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Abstract The use of probiotic bacteria in novel foods to
provide beneficial health effects is today of increasing
interest in the food industry. The process stability of pro-
biotics is, however, not always optimal. Microencapsula-
tion technology can be used to maintain the viability of
probiotic bacteria during food product processing and
storage. Both true microcapsules with coating as well as
microspheres where the bacteria are evenly spread in the
coating material are discussed. It is important that encap-
sulation keeps the probiotics active through the gastroin-
testinal tract and releases them in their target organ. The
survival of microencapsulated cells in simulated gastric
conditions is therefore also reviewed. Polysaccharides
like alginate, gellan, x-carrageenan and starch are the
most commonly used materials in microencapsulation of
bifidobacteria and lactobacilli. Techniques commonly
applied for probiotic microencapsulation are emulsion,
extrusion, spray drying, and adhesion to starch. Bead sta-
bility can be improved by using different coating materi-
als, e.g. chitosan. Future challenges in the field include
recognition of new potent applications, selection of
appropriate techniques, materials and bacterial strains,
and minimizing the extra costs incurred by microencapsu-
lation.
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Introduction

Probiotics are defined as live microbial feed supplements that
have beneficial effects on the host by improving its intestinal
microbial balance [1], or as live microorganisms that, when
administered in adequate amounts, confer a health benefit on
the host [2]. Probiotics can be used both for animals as well
as for human beings [1]. This review concentrates on their
human use. To benefit human health, a probiotic must have
good technological properties, survive through the upper gas-
trointestinal tract, and be able to function in the gut environ-
ment [3]. The safety of probiotics is of prime importance,
covering aspects such as non-pathogenicity, antibiotic resis-
tance specifications, and the strain’s human origin [4]. How-
ever, the specificity of action and ability to remain viable at
the target is more important than the origin in probiotics for
human consumption [2]. Probiotics have been commonly
added to fermented dairy products, but nowadays also to
other kinds of food. There is a lack of intervention studies to
establish the doses required for probiotic effects, and they are
most probably highly dependent on the probiotic strain used.
The concentration of probiotics in commercial dairy products
is usually in the range of 10%~10° cfu/mL. This is above the
recommendations of Kurmann and Rasic (10°-10’ bifidobac-
teria/mL at the date of consumption) [5] and also above the
minimum level suggested by the International Dairy Federa-
tion (at least 10’ CFU/g in the product to the date of mini-
mum durability) [6].

The most commonly applied probiotic strains reported in
the literature belong to the Bifidobacterium and Lactobacil-
lus genera. Bifidobacteria are gram-positive, strictly anaer-
obic, and grow at pH 4.5-8.5. They are usually found in
large intestine of humans. Lactobacilli are a heterogenous
group of gram-positive, microaerobic or anaerobic species
that vary widely in growth and metabolic characteristics.
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Table 1 Various effects of probiotics on human health (data from [7])

Strengthened innate immunity

Alleviation of food allergy symptoms in infants
Control of inflammatory bowel diseases
Lowered serum cholesterol

Improved lactose tolerance

Reduced risk factors for colon cancer

Control of irritable bowel syndrome

Suppression of endogenous pathogens,
e.g. antibiotic-associated diarrhoea

Suppression of exogenous pathogens, e.g. travellers diarrhoea

They have been traditionally used for fermented food, espe-
cially dairy products.

Probiotics employ different mechanisms for affecting
human health. They normalize the intestinal microbiota and
possess metabolic effects as well as immunomodulation
potential [7]. Table 1 summarizes various health benefits
from the consumption of probiotics. Often, however, the
number of viable probiotic bacteria capable of delivering
their targeted beneficial effect is too low. Many factors such
as acidity, oxygen content, and concentration of lactic and
acetic acids affect the survival of probiotics in food and in
the gastrointestinal tract of the host. Several methods have
been used to enhance the viability of probiotics, including
selection of resistant strains, stress adaptation, incorpora-
tion of micronutrients, and microencapsulation. A list of
lactobacilli and bifidobacteria used in microencapsulation
studies is presented in Table 2.

Microencapsulation is defined as the technology for
packaging solids, liquids or gaseous materials in miniature,
sealed capsules that can release their contents at controlled
rates under specific conditions [59]. A microcapsule con-
sists of a semipermeable, spherical, thin and strong mem-
brane surrounding a solid or liquid core, with a diameter
varying from a few microns to 1 mm [60]. Beads without
coating can also be considered as microencapsules in a
broad sense. Coating protects the active content from envi-
ronmental stresses such as acidity, oxygen and gastric con-
ditions, and can be used, for example, to help the content
pass through the stomach. Besides enhancing the viability
of bacteria, microencapsulation facilitates handling of cells
and allows a controlled dosage.

This article reviews the present technology and the
future prospects and challenges of microencapsulation of
probiotics applied in functional foods.

Materials used for microencapsulation of probiotics

Materials commonly used in encapsulation of probiotic
bacteria include polysaccharides originating from seaweed
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(k-carrageenan, alginate), other plants (starch and its deriv-
atives, gum Arabic), or bacteria (gellan, xanthan), and ani-
mal proteins (milk, gelatin).

k-Carrageenan is composed of repeating p-galactose-
4-sulphate units and 3,6-anhydro-p-galactose joined by
alternating «1 — 3 and 1 — 4 glycosidic linkages. Gela-
tion is dependent on a change in temperature, and the beads
are formed after dropping a mixture of polymer and cells
into a KCI or CaCl, solution. Carrageenan is commonly
used as a food additive, but there is new evidence that it
induces inflammation and intestinal neoplasia [61].

