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Abstract: Probiotics have demonstrated their high potential to treat and/or prevent various
diseases including neurodegenerative disorders, cancers, cardiovascular diseases, and inflam-
matory diseases. Probiotics are also effective against multidrug-resistant pathogens and help
maintain a balanced gut microbiota ecosystem. Accordingly, the global market of probiotics
is growing rapidly, and research efforts to develop probiotics into therapeutic adjuvants are
gaining momentum. However, because probiotics are living microorganisms, many biologi-
cal and biopharmaceutical barriers limit their clinical application. Probiotics may lose their
activity in the harsh gastric conditions of the stomach or in the presence of bile salts.
Moreover, they easily lose their viability under thermal or oxidative stress during their
preparation and storage. Therefore, stable formulations of probiotics are required to over-
come the various physicochemical, biopharmaceutical, and biological barriers and to max-
imize their therapeutic effectiveness and clinical applicability. This review provides an
overview of the pharmaceutical applications of probiotics and covers recent formulation
approaches to optimize the delivery of probiotics with particular emphasis on various dosage
forms and formulation technologies.
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Introduction

Gut microbiota and its composition affect the various physiological processes
essential for human health. Thus, disruption in human microbiome (dysbiosis) is
associated with many pathological disorders, and the restoration of the intestinal
microbiota composition is important to prevent further complications.' > The qua-
litative and quantitative compositions of gut microbiota can be altered by various
factors including disease states, physical activity, antibiotic therapy and dietary
habits.> Various strategies have been developed to maintain the balanced gut
microbiome and promote human health, including oral delivery of prebiotics,
probiotics, synbiotics, and postbiotics. Among them, probiotics maintain
a balanced gut microbiota ecosystem, replenishing the natural gastrointestinal
microflora. In addition, since probiotics exhibit a diverse range of biological
functions, they are a promising therapeutic adjuvant for the treatment and/or
prevention of various diseases including neurodegenerative disorders, cancers,
osteoporosis, cardiovascular diseases, and inflammatory diseases.* In recent years,
probiotics-based drug delivery systems also gain a great attention since they
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provide additional benefits including the inhibition of cel-
lular adhesion and invasion of pathogenic organisms, anti-
microbial activity, and modulation of host immune
response.”® Particularly, they may be an economical and
robust way to deliver macromolecules such as recombi-
nant proteins, cytokines, and enzymes.” Therefore, probio-
tics can not only be used as effective therapeutic adjuvants
but also as drug delivery carriers.® Accordingly, the global
market of probiotics has expanded continuously and is
expected to reach 77.09 billion USD by 2025.% With the
increased interest in the clinical application of probiotics,
the Food and Drug Administration (FDA) has defined
a new “live biotherapeutic products (LBP)” category, to
regulatory  status
expectations.”'® Probiotics can be regulated differently

clarify the and pharmaceutical
depending on their intended use (dietary supplement or
drug). While dietary supplements do not require the
approval by FDA, probiotics as LBP that are intended
for use in prevention, treatment, or cure of diseases should
undergo the regulatory process similar to that of any new
therapeutic agent. Regulatory issues on the probiotics are
reviewed in details elsewhere.”'”

The identification and characterization of therapeutic
strains and elucidation of underlying mechanisms of action
are hurdle in the development of effective therapeutic
probiotics. Furthermore, as probiotics are living microor-
ganisms, they are easily destabilized during their prepara-
tion, storage, and in vivo application. Probiotics may lose
their activity in the harsh gastric conditions of the stomach
or in the presence of bile salts. In addition, various physi-
cochemical and environmental factors during manufacture
and storage of probiotics make them nonviable. Therefore,
stable formulations of probiotics are required to overcome
the various pharmaceutical and biological barriers, max-
imizing their therapeutic effectiveness and clinical applic-
ability. Various formulation approaches have been adopted
to resolve the instability issues of probiotics. Particularly,
oral formulations are predominant in current market owing
to their advantages including ease of self-medication, low
risk of infection, cost-effectiveness, and high patient com-
pliance. Other routes of administration such as nasal,
transdermal, vaginal, and rectal administration have been
also actively pursued to optimize the therapeutic effective-
ness of probiotics, offering alternative platforms for the
probiotics delivery. Since each route of administration has
its own biological barriers and limitations, formulation
strategies should vary depending on the route of adminis-
tration and more details are discussed in Formulations for

the Effective Delivery of Probiotics. Advancements in

formulation techniques including micro-/nano-
encapsulation facilitate the development of more elabo-
rated formulations with controlled particle size and surface
modification, improving the viability and target selectivity
of probiotics. Selected examples of recent formulation
technologies available for probiotics are covered in
Microencapsulation Technology for Probiotics and
Nanotechnology for probiotics.

This review provides an overview of the pharmaceuti-
cal applications of probiotics. It covers the barriers limit-
ing the clinical application of therapeutic probiotics and
recent formulation approaches to optimize the delivery of
probiotics with particular emphasis on various dosage

forms and formulation technologies.

Limitations in the Pharmaceutical
Application of Probiotics

Before formulation development, it is critical to under-
stand various physicochemical and biological factors that
affect the stability and in vivo performance of probiotics.
These factors greatly impact the viability of probiotics
under environmental stress (oxidation, reduction, humid-
ity, temperature, pH change), stability in biological fluids,

and 11,12

susceptibility to enzymatic degradation.
Therefore, this review provides a brief overview of some
of the major factors to be considered in the formulation
development for probiotics. However, given that bacteria
have also multiple defense mechanisms to counteract
intracellular damage and to cope with harmful external
environments, the biological and pharmaceutical barriers
should be considered in conjunction with various defense
mechanisms that aid the survival of probiotics during

exposure to various stress conditions."?

Biological Factors

After oral administration, probiotics are exposed to the
harsh environment of the gastrointestinal (GI) tract, parti-
cularly the stomach and the upper intestine. The highly
acidic gastric fluids (pH 1-3) and the gastric emptying
time of about 2 h significantly reduce the viability of
probiotics in the stomach.'* The highly acidic gastric pH
decreases the cytoplasmic pH and glycolytic enzyme
activity of probiotics, affecting the F1Fo-ATPase proton
pump that is responsible for the survival of probiotics
Thus,
a critical factor and desirable attribute of oral probiotic

under acidic conditions."? acid resistance is
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delivery systems. High ionic strength, enzyme activity
(pepsin), and gastric motility can also reduce the viability
of probiotics."”

Bile acids and other digestive enzymes including
lipases, proteases, and amylases in the small intestine
also affect the viability of probiotics. The increased secre-
tion of bile acids in the small intestine, particularly
because of the intake of high-fat meals, may create an
unfavorable environment for many probiotics. While bile
acids facilitate the digestion and absorption of ingested
lipids, they exhibit antimicrobial properties by acting as
biological detergents that disrupt cell membranes and
damage DNA.'® Therefore, an increase in bile acid secre-
tion may decrease the viability of probiotics in the small
intestine. Similarly, proteolytic enzymes including trypsin
and chymotrypsin can cause lysis of some bacterial strains
and inhibit their growth.'”

Although oral administration is the most preferred
route of administration for probiotics, the significant
instability of probiotics in the GI tract requires formula-
tions for an alternative route of administration.
Accordingly, in recent years, formulations bypassing the
GI tract have been actively pursued. However, each route
of administration has its own limitations. For example, the
efficacy of probiotics after vaginal administration can be
affected by cervical mucus and the variations in the vagi-
nal microenvironment including the thickness of the vagi-
nal mucosa and properties of the vaginal fluid.'® Likewise,
the intranasal delivery of probiotics is affected by various
factors such as rapid mucociliary clearance, short retention
time, small surface area, and enzymatic degradation.'®°
In addition, the colonization of probiotic strains on the
respiratory epithelium can be affected by the presence of
the nasal microbial community.>' Therefore, the formula-
tion strategy for the effective delivery of probiotics should
vary depending on the biological barriers encountered with
each route of administration. This topic has been discussed
more in Formulations for the Effective Delivery of
Probiotics.

