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The use of live probiotic bacteria as food supplement has become popular. Capability of probiotic bacteria to be kept at
room temperature becomes necessary for customer’s convenience and manufacturer’s cost reduction. Hence, production
of dried form of probiotic bacteria is important. Two common drying methods commonly used for microencapsulation are
freeze drying and spray drying. In spite of their benefits, both methods have adverse effects on cell membrane integrity and
protein structures resulting in decrease in bacterial viability. Microencapsulation of probiotic bacteria has been a
promising technology to ensure bacterial stability during the drying process and to preserve their viability during storage
without significantly losing their functional properties such acid tolerance, bile tolerance, surface hydrophobicity, and
enzyme activities. Storage at room temperatures instead of freezing or low temperature storage is preferable for
minimizing costs of handling, transportation, and storage. Concepts of water activity and glass transition become
important in terms of determination of bacterial survival during the storage. The effectiveness of microencapsulation is
also affected by microcapsule materials. Carbohydrate- and protein-based microencapsulants and their combination are
discussed in terms of their protecting effect on probiotic bacteria during dehydration, during exposure to harsh
gastrointestinal transit and small intestine transit and during storage.

Keywords

INTRODUCTION

Probiotics have been considered as a functional food
due to their abilities to provide health benefits (Lin, 2003;
Sarkar, 2007) beyond nutrition. The use of probiotic bacte-
ria is not limited to fermented milk, such as yogurt or
yakult, but is extended to other forms of functional foods
or beverages (Gibson, 2007; Prado et al., 2008). Consump-
tion of probiotic bacteria in dried form is currently being
developed with global market of worth $1.2 billion in 2007
with predictions to achieve $1.7 billion in 2013 (Anony-
mous, 2008). From many consumers, it is more practical to
take dehydrated probiotic bacteria due to ease of conve-
nience. In fact, most of probiotic bacteria supplement prod-
ucts has to be kept at refrigerator to keep the bacteria alive
in high population (Amagase and Ide, 2007), which means
high costs of transportation and storage. In addition, there
is high expectation that probiotic bacteria should be still
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alive at certain population number during passage through
gastrointestinal tract before adhering to lower intestinal
tract and colon of the hosts. Microencapsulation is
designed to cope with these adverse conditions. Studies
have been conducted to produce microencapsulated probi-
otic bacteria which can easily be kept at room temperature
and survive during exposure to harsh digestive systems
(O’Riordan et al., 2001; Desmond et al., 2002; Sunny-Rob-
erts and Knorr, 2009; Heidebach et al., 2010). The harsh
conditions encountered by microencapsulated probiotic
bacteria prior to exerting beneficial effects to the hosts are
shown in Figure 1.

Microencapsulation methods of probiotic bacteria are
based on hydrocolloid system or emulsion system followed
by spray drying (O’Riordan et al., 2001; Crittenden et al.,
2006), freeze drying (Bruno and Shah, 2003; Capela et al.,
2006; Heidebach et al., 2010), vacuum desiccation (Efiuv-
wevwere et al., 1999; Xiaoyan and Xiguang, 2009), hybrid-
ization system (Ann et al., 2007) and extrusion followed by
fluidized bed drying (Kim et al., 1988). Freeze drying
method is the most common technique to dehydrate probi-
otic bacteria within coating materials or in dairy products
(Meng et al.,, 2008). On the other hand, spray drying is

1685



1686

D. DIANAWATI ET AL.

CARVESTTNE PROTECTANTS and -
PROBIOTICS (high g ENCAPSULANTS STABILIZATION /
centrifugation or shear (homogenization shear MICROENCAPSULATION
stress) stresses in emulsion PROCESS (heat in spray drying)
. system)
- N
PACKING OPTION SECOND
[()tli;RIEiILNrS S(;I;SRiiE (compression ENCAPSULATION
variF;tions) moi\slfure,) pressure in tablets or PROCESS (hot fats in
| putting in capsules) spray-coating)
7
Encountering low Encountering bile Adhesion ability (in
Consuming pH (2.0) in GIT> in upper SIT = lower SIT and colon) =
SURVIVE! SURVIVE! RELEASE!

Providing optimal
benefits

Figure 1 The ‘long journey’ of microencapsulated probiotic bacteria prior to exerting beneficial effects to the hosts.

popular in microencapsulation industries due to its eco-
nomical and flexibility (Kailasapathy, 2002). A combina-
tion of encapsulating material(s) and suitable drying
method with optimum setting conditions, for instance pro-
portion of formulations, freezing temperature, time, tem-
perature, and pressure of freeze drying, or inlet and outlet
temperatures of spray drying, improves the stability of pro-
biotic bacteria during storage and during exposure to harsh
gastrointestinal and small intestinal tract before adhering to
colon to exert beneficial effects. Reviews on probiotic
microencapsulation technology including application of
various substances as protectants have been carried out by
Anal and Singh (2007), Mortazavian et al. (2007), Kailasa-
pathy (2002), Poncelet (2006) and Rokka and Rantamaki
(2010). Carvalho et al. (2004) reviewed more specifically
about effects of freeze drying on probiotic bacteria, and
Peighambardoust et al. (2011) emphasized on spray drying
technique and its effect on lactic acid bacterial stability.
Storage at ambient temperature has gained more attention
due to its low storage cost as compared to that in refri-
geration or frozen conditions. In addition, review on
effectiveness of spray- and freeze-drying as part of micro-
encapsulation in preserving probiotic bacteria protected by
hydrocolloids, sugars, emulsion-based system, or their
combinations during storage is lacking. Therefore, the pres-
ent article is more focused on the effectiveness of microen-
capsulation of probiotic bacteria in improving survival
including their acid and bile tolerance after freeze-drying
and spray-drying and during subsequent storage with an
emphasis on storage at room temperatures. Studies related
to microencapsulation technology of probiotic bacteria are
shown in Table 1.

STABILITY OF PROBIOTIC BACTERIA

Probiotic has been defined by FAO/WHO (2001) as micro-
organisms that when administered in adequate amount provide
one or more health benefits to the hosts. The definition pro-
posed by Tabbers and Benninga (2007) and Boirivant and
Strober (2007) is that probiotics are ‘single or mixed nonpa-
thologic bacteria that have capability to alleviate inflammation
when supplied into inflamed intestine.” They have abilities to
release advantageous effects to the host such as maintaining
the balance of bacteria thus improving strength of intestinal
environment, enhancing the host’s immune system resulting in
reduction in intestinal infection, reducing the symptoms of lac-
tose intolerance, reducing the risk of certain cancers, reducing
inflammatory bowel disease and counteracting allergies, and
providing antioxidants (Gilliland, 1990; Shah and Jelen, 1990;
Gill and Guarner, 2004; Mottet and Michetti, 2005). In con-
junction with those expectations, probiotic bacteria should be
stable in gastric juice and bile salts of intestinal tracts, be able
to adhere to human epithelial cells before releasing some bene-
fits such as antimicrobial activity and prohibiting adhesion of
pathogen to the epithelial cells (Dicks and Botes, 2010). Most
probiotic bacteria belong to the species of Lactobacillus and
Bifidobacterium (Lin, 2003), some Lactococcus strains have
also been considered as probiotic based on their acid and bile
tolerance (Kimoto et al., 1999; Kimoto et al., 2003).

Bifidobacterium

The first invention of Bifidobacerium was by Tissier of the
Pasteur Institute in France in 1899 with an original name of
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SURVIVAL OF MICROENCAPSULATED PROBIOTIC BACTERIA AFTER PROCESSING

Bacillus bifidus communis. It was classified as genus Lactoba-
cillus based on its morphology and its characteristics, but was
then declared as a sovereign genus namely Bifidobacterium in
1960s (Ishibashi et al., 1997). Currently, more than 30 Bifido-
bacterium species have been identified isolated from either
human or animal intestines. Bifidobacterium isolated from
human feces include B. longum, B. breve, B. infantis, B. bifi-
dum, B. adoltescentis, and B. pseudocatenulatum, while those
isolated from animal feces are B. pseudolongum, B. thermo-
philus, and B. animalis (Ishibashi et al., 1997). Among Bifido-
bacterium, B. animalis is more adaptive in acid environment;
B. animalis that has encountered the genetic changes is known
as B. lactis strains (Meile et al., 1997).

