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gastrointestinal delivery of viable probiotic bacteria

Seyedehhamideh Razavi,†a Sajjad Janfaza,†a Nishat Tasnim, a Deanna L. Gibsonbc

and Mina Hoorfar *a

Probiotics are microorganisms that have beneficial health effects when administered in adequate dosages.

The oral administration of probiotic bacteria is widely considered beneficial for both intestinal as well as

systemic health but its clinical efficacy is conflicted in the literature. This may at least in part be due to

the loss of viability during gastrointestinal passage resulting in poor intestinal delivery.

Microencapsulation technology has been proposed as a successful strategy to address this problem by

maintaining the viability of probiotics, thereby improving their efficacy following oral administration.

More recently, nanomaterials have demonstrated significant promise as encapsulation materials to

improve probiotic encapsulation. The integration of nanotechnology with microencapsulation

techniques can improve the controlled delivery of viable probiotic bacteria to the gut. The current review

aims at summarizing the types of nanomaterials used for the microencapsulation of probiotics and

showing how they can achieve the delivery and controlled release of probiotics at the site of action.
1. Introduction

The World Health Organization denes probiotics as live
microorganisms that confer various health benets to the host
when administered in adequate amounts at the desired target
site in the digestive tract.1 Probiotics have been reported to offer
protection from enteric infectious disease,2 enhance metabo-
lism (including lactose intolerance,3 absorption of calcium,4

synthesis of vitamins and pre-digestion of proteins5), have anti-
carcinogenic and anti-mutagenic activities,6 and reduce symp-
toms associated with anxiety and depression.7,8 Probiotic
bacteria provide positive health responses based on three
mechanisms: production of nutrients and cofactors, competi-
tion with pathogens for nutrients or adhesion sites, and stim-
ulation of the host immune response.9 Given their
immunomodulatory potential, probiotics have potential in the
treatment of diseases such as inammatory bowel disease (IBD)
and cancer,10–12 and have been proposed to treat a multitude of
immune and metabolic-driven diseases.13,14

While the potential of the use of probiotics in the treatment
or even prevention of gastrointestinal diseases is high, their
clinical efficacy remains low due to conicting clinical trial
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results for many diseases.15,16 This is in part due to the lack of
viability of probiotics using traditional manufacturing and
packaging methods.17 Several factors (such as pH, oxygen, and
temperature) can signicantly affect the viability and survival
rate of probiotics during processing, storage, and passage
through the gastrointestinal tract.18 Thus, probiotics must be
able to survive the harsh gastric environment, remain meta-
bolically active, and be released (in a controlled manner) in
large enough quantities at the site of action in the lower
gastrointestinal (GI) tract to confer benecial health effects.19,20

Microencapsulation of probiotics has been proposed as an
effective solution to improve the survival, resistance, and tar-
geted release of sensitive microorganisms in the GI tract.21 It is
a technology for entrapping small quantities of bioactive
compounds and/or microorganisms in small polymer capsules.
In essence, the goal of microencapsulation is to create
a microenvironment that protects bacteria from exposure to
exterior factors (such as low gastric pH) during digestion, and
subsequently to reduce cell injury or cell death before their
release at the target site.22 There are many reports on micro-
encapsulation of probiotic bacteria resulting in highly
enhanced viability of probiotics during storage and adminis-
tration.23 The majority of these reports are based on the
immobilization of probiotics into a polymer matrix, which
retains its structure in the acidic environment of the stomach
before swelling or dissolving in the intestine as a result of the
pH change.24 With the advent of nanotechnology, innovative
encapsulating materials (EMs) have recently been developed
based on nanostructured compounds. These nanomaterials
have shown improved properties for the encapsulation of
Nanoscale Adv., 2021, 3, 2699–2709 | 2699
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probiotics. Due to their unique physical and chemical proper-
ties, nanostructured EMs demonstrate great promise for
protection of microorganisms from the acidic conditions of the
stomach and hence allow for the successful release of entrapped
probiotic cells in the intestinal lumen with natural pH.