Pharmaceutical Factors

During manufacturing and storage, probiotics can be
exposed to various stress conditions affecting their stabi-
lity. The main stressors destabilizing probiotics include
heat, oxygen level, mechanical force, osmotic shock, and
pH changes. For example, the commonly used process
such as spray drying often induce thermal stress and the
elevated temperature may denature the proteins and cause

cell damage in probiotics.'? The drying process can lead to
osmotic shock by increasing intracellular osmolarity,
which can cause physiological changes in the outer cellu-
lar membrane.'? Freezing and thawing processes also
affect the viability of probiotics.”> The mechanical stress
imposed by the formation of ice crystals in the media or
inside the cells can damage the cell membranes of probio-
tics during freezing, whereas osmotic stress may further
reduce the viability of probiotics during thawing.??

Under the hypo- or hypertonic conditions, osmotic
shock affects cell viability. Particularly, low osmotic pres-
sure increases the internal pressure of cells due to water
absorption, resulting in cell lysis.*® Probiotic bacteria also
encounter mechanical stress during the formulation pro-
cess. The compression force during tableting damages the
bacterial cell wall and other bio-active components, redu-
cing the survival rate of probiotics.”* Shearing force
induced by inter-particulate movement also affects the
survival rate of probiotic cells.”® Similarly, oxidative stress
affects the survival of probiotics during manufacture and
storage. While oxygen itself is not harmful, the reactive
oxygen species, generated by its partial reduction to water,
can damage the proteins, lipids, and DNA of probiotics.?®
Spray-dried cells may be more vulnerable to oxidative
stress due to cellular injuries during dehydration.'® In
addition, the cellular accumulation of toxic oxygen meta-
bolites eventually leads to cell death (referred to as oxygen
toxicity).?” The ability to withstand oxidative stresses
should be important in the selection of probiotic strains.

Although genetic manipulation techniques have been
used to enhance the stability of microorganisms under
various stresses presented during manufacture and storage,
safety remains a concern. Accordingly, protection of pro-
biotics against these stresses should be one of the main
objectives of formulation development.

Formulations for the Effective
Delivery of Probiotics

Various formulation approaches have been attempted via
different routes of administration to maximize the thera-
peutic benefits of probiotics as exemplified in Table 1.
Each route of administration has its own limitations
depending on the anatomical properties, microclimate,
and specific physiological conditions. Therefore, formula-
tion strategies can vary with routes of administration,

probiotic strains, and therapeutic areas. More details on
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Table | Selected Examples of Probiotic Formulations

Probiotics* Dosage Forms Route Reference
Enterococcus faecium Oral film Oral [35]
Levilactobacillus brevis Buccal film Oral [37]
Lacticaseibacillus casei Powder Oral [42]
Lactobacillus acidophilus Granule Oral [45]
Limosilactobacillus reuteri Tablet Oral [30]
Lactiplantibacillus plantarum Orodispersible tablet Oral [51]
Lactobacillus strains Capsule Oral [48]
Lactiplantibacillus plantarum Hydrogel Oral [56]
Streptococcus salivarius Nasal spray Nasal [68]
Lacticaseibacillus casei Nasal spray Nasal [71]
Lactobacillus Microneedle Transdermal [82]
Lactobacillus subsp. Tablet Vaginal [88]
Lactobacillus gasseri In-situ gel Vaginal [90]
Lactobacillus acidophilus Suppository Vaginal [1o1]
Limosilactobacillus reuteri Enema Rectal [ren

Note: *Probiotics names presented in the cited references are updated with the recent taxonomic classification.

the delivery systems of probiotics are discussed in the next

section according to the route of administration.

Oral Delivery

Owing to high patient compliance, cost-effectiveness, and
ease of mass production, oral formulations are the most
preferred dosage forms of probiotics. Accordingly, oral
formulations are most common for prophylactic or thera-
peutic probiotics, particularly for the treatment of Crohn’s
disease, ulcerative colitis, and irritable bowel syndrome,
maintenance of intestinal microflora after antibiotic ther-
apy, or suppression of tumor growth.”® Oral delivery of
probiotics can be achieved through diverse dosage forms,
including tablets, capsules, oral films, and hydrogels.
Microencapsulation and surface coating technologies are
also often adopted to enhance the stability of probiotics in
the GI tract. Various protein-based bio-polymers, polysac-
charides, lipids, and synthetic polymers have been used for
microencapsulation or surface coating to make the formu-
lation resist harsh environmental conditions.?” These poly-
mers can protect probiotics from moistures or gases
(oxygen/ carbon dioxide) by masking them with a thin
film. Furthermore, pH-sensitive polymers including hydro-
xypropyl methylcellulose phthalate (HPMCP), hydroxy-
propylmethyl cellulose acetated succinate, and cellulose
acetate phthalate (CAP) are widely used for the enteric
coating of oral dosage forms to minimize the exposure of
probiotics to gastric acids, reducing the loss of probiotic
activity in the stomach.*® Some selected formulation

techniques for oral delivery of probiotics are discussed as
follows.

Oral Films

In recent years, orally dissolving or disintegrating films
(ODFs) have gained a great attention as a patient-centric
formulation. When placed on the tongue, ODFs immedi-
ately hydrate in the saliva and then dissolve and liberate
rapidly the active substances in the mouth.>' ODFs are
generally composed of active ingredients, film- forming
polymers, and plasticizers, in combination with functional
excipients including sweeteners, flavors, and colors based
on specific needs.”” Taste masking, particularly for bitter
or unpleasant tastes is important since ODFs are dissolved
in the mouth. ODFs have some therapeutic benefits includ-
ing ease of administration without water intake, no risk of
choking, easy transportation, and rapid onset of action,
providing a marketing advantage with increased patient
compliance.>® Particularly, ODFs are attractive for pedia-
trics, geriatrics, bedridden patients, and patients having
functional dysphagia. In addition, ODFs can bypass the
GI tract, preventing the destabilization of active ingredi-
ents in the GI tract.*® Therefore, ODFs are actively pur-
sued as a promising oral dosage form for delivering viable
health. For
Heinemann et al formulated ODF for delivering probiotics,

probiotics to promote oral example,
in which Lactobacillus acidophilus or Bifidobacterium
animalis subsp. lactis was entrapped in a matrix composed
of starch, gelatin, and carboxymethyl cellulose. Probiotics

were viable in this ODF formulation for 90 days of
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storage.>* Recently, Lordello et al developed ODF for the
local delivery of Enterococcus faecium CRL183 to the oral
cavity.>> This ODF formulation was composed of carbox-
ymethylcellulose, gelatin, and potato starch. Probiotics in
the ODF were viable up to 90 days of storage at room
temperature, demonstrating significant anti-fungal activity
against Candida albicans.>® Doddo et al fabricated xylitol
(0.5%) based-ODF with Streptococcus salivarius using
a novel inkjet printing technique. This ODF showed sig-

antibacterial
36

nificant activity against  Streptococcus
mutans.

Mucoadhesive buccal films are different from ODFs, in
that mucoadhesive films are retained inside the buccal
cavity, so that the contact time of the formulation with
the buccal mucosa is increased, resulting in the prolonged
release of active ingredients to the whole buccal cavity or
specific mucosa lesions. For example, Abruzzo et al fab-
(HPMC)-based

mucoadhesive buccal film for the local release of

ricated  hydroxypropylmethylcellulose

L. brevis CD2 having anti-inflammatory effect.>’ The
developed formulation retained good viability and activity
of arginine deiminase of L. brevis CD2 during the storage
at 2-8 °C and exhibited good mucoadhesive properties,
resulting in the prolonged release of viable probiotics for
the treatment of oral pathologies.’” Similarly, Ferreira et al
developed mucoadhesive wafers for the buccal delivery of
Bifidobacterium bifidum BB12 by using a polymer blend
of Carbopol 974 P*® and poloxamer 407.%® The developed
mucoadhesive formulation was suitable for the buccal
application of probiotics with good mechanical properties,
mucoadhesiveness, and cell viability for 14 days-storage.*®