The bacteria of the genus Bifidobacterium are gram posi-
tive, immobile, and nonsporulated (Ballongue, 1998). They
have rod and coccoid forms in the exponential and early sta-
tionary growth phases, and the cells are developed into
branched and septated filaments, clubbed cell forms in the late
stationary and death phases. The glucose fermentation end-
products formed during their growth are acetic and lactic
acids. They are not acid tolerant, however they are able to
develop mechanism to adjust to the unfavorable environments
including pH of 4.0-4.2 (Novik et al., 2001). Some strains of
B. animalis and B. thermacidophilum are still capable of sur-
viving at pH 3.5-4.0 (Dong et al., 2000). Bifidobacteria are
also rigorously anaerobic, even though some strains such as
Bifidobacterium animalis subsp. lactis and Bifidobacterium
thermophilum are considered as microaerophilic (Von-Ah
et al., 2007; Li et al., 2010).

Lactobacillus

Lactic acid bacteria are gram-positive, nonsporing, nonres-
piring cocci or rods, and producing lactic acid as the major
end-product during the fermentation of carbohydrates. L. aci-
dophilus species is a microaerophilic having ability to ferment
sugars (Axelsson, 1998) but some strains are capable of digest-
ing sucrose more efficiently than lactose (Mital and Garg,
1992). Catabolic metabolism through Embden—Meyerhof—Par-
nas pathway occurs to digest glucose in order to produce the
main product namely lactic acid; thus lactic acid bacteria are
categorized as homofermentative bacteria (Axelsson, 1998).

Due to their health-promoting properties, some of them are
classified as probiotic bacteria. Some of LAB species such as
L. acidophilus has been recognized as probiotic bacteria due to
their ability to adhere to animal or human intestines and to
release health advantages for the hosts. In addition, the ability
of LAB to bind mutagens has been hypothesized as a protect-
ing mechanism against cancer (Ljungh and Wadstrom, 2006).
L. acidophilus and L. salivarius could be good examples of
LAB with their probiotic properties. They survive well in
harsh environments such as very low pH and high bile concen-
tration. They have ability to reduce the population of Salmo-
nella by preventing their colonization on the epithelium
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(which is known as co-aggregation mechanism) (Del-Re et al.,
2000), while they are able to adhere on it (Ortowski and Bie-
lecka, 2006).

Lactococcus

Lactococcus strains, besides Lactobacillus strains, are also
categorized as lactic acid bacteria. Lactococcus has an impor-
tant role as a starter (or mixed cultures) in cheese and other
fermented milk products owing to their high proteolysis and
acidifying abilities (Monteagudo-Mera et al., 2011). These are
gram-positive and nonspore forming; they forms pair or short
chain on the media. They are categorized as homo-fermenta-
tive bacteria with lactic acid as a main product. They also pro-
duce nisin and cytokine which has a role in immune system
(Nouaille et al., 2003; Elmarzugi et al., 2010). Two Lactococ-
cus strains generally used in milk industry are L. lactis ssp.
lactis and L. lactis ssp. cremoris. The difference between them
is L. lactis ferments lactose, sucrose, glucose, maltose, galac-
tose, and fructose; while L. cremoris metabolizes lactose, glu-
cose, galactose, and fructose. However, none reacts with
mannitol: a characteristic similar to that of L. acidophilus
(Ahmed and Kanwal, 2004).

Current studies have shown that L. lactis has potential to be
probiotic bacteria. Most of the studies showed that their func-
tional properties such as survival in gastrointestinal tract as
well as adherence ability to mucosal surface are highly strain-
dependent (Drouault et al., 1999; Kimoto et al., 1999). Some
lactococci strains can survive in intestinal tract of mice
(Kimoto et al., 2003). A study on human feces showed that L.
lactis was still able to survive in human gastrointestinal tract
up to 3 days (Klijn et al., 1995). L. lactis has also ability to
form proteins and antigen in order to improve mucosal vac-
cines (Nouaille et al., 2003). More detailed studies regarding
the functional properties of L. lactis as probiotic bacteria have
been established (Drouault et al., 1999; Kimoto et al., 1999,
Kimoto et al., 2003; Sabir et al., 2010).

Stability of Probiotic Bacteria in the Gut

Viable probiotic bacteria are expected to improve micro-
flora in the intestinal system and provide health benefits to the
hosts. Therefore, probiotic bacteria are expected to survive
during passage through gastrointestinal tract and adhere to
mucosal layer of the hosts (Vinderola and Reinheimer, 2003).
However, in particular cases, lysed probiotic bacteria might
also be desirable for functionalities such as decreasing gut
inflammation, and improvement in immunity and brain func-
tion (Ray et al., 2010). Stability of some probiotic bacteria in
acid and bile environment is shown in Table 2. In general,
they show different response to those environments depending
upon their characteristics. Study on acid stability (pH 1.5-3.0,
three-hour exposure) and on bile stability (bile salts 0-1.5%,
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SURVIVAL OF MICROENCAPSULATED PROBIOTIC BACTERIA AFTER PROCESSING

three-hour exposure) of 6 L. acidophilus and 9 Bifidobacterium
showed that the most robust strains surviving in both adverse
conditions were L. acidophilus strains 2415, Bifidobacterium
pseudolongum strain 20099, and B. longum strain 1941
(Lankaputhra and Shah, 1995). Acid stability of gram-positive
bacteria was affected by ATPase activity which has the role in
pumping proton out in order to maintain the pH of intracellular
cells (Cotter and Hill, 2003; Corcoran et al., 2005). The pres-
ence of glucose as metabolizable sugar is necessary as ATPase
substrate (Galazzo and Bailey, 1990; Corcoran et al., 2005).

Survival of probiotic and LAB in bile environment depends
on concentration of bile, exposure time, and bacterial species
and strains (Vinderola and Reinheimer, 2003). Bile tolerance
of some probiotic is also shown in Table 2. In fact, bacteria
get partially injured due to very low pH of gastric juice result-
ing in irregular responses to new harsh environment of bile
salts (Dicks and Botes, 2010). All the bacteria showed ability
to survive in 0.3% bile but some of them were not capable of
surviving in 1% bile. Most Lactobacillus were sensitive to
bovine and porcine bile (Ljungh and Wadstrom, 2006). All
bifidobacteria survived well in the medium added with 0.5%
conjugated bile salts; however, higher concentrations had a
deteriorative effect (Noriega et al., 2006).

Adherence on epithelial surface might be a requirement for
probiotic bacteria in conjunction with colonization in the
lower intestinal tract or colon (Canzi et al., 2005). Its activity
consists of ‘receptor-specific binding and charge and hydro-
phobic interaction’; and was expressed as contact angle or
adhesion to xylene (Ljungh and Wadstrom, 2006). Lugea et al.
(2000) reported that due to the hydrophobic nature of the intes-
tinal mucus layer, the hydrophobic bacterial surface is essen-
tial for nonspecific interface with mucin, the glycoprotein
intestinal layer, the receptor on the intestinal epithelial cell
with fatty acid binding sites (Ballongue, 1998).

Cell surface hydrophobicity (SHb) can be accurately mea-
sured by determining the adherence of bacteria to hydrocar-
bons (hexadecane, octane, and xylene) (Rosenberg et al.,
1980; Pan et al., 2006; Rahman et al., 2008). Determination of
microbial adhesion to hexadecane involved Van der Waals
interactions and is affected by pH and ‘vortexing’ (Kiely and
Olson, 2000). Several Lactobacillus species possess a surface
layer protein comprising glyco-proteins (Vadillo-Rodriguez
et al.,, 2004), the S-proteins with relative molecular weight
between 40,000 and 200,000 (Sara and Sleytr, 2000), which
help Lactobacillus to adhere to hexadecane via hydrophobic
interactions (Greene and Klaenhammer, 1994; van der Mei
et al., 2003). In addition, the presence of predominant apolar
groups of bacterial membrane such as saturated fatty acids,
monoenoic acids (Veerkamp, 1971), and lipoteichoic acids of
bifidobacterial membrane (Op-den-Camp et al., 1985) may
also support the adherence.