Alginic acid is composed of 1 — 4 linked f-p-mannu-
ronic and a-L-guluronic acids. On addition to divalent cat-
ions like calcium, interfacial polymerization is instantaneous,
with precipitation of calcium alginate followed by a gradual
gelation of the interior. Alginates are widely used in lab-
oratory-scale microencapsulation. The capsules are very
porous, however, and allow diffusion of water in and out of
the matrix.

Starch consists of D-glucose units joint together with
glycosidic bonds. Since some bifidobacteria are able to
adhere to starch granules, it may be possible to use starch
from various sources like maize, potato, barley or oat in
microencapsulation technology [10]. The entrapment of
probiotics in starch polymers renders gel-like structures.
Resistant starch also works as a prebiotic in the human
intestine [3]. Moreover, certain fibre preparations are found
to have potential in protecting probiotic cells during pro-
cessing and storage in food matrices [55].

A cellulose derivative polymer, cellulose acetate phthal-
ate (CAP) has proven effective in microencapsulation of
probiotics by both emulsion and spray-drying techniques
[60]. CAP is physiologically inert and widely used as an
enteric coating material.

Gum Arabic is exuded from the stems and branches of
acacia trees. Gum Arabic is composed of highly branched
arrangement of simple sugars and 2% protein. Its ability to
act as an emulsifier is an important aspect for spray drying
[62].

Polymers of bacterial origin, such as exopolysaccharides
produced by lactic acid bacteria, have potential for using in
bacterial encapsulation [63].

Gellan gum is an anionic polysaccharide derived from
Sphingomonas elodea and is widely used in the food indus-
try. The repeating unit of the polymer is a tetrasaccharide
that consists of two residues of p-glucose and one of each
residue of L-rhamnose and p-glucuronic acid. The units are
connected with each other using an ol — 3 glycosidic
bond. Xanthan is an exopolysaccharide derived from the
plant-pathogenic bacterium Xanthomonas campestris [64].
It is composed of glucose, mannose, and glucuronic acid.
A combination of gellan and xanthan has been used in a
number of microencapsulation studies [8, 23, 54].
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Table 2 List of Bifidobacterium and Lactobacillus strains applied in encapsulation studies

Bifidobacterium strain Reference Lactobacillus strain Reference

B. adolescentis ATCC 15703 [8, 9] L. acidophilus CSCC 2400 [46]

B. adolescentis VTT E-001561 [10] L. acidophilus CSCC 2401 [40-42]

B. animalis subsp. lactis [11] L. acidophilus 33200 [35]

B. bifidum [12] L. acidophilus 2409 [25]

B. bifidum CCRC 11844 [13] L. acidophilus 547 [15]

B. bifidum ATCC 15696 (8, 14] L. acidophilus BCRC 14079 [37]

B. bifidum ATCC 1994 [15] L. acidophilus DD910 [26, 27]

B. bifidum ATCC 29521 (8] L. acidophilus LAC 4 [28]

B. bifidum DI [16] L. acidophilus La-05, [29]

B. breve ATCC 15700 [8, 10] L. acidophilus MJLAT1 [43, 44]

B. breve CBG-C2 [17] L. acidophilus NCFM [31]

B. breve R070 [18] L. bulgaricus KFRI 673 [47]

B. infantis 4038 [16] L. casei [31]

B. infantis ATCC 15697 [8] L. casei 01 [15,30]

B. infantis Bb-02 [19] L. casei 2603 [40]

B. infantis CCRC 14633 [20-22] L. casei 279 [35]

B. infantis CCRC 14661 [20, 21] L. casei ATCC 393 [48]

B. lactis DSM 10140 [23, 24] L. casei NCDC298 [49]

B. lactis DD920 [25-27] L. casei YIT 9018 [50]

B. lactis B6-12 [25] L. delbrueckii subsp. bulgaricus LB 341 [51]

B. lactis B1-01 [28] L. paracasei NFBC 338 [31, 52, 53]

B. lactis Bb-12 [29, 30] L. paracasei Lp-115 [52]

B. lactis B1-04, Bi-07 [31] L. plantarum Lpc-37 [31]

B. longum KCTC 3128, HLC 3742 [32] L. reuteri 1063, PTA 4659, [54]
PTA 4965, and DSM 16666

B. longum B6 [20-22, 33, 34] L. reuteri ATCC 55730 [36, 54]

B. longum 536 [35] L. reuteri BSH+ [39]

B. longum BI-05 [31] L. rhamnosus GG [35, 55, 56]

B. longum ATCC 15707 [8] L. rhamnosus Lr-32 [31]

B. longum ATCC 15708 [20, 21, 33, 34, 36] L. rhamnosus RO11 [57, 58]

B. longum BCRC 14605 [37] L. rhamnosus VTT E-97800 [3, 55]

B. longum CCRC 14634 [20, 21] L. salivarius Ls-33 [31]

B. longum DSM 14579, DSM 14583 [38]

B. longum R023 [18]

B. longum VL0030 [39]

B. pseudolongum ATCC 25526 [10]

B. infantis CSCC 1912 [40-42]

Bifidobacterium spp. BDBB2 (43, 44]

Bifidobacterium PL1 [45]

Other probiotic encapsulation materials include milk
proteins, which can be divided into caseins and whey pro-
teins [18, 58]. Whey proteins are easily heat-denatured,
which affects aggregation and reduction in emulsion stabil-
ity. Caseins and caseinates are not as heat-sensitive as whey
proteins and also show superior surface-active properties.
Skim milk and lactose, often in combination with milk pro-
teins, are widely used as protective agents in spray drying,

especially with pharmaceuticals [53, 56]. Precrystallization
of the lactose solution is necessary prior to spray drying to
avoid caking problems [62].