Powder/Granules

Most commercially available probiotics are formulated in
the form of powders or granules. The possibility to admin-
ister a large dose of probiotics, rapid dissolution, low cost,
and flexibility in compounding solids are advantages of
powders. Among various formulation techniques adopted
to prepare the powder formulations with improved viabi-
lity of probiotics, freeze-drying (FD) is the most common
method for drying heat-sensitive ingredients, maintaining
a sufficient quantity of viable probiotics; however, it is
a time-consuming process.””*" Spray-drying is also
a common technology to concentrate probiotics. While
spray-drying has a low operation cost and high production
rate, probiotics are exposed to heat and dehydration
damage during spray-drying.*' Therefore, to overcome
the limitations associated with freeze-drying and spray-

drying, spray freeze-drying was developed by combining
spray-drying and freeze-drying processes to achieve a fine
powder preparation.*” In spray freeze-drying, the droplets
formed by spraying the solution are immersed in liquid
nitrogen and solidified by freeze-drying. Spray freeze-
drying requires less time than freeze-drying, and powders
obtained by spray freeze-drying have a larger surface area
than those prepared by spray-drying.*® Her et al developed
a fine powder formulation of Lactobacillus casei (IFO
15883) using spray freeze-drying technique.** The formu-
lated probiotics had a 97.7% of survival rate under the
optimized spray freeze-drying conditions. Since dried pro-
biotics may undergo stressful processes during their pro-
duction, the drying method and process should be selected
carefully. In addition, growth media compositions and
protective agents can affect the viability of probiotic pow-
ders. Therefore, the optimization of the drying process and
formulation variables is critical for the development of
stable probiotic powders.*’

Probiotics granules are also common. The process
involves wet or dry granulation to yield free-flowing
agglomerated particles with desired physical properties
including size, hardness, porosity, density, and uniform
particle distribution.** Granules are suitable to dispense
a large dose of probiotics and are convenient to consume.
Granules are easier to handle than powders because they
do not produce dust and have better flowability and com-
pressibility properties. Granules can be coated with var-
ious polymers to enhance the stability of acid-labile
probiotics or to control the release rate of probiotics. For
example, Pyar et al prepared enteric-coated granules con-
taining Lactobacillus acidophilus ATCC 4962.*° After wet
granulation with L. acidophilus, corn starch, lactose mono-
hydrate, and polyvinylpyrrolidone, the probiotic granules
were coated with Eudragit L30D-55, an enteric polymer,
to avoid the probiotic release in acidic environment.
Probiotics within the enteric coated granules were pro-
tected from the gastric environment and therefore could
exhibit enhanced bioactivity.*> Aponte et al also fabricated
granules for the co-delivery of L. plantarum 299v and
standardized extract of Olea europaea leaves (Phenolea™
Active F) via wet granulation with corn starch, lactose
monohydrate, and microcrystalline cellulose.*® The gran-
ules maintained the viability of L. plantarum 299v for
more than 6 months upon storage at 4°C. In addition,
analysis of the Lactobacillus population in feces from
mice treated with these granules confirmed that the pro-
biotics were alive when they reached the colon.
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Tablet and Capsule
Tablets and capsules are convenient solid dosage forms to
deliver probiotics. These formulations allow the applica-
tion of various functional excipients to improve the shelf-
life, GI stability, cell viability, and also to control the
release rates and target sites of probiotics. Recently, Kim
et al developed tablets of L. reuteri LRT18 using a pH-
sensitive phthalyl inulin to protect probiotics from acidic
conditions in the stomach.*® The phthalyl inulin-coated
tablets improved the cell survival in the harsh gastric
conditions and rapidly released the probiotics in the intest-
inal fluids. These tablets could maintain probiotic viability
over 6-months of storage under refrigeration.”® Kim et al
also developed a novel bi-coated combination capsule of
probiotics and mosapride for the treatment of irritable
bowel syndrome.*” Hard gelatin capsules containing acid
labile probiotics were coated with an enteric polymer
HPMCP (hypromellose phthalate or hydroxypropyl-
methylcellulose phthalate), and then additionally coated
with various hydrophilic polymer solutions containing
mosapride.” Among the various polymers used, the
enteric-capsule coated with mosapride/HPMC had signifi-
cantly improved the solubility and the oral bioavailability
of mosapride, while acid-labile probiotics were protected
from the harsh gastric conditions.*’” Consequently, enteric
gelatin capsules coated with drug/polymer can be
a promising approach for effective combination therapy
with acid-labile probiotics and poorly water-soluble drugs
with enhanced GI stability and oral bioavailability.
Dodoo et al prepared capsules for the site-specific colo-
nic delivery of probiotics using Phloral® technology.*®
Phloral® technology is a colonic coating technology inte-
grating pH-dependent and bacterially-triggered systems,
consisting of an enzyme-sensitive component (natural poly-
saccharide) and a pH-sensitive polymer (Eudragit® S) to
facilitate fail-safe drug release in the colon.*’ They loaded
probiotics (three commercial probiotics [lactobacilli strains]
and in-house freeze-dried Lactobacillus acidophilus LAS)
into capsules and then coated the capsules using Phloral®
coating technology. Encapsulation of probiotics into the
capsules coated by Phloral® technology exhibited approxi-
mately 90% viabilities when exposed to gastric acids for 2
h and achieved over 60% adhesion to intestinal cells.*®
Recently, Falco et al also demonstrated that sulfated (-
glucan and chitosan are suitable coating materials for the
targeted delivery of probiotics to the intestine.”® The sul-
fated B-glucan as the exterior layer prevented attachment to
the gastric mucosa, and chitosan prevented disintegration of

the coating in the acidic gastric conditions. The layer-by-
layer coating of probiotics with oppositely charged chitosan
and sulfated B-glucan may ensure a safe passage of probio-
tics through the stomach and release probiotics in the
intestine.”®

An orodispersible tablet (ODT) formulation can be also
applied for delivering probiotics. An ODT disintegrates
rapidly in the mouth within a minute and is taken without
water; thus, it is a convenient dosage form with fast onset
of action. However, adequate residence time of probiotics
in the oral cavity is required to maximize their therapeutic
benefit in oral diseases (eg, dental caries, gingivitis, or
periodontitis). Therefore, to extend the contact time
between probiotics and oral mucosa without delaying dis-
integration, Hoffmann et al developed a mucoadhesive
ODT of L. plantarum Lp299v.’' They fabricated the
ODT by incorporating mucoadhesive polymers (Carbopol
971P NF, Metolose 65SH50, or chitosan) into the tablet
either by direct compression or after granulation with the
The directly
Carbopol 971P NF exhibited superior long-term stability

probiotics. compressed ODTs having
over 30 months of storage under refrigerated conditions
and retained high mucoadhesion properties after the long-

term storage.’’

Hydrogel

Hydrogels are three-dimensional cross-linked networks of
water-soluble polymers. A hydrogel can be formulated as
micro-/nano-particles or as films using biopolymers and/or
polyelectrolytes.> Hydrogels are commonly used in clin-
ical practice owing to their tunable physical properties,
biocompatibility, capability to protect drugs from degrada-
tion, and controllable drug release.’? In addition, the
mucoadhesive properties of some hydrogels are advanta-
geous in immobilizing them at the site of administration.
For the entrapment of probiotic microorganisms into the
hydrogel matrix, the ionotropic gelation technique seems
to be suitable, which involves cross-linking via the inter-
action between oppositely charged ions.”® As a physical
cross-linking method, the ionotropic gelation does not
require potentially toxic cross-linking agents and avoids
elevated temperatures, minimizing thermal stress that
could otherwise damage the probiotic cell wall.>*

In recent years, polysaccharide-based hydrogel sys-
tems have become popular because of their ability to
provide a physical barrier between encapsulated probio-
tics and the harmful environment. These systems not
only enhance the viability of probiotic bacteria in the
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GI tract but also improve their stability under various
storage conditions.”” Since polysaccharides are biocom-
patible, biodegradable, and not too expensive, numerous
polysaccharides including chitosan, pectin, alginate, car-
rageenan, and xanthan are used for delivering probiotics
either alone or as a combination of two polysaccharides
or a polysaccharide and a non-polysaccharide.’> These
polysaccharide-based hydrogel systems should have an
adequately small pore size compared to the dimensions
of bacteria cells, thus retaining the entrapped probiotics
in the hydrogel matrix until degradation of the network.
Dafe et al incorporated L. plantarum cells into pectin/
starch hydrogels by the extrusion method.® The viability
of encapsulated probiotic cells in simulated gastric fluid
or bile salt solution was significantly higher than that of
nonencapsulated cells, implying that the pectin/starch
hydrogel delivery system could protect the probiotics
against adverse conditions of the GI tract.>® Alginate-
based hydrogels are also widely used to encapsulate
probiotics. However, such formulations have some dis-
advantages including uncontrollable swelling, fragility,
and leakage of the entrapped probiotics.”® To overcome
this issue, alginate matrices are often coated with
a cationic polysaccharide such as chitosan, minimizing
the leakage of the entrapped probiotics.”* Cook et al
encapsulated  Bifidobacterium breve into alginate
matrices and then subjected to layer-by-layer coating of
alternating alginate and chitosan.’’ These multilayer-
coated beads showed better protection of probiotics in
the acidic condition than uncoated beads. The viability
of probiotics was enhanced from < 3 log (CFU/mL) to
8.84+ 0.17 log (CFU/mL) in a three-layer coated
matrix.”’