The adhesion ability varies with the type of bacteria and
strain. Canzi et al. (2005) revealed that adhesion ability of B.
bifidum strains with xylene or n-hexadecane was the highest
(76-98%), B. pseudocatenulatum the lowest, B. longum and B.
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adolescentis low to moderate adhesion ability (2-48% and
4-58%, respectively); all were strain dependent. This observa-
tion was contradictory to that of Rahman et al. (2008) who
found strains of B. longum with the highest SHb (surface
hydrophobicity) (91.4 — 97.3%) except B. longum BB 536
(51.5%). On the other hand, SHb of B. bifidum was in the wide
range of 51.9-92.8% depending on the strains. The highest
SHb of B. asteroides and B. pseudocatenulatum was 37.2%
and 32.1%, respectively; it was higher than SHb of B. longum
(12.5%) and that of B. animalis (18.6%) (Pan et al., 2006).
Wang et al. (2010) demonstrated that SHb of B. animalis
Bbl12, L. acidophilus NCFM, and L. rhamnosus GG were 50,
8, and 20%, respectively. SHb of L. acidophilus was 57-70%
(strain-dependent); of L. delbrueckii subsp. delbrueckii and of
L. paracasei was 90 and 90%, respectively; and of L. planta-
rum was 65 to 84% (strain-dependent) (Colloca et al., 2000).
SHb of L. acidophilus M92 was high (71%); pH decrease
resulted in decrease in SHb; and the reduced of pronase and
pepsin removed SHb of L. acidophilus totally (Kos et al.,
2003). However, any related factors such as different chemical
composition of cell membranes, media (compositions, pH),
and time of cultivation contributed large discrepancy of SHb
between strains (Pan et al., 2006). In addition, adhesion might
be reduced due to previous exposure to very low pH of gastric
tract and bile salts environment of small intestinal tract (Dicks
and Botes, 2010). Zavaglia et al. (2002) showed that surface
hydrophobicity of B. pseudolongum and B. bifidum grown on
MRS media (37°C, 15 hours) was in the range of 90.3-97%;
whereas that of both bifidobacteria grown on MRS media sup-
plied with 0.1% bile (37°C; 24 hours) decreased into 28—49%.
Bile interaction with hydrophobic site of cell membrane of the
strains might be the reason for decreased SHb of cells since
bile acts as emulsifier (Ding and Shah, 2009b).

Stability of Probiotic Bacteria during Processing and Storage

Stability of probiotic in acid and bile environments has
been described; however, extrinsic factors such as tempera-
tures and oxygen also need to be considered. The optimal
growth temperature of bifidobacteria is in the range of 36—
38°C and 41-43°C for human and animal origin strains,
respectively. However, B. thermacidophilum and B. psycraer-
ophilum are still capable of growing at 49°C and at 4°C,
respectively (Ruiz et al., 2011). Survival of B. animalis ssp.
lactis JICM 7117, B. animalis ssp. lactis DSMZ 20105, and B.
animalis ssp. lactis BB12 were 65.4, 1.3, and 1.2%, respec-
tively, after heating at 60°C; while survival of those bifidobac-
teria after grown under aerobic condition (37°C, 24 hours)
were 25.8; 249 and 25.6%, respectively. These strains
appeared superior to other bifidobacterial strains such as B.
longum, B. thermophilum, and B. bifidum which showed no
growth at 60°C and very low survival in aerobic condition
(0.90, 6.60 and 0.85%, respectively). These observations con-
firmed that bifidobacteria are more susceptible to heat instead
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of aerobic environment (Simpson et al., 2005). Some heat
shock proteins such as chaperones and proteins responsible to
‘DNA and RNA synthesis and cell division’ appeared to have
developed at high temperatures (Schmidt and Zink, 2000). In
fact, spray drying might have severe effects on bacteria not
only due to heat stress but also osmotic stress related to dehy-
dration and oxidative stress (Teixeira et al., 1997). High inlet
temperature of spray drying can reduce viability depending
upon exposure time. Decrease in viability could be due to heat
damage of cell membrane substances such as fatty acids and
S-layer proteins, or even intracellular proteins, ribosomes, and
RNA (Teixeira et al., 1997).

Other process to extend the shelf life of probiotic bacteria is
freeze drying. Some stages of freeze drying are considered as
less harmful as compared to spray-drying due to the use of low
temperature (Wang et al., 2004). However, disturbance on
intact cells, ribosome functions, folding of proteins, and
enzyme stability occurred due to storage at low temperatures
(Mills et al., 2011). Besides, cell is damaged by formation of
ice crystals and a high difference in osmolality due to solute
concentration effects (Angelis and Gobbetti, 2004). Water
movement from the cells to the environment induces loss of
‘cell turgor pressure,” an increase in ‘concentration of intracel-
lular solutes’ along with a decrease in ‘cell volume’ was also
taken place during freeze dehydration (Angelis and Gobbetti,
2004). Bacteria are able to cope with temperature decrease by
inducing a group of cold shock proteins such as CspA, CspB,
CspG, RecA, dihydrolipoamide transferase, and pyruvate
dehydrogenase (Phadtare, 2004); however, circumstances
encountered by probiotic bacteria during freeze drying and
storage are more severe and complex. Freezing of L. del-
brueckii ssp. bulgaricus (also L. delbrueckii bulgaricus) L2 in
water without any coating materials showed a very low sur-
vival i.e. 4%. After 14th day of freezing storage (—20°C) in
water or ice milk, the number of the uncoated bacteria was 2%
or 87% indicating a protective effect of milk proteins on the
bacteria (Sheu et al., 1993). Stability of some probiotic bacte-
ria after freeze drying and after storage at various conditions is
shown in Table 3 and 4, respectively. It also appeared that
cold storage of probiotic bacteria, particularly Bifidobacterium
in fermented milk, was not a suitable storage method for bacte-
rial viability (Fachin et al., 2008). The authors demonstrated
that viability of B. animalis ssp. lactis Bb12 in MRS-LP media
and L. bulgaricus in MRS media was 9.5 and 7.6 log CFU/
mL, respectively, after 30 days of storage in the refrigerator;
whereas that in yoghurt after the same storage conditions was
undetectable. As comparison, population of L. bulgaricus in
yoghurt after the above mentioned storage was 6.4 log CFU/
mL (no initial number was given). These studies showed the
importance of microencapsulation of probiotic bacteria to pre-
serve them from drying process and to extend their shelf life
without losing viability during storage.

Adverse effect of oxygen in bacterial toxicity takes place
during fermentation, harvesting, processing, and upon storage.
Formation of H,O, due to an interaction of oxygen with
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moisture showed adverse effects on proteins, lipids, and DNA
(Mills et al., 2011). A study on the effect of oxygen levels (0,
5, 10, 15, and 21%) on metabolic activities of Lactobacillus
acidophilus and Bifidobacterium spp. has been carried out by
Talwalkar and Kailasapathy (2003) who found that either lac-
tic acid or lactate-to-acetate ratio decreased due to an increase
in oxygen percentage. At level of 21% oxygen, activity of
NADH oxidase, NADH peroxidase, and ability to decompose
H,O, of Bifidobacterium spp. increased significantly into
6.2—18.9 (units/per mg of total protein of the cell free extract),
6.1-16.9 (units/per mg of total protein of the cell free extract),
and 3.7-13.3 (nmol H,0,), respectively; the results were strain
dependent. However, those of L. acidophilus were high i.e.
27.3 (units/per mg of total protein of the cell free extract), 25.6
(units/per mg of total protein of the cell free extract) and 38.4
(nmol H,0,) at the same oxygen level introduced. Bifidobacte-
rial strains are more susceptible to oxygen than L. acidophilus.
In addition, the presence of oxygen resulted in a discrepancy
of SHb, a decrease in level of carbon source as well as an
increase in protein content of L. acidophilus LAS and B. lactis
Bb12 (Shakirova et al., 2010). The sensitiveness of bacteria to
harsh external factors leads scientists to develop microencap-
sulation technology for probiotic bacteria.

MICROENCAPSULATION TECHNOLOGY

A bacterium in spore form is naturally resistant to tempera-
ture changes, radiation, toxic chemicals, and starvation (Sunde
et al., 2009). The outermost part of spore known as ‘coat’ is
consisted of several coatings of cross-linked proteins; the
inside part is called ‘cortex’ consisted of cross-linked peptido-
glycan matrix. Both layers are responsible for maintaining the
dry-state of the ‘core’ and for protecting from oxygen, mois-
ture, chemicals, and enzyme (Driks, 1999; Henriques and
Moran, 2000). Based on this natural encapsulation phenome-
non (Gibbs et al., 1999), the concept of microencapsulation of
probiotic bacteria has been developed to improve stability dur-
ing storage and passage through digestive systems.

Microencapsulation is an ‘entrapment of a compound or a
system inside a dispersed material for its immobilization, pro-
tection, controlled release, structuration, and functionalization’
(Poncelet, 2006). According to this definition, microencapsu-
lation can limit contact between protected substance and other
parts in the system or in environment, can homogenize the
small liquid core with high volume of microencapsulating
materials and convert the mixture into powder, can release the
active ingredient and display its functionality in targeted tract
once microcapsule is ruptured. This technology allows entrap-
ping probiotic bacteria and protecting them during oral deliv-
ery and during exposure to harsh digestive systems (Islam
et al., 2010).