In this paper, we provide a critical review of nanomaterials in
light of their suitability for probiotic microencapsulation. We
provide an overview of nanostructured capsules used to protect
probiotics from environmental and physiological factors (e.g.,
pH, oxygen, and temperature) and their advantages and
limitations.

2. Microencapsulation of probiotics

Microencapsulation of probiotics has been widely utilized in
the food and pharmaceutical industries. Microencapsulation
results in the protection of probiotics by encapsulating them in
small capsules. By building a functional barrier between the
cells and environment, the capsule prevents probiotic bacteria
from damage, leading to improved viability of probiotics.
Encapsulated cells can reach the site of action without being
adversely affected by environmental factors such as oxygen and
pH.

Exposure to a high oxygen environment is harmful to
microaerophilic and anaerobic probiotics such as L. acidophilus
(microaerophilic) and bidobacteria (obligate anaerobic). It can
result in cell lysis due to the formation of reactive oxygen
species such as superoxides that can cause oxidative DNA
damage to bacterial cells. It has been shown that the viability of
free anaerobic probiotic cells (e.g., Bidobacterium) upon expo-
sure to oxygen decreases,25 while encapsulated cells survive for
longer.26

Microencapsulation can also improve the survival of pro-
biotic cells during gastrointestinal digestion by protecting them
from the acidic environment of the stomach. It has been shown
that a considerable number of probiotics (such as Lactobacillus
rhamnosus and Bidobacterium longum) are severely injured by
the low pH of the stomach and high bile salt conditions of the
intestine before entry into the colon.27

A key requirement for microencapsulation is the ability of
the encapsulating material to release loaded probiotic cells
from the microcapsules using environmental stimuli at the site
of delivery. Encapsulated cells can be released by various
mechanisms such as biodegradation, pH variation, mechanical
rupture, and diffusion.9 In recent years, promising encapsu-
lating materials have been developed for the targeted delivery of
probiotics in the gastrointestinal tract with improved mucoad-
hesive properties. Mucoadhesion is one of the most important
factors determining the ability of encapsulating materials to
adhere to mucosal membranes and provide temporary reten-
tion in the GI tract, resulting in an increased residence time of
probiotics, reduced administration frequency, improved
bioavailability, and improved targeting of particular sites.28 The
improvement of microcapsule mucoadhesion by the use of
mucoadhesive encapsulating materials is, therefore, a great
strategy for the delivery of probiotics to the gut. The low survival
rate of probiotics due to undesirable reactions with external
2700 | Nanoscale Adv., 2021, 3, 2699–2709
factors such as oxygen, temperature, and light during handling
and storage is another challenge to be addressed. In this regard,
microencapsulation has shown great potential in increasing the
stability of probiotics.29,30

Despite the remarkable improvement in viability and
delivery of probiotic cells by encapsulation using traditional
materials and methods, there is still a need to develop new and
innovative microcapsules for better protection of probiotics and
improved function. Using nanostructures as EMs has been
proposed as a promising approach to design an improved pro-
biotic delivery system.
3. Nanostructured encapsulating
materials

Nanostructured materials for the encapsulation of probiotics
can be selected from a wide variety of natural polymers (e.g.
carbohydrates, gums, and proteins) and synthetic materials.

The composition of the EM affects the functional properties
of the microcapsule,31 and each group of encapsulating mate-
rials has its pros and cons in terms of mechanical, chemical,
physical, and biological properties.

Recently, many nanomaterials with different sizes, shapes,
textures, and compositions have been investigated for the
microencapsulation of probiotics. Because of their unique
physical and chemical properties, nanostructured microcap-
sules have shown promising improvement in protecting pro-
biotics from harsh environments. The employed nanomaterials
(e.g., nanocellulose) are nontoxic and compatible with both
probiotics and the body while providing maximum protection
to probiotic bacteria. Some of them are capable of releasing
loaded probiotics under certain conditions (e.g. pH).19 In the
following subsections, we review these nanomaterials along
with their applications in the microencapsulation of probiotics.
3.1. Nanocellulose