Synthetic polymers including polyvinyl alcohol (PVA),
poly methyl methacrylate, poly (D,L-lactic-co-glycolic
acid), polyethylene glycol, polyethylene oxide, and poly-
acrylamide have been also used for the development of
hydrogels.”® These synthetic polymers have low immuno-
genicity and their mechanical properties and physicochem-
ical properties can be easily controlled.’**® However, the
application of synthetic polymers to probiotics is still
limited because organic solvents used in the preparation
can cause cell damage.

Nasal Delivery

Nasal delivery of probiotics may be a promising approach
for the management of airway diseases since it allows
modulation of the epithelial barrier function and the

immune system.®' Imbalance of the microbiota composi-
tion, also known as dysbiosis, causes the development or
exacerbation of chronic inflammatory diseases including
chronic rhinosinusitis and asthma.®* It was recently found
that probiotics can ameliorate dysbiosis by interacting with
pattern recognition receptors recognizing microbe- or
(MAMPs or
PAMPs) expressed by microbes.®® Furthermore, this inter-

pathogen-associated molecular patterns

action can modulate tight junctions and adherence junc-
tions, restoring the defective epithelial barrier.°* Probiotics
can also modulate host immune responses via interactions
with dendritic cells.>** Therefore, nasal delivery of pro-
biotics can help in the treatment of various airway
diseases.

Nasal delivery systems are non-invasive, easy to self-
administer, and allow a fast onset of action.® Moreover,
they can avoid the harsh acidic environment of the GI
tract.®® Generally, the nasal route of administration is
applicable for both local and systemic delivery of drugs
as solutions, gels, spray, suspensions, emulsions, lipo-
somes, and micro-/nano-particles. Various physicochem-
ical properties of formulations (particle size, osmolality,
viscosity, mucoadhesiveness, etc) can affect the residence
time and host-microbiota interaction.®>®” In addition, the
physiological and anatomical factors including membrane
permeability, pH, nasal blood flow, nasal enzymes, mucin
secretion from goblet glands, and mucociliary clearance
can affect the efficiency of the nasal delivery of
probiotics.®>” Disease states like nasal atrophic rhinitis
and severe vasomotor rhinitis could also impact the extent
of nasal drug delivery.®” Therefore, various pharmaceuti-
cal and physiological factors should be addressed in the
formulation design for the nasal delivery of probiotics.

Among the nasal formulations, nasal spray is com-
monly used in clinical practice. Marchisio et al reported
that a nasal spray of Streptococcus salivarius 24SMB
reduces the risk of acute otitis media in otitis-prone
children.®® Likewise, Mantia et al and Cantarutti et al
also revealed that a nasal spray of Streptococcus salivarius
24SMB and Streptococcus oralis 89a effectively prevent
the recurrence of acute otitis media in children.®"°
Moreover, Jokicevic et al prepared a nasal formulation of
the novel probiotic strain, L. casei AMBR2 derived from
the upper respiratory tract (URT) by spray drying that
could retain the viability and morphology of probiotic
bacteria.”' This formulation was suitable in terms of the
high degree of adherence on Calu-3 cells and antimicrobial

International Journal of Nanomedicine 2021:16

7541

Dove:


https://www.dovepress.com
https://www.dovepress.com

Baral et al

Dove

activity against upper respiratory tract pathogens during
antimicrobial assays with the respiratory cell line.”"

Topical Skin Delivery

The delivery of probiotics through the skin is an attractive
approach since it is noninvasive and has many advantages
including avoidance of GI degradation, controlled drug
release, ease of self-medication, and high patient
compliance.”” Given that skin microbes in the epidermis
and dermis play an important role in maintaining skin health
and preventing pathogen invasion, the effective dermal
delivery of probiotics may regulate local skin immunity.”®
Particularly, viable probiotics delivered through the skin can
produce large amounts of lactic acid and reduce the pH of
the skin, thereby inhibiting the growth of pathogenic bac-
teria and improving skin immunity.”*’> Before reaching the
target sites within the skin, probiotics applied on the skin
must first penetrate the stratum corneum, which is a major
barrier against the perfusion of large hydrophilic molecules
since molecules with Log P value of 1-3 and a molecular
mass less than 500 Da can only efficiently penetrate the
intact stratum corneum.”® Consequently, the low permeabil-
ity of probiotics across the stratum corneum makes it very
difficult to deliver such probiotics through the skin.

Various approaches have been attempted to enhance the
skin permeation of macromolecules including the use of
absorption enhancers, iontophoresis, electroporation, sono-
phoresis, and microneedles.”” Among them, microneedles
hold promising potential for the effective dermal delivery of
probiotics. Microneedles are noninvasive or minimally inva-
sive devices having tiny needles of 50-900 pum length.”®
They can penetrate the stratum corneum and release probio-
tics in the epidermis or dermis depending on the needle
length, thereby enhancing the skin permeation and the
local delivery of probiotics.” The first generation of micro-
needle arrays was fabricated with silicon, metals, or organic
polymers to create micro-pores into the skin for drug
diffusion.’ In recent years, microneedles are prepared out
of materials that dissolve rapidly in the skin to release drugs,
making this a safe and pain-free route of administration.®'
Dissolvable microneedles have been demonstrated to be
effective in delivering macromolecules including vaccines
and protein drugs.”® However, the local skin delivery of
probiotics using dissolving microneedles is rarely reported.
Recently, Chen et al demonstrated that dissolvable micro-
needles could effectively deliver viable Lactobacillus into
the skin without stimulating the nerves and causing pain.**
As illustrated in Figure 1, sodium carboxymethyl cellulose

based-microneedles containing Lactobacillus were prepared
using a centrifugation casting method without compromis-
ing the viability and integrity of Lactobacillus.** These
microneedles rapidly dissolved after skin penetration, releas-
ing Lactobacillus into the dermis without local skin irrita-
tion. Furthermore, the released Lactobacillus actively
synthesized lactic acid in rats, indicating that dissolving
microneedles could deliver the biologically active
Lactobacillus.** Therefore, dissolving microneedles should
be an effective new avenue for the topical delivery of pro-

biotics to improve skin health and immunity.

Vaginal Delivery

Probiotics can be administered into the vagina to restore
the normal vaginal microbiota and prevent infections.®>**
Normal and healthy vaginal microflora mainly comprise
lactobacilli and provide a bacterial barrier against uro-
pathogens in the vagina.®> However, the imbalance of
vaginal microflora caused by various factors including
hormonal changes in the postmenopausal phase, preg-
nancy, and treatment with antibiotics or antifungal drugs,
increases the susceptibility of vaginal infections (bacterial
vaginosis, complicated vulvovaginal candidiasis, etc).®
Therefore, the supplementation of exogenous lactobacilli
may be helpful to optimize the vaginal microbiota and
maintain vaginal health. Orally administered lactobacilli
have been demonstrated to reduce pathogenic bacteria in
the vaginal microbiota.*® However, the functional activity
of lactobacilli after oral administration is fully dependent
on their stability and survival in the GI tract. Therefore,
vaginal administration should be an attractive alternative
for the effective local delivery of probiotics to maintain
vaginal health because it can bypass the GI tract and has
self-
medication, relatively low enzymatic activity in the

some advantages including noninvasiveness,
vagina, local effect with reduced systemic toxicity, and
capability for prolonged drug action.®” Various vaginal
formulations are available including powders, supposi-
tories, tablets, capsules, gels, and foams.®® In addition,
mucoadhesive polymers such as alginate, pectin, and chit-
osan can be incorporated into the formulation to extend the
residence time in the vagina.*” Some of the formulation
approaches for the vaginal delivery of probiotics are dis-

cussed below.