By applying microencapsulation technology, bacterial
integrity can be maintained during passage through the harsh
environment of digestion systems and be released when they
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reach their target destination by the gradual breakdown of
coating materials. Key objectives of microencapsulation are to
increase the stability of the core, to control the release of the
core into environmental destination and to facilitate ease of
transportation and storage (Shahidi and Han, 1993). Applica-
tion of microencapsulation technology for lactobacilli and bifi-
dobacteria could improve their survival against harsh
environments (Tannock, 1999).

A microcapsule comprises a semi permeable, round, thin,
and strong membrane bordering a solid/liquid core, with a
diameter in a range from a few microns to 1 mm (Anal and
Singh, 2007); however, its characteristic depends upon some
variables such as microencapsulating materials, techniques of
microencapsulation, the presence of secondary coatings and
drying process. The substance within the microcapsule is rec-
ognized as the core, internal phase, or fill, while the wall is
named as shell, coating, wall material, or membrane. The
walls can be single or even multiple, meanwhile the core can
be a crystalline material, an emulsion, a suspension of solids,
or a suspension of smaller microcapsules (Gharsallaoui et al.,
2007). Based on the morphology, microcapsules can be
divided into three elementary categories i.e. mono-cored in
which single core is coated by protectants, poly-cored in which
some cores are within protectants, and matrix types in which
protectants form matrices with core entrapped therein (Yoshi-
zawa, 2004). Sugars, polysaccharides, proteins, or their combi-
nations are used as coating agents as shown in Table I.
Alginate-based materials are mostly applied for probiotic
microencapsulation. Other polysaccharides such as modified
starch, maltodextrin or prebiotics have been studied as a poten-
tial microencapsulant combined with different proteins
(Table 1). The use of microencapsulating materials is to entrap
or immobilize bacteria within microcapsule and to protect the
bacteria, from damages due to drying process, which is the last
stage of microencapsulation technique.

Stability of Microencapsulated Probiotic Bacteria during
Freeze-drying or Spray-drying

Drying is used to form a structure of the micro-capsule
technology and reduce the moisture content to ensure desirable
shelf life of probiotic bacteria. The effect of drying on the via-
bility varies with the characteristics of bacteria, type of drying,
and the formulation used for microencapsulation. Both freeze-
and spray-drying are used for this purpose. Freeze drying is
preferred commercially due to its ‘mild’ characteristics avoid-
ing thermal stress regardless its high production cost. Cur-
rently, spray drying has been developed as an alternative to
freeze drying as it offers some advantages such as low cost
and high production rate. Drying is usually carried out at as
low a temperature as possible to maintain viability of cells.
Since the reduction in viability is a function of temperature
and the resident time used, the use of low inlet temperature
resulting in low outlet temperature was successful in

D. DIANAWATI ET AL.

maintaining bacterial viability. From industrial point of view,
the use of spray drying is more beneficial since its fixed cost
and manufacturing cost were 12% and 20%, respectively, of
that of freeze drying (Peighambardoust et al., 2011).

Due to sensitivity of probiotic bacteria toward extremely
low- or high-drying temperatures, coating probiotic bacteria
using cryoprotectants or thermoprotectants has been studied.
Comparison between freeze-drying and spray-drying method
as a final step of microencapsulation technology for probiotic
bacteria has been carried out since more than 20 years ago ini-
tiated by Johnson and Etzel (1995); they found that freeze dry-
ing was more effective than spray drying to maintain viability
(Table 3). Interestingly, spray drying (7Touqe; Of 82°C) retained
high aminopeptidase and p-galactosidase of 85 and 17%,
respectively, compared to those of frozen cells which were 15
and 2%, respectively. These enzymes were absent in freeze-
dried or spray-dried cells with Toyqe¢ 120°C. Similar results
were obtained by Kim and Bhowmik (1990) and Wong et al.
(2010). In contrast, Ying et al. (2010) and Zamora et al.
(2006) did not find any difference in loss of viability after
spray or freeze drying. Zamora et al. (2006) found 100% and
66.7% survival of L. reuteri after spray drying and freeze dry-
ing, respectively (Table 3). The contradictive results indicate
effects of factors such as strains, growth conditions (medium,
pH), growth phase, coating materials, different set-up of freeze
or spray drying used (Johnson and Etzel, 1995; Ying et al.,
2010) and extent of drying (moisture or a,, readings).

Loss in cell viability is mainly due to protein denaturation,
changes in cell envelopes, and removal of water during evapo-
ration. Those variables have an important role in stabilizing
the structure of cells and in maintaining cell functional integ-
rity (Brennan et al., 1986). Encapsulation of sensitive materi-
als such as proteins, enzymes, and probiotic bacteria within
polysaccharides and proteins based system using spray drying
technique has been carried out to protect the core from thermal
and dehydration inactivity (Broadhead et al., 1994; Adler and
Lee, 1999; Desmond et al., 2002; Hsiao et al., 2004; Yadav
et al., 2009).

A specific study on spray-coating method to microencapsu-
late Lactobacillus rhamnosus RO011 or Bifidobacterium lon-
gum ATCC 15708 with fat DP108 blend of fractionated palm
kernel oil and palm oil has been carried out by Champagne
et al. (2010); the microencapsulation method was according to
Durand and Panes (2003). The cells were previously freeze
dried using skim milk and sucrose as protectant. The precise
viable count was not achieved due to incomplete rehydration
of microencapsulated powder when they were exposed to
water with gentle agitation. However, sample preparation
using blender or ‘generator probes high-shear homoge-
nization’ showed no difference on CFU determination. Viable
count of microencapsulated bacteria was 10.2 and 10.6 log
CFU/g depending upon sample preparation method. The pow-
der mass recovered of spray-coated Lactobacillus rhamnosus
ROO11 with fats with particle size ranging from 53 to 250 um
was 95%; meanwhile that of commercial spray-coated



SURVIVAL OF MICROENCAPSULATED PROBIOTIC BACTERIA AFTER PROCESSING

Lactobacillus rhamnosus R0O011 (provided by Institut Rosell-
Lallemand, Montréal, QC, Canada) within the same range of
particle size was 64.4% (Champagne et al. 2010).

Microencapsulating Materials

The use of sugars, polysaccharides, protein-based system,
or combinations to preserve probiotic bacteria during spray- or
freeze-drying has been established. The following sections
focus on the effectiveness of carbohydrate-based or protein-
based systems and their combinations in protecting probiotic
bacteria from microencapsulation processes and from harsh
gastro- and intestinal environment.

Carbohydrate-based System

Among polysaccharides, alginate is common microencap-
sulation material due to it being nontoxic, relatively cheap and
its easiness to create strong beads; thus its use is discussed
more specifically. Calcium alginate in the form of gel beads
has been widely used for the immobilization of probiotic bac-
teria (Sultana et al., 2000) due to its easy handling, nontoxic
nature, low cost, gentle process condition, and easy to dissolve
in intestine thus releasing entrapped cells (Reid et al., 2005;
Mortazavian et al., 2007). Freeze drying has been commonly
used as a final process of alginate microencapsulation. Frozen
Lactobacillus bulgaricus L2 entrapped in 6% of alginate beads
showed almost 100% survivals, while 1.5% and 3.0% of algi-
nate beads showed 80% survival. However, high proportion of
alginate was too dense to be applied in commercial scale.
Combination of alginate with proteins, cryoprotectants, or
antioxidants has been established to improve bacterial stability
(Sultana et al., 2000; Cui et al., 2006; Gbassi et al., 2009).
Alginate 3.6% combined with 6% of glycerol or mannitol as
cryoprotectants improved the bacterial survival during freez-
ing at —20°C for two weeks (95 and 90%, respectively) (Sheu
et al., 1993). Data on acid and bile tolerance of freeze dried
Lactobacillus strains coated with alginate base are shown in
Table 2. Cui et al. (2006) demonstrated that addition of either
yeast extract, cryoprotectants (glycerol or lactose), antioxi-
dants (NaHSOj; or ascorbic acid), or buffering agent
(Mg3(POy),) improved the survival of bifidobacteria-loaded
alginate poly-l-lysine microparticles significantly during
freeze drying as compared to control (cells entrapped in algi-
nate poly-1-lysine without fortification).