Cellulose is the most ubiquitous and abundant natural bio-
macromolecule.32 The cellulose macromolecule consists of
disordered (amorphous) regions and highly ordered (crystal-
line) regions.33 Nano-sized cellulose, also known as nano-
cellulose, has recently received much attention because of its
remarkable features including low risk of toxicity, biocompati-
bility, and tunable surface properties.34–36 Nanocellulose is
available in two forms: (1) cellulose nanocrystals (CNCs) and (2)
cellulose nanobers (CNFs), as shown in Fig. 1.37 The former is
extracted from bers aer complete dissolution of the amor-
phous fractions of cellulose in acid media, while the latter
results from mechanical treatment leading to a high degree of
brillation, which yields highly interconnected brils. CNCs
and CNFs with high surface areas can be modied by a wide
variety of additives.36 Because of its physical and chemical
properties, nanocellulose has attracted signicant attention for
applications in biomedical science and engineering.38 Diverse
nanocellulose-based drug delivery systems for the controlled
release of drugs have been developed recently using nano-
cellulose.34 More recently, it has been found that nanocellulose
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The structure of cellulose nanocrystals (CNCs) and cellulose nanofibers (CNFs).
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can improve the properties of probiotic delivery systems when
used as the encapsulating material.39–41 CNC is a promising
cellulosic nanomaterial for applications involving non-
refrigerated long shelf-life pharmaceutical products.39 CNC
improves the mechanical properties of the carrier. It has been
shown that the presence of CNC in the formulation improves
the compression strength of freeze-dried microbeads.39 Also,
CNC as an encapsulating material decreases gastric uid
absorption39 and signicantly improves the survival of probiotic
bacteria in the gastrointestinal system.42

CNF can be used as a ller for various biomaterials and has
strong intermolecular bonds.43 It can form aqueous hydrogels
for cell encapsulation, and the carboxyl groups in CNFs can be
used to change the pore size of cellulose macrogels to improve
their loading capacity.44,45 For instance, macrogels made with
a high content of CNFs showed sustained release of Lactoba-
cillus plantarum cells and delivered adequate viable cells to the
desired region in the intestinal tract.45

Nanocellulose can also act as an agent of cryoprotection.40

Nanocellulose can be adsorbed on the surface of microorgan-
isms and form a viscous layer that prevents the growth of ice
crystals by increasing the viscosity of the solution and keeping
the glassy structure of ice near the cells.40 For instance, the
combination of nanocellulose produced from cotton lint with
conventional cryoprotective agents has been shown to improve
the cell viability of Lactobacillus plantarum during freeze-
drying.40 Cellulose nanostructures can also be effective for the
development of controlled release systems. Zhang et al.41

developed microspheres with pH-responsive properties based
on the sodium alginate (SA)/cellulose nanober. The probiotic
L. plantarum was encapsulated by extruding a mixture of
sodium alginate and TEMPO-oxidized CNFs. The acidic envi-
ronment causes the formation of hydrogen bonds between SA
and CNFs, stabilizing the gel microspheres and providing better
protection for the encapsulated bacteria. Their results pre-
sented successful protection of cells in the simulated gastric
uid (SGF) and targeted release in the neutral simulated
© 2021 The Author(s). Published by the Royal Society of Chemistry
intestinal uid (SIF). In essence, the pH-responsive property of
nanocellulose-based carriers is very important for intestine-
targeted delivery of probiotics.

Nanocellulose can be obtained from different sources
including plants and microorganisms.46,47 Among naturally
occurring nanocellulose sources, bacterial nanocellulose (BNC)
has recently received great interest in the eld of biomedical
materials. BNC is biosynthesized as a primary extracellular
metabolite by several bacterial species, such as Komagataei-
bacter xylinus (K. xylinus), during a fermentation process that
results in the secretion of high-quality cellulose ribbons of
microbrillar bundles.48 BNC is non-toxic49 and can be
produced in various shapes, sizes, and surface structures
depending on the manufacturing process.50,51 Compared to
plant cellulose, BNC possesses higher purity, is devoid of other
compounds present in plant pulp such as lignin and hemi-
cellulose, and does not contain components of animal origin.52