In-situ Gels
It is critical for vaginal formulations of probiotics to main-
tain a prolonged residence time in the vagina to achieve
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permission from Chen HJ, Lin DA, Liu F, et al. Transdermal delivery of living and biofunctional probiotics through dissolvable microneedle patches. ACS Applied Biomater.
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therapeutic effects. In situ gelling systems have been pro-
posed as an alternative for the local administration of
various therapeutics. These systems are fluids before
administration but undergo in situ sol-gel transition upon
contact with biological fluids in response to various stimuli
including change in pH, temperature, and concentration of
ions.”® Thermogelling systems have been used to extend
the residence time of vaginal formulations; these systems
have low viscosity at room temperature for easy adminis-
tration into the vaginal cavity but undergo in situ gelation
at body temperature.”' Among various polymers, poloxa-
mers are widely used for the development of thermogel-
ling systems due to their thermo-reversible behavior in
aqueous solutions.”® Furthermore, hydrophilic mucoadhe-
sive polymers are often added into thermogelling systems
to improve their interaction with the mucosa and prolong
the retention time in the vaginal cavity. Vigani et al devel-
oped a mucoadhesive in situ gelling formulation for the
vaginal delivery of Lactobacillus gasseri to avoid the
recurrence of candidosis.’® This vaginal formulation was
prepared by combining thermosensitive polymers (a
blended mixture of poloxamer 407 and methyl cellulose),
a bioadhesive and moisturizing agent (xyloglucan), and an

acidifying agent (pectin).”® The developed formulation
underwent gelation at 37 °C upon dilution in simulated
vaginal fluid and preserved the viability of the adminis-
tered probiotic microorganism while restoring the physio-
logical vaginal environment.”

Tablets

Vaginal tablets show some advantages including the cap-
ability for precise dosing, easier handling and storage, low
manufacturing cost, and ease of administration. In com-
parison to oral tablets, vaginal tablets can improve the
stability of probiotics since they are directly applied to
the target site and bypass the harsh environment of the
GI tract.”® Similar to oral tablets, vaginal tablets can be
designed with additional characteristics such as bioadhe-
sion, sustained release of active ingredients, and rapid
disintegration by using various functional excipients and
formulation techniques.”® Sanchez et al developed a bi-
layered mucoadhesive vaginal tablet of Lactobacillus
subsp. bacteria for the treatment of vulvovaginal
infections.® This vaginal tablet consisted of two layers
(fast- and slow-release layers) containing the same number

of lactobacilli bacteria. This bi-layered tablet consisted of
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a fast-release layer containing an effervescent mixture to
accelerate layer disintegration and a slow-release layer
containing carbopol®934 and chitosan for achieving the
prolonged release of probiotic bacteria. This formulation
maintained the cell viability and exhibited dual release
profiles (immediate release from the effervescent layer
and prolonged release from the matrix layer).*® Recently,
Vicariotto et al also evaluated the effectiveness of slow-
release vaginal tablet containing probiotics in women with
bacterial vaginosis.”” They fabricated vaginal tablets using
tara gum, arabinogalactan, fructooligosaccharide, and pro-
biotics (L. fermentum LF15 and L. plantarum LP01). The
results from clinical studies indicated that the vaginal
delivery of probiotics could effectively inhibit acute
Gardnerella infections and significantly improve the
related uncomfortable symptoms.’> Maggi et al developed
vaginal tablets containing different strains of lactobacilli
(L. brevis, L. salivarius, and L. plantarum).”® Each of three
strains was prepared as a fast-release or slow-release vagi-
nal tablet (single layer). Fast-release vaginal tablets
showed higher viability of probiotics than slow-release
vaginal tablets during 1 year of storage.”® This result
suggests that a fast-release vaginal tablet containing
Lactobacilli
production.”® Mastromarino et al also demonstrated the

may be more feasible for industrial
effectiveness of lactobacilli vaginal tablets in the treatment
of symptomatic bacterial vaginosis in women.”” After the
administration of a fast-release vaginal tablet once a day at
bedtime for 7 days, vaginal anaerobic microorganisms and
vaginal concentration of polyamines in patients were sig-
nificantly decreased, implying the therapeutic benefit of

vaginal delivery of probiotics.”’

Suppository

Vaginal suppositories are common mainly because they
are easy to self-administer without an applicator.”® These
suppositories can be prepared using various excipients
including cocoa butter, oils and fats, glycerinated gelatin,
and polyethylene glycols. Based on the combination of
these excipients, suppositories are categorized into two
major types: lipophilic or hydrophilic suppositories.”®"’
The lipophilic fat-based suppositories melt at body tem-
perature to release the active ingredients, whereas hydro-
philic suppositories require dissolution in the vaginal
fluids to release the active ingredients. Suppositories dis-
solve faster than vaginal tablets, leading to a rapid onset of
action.'® Rodrigues et al developed both solid body and
hollow-type suppositories for the vaginal delivery of

Lactobacillus acidophilus.'®" They used polyethylene gly-
col 400 and 4000 or Witepsol H12 as a hydrophilic and
hydrophobic base, respectively, where L. acidophilus was
incorporated in the molten mass before molding solid body
suppositories or added as suspension into the cavity of
hollow-type suppositories.'®" The results suggest that hol-
low-type suppositories are promising for vaginal delivery
when sustained release and high viability of probiotics are
required.'®" Camilletti et al also developed vaginal ovules
containing L. fermentum 123 and L. rhamnosus L60,
demonstrating that these vaginal formulations maintained
not only lactobacilli viability during storage at 4 °C for
180 days but also retained their antimicrobial and biofilm-
producing ability.'® Kale et al developed vaginal suppo-
sitories containing Bacillus coagulans."® They prepared
three suppositories with cocoa butter-base, glycerinated
gelatin-base, and PEG 1000-base, respectively by the
molding method. Probiotics released from glycerinated
gelatin suppositories were viable and produced lactic
acid and hydrogen peroxide, exhibiting antipathogenic
activity.'”

Verdenelli et al also developed vaginal ovules contain-
ing a mixture of L. rhamnosus IMC501® and L. paracasei
IMC 502."%* They prepared and evaluated two different
ovules: polyethylene glycol (PEG) 1500-based ovule and
Witepsol®™ H15-based ovule. The ovules were prepared by
melting each base at 50°C and cooling down until it starts
to solidify. Then, lyophilized bacterial strains
(L. rhamnosus IMC 501® and L. paracasei IMC 502%)
were added into each base and mixed well.'® The
obtained mixture was poured into plastic stencils and
cooled down at room temperature. After 6 months of
storage at 4 °C, Witepsol® H15-based ovule showed the
higher viability of Lactobacilli than that of PEG 1500-

based ovule.!%*

Rectal Delivery

Inflammatory bowel disease (IBD) may be caused by
inappropriate an immune response to intestinal bacteria
and an imbalance in the enteric microbiota in genetically
susceptible individuals.'®>!%® Therefore, intestinal micro-
biota plays an important role in the treatment of IBD and
the intake of probiotic bacteria should be beneficial for
induction and maintenance of remission in IBD.'?>!%
Particularly for ulcerative colitis, rectal administration
can be a promising route of administration for the tar-
geted delivery of probiotics to the inflamed colon. It can
bypass the GI tract, avoiding the destabilization of
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Table 2 Examples of Microencapsulation Approaches for Probiotic Formulations
Probiotics* Methods Encapsulating Materials Reference
Lactiplantibacillus plantarum Spray drying Skim milk, whey protein isolates, trehalose, [I16]
lactose
Limosilactobacillus reuteri Fluidized bed drying | Shellac/sodium alginate, chitosan/arabic gum [130]
Lactobacillus acidophilus Extrusion Alginate, chitosan [134]
Lacticaseibacillus rhamnosus Emulsification Concentrated sweet whey [143]
Ligilactobacillus salivarius Emulsification Anhydrous milk fat, whey protein isolate, pectin [144]
Bifidobacterium animalis subsp. lactis/Lactobacillus acidophilus | Coacervation Casein/pectin [149]
Limosilactobacillus reuteri Coacervation Gelatin/sodium caseinate [150]

Note: *Probiotics names presented in the cited references are updated with the recent taxonomic classification.

probiotics before reaching the colon. Furthermore, since
a common mechanism of probiotics is the adherence of
probiotic bacteria to the mucosal surface of the intestine
and preventing the colonization of pathogenic