Particle size of microcapsules also affected survival of pro-
biotic bacteria. Ding and Shah (2009c) studied the effect of
homogenization techniques (microfluidizer, the ultra-turrax
homogenizer, and standard magnetic stirrer method) on size of
alginate microcapsules and survival of the probiotic bacteria.
Standard method using magnetic stirrer produced the largest
size of microcapsules (120132 pm) with the highest encapsu-
lation efficiency (84.4-88.3%). On the other hand, ultra-turrax
homogenizer set at 5 min at 4000 rpm resulted in higher size
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of microcapsules (90-97 um) but lower encapsulation effi-
ciency (59.8-69.6%) than microfluidizer set at 10 passes at
10,000 psi (size 72-80 um; efficiency 76.2—80.6%). Viability
of microencapsulated probiotic bacteria produced by standard
method, microfluidizer, and ultra-turrax (the same settings)
was 9.1-9.4 log CFU/mL, 8.6-9.0 CFU/mL, and 7.5-8.4 CFU/
mL, respectively; all strain dependent. This experiment also
showed that speed (rpm) and time of mixing controlled cell
viability (Ding and Shah, 2009c). Similarly, Sheu et al. (1993)
demonstrated that large- (102 um) and medium-sized
(30 pum) alginate beads were more effective in preserving bac-
terial viability than small beads (15 um) (p < 0.05). In addi-
tion, increase in size of alginate beads (from 200 to 1000 pm)
resulted in higher viability of L. acidophilus during three-hour
exposure to pH 2.0 at 37°C (from ~5.0 to ~5.5 log CFU/mL)
(Chandramouli et al., 2004).

In contrast, some studies revealed ineffectiveness of algi-
nate matrix as cell coating material. Zohar-Perez et al. (2004)
showed that bacterial distribution in alginate-beads was not
homogenous; the cells tend to be on the surface of alginate
beads instead of within the beads. Dianawati and Shah
(2011b) demonstrated that alginate was efficient as a coating
material, but was not effective in protecting B. animalis ssp.
lactis Bb12 during freeze drying and during exposure to pH
2.0 for 2h; a significant plummeting (10* log CFU/g)
occurred. Alginate beads immersed in peptone solution was
not effective in protecting Streptococcus thermophilus from
freeze drying; a decrease of more than 99% of viable popula-
tion occurred after freeze drying; similar results were shown
for Lactococcus lactis in alginate beads coated with poly-L-
lysine (Champagne et al., 1992; Champagne and Gardner,
2001). Meanwhile, Andrade et al. (2010) found no difference
between alginate alone or alginate combined with nonmilk
protein isolates in protecting L. casei from harsh gastric intes-
tinal environment. Similarly, no B. lactis encapsulated with
alginate was detected after 14 days of refrigerated storage of
yoghurt; however, survival of L. bulgaricus encapsulated with
alginate was 85.7% after storage at the same conditions
(Grosso and Favaro-Trindade, 2004). Krasaekoopt et al.
(2004) demonstrated that chitosan-coated alginate beads pro-
vided a good protection only for L. acidophilus in acid (pH
1.5) and bile environment (0.6% bile salt) but not for B. bifi-
dum (Table 2).

Polysaccharides such as cellulose acetate phthalate (used
for medicinal market) (Favaro-Trindade and C.R.Grosso,
2002), maltodextrin (Johnson and Etzel, 1995; To and Etzel,
1997), and modified waxy maize starch (O’Riordan et al.,
2001) has also been applied as microencapsulants (Table 3).
The results were highly varied; cellulose acetate phthalate pre-
served probiotic better than maltodextrin and modified starch.
Two latter components appeared ineffective as protectants. It
is because maltodextrin acts as inactive bulking compound
which does not interact with cell envelopes of the bacteria
(Oldenhof et al., 2005). However, those polysaccharides can-
not be compared due to the use different probiotic species and
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strain and microencapsulation technique applied in their
studies.

The use of low molecular weight sugars (lactose, trehalose,
maltose, sucrose) was effective in protecting L. rhamnosus
(Miao et al., 2008); but sucrose and trehalose were not effec-
tive in protecting L. salivarius (Zayed and Roos, 2004)
(Table 3). The use of sugar alcohols as protectant have been
established by De Valdez et al. (1983) and Carvalho et al.
(2003b). The effectiveness of mannitol and sorbitol in protect-
ing bacteria was demonstrated by Mugnier and Jung (1985);
Efiuvwevwere et al. (1999) and Santivarangkna et al. (2010).
Study of Berner and Viernstein (2006) (Table 3) on microen-
capsulation of L. lactis indicated that the higher proportion of
mannitol such as 10% (w/v) had an adverse effect on bacterial
survival possibly due to the formation of crystalline mannitol,
as suggested by Constantino et al. (1998). The mechanism of
protection by sorbitol and mannitol has been explained by San-
tivarangkna et al. (2010) and Dianawati et al. (2012) which is
in agreement with that of Leslie et al. (1995) and Oldenhof
et al. (2005).

Protein-based System

Current studies have been developed by applying skim
milk, caseins, and whey proteins as microencapsulating mate-
rials for probiotic bacteria using spray drying or freeze drying
(Reid et al. 2005; Crittenden et al., 2006; Reid et al., 2007,
Heidebach et al., 2009; Heidebach et al., 2010; Doherty et al.,
2011); these studies used different encapsulation techniques
such as emulsion, extrusion, or cross-linking. The use protein-
based systems combined with relatively short carbon chains of
sugars was effective in increasing survival of probiotic bacte-
ria during spray drying, whereas incorporation of polysacchar-
ides showed no or less effect (Gardiner et al., 2000; Corcoran
et al.,, 2004; Ananta et al., 2005; Sunny-Roberts and Knorr,
2009). These are in contradiction with the results of Desmond
et al. (2002) and Rodriguez-Huezo et al. (2007)) who found
that incorporation of polysaccharides into proteins improved
bacterial stability significantly as shown in Table 3. Sodium
caseinate provided excellent protection for bifidobacteria dur-
ing spray drying and storage (Crittenden et al., 2006). Simi-
larly, heat denatured 10% whey protein solution was effective
to immobilize bifidobacteria using spray-drying technique
(Picot and Lacroix, 2004). Maltodextrin blended with sodium
caseinate, gelatin, or soy protein was also used to protect phos-
pholipids during spray drying (Yu et al., 2007). The authors
revealed that a high stability of emulsion comprising malto-
dextrin and sodium caseinate was attained when spray drying
with an air inlet temperature (140°C), a solid concentration
(20%), and feed temperature (30°C) were carried out; it
retained 90% of phospholipids. This study indicates that this
technique can have potential for microencapsulation of probi-
otic bacteria, as cell envelopes of bacteria are mainly consisted
of phospholipid bilayers (Crowe et al., 1987).
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Cell dehydration can have serious effects on membrane
phospholipids such as fusion and transformation from crystal
liquid of fatty acids into gel phase; which increases the mem-
brane permeability (Crowe et al., 1987). The use of protective
materials such as sugars, proteins, or their combinations is
effective in preserving probiotics during freezing and freeze
drying. This is due to interactions between sugars (sucrose, tre-
halose) or sugar alcohols (mannitol, sorbitol) and polar site of
phospholipid bilayer of cell membranes occurs via hydrogen
bond as demonstrated by Fourier Transform infrared (FTIR)
spectroscopy (Leslie et al., 1995; Oldenhof et al., 2005; Santi-
varangkna et al., 2010; Dianawati et al., 2012). Some studies
related to the use of sugars or their combination with various
proteins to protect probiotic bacteria during freeze drying has
been compiled in Table 3.

Stability of Microencapsulated Bacteria in Gastrointestinal
Tract

Effectiveness of microencapsulation on protecting probiotic
bacteria is dependent on some variables such as the type of
microcapsulating substances, method of microencapsulation,
and bacterial strains reflecting their different characteristics.
Alginate is a common microencapsulant used for protecting
probiotic bacteria from harsh acid environment (Table 2).
Nevertheless, alginate was not successful in protecting B. bifi-
dum from high acidity of gastric juice (pH = 1.55) (Krasae-
koopt et al., 2004); this study was in agreement with
Dianawati and Shah (2011b) who demonstrated that a signifi-
cant plummeting (>10* log CFU/g) of freeze-dried B. ani-
malis ssp. lactis Bb12 coated with alginate occurred during
exposure to pH 2.0 for two hours. It is because alginate is
hydrolyzed into D-mannuronic and L-guluronic acid during
exposure to very acid environment (Heyraud and Leonard,
1990); hence the bacteria will be released before achieving the
targets (lower intestinal tract or the colon).