BNC also has more stable mechanical properties compared to
plant cellulose.53 BNC as a nanostructured biopolymer can
improve probiotic protection due to its high crystallinity and
available surface area.54 Khorasani et al.54 improved the surviv-
ability of Bacillus coagulans IBRC-M 10807 by encapsulating it
into bionanocomposites composed of BNC, pectin, and Schiz-
ophyllum commune extract. Using the optimal bionano-
composite formulation (20% pectin with 80% BNC), the authors
obtained a survival rate of 99.43% aer microwave drying and
94.76% following sequential digestion under simulated
gastrointestinal uids. Moreover, BNC bionanocomposite
encapsulation improved the viability of probiotic bacteria
during long time storage at various temperatures.54

3.2. Chitosan nanoparticles

Chitosan (CS) is a polycationic natural polysaccharide derived
from the alkaline deacetylation of chitin, a natural macromol-
ecule forming the major constituent of arthropod exoskeletons
and fungal cell walls. CS contains alternating units of (1 / 4)
linked N-acetyl glucosamine and glucosamine units (Fig. 2a).55
Nanoscale Adv., 2021, 3, 2699–2709 | 2701
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Fig. 2 (a) Chemical structure of chitosan, and (b) the field emission scanning electron microscopy image of chitosan nanoparticles (the image
was obtained with permission from Elsevier, copyright 2020).64
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The cationic properties of CS, resulting from its primary amino
groups, present great potential (due to its biocompatibility,
non-toxicity, and low cost) for a wide range of biomedical
applications (including tissue engineering, drug delivery, and
wound dressing56–58), as well as applications in the food and
pharmaceutical industries.59 A variety of cells and molecules
(including hydrophobic and hydrophilic molecules) can be
encapsulated using CS.60

CS-based encapsulation of probiotic cells, in particular, has
attracted a lot of attention recently, as CS protects encapsulated
probiotics from the harsh conditions of the gastrointestinal
tract and enhances its mucoadhesive properties.61 The
mucoadhesive property of CS makes it an ideal candidate
nanomaterial for developing controlled release drug-delivery
systems. In essence, intestinal mucus is composed of nega-
tively charged mucins. The structure of intestinal mucus offers
many opportunities for the development of mucoadhesive
delivery systems. Chitosan with a positive charge can form an
electrostatic attraction with the sticky layer of mucus. Also,
physical entanglements between chitosan and mucus compo-
nents can enhance the adhesion of chitosan-based capsules to
the gastric mucosa.62,63

More recently, chitosan nanoparticles (CSNPs) have been
proposed for the micro- and nano-encapsulation of cells and
molecules,64 respectively, including probiotic bacteria (Fig. 2b).
Delivery systems based on CS-nanoparticles (CSNPs) have
shown great mucoadhesive strength compared to bulk CS due
to their signicantly higher surface-to-volume ratio.28,58,65 There
are various methods for the synthesis of CSNPs including ion-
otropic gelation, microemulsion, polyelectrolyte complexation,
emulsication solvent diffusion, and the reverse micellar
method.66 CSNPs also have excellent physicochemical, antimi-
crobial, and biological properties that make them a promising
biopolymer for drug delivery applications.67 Several studies have
shown the ability of CSNPs to improve the bioavailability and
2702 | Nanoscale Adv., 2021, 3, 2699–2709
resistance of encapsulated drugs for effective GI delivery.68,69

CSNPs along with alginate have also been used to encapsulate
probiotic Escherichia coli Nissle 1917 (EcN). Microencapsulated
EcN was able to resist environmental stresses like low pH, high
bile salt concentration, and high temperature. The survivability
of encapsulated probiotic cells was signicantly increased in an
acidic environment (pH 1.5), high bile salt concentration (4%),
and high temperature (70 �C) compared to non-encapsulated
cells. Moreover, encapsulated EcN showed antimicrobial prop-
erties against Campylobacter jejuni, i.e., a leading bacterial
pathogen responsible for gastroenteritis in humans. A reduc-
tion in the Campylobacter jejuni growth (by 2 log CFU) aer
exposure to microencapsulated EcN was observed.70 It has also
been shown that the released bacteria have better contact with
intestinal mucosa, which facilitates the successful colonization
of probiotic cells in the target region. This is vital for pharma-
ceutical applications of probiotics and causes reduction of the
required dose or frequency of administration.28,65 For instance,
it has been reported that EcN encapsulated in CSNPs and algi-
nate efficiently adhered to intestinal HT-29 cells reduce the
invasion of the pathogenic microorganism C. jejuni.70
3.3. Eudragit S100 nanoparticles