107198 rectal administration might be

microorganism,
a good option for the targeted delivery of probiotics to
the colon, because it increases the adherence of probiotic
bacteria to the inflamed area and attenuates the inflam-
mation. D’Inca et al evaluated the effect of probiotics
after oral and rectal administration of L. casei DG in
? and found that

patients treated with rectal L. casei, in combination with

patients with mild ulcerative colitis,'”

oral 5-aminosalicylic acid had significantly restored colo-
nic microbiota with decreasing Enterobacteriaceae and
improved mucosal cytokine balance while oral adminis-
tration of L. casei in combination with 5-aminosalicylic
acid did not lead to a significant improvement.'®
Romach et al also compared the effect of oral and rectal
administration of anti-inflammatory probiotics, YO-
MIX™ Y 109 FRO 1000 and Lactobacillus GG, on the
morphology, gene expression, and colonic microbiota in
colitis-induced rats.''” They found that the rectal admin-
istration of probiotics was superior to the oral adminis-
tration in attenuating the inflammation and suggest that
the targeted delivery of probiotic bacteria into the colon
via rectal administration should be beneficial in the treat-
ment of IBD."'" Oliva et al also evaluated the effect of
L. reuteri ATCC 55730 enema on inflammation and cyto-
kine expression in children having active distal ulcerative
colitis.""" The patients received an enema solution con-
taining L. reuteri ATCC 55730 in combination with oral
mesalazine for 8 weeks. This combination therapy sig-
nificantly reduced mucosal inflammation and the expres-
sion level of pro-inflammatory cytokines (IL-1B3, TNF-a
and IL-8).""

Microencapsulation Technology for

Probiotics

Most strains of probiotics are vulnerable to various environ-
mental stressors, resulting in their low viability and loss of
activity during their manufacturing and storage. Particularly,
the stability of probiotics is significantly affected by proces-
sing stress such as heating and cooling, oxygen, and shear
stress.''? Therefore, the stabilization of probiotics is critical
in the formulation development of probiotics regardless of
the route of administration. In the microencapsulation of
probiotics, the probiotics are entrapped within tiny particles
or core shells surrounded by coating materials.'"”
Microencapsulation provides the probiotic microorganisms
a physical barrier against the detrimental environment,
enhancing their viability during production, storage or clin-
ical application. Furthermore, microencapsulation can be
used to control the release rate and sites of probiotics,
thereby optimizing the therapeutic benefits of probiotics.''?
In general, the quality and the success of microencapsulation
mainly depend on the strains of probiotics, the coating
materials, and the method of microencapsulation.''?
Natural or synthetic polymers are used alone or in combina-
tion to form the desired coating layer.” Particularly, to
extend the residence time at the target site, mucoadhesive
polymers are often utilized in the microencapsulation of
probiotics. In many cases, microencapsulation techniques
are commonly used for the stabilization of probiotics, and
then additional formulation techniques are applied to the
microencapsulated probiotics to fabricate the final dosage
form according to the route of administration. Therefore, this
review also covers various microencapsulation techniques
applied for formulating probiotics, including spray drying,
freeze drying, fluid bed drying, extrusion, and emulsification
(Table 2). More details on these methods are described
below.
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Spray-Drying

Spray drying is a commonly used technique for prolong-
ing the storage of probiotics. It is an economic process
with relatively low operating costs and has many advan-
tages including production of flowable powders, fast dry-
ing rate, scalability, and control over particle size.''* To
use the spray drying technique for microencapsulation,
probiotics are dissolved in the encapsulating agent having
emulsifying or film-forming properties. Various natural
polymers including proteins and carbohydrates or their
derivatives are wused as encapsulating agents for
probiotics.'"> "7 Spray-drying process involves the ato-
mization of sprayed liquid droplets in a hot air drying
chamber, and dry powders are obtained when water from
the atomized droplets was evaporated under controlled
temperature and airflow conditions.''> The thermal and
oxidative stress during spray drying can damage the cell
wall or cellular components like cytoplasmic membrane
and proteins, thereby reducing the viability of probiotics.
Therefore, the drying process parameters including inlet
and outlet temperature control, air flow rate, and humidity
should be optimized to minimize cell death.''® Protective
agents are also added to minimize the bacterial inactiva-
tion during drying. Commonly used protectants include
carbohydrates, proteins, lipids, and gums, as exemplified
with trehalose, granular starch, non-fat milk solids, and
growth promoting factors.''*'"” Particularly, skim milk,
whey protein isolates (WPI), and non-reducing disacchar-
ides (eg, trehalose, lactose and sucrose) are the most
commonly used protective agents for probiotics during
spray drying.'"”
milk, whey protein isolates, trehalose, and lactose could

Khem et al demonstrated that skim

protect L. plantarum A17 during drying. These protective
agents were assumed to protect cytoplasmic membrane of
probiotic cells from dehydration.''® Low molecular
weight carbohydrates such as sugars stabilize the mem-
brane and protein chains of cellular macromolecules in
a dry state through hydrogen bonding.'*® Moreover, the
combined use of protein and sugar as protectants have
a synergistic effect in enhancing cell viability."** Various
strains of lactobacillus and bifidobacterium have been
successfully dried using spray drying approach. For exam-
ple,
L. rhamnosus during the spray drying process and found

Farahmandi et al evaluated the viability of

that the micro-encapsulated cells were 5-fold more stable
than un-encapsulated probiotic cells during 20 days of
storage,

confirming the positive effects of micro-

encapsulation on the shelf-life of probiotics.'*' In addi-
tion, they demonstrated that sub-lethal stress treatments
(heat, hydrogen peroxide, and sodium chloride) of probio-
tic bacteria before microencapsulation via spray-drying
effectively increase L. rhamnosus resistance to harsh
conditions.'*!

In general, spray drying technology offers high manu-
facturing capacity at relatively lower cost to produce a stable
powder form. However, the impact of stress (high tempera-
ture, dehydration) should be carefully considered.

Freeze- and Vacuum-Drying
Freeze-drying is also known as lyophilization and is
widely used to solidify thermally sensitive probiotics.
The freeze drying process includes three steps such as
freezing, primary drying, and secondary drying.
Although it is more expensive and takes more time
than spray drying, it is useful to encapsulate thermally
sensitive probiotics.'*? First, probiotics are frozen in the
presence of carrier materials at low temperatures and
then under vacuum, the frozen water is sublimated
directly from the solid phase to the gas phase.'*
Although this method can minimize thermal stress, the
formation of ice crystals in the freezing step may induce
mechanical stress, leading to cell death.'?* Given that the
growth of ice crystals is affected by the freezing rate and
temperature, a high freezing rate is preferable as it forms
smaller ice crystals preventing extensive cell damage.'*’
The crystallization of water can also lead to chemical and
osmotic damage. Therefore, to enhance the viability of pro-
biotics against the detrimental environments during freeze
drying and subsequent storage, cryoprotectants such as
sugars and polyols are frequently mixed with the carrier
materials since they help preserve the integrity of the cell
membrane.'?° Sugars and sugar derivatives are effective in
protecting probiotics as the hydroxyl groups of carbohy-
drates replace water. Polyols prevent oxidative damage by
scavenging free radicals and also act as effective cryopro-
tectants in the freeze drying of probiotics.'**™'?® Considering
that the type and properties of cryoprotectants significantly
affect the viability of bacterial cells during freeze drying and
subsequent storage, the selection of cryoprotectants is impor-
tant for process optimization. The freeze-dried probiotics
may be additionally coated to enhance their GI stability
and/or control the release of probiotics at the desired target.
As an alternative to freeze-drying, low temperature
vacuum drying has been also applied to encapsulate pro-

biotics. While similar to freeze-drying, the drying occurs
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by evaporation instead of sublimation. Vacuum drying
temperatures are lower than spray drying temperatures
but higher than freeze-drying temperatures.'?’ Although
dehydration stress can occur, vacuum drying is a gentle
process with reduced temperature stress (freezing/heating)
and oxidative stress, and it may be used for heat-sensitive

or oxygen-sensitive probiotics.'?’