Some studies have incorporated proteins to improve the
protective effect of alginate on probiotic bacteria. Some strains
of L. plantarum were successfully protected by Ca-alginate-
based microcapsules layered by whey proteins (Gbassi et al.,
2009). Similarly, the use of Ca-alginate coated with chitosan
also improved survival during exposure to simulated gastroin-
testinal tract (Chavarri et al., 2010; Li et al., 2011b) (Table 2).
Ding and Shah (2009b) found high viability of some species
of Lactobacillus and Bifidobacterium microencapsulated with
Ca-alginate coated with poly-L-lysine and palm oil. The appli-
cation of Ca-alginate combined with other carbohydrates such
as starch and glycerol (Sultana et al., 2000) or glycerol and
xanthan gum (Kim et al., 2008) was also proven effective in
increasing probiotic bacterial bile tolerance. However, some
studies demonstrated that the use of polysaccharides such as
alginate and starch as coating materials without any addition
of protein was less effective in protecting Lactobacillus and
Bifidobacterium from acid environment (Sultana et al., 2000;
O’Riordan et al., 2001; Krasaekoopt et al., 2004). O’Riordan
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et al. (2001) stated that starch was not able to protect spray
dried Bifidobacterium PL1 at very low pH; no survivors was
detected after 3 h exposure to pH 2.8 (37°C).

Modification method of microencapsulation using ‘milk
protein matrices’ induced by rennet was successful in improv-
ing stability of Lactobacillus paracasei ssp. paracasei and
Bifidobacterium lactis Bb12 during exposure to pH 2.5 for
1.5 hours (Heidebach et al., 2009). The use of whey proteins
as microcapsule of spray-dried Bifidobacterium breve RO70
and Bifidobacterium longum R023 also improved bacterial sta-
bility in simulated GIT; however, survival level was strain
dependent (Picot and Lacroix, 2004). Similar result was
reported by Doherty et al. (2011) using Lactobacillus rhamno-
sus GG as a model. Sudden drop of viability occurred when
microencapsulated bifidobacteria strains were exposed to SGJ
containing pepsin (pH 1.9) for 30 minutes (less than 1.0 log
CFU/g), but they were able to grow when exposed to pancrea-
tin pH 7.5 for six hours (achieving 7.5 and 4.0 log CFU/g for
R070 and R023, respectively) (Rodriguez-Huezo et al., 2007).

Combination of proteins and carbohydrates were investi-
gated to increase the effectiveness of microencapsulation.
Casein provided the shielding effect on bifidobacteria from
low pH of simulated gastric tract (Charteris et al., 1998; Crit-
tenden et al., 2006). Survival in SGJ (pH 1.6, 60 min, 37°C)
of spray-dried L. rhamnosus GG encapsulated with trehalose-
MSG was 1.7 x 10" CFU/mL; but L. rhamnosus E800 was not
able to survive (Sunny-Roberts and Knorr, 2009). The use of
complex formulation comprising cellulose, maltodextrin, pre-
biotic and reconstituted milk as protectant also increased acid
and bile tolerance of spray-dried Lactobacillus acidophilus
and Bifidobacterium lactis (Bb-12) (Favaro-Trindade and C.R.
Grosso, 2002). Polysaccharides such as gum acacia (GA) com-
bined with RSM improved survival of spray dried L. paracasei
NFBC 338 as compared to RSM only (Desmond et al. 2002).
Similarly, Favaro-Trindade and Grosso (2002) demonstrated
the effectiveness of skim milk (as carrier of the microorgan-
isms) combined with cellulose acetate phthalate (as wall mate-
rial), detail is shown in Table 2.

Enzyme Activities of Microencapsulated Bacteria

Determination of activity of enzymes is important since it
relates to fermentation pathways; some enzymes are also
related to probiotic functional properties. The cleavage of
B-glycosidic linkage of glucosides, dissacharides, and oligo-
saccharides as well as the transformation of isoflavone glyco-
side (in soybean) into isoflavone aglycone takes place due to
the activity of p-glucosidase (B-glu) (Izumi et al., 2000;
Otieno et al., 2007; Yang et al., 2009). Lactose hydrolysis into
glucose and galactose can take place due to B-galactosidase
(B-gal) activity. This activity decreases the possibility of lac-
tose intolerance (Vasiljevic and Jelen, 2003). B-Galactosidases
are categorized as thermo-resistant enzymes; however, they
have wide a range of thermal stability from 0 to 80°C depend-
ing on bacterial species (Asraf and Gunasekaran, 2010).

1707

Stability of B-gal of B. longum CCRC 15708 was optimum at
30°C for 40-minute exposure (98% remaining); an increase in
exposure temperature to 40°C decreased enzyme activity to
80% (Hsu et al., 2006). The optimum temperature for activity
of B-glu is 60°C (Xie et al., 2004); however, its stability can
be preserved at 40°C for 150 minutes when it is protected by
polysaccharide matrices (Rashid, 1997).

In fact, study on stability of some enzymes of microencap-
sulated probiotic bacteria is still very few; most studies
observed microencapsulation or entrapment of enzymes
instead of the bacteria. Sugars or sugar-protein combination
have been applied as protecting ingredients to maintain high
activities of some enzymes during dehydration (Carpenter and
Crowe, 1988; Broadhead et al., 1994; Burin et al., 2002;
Izutsu and Kojima, 2002; Okamoto et al., 2002; Vasiljevic
and Jelen, 2003; Singh and Singh, 2003; Han et al., 2007; San-
tagapita and Buera, 2008; Yoshii et al., 2008; Izutsu and
Kojima, 2002; Li et al., 2011a). Grosova et al. (2009) encap-
sulated B-gal using polyvinylalcohol hydrogel to produce D-
galactose. The results indicated that the activity of entrapped
B-gal was maintained and hence, shortened the production
time. Different microencapsulation techniques namely precipi-
tation, emulsion cross-linking and ionic gelation was used to
preserve B-gal using chitosan as microencapsulating material
(Biro6 et al., 2008). Ionotropic gelation using sodium sulphate
as gelation agent resulted in the highest enzyme activity.
Microencapsulated B-gal was preserved well after three weeks
of storage in aqueous solution at 4°C and pH 7.0; decrease in
activity was below 5%. Woodward et al. (1993) found that
microencapsulated B-glu using propylene glycol alginate/bone
gelatin was stable during exposure to 40°C for couple months
without losing its effectiveness. Li et al. (2011a) demonstrated
that ATPase of L. reuteri protected by trehalose or RSM
decreased significantly during freeze drying compared to pyru-
vate kinase and hexokinase.

Microencapsulation of bacteria and its effect on the activity
of some enzymes were observed by Goel et al. (2006), Diana-
wati et al (2011a) and Dianawati et al (2013a). Encapsulation
of S. thermophilus using of calcium alginate, carrageenan and
gellan-xanthan enhanced the stability of B-gal of the bacteria
at temperature of (>55°C) (Goel et al., 2006). Dianawati and
Shah (2011a) observed some enzyme activities of microencap-
sulated probiotic bacteria using alginate-based system. Freeze
drying decreased the activities of B-glu, §-gal, lactate dehydro-
genase, pyruvate kinase, hexokinase, and ATPase of microen-
capsulated B. animalis; percent retention was enzyme
dependent. Incorporation of mannitol into alginate system
improved stability of the observed enzymes of microencapsu-
lated bacteria after storage at a,, of 0.07 and 0.1 at 25°C. Algi-
nate alone and alginate-mannitol microcapsules and a,,
affected the retention of g-glu, B-gal, HK, and ATPase (p <
0.05), but not of LDH and PK. Emulsion system using caseins
added by glucose and mannitol followed by spray drying also
maintained high stability of g-gal of microencapsulated L. aci-
dophilus and L. cremoris ssp. lactis after 10 weeks of storage
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at 25°C at a,, of 0.07 and 0.1 (86.3 — 87.7% of enzyme reten-
tion) (Dianawati et al., 2013a).

STORAGE

We have discussed freeze drying and spray drying as a part
of microencapsulation technology in subsection 3.1; in which
spray drying with low outlet temperature could be more bene-
ficial than freeze drying in terms of maintaining viability.
However, it might result in a high residual moisture content of
products due to inadequate drying. It might have a harmful
effect on bacterial survival during storage, as water could be
available as solvent required for physico-chemical reactivity.
Removal of remaining free water of dehydrated microcapsules
can be carried out through further treatments such as use of
desiccants or vacuum drying in second stage. Freeze- or spray
dried microcapsules with low a,, is desired for the purpose of
long-term storage at room temperatures i.e. between § and 12
weeks (Corcoran et al., 2004; Donthidi et al., 2010) and stor-
age up to 20 months at cold temperature (Bruno and Shah,
2003).