Gelatin is frequently used in the food and pharmaceuti-
cal industries [65, 66]. It is a protein derived by partial
hydrolysis of collagen of animal origin. Gelatin has a very
special structure and versatile functional properties, and
forms a solution of high viscosity in water, which sets to a
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Table 3 Emulsion techniques applied in microencapsulation studies

Bead material

Size of capsules Reference

3% alginate

2-4% alginate

2% alginate, 5% glycerol, 0.26% xanthan gum + 0.8% chitosan
1% alginate, glycerol + preservatives in MPG membrane

2% alginate + 2% corn starch

2% alginate + 2% Hi-Maize starch

1.75% K-carrageenan + 0.75% locust bean gum

2% K-carrageenan

1% xanthan + 0.5% gellan

32% oil, 20% caseinate, 20% FOS,
20% glucose syrup or starch (MicroMAX)

Milk fat + 10% whey protein isolate
13% gelatin, 1.25 mM genipin + 1% alginate

1% gum arabic, gellan gum or mesquite seed gum

25 pm-1.17 mm [16, 31, 35,43, 44, 54,71, 72]
[49]

40-80 pm [47]
[50]
[54]

0.5-1 mm [27, 30, 40, 42]
[54]

5-100 um [33, 34]
[54]

15-20 pm [19]

3-80 um [18, 73]

49-53 pm [9]

30, 17, and 10 pm [51]

gel on cooling. Like starch it does not form beads but could
still be considered as material for microencapsulation.

Polycations, like chitosan or poly-L-lysine strengthen the
alginate gel structure, and they can be used in coating of
microcapsules [15, 47, 60, 67-69]. Chitosan is a positively
charged polyamide that forms a semipermeable membrane
around a negatively charged polymer [68].

Methods for microencapsulation

The techniques most commonly used in microencapsula-
tion of probiotics are emulsion, extrusion and spray drying.
The size of the obtained microcapsules is important
because it influences the sensory properties of foods. Algi-
nate beads made by the emulsion technique vary in size
from 20 pm to 2 mm, and by the extrusion technique from
2 to 4 mm [54, 70] (Tables 3 and 4). With new extrusion
technology, a bead size of 150 um can be reached. Extru-
sion results in more uniformly shaped microcapsules than
achieved by the emulsion technique [54]. Spray drying has
been found to produce capsule sizes between 5 and 80 pm
(Table 5). The average size of the starch granules which
function as the adhesion base for bifidobacteria is reported
to be 50 um [3]. For encapsulation, probiotic bacteria are
grown in their optimal culture conditions, after which they
are centrifuged and used in suspension form or as freeze-
dried powder. The use of freeze-dried powder is probably a
more practical solution in the food industry because of the
stability of the freeze-dried product during transport and
storage.

Complex coacervation is a fluid—fluid phase separation
of an aqueous polymeric solution. In the process, a change
in pH results in formation of the shell by the polymer
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complex. Microcapsules are dried by freeze drying or spray
drying. Complex coacervation is mainly used for microen-
capsulation of oils but it can also be used for probiotics
[28, 78].

Emulsion technique

Sheu and Marshall [71] developed a method to entrap bac-
teria using a water/oil system. The encapsulation material,
e.g. sodium alginate, is first mixed with the bacterial cells
and the mixture is suspended in an oil bath containing
Tween 80 as emulsifier. The emulsion is then broken by
adding CaCl,, and the formed microcapsules are collected
by centrifugation. Other materials, such as x-carrageenan
with KCI as the emulsion breaker or genipin cross-linked
gelatin, can also be used to encapsulate probiotics by the
emulsion technique [9, 33, 34]. Studies applying this tech-
nique for probiotic microencapsulation are listed in
Table 3.

Reaction time affects the formation of microcapsules and,
on the other hand, the survival of microorganisms [51]. The
size of the calcium alginate beads has been observed to
decrease as the concentration of sodium lauryl sulphate and
Tween 80 increases [43, 44]. It is also possible to control the
size of the microcapsules by utilizing a microporous glass
membrane in the emulsification method [50].

Extrusion technique

Studies using the extrusion technique for probiotic micro-
encapsulation are listed in Table 4. A hydrocolloid solution
is first prepared, probiotics are added, and the solution is
dripped through a syringe needle or nozzle. The droplets
are allowed to fall into a hardening solution.
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studies 0.75% gellan gum and 1% xanthan gum 3 mm (8,23, 24]

1% xanthan gum + 0.5% gellan gum [54]

1% alginate, poly-L-lysine 2 mm [67]

1.5% alginate + 0.1% poly-L-lysine and 0.1% alginate 619 pm [39]

1.8% alginate 330-450 um [46, 69]

2% alginate 1.62 mm [15]

2% alginate + 0.17% alginate 1.89 mm [15]

2% alginate + 0.4% chitosan 1.89-2 mm [15, 68]

1.8% alginate + 0.4% chitosan 356 pm [69]

2% alginate + 2% corn starch [54]

2% alginate + 0.05% poly-L-lysine 1.89 mm [15]

2% alginate, 1% gellan, 0.86% peptides, 0.2% FOS [13]

3% alginate, 1% peptides, 3% FOS [74,75]

2-49% alginate 1.03-2.62 mm [32]

3% alginate [36, 54, 72]

Alginate + gelatin 1.1 mm [48]

Whey protein 2.8 mm [57, 58]

1.75% x-carrageenan + 0.75% locust bean gum [54]

1.8% alginate + 1% Hi-Maize starch [26,27]

1.8% alginate + 20% non-fat milk 1.4 mm [76]

3% i-carrageenan [14]
Table 5 Spray-drying techniques applied in microencapsulation studies
Bead material Inlet/outlet temperature Size of capsules Reference
10% gelatin, gum arabic, soluble starch, or skim milk 100 °C/50 °C 10-20 pm [20-22]
20% skim milk 175 °C/68 °C [53]
20% skim milk + Raftilose or Polydextrose —/80 °C [56]
10% whey protein isolate 160 °C/80 °C 5-80 um [73,77]
Casein/pectin [28]
32% oil, 20% caseinate, 20% FOS, 160 °C/65 °C 15-20 pm [19]