Fluidized Bed Drying

Fluid bed drying is a process wherein cell suspension is
sprayed and dried on inert carriers using a fluidized bed
coater.'*® Tt is less time-consuming than freeze drying but
takes longer than spray drying. In addition, fluidized bed
drying uses lower drying air temperatures than spray dry-
ing, leading to less thermal inactivation.'?® Generally, the
carrier materials are first placed in the fluid bed dryer and
then the bacterial suspension is sprayed on the fluidized
carriers such as casein, maltodextrin, cellulose, lactose or
NaCl particles.'*” The main advantage of this process is
the use of larger particles, thereby improving the flow
characteristics of the obtained powder.'?” Alternatively,
bacterial pellets are prepared first by other drying methods
such as freeze drying or spray drying and then the dried
particles are encapsulated with various coating materials
using a fluid bed dryer to enhance the stability of
probiotics.'?” In both methods, the use of fluidizing air
provides a uniform circulation of particles and proper
circulation of the particles is key factor to ensure
a uniform coating of all particles. Lipids, proteins or
carbohydrates are commonly used as coating materials
for probiotics subjected to fluidized bed drying.?
Double- or multi-coated microencapsulation can be done
using fluidized bed drying technique to increase the resis-
tance of probiotics against the detrimental environment or
to confer the desired properties to the particles. Zaghari
et al prepared double coated L. reuteri by fluidized bed
drying, in which the microcapsules were coated with shel-
lac and sodium alginate first and then with chitosan and
arabic gum."*° The double-coated microcapsules had
improved resistance against acidic conditions and heat.'*°
Since fluidized bed drying can yield large batch volumes
and high throughputs, it is suitable for large-scale produc-

tion of microencapsulated probiotics."*’

Extrusion
Extrusion method is commonly used for obtaining micro-
particles of probiotics, due to its simplicity, low cost, and

gentle formulation conditions ensuring high cell

viability."**'3* The extrusion based-encapsulation process
involves two steps. First, hydrocolloid solutions containing
probiotics are extruded through a nozzle, generating small
droplets freely dripping into the gelling solution. Then,
these small droplets are solidified by gelation or formation
of a membrane on their surface, resulting in the production
of porous hydrogel beads.'**'** An additional polymeric
coating is often applied to the obtained hydrogel beads to
ensure better survival of the encapsulated probiotic bac-
teria during storage and in vivo application. The size and
shape of droplets depend on multiple process variables
including the diameter of the nozzle, the distance between
the nozzle and the gelling solution, and the device used.'**

The commonly used gelling agents in this method are

. 132,1
alginate, 32133

k-carrageenan, and whey proteins.
Particularly, alginate is the most popular for extrusion and
is used alone or in combination with other polymers to
enhance the viability of probiotic bacteria.'** Shah and
Ravula encapsulated Bifidobacterium and Lactobacillus
acidophilus in calcium alginate, which improved the survi-
val of bacteria cells.'*” Similarly, Lee et al encapsulated
Lactobacillus acidophilus KBL409 with alginate alone and
alginate-chitosan mixture using the extrusion method.'**
Probiotics bacteria in both microspheres had higher survival
in the GI tract and better mucoadhesive abilities than free
probiotic cells.!** Overall, extrusion method is economical,
simple, and mild without the use of deleterious solvents and
heating; however, slow solidification rates and inefficiency

in large-scale production are challenges to overcome.”’

Emulsification
An emulsion is a well-dispersed mixture of two immisci-
ble liquids in the presence of emulsifying or surface-acting
agents. To entrap the probiotic cells in emulsion, a small
volume of an aqueous solution containing probiotic cells is
added into a large volume of various vegetable oils includ-
ing sesame oil and corn oil."*® Then, the resulting mixture
is homogenized in the presence of emulsifiers, producing
water-in-oil (w/0) emulsion. This emulsification method
has been proven to be effective in improving the stability
of probiotics against the detrimental environment. Hou
et al encapsulated lactic acid bacteria (Lactobacillus del-
brueckii subsp. bulgaricus) in sesame oil based-emulsion,
improving the viability of probiotics in simulated gastric
and intestinal fluids by approximately 10,000 folds."*’
The obtained emulsion may undergo internal or external
gelation to ensure the high viability of probiotics.'**'** In

this process, the aqueous suspension is prepared using
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probiotic cells and polymers as entrapment matrix materials.
Once the emulsion is formed, the polymers in the aqueous
phase are insolubilized to form tiny gelled beads within the
oil phase, and the resultant beads are taken out by
filtration.'*® The selection of the gelation method depends
on the properties of polymers used as matrix materials, and
the size of beads is controlled by the speed of agitation.'*
For example, in emulsification/external gelation method,
alginate solution is dispersed in the oil phase to form w/o
emulsion, and then calcium chloride solution is added for
gelation. In the case of the emulsification/internal gelation
process, alginate solution with an insoluble calcium salt is
added into the oil to form w/o emulsion, and then the
emulsion is acidified to release Ca®* from the insoluble
salt for cross-linking with alginate."*” Song et al prepared
alginate-chitosan microcapsules containing yeast cells
(Y235) via emulsification/external gelation and emulsifica-
tion/internal gelation and found that microencapsulated pro-
biotics by the emulsification/internal gelation had higher
viability than those obtained by the emulsification/external
gelation.'*"

The emulsification technique can be also used in combi-
nation with other encapsulation methods including spray-
drying and extrusion to increase the survival of
probiotics.'**'*? A double emulsion such as water in oil in
water (w/o/w) emulsion or solid in oil in water (s/o/w)
emulsion can also be used to improve the resistance of
probiotics against the detrimental environment. Pimentel-
Gonza’'leza et al encapsulated L. rhamnosus using the dou-
ble-emulsion technique (w/o/w) with concentrated sweet

whey as an emulsifier, demonstrating that the double

N Cationic polymer

Anionic polymer

’ Probiotics

emulsion was effective in improving the GI stability of
probiotics.'* Recently, Zhang et al also encapsulated pro-
biotics in emulsion droplets with multiple lipid-protein-
pectin layers.'* The suspension of spray-dried L. salivarius
NRL B-30514 in melted anhydrous milk fat was emulsified
in a neutral aqueous phase with whey protein isolate or
sodium caseinate to prepare s/o/w emulsions. Then, pectin
was electrostatically deposited onto the surface of droplets at
pH 3.0. They demonstrated successfully that this s/o/w emul-
sion system could improve the viability of probiotics during
processing, storage, and gastrointestinal digestion.'**

Given that the emulsification technique is beneficial for
improving the cell viability, efforts to apply this technique
in large-scale production are ongoing.

Coacervation
Coacervation represents a physicochemical approach for the
preparation of polymeric microcapsules.'*>'*® It involves the
phase separation of one or multiple hydrocolloids, through
dehydration of a liquid phase. In this process, probiotics are
entrapped in the solid particles or oil droplets that can be
coated and eventually hardened into microcapsules.'**'*7
two

coacervation.'**'*” Simple coacervation is based on the salt-

There are methods: simple or complex
ing-out of polymers by the addition of salts or polar solvents
that have a higher affinity to water than the polymers. In
complex coacervation, electrostatic interactions between two
oppositely charged polymers lead to the separation of
a biopolymer-rich phase (complex coacervates) and the for-
mation of solid particles or liquid droplets (Figure 2).'*®

Complex coacervation is suitable for the microencapsulation

Seperation of a
biopolymer-rich phase

Figure 2 Complex coacervation method for encapsulation of probiotics.
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of probiotics. Oliveira et al prepared microcapsules contain-
ing probiotics by complex coacervation using a casein/pectin
combination as the wall material.'* The microencapsulated
probiotics were more resistant against acidic conditions than
free probiotic cells.'* Zhao et al encapsulated probiotic
L. reuteri by heteroprotein complex coacervation (type-A
gelatin/sodium caseinate, GE/Cas) and compared its protec-
tive effect to that of protein/polysaccharide complex coacer-
vation (type-A gelatin/gum arabic, GE/GA) as well as
microcapsules prepared from Cas or GE only."”® GE/Cas
coacervation was effective in improving the cell viability
during storage and provide better protection of probiotics
than protein/polysaccharide complex coacervation.'*
Microencapsulation by coacervation exhibits many
advantages including low cost, high loading capacity, cap-
ability for controlled release of probiotics by environmen-
tal stimuli (mechanical stress, temperature, and pH
change), and avoidance of high temperature or organic
solvents.'>® However, since it is a batch process producing
coacervates in an aqueous solution, an additional drying
process is required to extend the shelf-life of the product.