Materials and proportion of microencapsulant, temperature,
a, and period of storage are factors that influence stability of
microencapsulated bacteria during storage (Zamora et al.,
2006; Chavez and Ledeboer, 2007; Higl et al., 2007; Miao
et al., 2008; Kurtmann et al., 2009; Coulibaly et al., 2010;
Savini et al., 2010; Ying et al., 2010). Storage of microencap-
sulated probiotic bacteria at low temperature (4—7°C) ensures
high viability of the cells for long periods but results in
increased cost of transportation and storage. As a result, trans-
porting microencapsulated bacteria for a long distance
becomes impracticable. The following part emphasizes on
storage of freeze- or spray dried probiotic bacteria at room
temperature, mainly at low water activity (a,). Storage at fro-
zen- and cold temperatures is also discussed briefly.

Storage at Cold and Frozen Temperatures

Storage at 4°C (Boza et al., 2004; Lee et al., 2004; Heide-
bach et al., 2010; Savini et al., 2010) or at —18°C (Bruno and
Shah, 2003) has always been proven effective in lengthening
shelf life of probiotic bacteria. Freeze dried Bifidobacterium
longum 1941 protected with unipectin was only able to survive
at freezing or cold temperatures but not at room temperature
(Bruno and Shah, 2003). This was in contradiction with
the results of Saarela et al. (2005); details of both studies are
shown in Table 4. It demonstrated superiority of milk or low
MW sugars as protectants as compared to polysaccharides.
Similarly, SM + trehalose + ascorbic acid improved survival
of freeze-dried Lactobacillus sp.; however, storage at 4°C was
preferable (Jalali et al. 2011). On the contrary, survival of L.
acidophilus and B. infantis encapsulated with whey proteins
was lower than that encapsulated with Ca-alginate after six
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weeks of storage at —20°C (Kailasapathy and Sureeta, 2004);
protein denaturation of whey proteins might occur during stor-
age at freezing temperature (Bedu-Addo, 2004) reducing its
effectiveness as microencapsulant. In spite of its benefit in
maintaining high survival of microencapsulated bacteria, a
high transportation and storage costs adds to the high price of
products. Hence, storage of microencapsulated probiotic bac-
teria at room temperature is needed in order to decrease cost
of handling and storage along with retaining high survival of
the bacteria.

Storage at Room Temperature

Conventional storage of frozen probiotic bacteria in the
freezer requires high handling and storage costs in addition to
increased risk associated with thawing. Microencapsulation of
probiotic bacteria using dehydration methods such as spray- or
freeze-drying elongates storage periods and reduces the distri-
bution and storage costs due to the convenience of storage of
products at room temperature. Besides the type of coating
materials, water activity (ay) and glass transition affect probi-
otic survival during storage at room temperature (Peighambar-
doust et al., 2011). Water activity determines the accessibility
of water for chemical reactions or the growth of microorgan-
isms (Roos, 1995). Glass transition indicates ‘a physical
change in an amorphous material promoted by the addition of
heat and/or the uptake of low molecular weight substances’
(Bell and Hageman, 1994). Rahman (2010) suggested that
both a,, and glass transition concepts are useful in determining
food deterioration or food stability, and also in predicting
shelf-life of food products during storage.

Water activity during storage needs to be adjusted at a
lower value and kept at low water activity constantly for pre-
serving dried probiotic bacteria. Storage at very low a,, such
as 0.07 and 0.1 (Mugnier and Jung, 1985; Higl et al., 2007;
Kurtmann et al., 2009) improved bacterial survival during
storage at room temperature. Kearney et al. (2009) stated that
a residual water content of 4% corresponding to a,, of 0.2 is
required to extend the shelf life of probiotic bacteria in dried
dairy products. In fact, a,, is more useful parameter than mois-
ture content to determine quality of food products. The growth
of microorganisms, chemical, enzymatic and physical reac-
tions, and moisture migration in complex system of foods are
well indicated by a,, instead of moisture content (Maltini
et al., 2003). Stability of some microencapsulated probiotic
bacteria during storage at room temperature is shown in
Table 4.

Dianawati et al. (2013b) studied microencapsulation of L.
acidophilus and Lactococcus lactis ssp. cremoris using casein-
based emulsion system. The authors demonstrated that
decrease in T, occured along with an increase in residual mois-
ture content. The type of desiccants such as NaOH, LiCl or sil-
ica gel influenced T, of microcapsules after 10 weeks of
storage. However, changes in cell envelopes and secondary
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protein structures of microencapsulated bacteria still took
place as confirmed by FTIR, even though no glass transition
was observed at storage at 25°C. These might affect survival
of microencapsulated L. acidophilus and Lactococcus lactis
ssp. cremoris during storage (Dianawati et al. 2013a). Similar
results were also confirmed by Chang et al. (1996), Ananta
et al. (2005), Chavez and Ledeboer (2007) demonstrating that
structural alteration of bacteria during freeze- drying or spray-
drying contributed a further damage during following storage,
even with storage temperature below 7.

Some studies on stability of microencapsulated probiotic
bacteria during storage at room temperature have been carried
out by Ananta et al. (2005), Heidebach et al. (2010), and Crit-
tenden et al. (2006). Even probiotic bacteria have been micro-
encapsulated and kept at low a,, at room temperature for
certain periods, but the bacterial strains, coating materials and
microencapsulation techniques are different between studies.
Therefore bacterial survival data could not be compared.
Water activity plays an important role in controlling reaction
rate during storage. Ying et al. (2010) compared the effective-
ness of freeze drying (—18°C of freezing, 48 h of freeze dry-
ing) and spray drying (73/T, = 160 and 65°C) on retaining the
viability of L. rhamnosus GG microencapsulated with whey
proteins and resistant starch during storage at 25°C at a,, of
0.32, 0.57, and 0.70. Spray-dried powder containing bacteria
was more stable than freeze-dried powder during 37 days of
storage. It was because spray-dried capsules had a stronger
water-binding energy as measured by NMR spectroscopy.

In addition to proteins combined with sugars, alginate is
common microencapsulating material for probiotic bacteria
(Mortazavian et al., 2007) and was successfully applied in
yoghurt (Sultana et al., 2000), but effectiveness of alginate in
protecting probiotic bacteria during storage at room tempera-
ture was only carried out by Donthidi et al. (2010). The
authors demonstrated that after 24 weeks of storage, some pro-
biotic bacteria encapsulated with alginate+starch+lecithin
kept at 23°C did not survive (Table 4). Incorporation of chito-
san into alginate improved survival of L. bulgaricus during 4
weeks storage (4°C) (Lee et al., 2004) (Table 4). Mannitol
incorporation into alginate improved freeze-dried bifidobacte-
rial survival including their acid and bile tolerance during stor-
age (25°C, 10 weeks) at a,, of 0.1, but at the end of the
storage, the bacterial viability was only 5.2 log CFU/g (82.6%
survival relative to that after freeze drying) (Dianawati and
Shah, 2011b). This suggests that even though alginate has
been widely applied as microencapsulant for probiotic bacte-
ria, its use as single material is not effective in improving cell
survival during storage at room temperature.

Reconstituted skim milk (RSM) was compared to disac-
charides (lactose, trehalose, sucrose, maltose, lactose + malt-
ose, and lactose + trehalose) to ascertain their effectiveness in
protecting freeze-dried L. rhamnosus survival during storage
at a,, of 0.0; 0.11; 0.22, 0.33, and 0.76 at room temperature
(Miao et al., 2008). Results showed that trehalose and lactose
+ maltose were the most effective encapsulants protecting
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viability of bacteria during 38 days storage at 25°C at a,, of
0.00 and 0.11; the protective effect of lactose 4+ maltose was
higher than that of RSM (Table 4). This appears controversial
with the result of Zayed and Roos (2004). They found that
storage at a,, of 0.00 (using P,Os as a desiccant) resulted in
decrease in survival of freeze-dried L. salivarius ssp. salivar-
ius protected with skim milk combined with sucrose or treha-
lose at 44% after one week of storage at room temperature.
Further, decrease of viability by 72% was observed after 7
weeks of storage at a,, of 0.00; while no significant decline
was detected when LiCl was used as a desiccant (a,, = 0.11).
Higher a,, contributed crystallization of disaccharides; thus
survival of encapsulated Lactobacillus decreased. The authors
stated that T, of disaccharides decreased at higher a,,, and vice
versa; this result was in agreement with that of Higl et al.
(2007) and Kurtmann et al. (2009). Water activity of 0.11 was
capable of providing higher viability of freeze-dried L. aci-
dophilus than ay, of 0.23 and of 0.43 during 10 weeks of stor-
age at 20°C, and sucrose maintained higher viability than
lactose (Kurtmann et al., 2009).