20% glucose syrup or starch (MicroMAX)

10% waxy maize starch 100 °C/45 °C 5 um [45]
30% maltodextrin and 20% gum arabic 100 °C/50 °C 10 pm [37]
Cellulose acetate phthalate 130 °C/75 °C 22 pm [29]
Gum acacia (gum arabic) 170 °C/95-105 °C 5-15 um [52]

Hard oil + starch and gelatin

[17]

In this technique, alginate, x-carrageenan, k-carrageenan
plus locust bean gum, xanthan plus gellan, alginate plus
corn starch, and whey proteins have been used as wall
materials for microencapsulation of lactobacilli and bifido-
bacteria [14, 36, 54, 57, 58].

The size of the microcapsules is affected by the nozzle
size. Also, the diameter of the obtained alginate beads is
found to increase as the concentration of sodium alginate
increases [32], but the alginate concentration does not sig-
nificantly influence the numbers of free cells [67]. A mixture

of gellan and xanthan has better technological properties
than alginate, x-carrageenan, or locust bean gums [8], but
the shape and size of the gellan and xanthan gum capsules
has been found to vary [23, 24].

Adhesion to starch
A variety of starches and modified starches have been

tested to entrap probiotic bacteria. For example, a calcium-
induced alginate polymer containing Hi-Maize™ starch as
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a filler material has been used to encapsulate probiotics [26,
27]. Hylon VII maize starch granules have a high ratio of
surface area to mass and also a good binding capacity. Low
pH and protease have been found to inhibit adhesion of bifi-
dobacteria to starch, so it is unlikely that adhesion is main-
tained during passage through the stomach [10]. Another
starch-based microencapsulation method is to use starch
granules combined with amylose coating [38, 79].

Spray drying of probiotics

Spray drying is a commonly used method of encapsulation
in the food industry [18]. Spray drying involves atomiza-
tion of an emulsion or a suspension of probiotics and carrier
material into a drying gas, resulting in rapid evaporation of
water. The capsules are obtained as dry powder. The spray-
drying process is controlled by means of the product feed,
gas flow and temperature [45, 62]. Besides polysaccharides,
proteins can also be used as carriers; skim milk has proved
to be a better wall material than gelatin, soluble starch and
gum arabic, for instance [20-22]. However, lactose and
milk powders containing lactose tend to stick to the walls of
the dryer during processing if the temperature rises above
the glass transition temperature [62]. Table 5 presents the
coating materials and temperatures used for probiotic
microencapsulation reported in the literature. Yet, despite
the many advantages of the spray-drying method, the high
temperatures needed to facilitate water evaporation lower
the viability of the probiotics and reduce their activity in the
final product.

Matrix encapsulation

A group of encapsulation technologies is referred to as
matrix encapsulation because the microcapsules lack a
core/shell structure but have a number of particles located
at their surface. Still, the obtained properties are often suffi-
cient to achieve the desired delayed release of the ingredi-
ent [78]. Encapsulation by MicroMAX® technology, for
instance, using proteins, lipids and carbohydrates provides
protection for probiotics during spray drying and storage, as
well as during transit through the stomach [19]. In spray
chilling, the atomization step is similar to spray drying, but
the solidification of gel particles is based on the injection of
cold air into the vessel. Spray chilling is a cheap technology
that can be used to generate smaller beads [80]. Freeze dry-
ing of probiotic bacteria, where the frozen material is dried
in a vacuum, is also widely used in industry.

Coating of microcapsules

Coating the microcapsules produced by different technolo-
gies with an additional film can prevent their exposure to
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oxygen during storage as well as improve their stability at
low pH. Possible coating materials include chitosan, poly-
L-lysine, alginate, starch, gum and gelatin [15, 17, 47, 67-69].

Chitosan-coated alginate beads are reported to provide
better protection in simulated gastric conditions than poly-
L-lysine or alginate coating [15]. Low-molecular weight
chitosan has been found to show better control of cell
release than high-molecular weight chitosan [68] and to
result in more spherical beads without changing their size.
Moreover, in a study on chitosan-coated alginate beads,
beads coated with high-molecular weight chitosan partly
collapsed [47]. Coating of microcapsules with alginate pro-
duces a uniform 1-2-pm thin exterior layer and has been
found to improve the survival of bifidobacteria [9]. Coating
the beads with poly-L-lysine and alginate is reported to
limit Lactococcus lactis release but also to reduce the acidi-
fying activity of the culture [67]. In a study by Reid et al.
[58], beads produced with a commercial whey protein iso-
late and soaked in a milk-based solution were big in size,
and they were not perfect spheres.

A two-step process involving emulsion and spray drying
has been used to produce multiphase microcapsules [18, 73,
77]. In spray-drying, aqueous two-phase systems of soluble
polymers can be utilized to design double-encapsulated
ingredients in a single step, as bacterial cells tend to con-
centrate in one of the polymer phases [80].

Survival of microencapsulated probiotics

The survival of probiotic bacteria during processing, stor-
age, and in gastric conditions is highly dependent on the
strain used. Stability of the strain is thus one of the main
criterias in selecting suitable probiotics. Further, food
matrix environment has to be taken into account when
selecting the materials for the microencapsulation.

Methods for studying survival rates

Survival rates of probiotic bacteria after various treatments
have generally been studied by the plate count method,
which is easy to carry out. Cultivability on plate, however,
does not always tell the whole truth about the viability of
bacteria. A non-cultivable population might still be meta-
bolically active and provide the desired health-promoting
effect in its target [81, 82]. The studies of microencapsula-
tion of probiotics, however, do usually not contain any con-
firmation of health effects caused by encapsulated bacteria.