Eudragit®S100 [Eudragit S100] is a non-toxic anionic polymer
synthesized from methacrylic acid and methacrylic acid methyl
ester.71,72 The solubility of Eudragit®S100 is pH-dependent: it is
insoluble in strongly acidic solutions, while it is slightly soluble
in the region of the digestive tract with neutral to weakly alka-
line pH.73,74

Multi-walled microcapsules based on Eudragit S100 nano-
particles, alginate, and chitosan have been developed for
improving the viability of the probiotic bacteria Lactobacillus
acidophilus and Lactobacillus rhamnosus in simulated gastroin-
testinal conditions.75 In essence, the negatively charged
Eudragit S100 nanoparticles attract positively charged chitosan
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Nanostructured capsules used for the delivery of probiotics to the gastrointestinal tract

Microencapsulating
material Probiotic

Storage
conditions Functionality Freeze drying Size

Microencapsulation
technique Ref.

Sodium alginate
(SA)/cellulose
nanober (CNF)

Lactobacillus
plantarum CICC
6240

— — Yes A width of
less than
50 nm and
a length
of less than
500 nm

Extrusion 41

Bacterial
nanocellulose
(BNC),
pectin, and
schizophyllum
commune extract

Bacillus coagulans
IBRC-M 10807

At 25 �C, 4 �C,
and�20 �C for 7,
15 and 30 days

Survival in the GI
tract model

No 50 nm — 54

Whey protein
isolate-crystalline
nanocellulose–
inulin

Lactobacillus
rhamnosus
ATCC 7469

— Survival in the GI
tract model

Yes — — 56

Alginate–cellulose
nanocrystal (CNC)–
lecithin

Lactobacillus
rhamnosus
ATCC 9595

At 4 �C and
25 �C up to 42
days

Survival in the GI
tract model

Yes — Extrusion 39

Alginate and
chitosan
nanoparticles
(CSNPs)

Escherichia coli
Nissle
1917 (EcN)

At 4 �C Survival in the GI
tract model

Yes — Extrusion 70

Eudragit S100
nanoparticles,
alginate,
and chitosan

Lactobacillus
acidophilus and
Lactobacillus
rhamnosus

— Survival in the GI
tract model

No 100 nm Extrusion 75

Alginate–gelatin–
MgO NPs

Pediococcus
pentosaceus Li05

At 4 �C for 4
weeks

Survival in the GI
tract model

Yes — Extrusion 80

Native starch and
starch nanoparticles
(SNPs)

Pediococcus
acidolactici

— Survival in the GI
tract model

Yes 271 nm Extrusion 90

Starch nanocrystal–
alginate

Lactobacillus brevis
ST-69

At 4 �C for 10
weeks

Survival in the GI
tract model

NO — Emulsion technique 92
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in the rst coating layer with ionic bonds to form the second
layer. Since the chitosan layer is porous, coating it with Eudragit
S100 nanoparticles covers the porous beads and forms an
airtight bubble that protects the encapsulated core from
adverse environments.75 Studies have shown that with Eudragit
nanoparticles as the outer coating layer there is an increase in
the strength of the encapsulated beads and an improvement in
the viability of probiotic bacteria in comparison to single-coated
beads.75
3.4. Magnesium oxide nanoparticles

Magnesium oxide (MgO) is a functional semiconductor with
many applications ranging from pharmaceutics to optoelec-
tronics.76 MgO is administered medically for the relief of
cardiovascular diseases and stomach problems.77 Recently
nanoscale MgO has attracted signicant attention due to its
high surface area, nontoxicity, high mechanical strength,
thermal stability, and low cost.78 Magnesium oxide nano-
particles (MgO NPs) have been used in the industry for phar-
maceuticals, toxic waste remediation, and toxic gas removal.79

