alginate-inulin beads protected the probiotics in the upper
GIT and exhibited controlled release in the colon.

Although, there is limited literature available on applications in pet
feed, an interesting study by Baroncello et al. (2020) demonstrated the
potential for encapsulated probiotics in this field. Saccharomyces bou-
lardii was encapsulated in sodium alginate microcapsules coated with
chitosan using an extrusion technique (Baroncello et al., 2020). The
microcapsules were incorporated into a meat snack for cats and dogs.
Results of the study showed that the snack had a 120-day shelf life and
an acceptability index of 77.8%, with beneficial effects when added to
pet snacks with high levels of protein.

In recent years, there have also been publications utilizing emulsions
and Pickering emulsions for these applications. Kitching et al. (2019)
developed paraffin-based emulsions to encapsulate Lactococcus lactis
DP(C3147 to treat bovine mastitis in cows (Kitching et al., 2019). Results
showed that the encapsulated probiotics had similar efficacy to com-
mercial antibiotics, with a robust immune response against bovine
mastitis pathogens being triggered by the administration of L. lactis
DPC3147 (Fig. 7A). Additionally, L. lactis cells were cleared from treated
cows’ milk within 5 days (Fig. 7B), reducing the amount of milk with-
held from the market due to treatment. Wang and Chen (2021) inves-
tigated the effects of adding 10% Pickering emulsions to novel
nano-protectants for Lactobacillus casei K17 (Wang and Chen, 2021).
The morphologies of the different protectants were compared and
shown in Fig. 7C, where it is evident that protectants containing Pick-
ering emulsion (IV) produced a denser covering layer. The formulation
containing Pickering emulsions was most effective at protecting pro-
biotics during feed storage, freeze-drying, and in simulated GIT
environments.
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4.2. Aquatic animals

The declining productivity of the fish farming industry coupled with
increasing environmental damage caused by aquaculture practices has
prompted the use of probiotics in aquatic organisms. Probiotics have
promoted sustainable aquaculture by acting as growth promoters,
increasing resistance to certain diseases, enhancing immune response in
fish, and improving water quality (Mondal et al., 2022). Furthermore,
studies have found that probiotics can improve the digestion of other
nutrients, increase stress tolerance, and encourage reproduction in
aquatic animals (Martinez Cruz et al., 2012).

However, simple incorporation of probiotics in fish feeds leads to
high losses in viability prior to reaching their target, thus reducing the
benefits to fish health. Various encapsulation techniques have been
explored to protect probiotics from harsh conditions and maintain their
viability. One of the first studies assessing the usefulness of encapsula-
tion techniques in fish feed was conducted by Rosas-Ledesma et al.
(2012). The authors stressed the importance of probiotic survival under
stressful conditions, such as low water content, which is frequently the
case with animal feeds (Rosas-Ledesma et al., 2012). Calcium alginate
beads were prepared for the encapsulation of Shewanella putrefaciens
Pdpl1 using various concentrations of alginate and calcium chloride.
The results from this study showed that the percentage of encapsulated
cells was above 80%, with the lowest efficiency rates corresponding to
higher calcium availability. However, the capsules had to be stored at
4 °C in order to achieve 90% survival over a month. At 22 °C, a 40% loss
in viability was observed over 30 days. The study further demonstrated
that the encapsulated probiotics could survive through the GIT of sole
fish (Rosas-Ledesma et al., 2012).

Additionally, there have been a few studies on emulsification as an
encapsulation technique for aquaculture applications. Ghosh et al.
(2016) prepared water-in-oil emulsions consisting of alginate, calcium
chloride, and canola oil to encapsulate Enterobacter sp. (Fig. 8A) and
tested them with rainbow trout. Results showed that the cumulative
mortality was lower for fish fed with encapsulated probiotics compared
to free probiotics (Ghosh et al., 2016). Recently, a study conducted by
Vega-Carranza et al. (2021) utilized emulsion technology to encapsulate
Bacillus licheniformis, a marine probiotic, in alginate microparticles and
evaluated its controlled and targeted release within a simulated shrimp
digestive tract (Vega-Carranza et al., 2021). The synthesized alginate
microparticles were capable of carrying, protecting, and delivering a
viable number of probiotics (51.29%) to the shrimp’s intestine. In
addition to protecting probiotics from harsh conditions, encapsulation
promotes controlled release of the bacteria at its target. Masoomi Dez-
fooli et al. (2021) demonstrated the ability of chitosan-coated alginate
microparticles (Fig. 8B-D, prepared by emulsification) to protect

Fig. 7. A) Quantification of IL-8 concentrations in
milk samples from cows with bovine mastitis over
time after treatment with L. lactis encapsulated in
paraffin-based emulsion and commercial antibiotic,
IL-8 is used as a biomarker for immune response.
Reproduced from (Kitching et al., 2019). B) Clearance
of L. lactis from milk samples occurs quickly, with no
culturable cells remaining after 5 days from treat-
ment. Reproduced from (Kitching et al., 2019). C)
Scanning electron micrographs of L. casei, (I) without
protectant, (II),(III) with protectant not containing
Pickering emulsions, and (IV) protectant containing
10% Pickering emulsions. Reproduced from (Wang
and Chen, 2021).
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A

Exiguobacterium from sea water (Fig. 9A) and simulated gastric media
(Fig. 9B), and release them in simulated intestinal fluids of black-footed
abalone fish. The bacteria were released slowly over 24 h, and the cu-
mulative release was always higher in intestinal fluid, suggesting that
these microparticles could be used as a controlled release system for
delivering viable probiotic bacteria to the GIT of abalone (Masoomi
Dezfooli et al., 2021).

5. Conclusions and future perspective

The encapsulation of probiotics using Pickering emulsions is an
attractive approach to enhance the viability of living organisms. Pick-
ering emulsions offer a safer and environmentally friendly alternative to
current encapsulation techniques, with comparable or improved success
in maintaining probiotic viability during delivery. Some important ad-
vances in emulsification techniques, including the development of
multiple emulsions and high internal phase emulsions, were high-
lighted, which can also be stabilized by solid particles. These technol-
ogies can play an important role in the development of novel functional
foods. However, it remains to be seen whether these lab-tested tech-
nologies can be translated to large-scale commercial production.
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Fig. 8. A) SEM image of Enterobacter-loaded alginate
beads, inclusions of Enterobacter specimens on the
surface are indicated. Adapted from (Ghosh et al.,
2016). B) Fluorescence micrograph of stained Exi-
guobacterium loaded chitosan-coated alginate micro-
capsules under 100x magnification. Adapted from
(Masoomi Dezfooli et al., 2021). C, D) SEM images of
Exiguobacterium loaded chitosan-coated alginate mi-
crocapsules, Exiguobaterium inclusions indicated in D.
Adapted from (Masoomi Dezfooli et al., 2021).

Additionally, further in vivo study is required to provide information on
safety and efficacy.

While there has been significant advancement in the field of func-
tional foods, there is very limited literature available on the use of
Pickering emulsions for probiotic encapsulation in aquaculture and
farming. Pickering emulsions have been previously applied to encap-
sulate essential oils as well as oral vaccines for delivery to fish. Applying
this technique for probiotic encapsulation could further enhance the
health of farmed fish as well as livestock. Pickering emulsions offer a
greener alternative to current technologies along with higher protection
of bacterial cells, thus promoting more productive and sustainable
farming practices. The research in this field thus far shows that it is a
promising technique worth further exploration.
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