Thus, the use of commercial live/dead kits and flow
cytometry can provide more information about the meta-
bolic status of processed bacteria [38]. These methods are
based on the use of fluorescent staining of nucleic acids,
which distinguishes live bacteria with intact cytoplasmic
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Table 6 Food media used for microencapsulated probiotics

Food Probiotics References
Dairy products
Milk B. bifidum, B. breve, B. lactis, B. longum L. acidophilus, [17, 25, 47, 74]

L. bulcaricus, L. casei
Ice cream, ice milk, frozen deserts

Yogurt, fermented milk

Cheese
Cereal based

Mayonnaise B. bifidum, B. infantis
Sausage E. coli, L. reuteri
Juice L. rhamnosus

Bifidobacterium spp., B. lactis, L. acidophilus, L. casei

Bifidobacterium spp., B. breve, B. lactis, B. longum, B. infantis,
L. acidophilus, L. casei, L. rhamnosus, Lactococcus lactis
B. bifidum, B. infantis, B. lactis, L. acidophilus, L. paracasei

Bifidobacterium spp., B. lactis, B. longum, L. rhamnosus

[30, 43, 71, 87]

[8, 18, 25, 26, 33-35, 37,
40, 42, 44, 68, 85]

[14,27, 41, 53]
[24, 38, 45, 55, 58]
[16]

[36, 72]

[55, 58]

membranes from dead bacteria with compromised mem-
branes.

Moreover, the particle size distribution of the obtained
microcapsules can be analysed by a light microscope, a
scanning electron microscope or a laser diffractometer.

Survival of bacteria during encapsulation and drying

Thermal and osmotic resistance of lactic acid bacteria is
species-dependent [20, 29, 35, 83]. The survival of probio-
tics after spray drying also depends on the kinds and con-
centrations of the carriers used as well as on the outlet
temperature of the spray dryer [20, 53, 56]. Bacterial mem-
branes are the main site of injury during spray drying [56].
Removal of water may damage cell membranes and associ-
ated proteins, because water is important in stabilizing bio-
logical molecules.

Typical survival rates in the spray-drying and freeze-
drying processes are in the range of 70-85%. Although a
survival rate may be acceptable, the prolonged storage sta-
bility of the product is often low. The presence of deoxidant
and desiccant has been found to improve cell survival [20-
22]. Sugars are known to protect dehydrated biomaterials,
and it has been suggested that they act as water substitutes
and replace water molecules around proteins and polar resi-
dues of membrane phospholipids. Sugars are also able to
form hydrogen bonds with the proteins when water is
removed and prevent protein denaturation [56]. It has been
reported that disaccharides were effective in protecting both
bacterial membranes and proteins during drying [84]. Cells
from fresh cultures are reported to survive better than cells
from freeze-dried cultures during encapsulation by emul-
sion and spray drying. The use of milk fat as the dispersing
medium lowers the survival rates [18]. Studies also show
that incorporation of soluble fibre from gum acacia (gum
arabic) in a milk-based medium during storage prior to
spray drying increases the viability of Lactobacillus

paracasei [52], whereas a modified waxy maize starch
coating does not improve the viability of Bifidobacterium
cells [45].

In freeze drying, the drying media can have a greater
effect on the stability of probiotics than microencapsulation
itself [58]. Cryoprotectants can be added to maintain probi-
otic viability. Sultana etal. [40] reported that glycerol
improved probiotic survival in freezing 100-fold. However,
in long-term storage, the addition of a cryoprotectant or
prebiotic has not been found to enhance the viability of
microencapsulated cells [35, 56]. Wheat dextrin and poly-
dextrose have proven promising fibre carriers to protect
Lactobacillus rhamnosus during freeze drying [55]. Other
results show that alginate offers better protection for probi-
otic bacteria than whey protein during freeze drying [85].
Micronization using a spiral jet mill reduces both the viabil-
ity and heat resistance of freeze-dried bacteria, but the mor-
tality rate is considered acceptable [83].

Addition of Hi-Maize starch to alginate has been found
to result in a higher number of live bacteria in microcap-
sules [40]. Increasing the alginate concentration and cap-
sule size also increases the survival of probiotics in heat
treatment [49]. Chen et al. [13] reported that in heat treat-
ment, the best protection for Bifidobacterium bifidum was
provided by 2% sodium alginate combined with 1% gellan
gum. The prebiotic effect of peptides was also confirmed.
Another study observed that the use of non-fat milk in the
extrusion process increases the number of viable cells [76].

Stability of microencapsulated probiotics in food

Table 6 summarizes specific applications of microencapsu-
lated probiotics in foods.

Probiotics often have low viability in dairy products due
to the high concentration of lactic and acetic acid, low pH,
and the presence of hydrogen peroxide and oxygen. The
viability of acid-sensitive bifidobacteria in yogurt can be
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increased by microencapsulation, but this effect depends on
the strain [25]. Studies have reported that in yogurt, a high
amount of bifidobacteria encapsulated in k-carrageenan
[33], gellan-xanthan [8], or alginate and Hi-maize [42], and
some of cells encapsulated in whey protein [18], remain
viable, whereas the number of free bacteria decrease sig-
nificantly. Alginate has been found to offer better protection
for probiotic bacteria in yogurt than whey protein [85].
Zhou et al. [68] reported that cells in an encapsulated state
were relatively metabolically inert and that chitosan coating
decreased the cell release rate during the early stages of fer-
mentation. Of the prebiotics tested in a study by Capela
et al. [35], raftilose best retained the viability of freeze-
dried bacteria in fresh yogurt. Commercial yogurt products
containing encapsulated lactic acid bacteria are already
available in Korea (Doctor-Capsule, Bingrae Co., Kyunggi-do,
Korea [32]) and in Taiwan (Kaung-Chuan Inc, [86]).