More recently, MgO NPs have been used for the
© 2021 The Author(s). Published by the Royal Society of Chemistry
microencapsulation of probiotics. For instance, Yao et al.80

have encapsulated a model probiotic (Pediococcus pentosaceus
Li05) in alginate–gelatin microbeads in the presence of MgO
NPs. Probiotics encapsulated in MgO-loaded microcapsules
have shown better viability (less than 2 log CFU reduction aer
40 min incubation) than free bacterial cells (5 log CFU reduc-
tion in 10 min) in gastric uids.80 There are two potential
reasons for this cell survival improvement: MgO NPs ll pores
inside the alginate–gelatin microgels, which may inhibit the
oxygen exposure of probiotics, and MgO NPs neutralize
hydrogen ions in the acidic environment, protecting probiotics
in gastric uids.
3.5. Starch nanoparticles

Starch is one of the most abundant biopolymers in nature
produced by many plants and crops such as cereals.81,82 Starch
consists of glucose residues linked by two types of bonds: a-1,4,
and a-1,6 glucosidic linkages. Despite its simple chemistry, the
starch granule is a complex semicrystalline structure (up to 100
mm long), containing linear amylose and highly branched
amylopectin.83 Amylose has an amorphous structure
Nanoscale Adv., 2021, 3, 2699–2709 | 2703
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comprising linear chains of a-1,4-linked glucose units.83

Amylopectin is a semicrystalline polysaccharide and consists
solely of D-glucose residues covalently interconnected mostly by
a-(1/ 4) glucosidic bonds, but also 4–5% a-(1 / 6) glucosidic
bonds.84

In recent years, the preparation and application of starch
nanostructures have attracted signicant research interest.
Starch nanoparticles (SNPs) and nanocrystals (SNCs) are two
nanostructures that have been widely used for biomedical
applications, especially drug delivery applications.85,86 SNPs and
SNCs are both nano-sized. SNCs refer to the crystalline portion
of starch granules remaining aer acid or enzymatic hydrolysis
of their amorphous structure.87,88 SNCs have a crystal structure,
while SNPs are amorphous. SNPs are generated from congealed
starch, while starch crystallites develop as a result of the
disruption of non-crystalline domains of semi-crystalline
granules.89

Despite showing promising results for the delivery of
bioactive compounds, SNPsmay not be a great candidate for the
microencapsulation of probiotics. Pediococcus acidilactici
encapsulated using SNPs showed lower viability (1.47 log CFU
g�1) as compared to that encapsulated in native starch (2.65 log
CFU g�1). In essence, SNPs cannot contain probiotic cells inside
nanostructured microcapsules, and hence cells are released
immediately in an environment with harsh conditions leading
to cell death. Besides, cells are not protected against higher
temperatures by SNPs; however, signicantly better viability can
be achieved at lower temperatures.90

Chemical modication of SNPs has been widely used to
improve their properties via three important strategies namely
Fig. 3 (A) Scanning electron microscopy of PVA nanofibers (left) and P
electrospinning. Reproduced with permission from Elsevier, copyright 2
matic LbL templating of chitosan and alginate on bacteria. (Right) Optical
CHI/ALG. SEM images of (iii) uncoated bacteria and (iv) bacteria coated wi

2704 | Nanoscale Adv., 2021, 3, 2699–2709
chemical reactions with small molecules, the ‘graing onto’
strategy (i.e., graing of polymer chains in the presence of
coupling agents), and the ‘graing from’ strategy (i.e., polymer
chain graing by polymerization of monomers).91 The chemical
modication of SNPs in combination with another encapsu-
lating material may address their instability and improve their
application in the microencapsulation of probiotics.