Nanotechnology for Probiotics

With advances in nanotechnology, nanomaterials have been
widely used for formulation since they have useful physico-
chemical properties including biocompatibility and the cap-
ability to respond to environmental stimuli for controlled
drug release. Particularly, some nanomaterials-based formu-
lations such as nanofibers, nanoparticles, and nanocompo-
sites exhibit many advantages as delivery systems for viable
probiotics, which include efficient encapsulation, site-
specific delivery, controlled release, and improved stability
of bacterial cells during manufacturing, storage, and in vivo

Polymer solution

High containing probiotics
V ) voltage
supply
s
s
5 s
/

applications.'®' Therefore, selected examples of nanomater-
ials-based formulations applicable for probiotics are briefly
discussed in the following sections.

Nanofibers

Nanofibers are produced by an electrospinning of polymer
solutions under strong electric fields.'>* Natural polymers
have better biocompatibility and lower immunogenicity but
it is easier to modify synthetic polymers to obtain the desired
physicochemical properties; therefore, polymer blends are
commonly used.'>? Polyvinyl alcohol, polyethylene oxide,
cellulose, and chitosan are the most commonly used poly-
mers for incorporating probiotic bacteria.'*?

Nanofibers exhibit uniform morphology and composition,
nanometric diameter, large surface areas, and high porosity,
offering many advantages for the efficient delivery of biologi-
cal substances.'> Consequently, nanofibers can be used to
encapsulate various microorganisms, cells, genes, and
proteins.'**!3 The incorporation of probiotics into nanofibers
can improve the stability of probiotic bacterial cells and also
allow their site-specific delivery. Lopez-Rubio et al prepared
ultrathin  PVA-based electrospun fibers encapsulating
Bifidobacterium animalis Bb12 (Figure 3),'* which had
a mean diameter of 150 nm and were effective in retaining
the viability of encapsulated probiotics for 40 days of storage at
room temperature and for 130 days under the refrigerated
conditions.">*

Silva et al also fabricated PVA-nanofibers containing
L. rhamnosus CRL1332, which had a mean diameter of 95
nm and maintained the viability of the probiotic bacteria over
360 days of oxygen-excluding storage at 4°C.'>* Furthermore,
nanofiber-immobilized L. rhamnosus cells retained their inhi-
bitory effect against urogenital pathogens.'> Hirsch et al

20 N

AN
AN
.y

Figure 3 lllustration of electrospun nanofibers containing probiotics. Figures were partly adapted with permission from Lopez-Rubio A, Sanchez E, Sanz Y, Lagaron |M.

Encapsulation of living bifidobacteria in ultrathin PVOH electrospun fibers. Biomacromolecules. 2009;10(10):2823-2829. Copyright © 2009, American Chemical Society.
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encapsulated L. paracasei into PVA-polyethylene oxide (PEO)
nanofibers using the high-speed electrospinning method.'>> To
minimize the loss of viability of L. paracasei, they prepared
PVA-PEO fibers using various stabilizing excipients.'>
Among the tested stabilizing agents, skim milk was the most
effective in decreasing osmotic and dehydration stress, leading
to the enhanced survival rate and long-term stability of
L. paracasei. They suggested the importance of selecting the

appropriate excipients during electrospinning.'>

Nanoparticles

Active ingredients can be encapsulated in nanocontainers to
address various issues related to stability, solubility, safety, and
target specificity.'® Accordingly, probiotics can be formulated
as polymeric nanoparticles, lipid-based nanoparticles, and
inorganic nanoparticles.'*® In recent years, hybrid nanoparti-
cles using two different materials (eg organic/inorganic, lipid/
polymer nanoparticles) have been actively pursued to combine
the advantages of each single system. Furthermore, the surface
of nanoparticles can be decorated with ligands or functional
materials for the targeted delivery or stimuli-responsive con-
trolled release of probiotics.'>’ These nanoparticles-based drug
delivery systems can protect the probiotics from harsh envir-
onments, increase the residence time at the target site, and
enhance the bioavailability of probiotics.'”’ Ebrahimnejad
fabricated loaded with
Lactobacillus acidophilus that had a particle size of 146 nm

et al chitosan nanoparticles
and significantly improved viability in simulated gastric and
intestinal fluids.'*® Ghibaudo et al also developed iron-pectin
nanoparticles loaded with L. plantarum CIDCA 83114 with
enhanced stability during freeze drying and storage.'>
Moreover, these nanoparticles protected the entrapped probio-

tics against the gastric acidity.'>

Nanostructured Material-Based

Formulations

Many nanomaterials with different sizes, shapes, textures, and
compositions have been investigated for the effective encap-
sulation of probiotics. Because of their unique physical and
chemical properties, nanostructured material-based formula-
tions appear to be promising methods to improve the resistance
of probiotics against detrimental environments. In recent years,
hydrogels and nanomaterials have been combined to prepare
nanocomposite systems that have the advantages of small size,
ability to form a stable complex, high drug loading, reduced
toxicity, and improved mechanical strength.'®® Patarroyo et al
developed gelatin-graphene oxide nanocomposite hydrogels

with larger pore sizes favorable for the entrapment and prolif-
eration of Kluyveromyces lactis."®" Nanocomposite hydrogels
also exhibited pH-dependent swelling ratio, tunable degrada-
tion rates, and high mechanical stability and integrity in simu-
lated gastrointestinal fluids and during bioprocessing.'®’
Zhang et al fabricated sodium alginate/cellulose nanofiber gel
macrospheres (ACMs) by extruding a mixture of sodium
alginate and 2,2,6,6,-tetramethyl-1-piperidinyloxy radical
(TEMPO)-oxidized cellulose nanofiber into CaCl, solutions
for cross-linking, where L. plantarum was incorporated as the
probiotic bacteria.'®* Since ACMs shrank in the simulated
gastric fluids, the penetration of gastric acid into the ACMs
was low, thereby protecting the encapsulated probiotics from
the acidic environment. In contrast, ACMs dissolved rapidly in
the simulated intestinal fluids, exhibiting a pH-dependent
release of the encapsulated probiotic bacteria.'®® Thus, pH-
responsive gel macrospheres fabricated using a combination of
sodium alginate and cellulose nanofibers are promising for the
targeted delivery of probiotics to the intestine.'®* Li et al also
prepared regenerated cellulose microgels having an interpene-
trating porous structure, an improved probiotic loading capa-
city, and high stability.'®® The microgels contained an
interconnected network of cellulose nanofibrils, and the house-
like structure increased the probiotic-loading capacity. In addi-
tion, after encapsulating L. plantarum, the microgels were
coated with Ca-alginate to form a core-shell structure that
prevented the release of the probiotic in the stomach and
protected it from the harsh gastric environment but released
the probiotic in the intestine.'®® Thus, pH-responsive compo-
site core-shell gels are useful for achieving the controlled
release of probiotics and also for increasing the loading

capacity.'®?

Summary and Future Perspectives

The stabilization of probiotics against detrimental fac-
tors is critical to promote their clinical application as
therapeutic adjuvants. Therefore, various formulation
approaches are actively pursued targeting different
routes of administration to improve the effectiveness
of probiotics as summarized in Figure 4. While con-
ventional formulation approaches for probiotics focus
on their stabilization against the harsh environment,
recent advancements in formulation technology allow
more elaborated delivery systems with controlled
release of probiotics. Particularly, advancements in
microencapsulation and nanotechnology facilitate the
formulation development for optimized site-selective
delivery of probiotics. In addition, probiotic dosage
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Figure 4 Formulation approaches for the pharmaceutical applications of probiotics.

forms and routes of administration can be more diver-
sified with advancements in formulation technology
and biomaterials, although oral dosage forms are pre-
dominant at present. Given that formulation processes
may inactivate probiotics and alter their functionality,
it is important to select suitable formulation techniques
and manufacturing processes. Dehydration processes
such as spray-drying, freeze-drying, and fluidized bed
drying are common practice during the production of
probiotics. Freeze-drying may be advantageous for
reducing thermal stress while spray-drying may be
more cost-effective with higher throughput. Since
each formulation technique has its own advantages
and limitations, the method selection depends on multi-
ple factors including probiotic strain, size of dosage
forms, route of administration, and production scale.
The combined use of formulation strategies with bioen-
gineered probiotic strains or advanced medical devices
may also help enhance the effectiveness of probiotics.

Taken together, effective delivery systems for thera-
peutic probiotics are expected to evolve through advances
in bioengineering, formulation technology, and materials
science, opening a new platform for the sophisticated and
precise delivery of probiotics.
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