Encapsulation of bacteria in alginate has been found to
improve survival rates by one log when compared to free
cell counts when stored in skim milk for 24 h [25]. Micro-
encapsulation of Lactobacillus bulgaricus with alginate and
a chitosan coating can offer an effective means of maintain-
ing their survival during storage in skim milk [47].

Encapsulation significantly improved the survival of
probiotics in ice cream [30]. Entrapping in alginate is
reported to increase the survival of lactobacilli by 40% dur-
ing freezing of ice milk [71]. A study by Kebary et al. [87]
showed that bifidobacteria microencapsulated in alginate
survived freezing of ice milk better than when encapsulated
in k-carrageenan. The addition of glycerol and mannitol in
preparing the alginate beads increased the survival rate,
whereas glucose had no effect.

A study on probiotic spray-dried powder found that
L. paracasei culture, spray-dried with skim milk, remained
stable in Cheddar cheese during storage for at least seven
weeks [53]. In other studies, however, microencapsulation
did not increase the survival of probiotics during Cheddar
cheese maturation [41] or during storage of feta cheese
[27].

When probiotics are added to non-dairy products, factors
like water activity, oxygen tension and temperature become
important to their stability [3]. In spray drying, the highest
moisture has been observed at the lowest outlet tempera-
tures [37, 53, 56]. The water activity of spray-dried emul-
sions containing cellulose phthalate, or milk fat and whey
protein film, has been found to vary from 0.107 to 0.230,
which is within the values recommended for good stability
of dried cultures [18, 29, 37, 77]. Other results show that
water activity varied from 0.2 to 0.3 in microcapsules con-
taining oil, caseinate, fructooligosaccharides, and dried glu-
cose syrup or resistant starch [19]. Also, water activities
between <0.03 and 0.17 have been observed for freeze-
dried bacterial powders with fibres as carriers [55].
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Lahtinen etal. [38] suggested that amylase coating of
starch capsules is not sufficient to keep the water activity
inside the capsules low when stored in oat drinks.

In mayonnaise, alginate-encapsulated bifidobacteria
have been shown to survive better than free bacteria. After
10 weeks’ storage, mayonnaise with encapsulated probio-
tics was free of yeast and mould, while the controls were
not, probably because of the antibacterial effect of the pro-
biotics. The texture of the mayonnaise also improved with
encapsulated probiotics [16].

A study on probiotics in fermented dry sausage reported
that microencapsulation significantly improved the recov-
ery of Bifidobacterium longum, but reduced the inhibitory
action of probiotics against Escherichia coli O157:H7 [36].
On the other hand, microencapsulation has been found to
enhance the survival of Bifidobacterium lactis in the tradi-
tional African fermented food mahewu when stored aerobi-
cally for three weeks. In another fermented food, amasi, the
difference was less noticeable [24].

O’Riordan et al. [45] studied microencapsulation of pro-
biotics as an approach to improve their viability during
storage, finding that starch coating did not increase the via-
bility of bifidobacteria in muesli or in a dry malted bever-
age powder. Another study reported that microentrapment
with a milk-based solution or with whey proteins protected
probiotic cells during the production of biscuit dough, but
not during the storage of biscuits. During storage, the water
activity in biscuits was too high to allow stable viability in
the presence of oxygen [58]. L. rhamnosus have been found
to survive well in chocolate-coated breakfast cereals when
wheat dextrin and polydextrose carriers were used [55].

Reid et al. [58] observed microentrapment and a matrix
based on milk enabled a high survival rate of L. rhamnosus
in vegetable juice after two weeks’ storage when compared
to free cells in a whey protein matrix. Viable counts
dropped in frozen cranberry juice (pH 2.3), but again a
matrix based on milk provided the best survival rate. Fur-
thermore, oat flour with 20% f-glucan has been shown to
have the best stability to fresh L. rhamnosus in apple juice,
whereas freeze-dried cells survived poorly. L. rhamnosus
with fibres as carriers did not change the pH of juice during
three months’ storage [55]. Other studies show that encap-
sulation of bifidobacteria with potato starch does not
enhance their culturability when stored in non-fermented or
fermented oat drinks, whereas a lipid-matrix (cocoa butter)
with polydextrose did result in improved protection against
storage stress [38].

Sensory quality of foods with microencapsulated probiotics
Microencapsulation has certain consequences for the sen-

sory quality of foods. Particle size influences the texture of
foods, but particles with a diameter below 10 um should
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not affect the mouthfeel properties of most foods [45]. The
size of probiotic bacteria is typically 1-4 pm. The shape of
the capsules, on the other hand, determines their flow prop-
erties, which is an important factor for industrial processes
[23]. Moreover, in spray drying, the outlet temperature may
affect the colour of the capsules due to a Maillard reaction
[37].

The organic acid profile of fermented dairy products refl-
ects the metabolic activity of the added bacterial cultures.
Additional amounts of acetic and propionic acids produced
by the probiotic organisms may cause reduced consumer
acceptability of a product. Adhikari et al. [34] observed that
encapsulation lowered the acetic acid content in yogurt sig-
nificantly if bifidobacteria were added to the product before
fermentation. The lactic acid content was dependent on the
strains used [34]. Encapsulated probiotic bacteria have also
been reported to lower the pH in yogurt during storage less
than free bacteria [26].

The starch and sodium alginate used in the capsular
matrix may have an influence on the mouthfeel of the prod-
uct. Kailasapathy [26] observed that while encapsulated
bacteria did not affect the colour, flavour or aftertaste of
yogurts, their smoothness showed significant differences.
The yogurts with encapsulated probiotics were considered
more undesirable by a sensory panel [26]. Production of
exopolysaccharide by probiotics and using starch as a filler
polymer has been found to help maintain the stability of the
yogurt gel [26] as well as to increase the water-holding
capacity in feta cheese [27]. An Irish study found that the
composition of Cheddar cheese was not affected by the
addition of L. paracasei spray-dried with skim milk. Its
sensory quality also reached the scores required for com-
mercial-grade Cheddar cheese in Ireland [53].