In contrast to SNPs, SNCs are reported92 to protect probiotics
by encapsulation in alginate–starch nanocrystals under simu-
lated gastrointestinal conditions and during long-life storage at
4 �C. This proves that alginate and starch nanocrystals are
appropriate materials for probiotic encapsulation. As an
example, Lactobacillus brevis encapsulated in alginate–nano-
crystalline starch gel capsules showed a high survival rate of
94.97% in simulated gastrointestinal uids. They also improved
storage at 25 �C by up to two weeks. As a result, alginate–
nanocrystalline starch is a promising material for probiotic
preservation at room temperature (Table 1).
4. Methods of nanostructured
encapsulation

Several methods have been used for microencapsulation of
probiotics, including chemical methods (such as interfacial
polymerization), physical methods (such as spray drying), and
physicochemical methods (such as coacervation and ionic
gelation).93,94 Many of these microencapsulation methods can
result in a signicant decrease in probiotic cell viability because
of the high temperature range or organic agents used in the
encapsulation process.95 The principles of these methods have
VA nanofibers containing L. rhamnosus CRL1332 (right) obtained by
021.100 (B) Layer-by-layer encapsulation of probiotic cells. (Left) Sche-
microscopy images of (i) uncoated bacteria and (ii) bacteria coated with
th CHI/ALG. Reproduced with permission fromWiley, copyright 2021.99

© 2021 The Author(s). Published by the Royal Society of Chemistry
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been comprehensively reviewed elsewhere.96,97 Here, we high-
light two emerging and promising strategies for nanostructured
encapsulation of probiotic cells, namely electrospinning98 and
the layer-by-layer (LbL) method.99

4.1. Electrospinning

Electrospinning has demonstrated great potential for the
encapsulation of bacterial cells by nanobers that protect
probiotic cells from harsh environmental conditions in the gut
and enhance their survival (Fig. 3A). Electrospun nanobers
based on several polymers (such as polyvinyl alcohol (PVA),100

fructooligosaccharide (FOS)/PVA,98 gum arabic/pullulan,101

and alginate102) have demonstrated the ability to protect pro-
biotic cells from harsh environments. As an example, the
encapsulation of Lactobacillus plantarum by fructooligo-
saccharides developed by electrospinning was studied by Feng
et al.98 Prebiotics are indigestible bers that serve as substrates
for probiotics (such as Bidobacteria spp. and Lactobacilli) and
selectively stimulate their growth and activity. The co-
administration of probiotics and prebiotics (such as oligosac-
charides and inulin) is enabled by nanostructured encapsula-
tion techniques and has been proposed as a new strategy to
improve probiotic survival, for example, by protecting them
from acidity and bile salts,103 and promoting probiotic cell
proliferation. It has also been reported that electrospun FOS/
PVA nanobers can signicantly improve the survivability of
encapsulated cells under moist heat treatment.98 Electrospun
nanobers may be composed of a single polymer or a combi-
nation of two or more polymers. Encapsulation by alginate-
based electrospun nanober mats has been shown to protect
probiotic bacteria from the harsh gastrointestinal environ-
ment. A viability rate of 64.1 to 70.8 log CFU mL�1 has been
achieved for Lactobacillus paracasei KS-199 encapsulated by
alginate-based nanobers in simulated gastrointestinal
uids.102 Electrospun nanobers based on gum arabic/
pullulan are another new type of material that can be used
for the protection of probiotic cells. For instance, Lactobacillus-
loaded electrospun nanobres showed a probiotic survivability
of 85.38–97.83% and retained viability during 28 day storage at
4 �C.101

4.2. Layer-by-layer method

The layer-by-layer (LbL) method is another promising approach
to encapsulate and introduce specic probiotic species into the
GI tract (Fig. 3B). This strategy is based on coating alternating
layers of cationic (e.g., chitosan) and anionic (e.g., alginate)
polymers on bacteria via electrostatic interaction.99 The LbL
method enhances bacterial protection against acidic environ-
ments and bile salts, resulting in the proliferation of encapsu-
lated probiotics on intestinal tissues. This method requires the
minimum amount of polymer for complete encapsulation. The
LbL technique can be utilized to encapsulate various types of
probiotic cells and produce homogeneous nanocoatings with
precise control of the structure.104