McMaster et al. [24] detected no grittiness or texture
change in the African fermented foods mahewu and amasi
containing B. lactis. Microencapsulation actually helped to
maintain the traditional flavour of amasi. Similarly, in sau-
sage, microcapsules had no effect on texture or sensory
quality in another study [72].

Survival under simulated physiological conditions

The general aim of microencapsulation is, firstly, to protect
probiotic bacteria in foods and in the passage through the
stomach, since free cells usually do not survive in gastric
conditions, and secondly, to release the probiotics in their tar-
get, the gut. The survival of probiotic bacteria depends on the
strain [28, 39, 47], and the type of food ingested also affects
the survival rate of probiotics in the gastric environment [17].

The survival of probiotics is commonly studied under
simulated physiological conditions. Simulated gastric juice
typically consists of pepsin and sodium chloride adjusted to
pH 1-3 with HCI. A simulated intestinal solution consists

of bovine or porcine bile and pancreatin at pH 7.4-7.5 [9,
13, 18, 21, 49].

Several studies have shown that microencapsulation of
bacteria with alginate or whey proteins protects them
against acid stress, allowing the cells to survive in the stom-
ach and be delivered in the intestines [18, 44, 47, 54, 69,
76]. An optimal capsule combination reported in the litera-
ture for probiotic survival in gastric conditions is 3%
sodium alginate, 1% pancreatic digested casein and 3%
fructooligosaccharides [75, 76]. Also caseinate and fruc-
tooligosaccharides with either dried glucose syrup or resis-
tant starch are found to provide protection [19]. It has also
been reported that the diameter of alginate microcapsules
decreases in simulated stomach exposure [39]. Various
results indicate that increasing the alginate concentration
and capsule size enhances the survival of probiotics [32, 46,
49], whereas the CaCl, concentration [46] and the initial
cell numbers do not affect bacterial death rates [32].

L. rhamnosus and bifidobacteria encapsulated with starch
have been shown to survive passage through the human
gastrointestinal tract [3, 21], whereas Hi-Maize starch encap-
sulation did not protect Lactobacillus acidophilus or Bifido-
bacterium infantis from high acid conditions in a study by
Sultana et al. [40]. Bifidobacteria encapsulated with gellan
and xanthan, gum arabic and gelatin, and skim milk in simu-
lated gastric juice have been found to survive somewhat bet-
ter than free cells [8, 21, 24]. Also, the surface characteristics
of microporous glass membrane microcapsules protect probi-
otic cells even in highly acidic conditions [50].

Studies also show that coating of microcapsules
enhances the survival of probiotics in simulated gastric
conditions [9, 12]. With chitosan coating, the higher the
molecular weight of the chitosan, the better the survival of
probiotic cells in simulated gastric juice [11]. An in vivo
study of the survival of Saccharomyces boulardii yeast in
alginate microspheres with and without chitosan coating
indicated that 13.3% of the uncoated and 9% of coated
yeast ingested were viable in rat faeces, whereas only 2%
of free cells survived [88].

The release of probiotics from microcapsules at their tar-
get is essential for their colonization in colon. Exposure to
simulated intestinal juice at alcalic pH solubilizes the algi-
nate and releases the cells [9, 49]. Similarly, whey protein
and MicroMAX® capsules as well as capsules of chitosan-
coated alginate or skim milk mixed with alginate were
completely dissolved and probiotics released when put in
simulated intestinal juice pH 7.4 [18, 19, 47, 76].

Future challenges

Microencapsulation of probiotic bacteria in foods on an
industrial scale faces technological, microbiological, and
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financial challenges, and also questions linked to consumer
behaviour. More research data on appropriate technologies,
carrier matrices, and bacterial strains is still required in
order to promote surviving of bacteria under heat, osmotic
and oxygen stresses as well as digestive stress [89]. Probi-
otic-containing food supplies are considered as functional
food, and their market is continuously growing in several
countries. The extra costs incurred by microencapsulation
have to be realistically estimated so that they can be mini-
mized. Future development efforts must also take into
account the growing consumer interest in healthy food as
well as in ecological aspects.

Selection of appropriate techniques, materials, and bacterial
strains

The main challenge in applying microencapsulation of pro-
biotics to new foods to meet consumer interests has to do
with finding the appropriate microencapsulation technique,
safe and effective encapsulating materials, and potent bacte-
rial strains. Microencapsulation is expected to extend the
shelf life of probiotics at room temperature in various food
matrices, increase their heat resistance, improve their com-
pression and shear stress resistance, and enhance their acid
tolerance [90]. Environmentally conscious consumers also
expect the applied technology to be nature-friendly and
avoid the use of hazardous chemicals. Also, aqueous coat-
ing systems should be preferred to prevent harmful effects
from organic compounds.

A wide variety of potential microencapsulation tech-
niques are already available nowadays. The use of super-
critical carbon dioxide is an interesting recent approach
[92]. As to the basic techniques, the weak points of the
spray drying, low survival rates and low stability during
storage are tried to overcome by seeking strains that toler-
ate elevated temperatures, optimizing processing parame-
ters, selecting appropriate drying medium, and using a
stabilizing precondition treatment. Effective thermoprotec-
tants are known to enhance the survival of probiotics in
spray drying [56, 91]. Extrusion and emulsion techniques
avoid using high temperatures during encapsulation pro-
cess. By both methods high survival rates of bacteria are
achieved. Because the emulsion techniques are easier to
scale up and the size of the beads is smaller, these tech-
niques probably have potential to develop into large-scale
technology. For instance, the microporous glass membrane
emulsification technique is both simple and easy to scale up
[50]. The costs of the emulsion techniques are, however,
increased by the use of vegetable oil [70].

The selected microencapsulation technique determines
the materials used. This means, for instance, evaluating the
thermal conductivity properties of food-grade biopolymers
and lipids [61]. Probiotic/prebiotic combinations may be
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among the most important interests in the future. New car-
rier materials of natural origin, such as shellac and fruit
polysaccharides, are also being tested [93, 94]. Special
attention needs to be paid to their safety to create consumer
confidence, and all raw materials must naturally be of food-
grade quality. The fact that most food companies in Europe
do not use ingredients derived from genetically modified
organisms may restrict the use of some products, e.g.
maize-derived starches. Bovine spongiform encephalopa-
thy (BSE) and foot-and-mouth disease epidemics have
reduced consumer confidence in the use of materials of ani-
mal origin, e.g. gelatin [95].

Several criteria are proposed for selecting a preferable
probiotic strain for use in health foods [2, 3]. Some of
these, like the probiotic’s tolerance to acid, human gastric
juice and bile, are facilitated by microencapsulation. Other
important concerns include the adherence of the strain
to epithelial surfaces and persistence in the human gas-
trointestinal tract, antagonistic activity against pathogens,
antimutagenic and anticarcinogenic properties, and immuno-
stimulation. Often the persistence in the human gastrointes-
tinal tract is tested in vitro in the connection of the
microencapsulation experiments. More research is needed
to confirm that the in vivo health effects of bacteria retain in
microencapsulation processes.

The technology also has to consider the large size of the
microbial cells (typically 1-4 pm) and particles of the
freeze-dried culture (even exceeding 100 pm), which
demands a large capsule size that influences the textural
and sensorial properties of foods. On the other hand, larger
microcapsules have been proven to give better protection to
bacteria [54].

Altogether more than 1000 patents have been issued
concerning various microencapsulation processes [78].
Interesting alternatives include gelation of proteins at high
pressure (EP 0750854) or by heat (US5601760, [96]), as
well as a film-forming protein-carbohydrate-oil emulsion
(W02005030229-A1, [19]).

Recognition of new applications

Until lately, probiotic microencapsulation techniques have
mostly been applied to dairy products such as yogurt, milk,
dry dairy beverages, frozen desserts and cheese. The selec-
tion is now expanding to fruit juices, muesli bars and cook-
ies (Table 6). Probiotics have recently been added, for
instance, to chocolate products [97]. Still, product develop-
ment for new areas is very challenging due to the harshness
of the product environment to probiotics. Developing new
products, in which food matrix supports microbial survival
in the gastrointestinal tract in combination with encapsula-
tion, may prove to be successful. Adding probiotics to
food systems is also seen as a means to restore initially
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food-associated microflora destroyed during processing, in
sterilization, pasteurization disinfection, washing, etc. [98].
Microencapsulation can help to promote this objective.

Microencapsulation technology is not yet fully devel-
oped and requires additional experimental work. Indeed,
new technical innovations are continuously being intro-
duced. Companies using microencapsulation technology
hold various expectations for new, high-volume products—
such as carbonless paper was in the paper industry. The
food industry also needs further expertise to be able to esti-
mate the most promising commercial applications for the
future.

Costs of microencapsulation

There are at least two reasons for the higher costs caused by
encapsulation. The first has to do with product develop-
ment. New, potent bacterial strains may call for novel
encapsulation procedures, and the development of products
takes both time and financial resources. Secondly, the
microencapsulation phase adds costs to food processing.
Since the margins in food ingredients are relatively low,
encapsulated end products will have higher prices. The
effect may vary greatly depending on the used technique
and the volume of the product. Spray chilling, rarely
reported for probiotics, is considered the least expensive
encapsulation technology [78]. Encapsulation of probiotics
using natural biopolymers is often difficult to scale up, and
the processing costs are high [60, 78, 99]. Polysaccharides,
e.g. alginate, and proteins are expensive to use in spray dry-
ing because of their low solubility in water [78]. Milk pro-
teins are more costly than carbohydrates [62], but whey
proteins are often available as a by-product of the dairy
industry.

On the other hand, cost savings can be derived from eas-
ier manufacture of products, lower wastage of bacterial
material and better health impact of the product. Brownlie
[95] estimates that the price of encapsulated probiotic bac-
teria may be two or three times that of non-encapsulated
probiotics. Nevertheless, despite the extra costs, microen-
capsulation has profit-making potential, e.g., in markets for
higher-value products, in products where microencapsula-
tion is absolutely necessary, and in markets where scale
economies can be applied [95].

Conclusions

The use of probiotics in the food industry is currently
expanding from dairy products to other categories such as
juices, energy bars, and chocolate products. In these new
products, the environment for probiotic survival is even
more challenging than in dairy foods. Microencapsulation

has proven one of the most potent methods for maintaining
high viability and stability of probiotic bacteria, as it pro-
tects probiotics both during food processing and storage as
well as in gastric conditions. Besides the polysaccharides
traditionally used as a matrix in microencapsulation,
starches, gelatin, and milk proteins can also be employed as
bead material. New materials are being tested for carrier
matrices. One of the major interests in the future concerns
the use of probiotic/prebiotic combinations. Another ques-
tion concerns the coating of capsules, which not only
enhances the stability of cells but also increases the capsule
size.

Techniques for encapsulation are developing, and new
industrial-scale methods are being made available. Emul-
sion technology, in particular, shows many promising
applications. Consumer health issues and environmental
consciousness deserve special attention in the design of
future carrier matrices and technology. Further research on
these issues will benefit the development of novel func-
tional food products.
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