Encapsulating probiotic cells using the LbL technique has
been shown to improve bacterial protection in the
© 2021 The Author(s). Published by the Royal Society of Chemistry
gastrointestinal tract and promote microbial adhesion and
growth at the targeted sites.99,105,106 For instance, Periya et al.105

have shown an enhancement in the survival of probiotic
Lactobacillus acidophilus in adverse conditions encountered in
the GI tract by encapsulation through LbL self-assembly of
polyelectrolytes, chitosan, and carboxymethyl cellulose. The
results showed that about 106 CFU/500 mg (33 log%) of bacte-
rial cells with nanocoatings survived when exposed to simulated
gastric and intestinal uids for 120 min; however, almost
complete death of free cells is observed.105
5. Summary and future perspectives

Probiotics as pharmaceutical and nutraceutical products are
becoming more and more popular in the market. Microencap-
sulation of probiotics offers several advantages including (1)
improving the survival of probiotic bacteria by protecting them
against the harsh gastrointestinal environment and undesirable
reactions with external factors (such as oxygen, temperature, and
light during handling and storage); (2) promoting the effective
attachment of probiotics to intestinal mucosal tissues; (3)
ensuring the controlled and targeted release of the encapsulated
materials with desired concentrations in the gastrointestinal
tract; and (4) increasing the ability to incorporate desirable
concentrations of probiotics (ranging from low to high levels).

Various types of synthetic and natural materials have been
traditionally used as EMs; however, there is still room for
improvement. The use of nanomaterials in microencapsulation
is an innovative approach that enables the manipulation of the
physical and chemical properties of microcapsules to improve
the delivery of active probiotics to the site of action.

Various types of nanostructures including cellulose, chitosan,
MgO, starch, and PLGA nanoparticles have been employed as
encapsulating materials to address two main challenges: (1) the
viability of probiotics during processing, long-term storage, and
passage through the gastrointestinal tract., and (2) controlled
release of probiotics in the desired region of the intestinal tract.

The coating of microcapsules with certain materials, such as
Eudragit S100 and MgO nanoparticles, has been shown to ll
pores in the hydrogel structure of the beads and increase
protection from harsh environments for probiotic bacteria. Other
nanomaterials such as nanocellulose can be adsorbed on the
surface of microorganisms to form a viscous layer that acts as
a barrier against the growth of ice crystals near the cells, thereby
protecting them during freeze-drying. Also, different types of
nanobers and nanocoatings (e.g., alginate electrospun nano-
bers) have been used to improve the viability of probiotic cells
during storage and gastrointestinal digestion. EMs can protect
probiotic cells from the acidic pH of the stomach and release
them in the gut. Moreover, the major challenge faced during the
oral administration of probiotic bacteria is the rapid transit from
the intestine in feces; this can be addressed by the use of some
nanomaterials such as chitosan nanoparticles or nanocoatings,
which have been shown to enhancemucoadhesion to the gut wall.

Future advances in nanotechnology and nanostructured
microencapsulation techniques can lead to the development of
Nanoscale Adv., 2021, 3, 2699–2709 | 2705
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improved probiotic products that can further our under-
standing of their health benets.
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C. Castro, Nanocellulose-Based Composites in Biomedical
Applications, Adv. Green Compos., 2018, 369.

47 M. M. Haaz, A. Hassan, Z. Zakaria, I. Inuwa and M. Islam,
Physicochemical characterization of cellulose
nanowhiskers extracted from oil palm biomass
microcrystalline cellulose, Mater. Lett., 2013, 113, 87–89.

48 D. Klemm, E. D. Cranston, D. Fischer, M. Gama,
S. A. Kedzior, D. Kralisch, F. Kramer, T. Kondo,
T. Lindström and S. Nietzsche, Nanocellulose as a natural
source for groundbreaking applications in materials
science: Today's state, Mater. Today, 2018, 21, 720–748.

49 D. Klemm, D. Schumann, U. Udhardt and S. Marsch,
Bacterial synthesized cellulose—articial blood vessels for
microsurgery, Prog. Polym. Sci., 2001, 26, 1561–1603.

50 M. Zaborowska, A. Bodin, H. Bäckdahl, J. Popp,
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