Besides skim milk, the use of sodium caseinate as coating
material has also been proven effective in improving freeze-
dried Lactobacillus F19 and Bifidobacterium Bbl2 during
storage at 25°C (Heidebach et al., 2010). The authors exam-
ined stability of freeze-dried Bifidobacterium Bbl2 encapsu-
lated with enzymatic cross-linked casein during storage at
different temperature and a,,. An incorporation of resistant
starch into microcapsule formulation made from enzymatic
cross-linked casein showed an adverse effect on freeze-dried
Bifidobacterium Bb12 and did not improve stability of Lacto-
bacillus. Storage at 4°C of encapsulated freeze-dried Bifido-
bacterium Bb12 provided superior result as compared to that
at 25°C; a,, of both storages was adjusted to 0.1. Survival of
both encapsulated and free bacteria kept at 25°C decreased
when a,, was increased into 0.3; whereas encapsulated bacteria
kept at 4°C were not affected by the increase in a,. Casein-
based microcapsule showed significant protective effect of on
freeze-dried Bifidobacterium BB12 regardless of a,, and tem-
perature of storage. Spray-dried probiotic bacteria coated with
casein-based system, however, showed less survival as com-
pared to freeze-dried bacteria after drying process and after
storage at 25°C at low a,, (Dianawati et al., 2013). This finding
is in agreement with that of Wong et al. (2010), Zamora et al.
(2006) and Johnson and Etzel (1995).

Savini et al. (2010) freeze-dried Lactobacillus rhamnosus
IMC 501 and Lactobacillus paracasei IMC 502 using sugar
alcohols (glycerine, mannitol, sorbitol), inulin, dextrin, and
crystalean; semi-skimmed milk was used as a control. Glyc-
erin, followed by mannitol, was the most effective sugars in
protecting both strains during storage at room temperature for
five months. Addition of sorbitol improved survival of freeze-
dried L. paracasei ssp. paracasei LMG 9192 and L. plantarum
CWBI-B1419 after 150 day storage at 25°C in the vacuum
sealed bags; increase in unsaturated fatty acids indicated an
adaptation mechanism of the bacteria to survive (Coulibaly
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et al., 2010) (Table 4). Similarly, Mugnier and Jung (1985)
found that mannitol, an isomer of sorbitol, was more effective
in protecting dehydrated gram-positive bacteria than glycerol,
reducing sugars or higher MW sugars during storage at room
temperature at a,, of 0.07. This result was in agreement with
that of Carvalho et al. (2003a) who reported that an incorpo-
ration of sucrose, a disaccharides, as cryoprotectant was inef-
fective in increasing the survival of freeze-dried L. bulgaricus
during storage at 20°C.

Reconstituted skim milk (RSM) combined with prebiotic
(raftilose or polydextrose) and RSM alone as control (20%
total solids) has been compared to establish their effectiveness
in improving survival of Lactobacillus rhamnosus GG (ATCC
53103) during spray drying and during storage at room tem-
perature (Ananta et al., 2005). Incorporation of prebiotics did
not influence bacterial survival during spray drying (Touger =
80°C) with survival of 55-67%; partial replacement of prebi-
otics to RSM had an adverse impact on bacterial survival dur-
ing 6 weeks of storage at 25 or 37°C compared to RSM only
(% survival was not shown). These results were similar to
those of Corcoran et al. (2004). Similarly, the use of waxy
maize starch as microencapsulant appeared effective only in
protecting Bifidobacterium strain during spray drying (Tjye =
100°C; Touner = 45°C), but was ineffective in protecting the
bacteria from acid environment and during 20 days of storage
at room temperature (O’Riordan et al., 2001). The use of RSM
and gum acacia as growth media instead of microencapsulant
for L. paracasei NFBC 338 was carried out by Desmond et al.
(2002). Both bacteria and milk-based media were then spray
dried (air inlet temperature of 170°C; outlet temperature was
95-100°C and 100-105°C). The result showed that stability of
spray-dried bacteria was good only during storage at 4°C, but
more than 99.9% decrease occurred when spray dried bacteria
in RSM-gum acacia were kept at 30°C for eight weeks.

The role of sugars with high molecular weight raises the
question whether they can function as encapsulating materials,
just as a carrier or space filler without any interaction with the
core (Oldenhof et al., 2005) or in the contrary, they had an
adverse effect on bacterial survival as proposed by Hincha
et al. (2002) and Ananta et al. (2005). The presence of prebi-
otic (10% w/v) in skim milk (10% w/v) decreased bacterial
viability during storage at 37°C as compared to skim milk
alone (20% w/v) (Ananta et al., 2005). The presence of large
size of polymers (such as prebiotic) might cause the ‘steric
hindrance’ preventing them to interact with dehydrated pro-
teins and membrane lipids (Hincha et al., 2002). Ananta et al.
(2005) proposed that skim milk alone was capable of interact-
ing with polar headgroups of membrane phospholipids and
protecting cell membranes during spray drying and storage.
However, this mechanism might be difficult due to high
molecular weight of milk proteins. On the other hand, it was
proven that the presence of sorbitol or mannitol as sugar alco-
hol was able to interact with polar site of phospoholipids of
probiotic bacteria via hydrogen-bond (Santivarangkna et al.,
2010; Dianawati et al., 2012).
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Other studies also demonstrated that mostly combination
between proteins, low MW sugars and high MW sugars were
effective in protecting bifidobacteria, but the results vary
depending upon strains. Chavez et al. (2007) found that soy
isolate proteins combined with maltodextrin contributed to the
highest viability of B. lactis BB12 during 3 months of storage
at 30°C, while skim milk + trehalose and skim milk + arabic
gum provided lower stability. Crittenden et al. (2006) found
that high survival of spray-dried Bifidobacterium infantis Bb-
02 was achieved when they were encapsulated using formula-
tion containing sodium caseinate, fructooligosaccharides and
resistant starch. However, survival of bifidobacteria after spray
drying and after storage at 25°C was strain-dependent
(Table 4) (Simpson et al., 2005). Sunny-Roberts and Knorr
(2009) observed the protection effect of trehalose and treha-
lose + MSG on Lactobacillus rhamnosus strains after spray
drying (Touger = 60-75°C) and during storage at 25 or 37°C.
The results showed that T .,y Optimum was 65-70°C provid-
ing highest viability of bacteria after spray drying (1.8x10°
CFU/mL; moisture content (MC) = 3.8% w/w); MC ranged
between 3.57 to 4.43%, depending on strains. Storage at 25°C
for six weeks at a,, equals 0.11 with the presence of trehalose
and MSG provided highest stability of spray-dried L. rhamno-
sus strains (10° CFU/mL); while encapsulation using trehalose
without MSG or storage at 37°C decreased bacterial stability
significantly. The protection of MSG was likely due to its anti-
oxidation potential (Sunny-Roberts and Knorr, 2009). Overall,
some studies did not determine moisture content or a,, of their
products (Table 3 and 4); this could compromise the accuracy
of the survival data.

Survival of spray-dried bifidobacteria (Tipeyouter = 100/
50°C) in skim milk, gum arabic, gelatin, or soluble starch with
or without oxygen absorber and desiccant was observed (Hsiao
et al., 2004). The presence of absorber and desiccant increased
the survival of microencapsulated cells when kept at 25°C
(42 days). Population reduction was the lowest when skim
milk was used, and was the highest when gum arabic was
used; this difference was more apparent during storage at
25°C (Table 4). The diffusion of oxygen through microcapsule
might still occur resulting in adverse effects such as changes in
cell membrane structure (Hsiao et al., 2004). Among probiotic
organisms, bifidobacteria were the most susceptible to oxygen
due to their anaerobic characteristic (Talwalkar and Kailasapa-
thy, 2003). In agreement with the result of Ananta et al.
(2005), a combination of casein with resistant starch decreased
the stability of Bifidobacterium during storage (Heidebach
et al. 2010). The authors hypothesized that protein matrix con-
sistency might be disturbed due to the existence of resistant
starch; hence, its function to protect the bacteria from oxygen
diffusion decreased. For Lactobacillus F19 which is more oxy-
gen tolerant, the presence of RS in casein-matrix had no effect.
The difference in bacterial strains or species, a,, of storage,
sugars or proteins as encapsulant materials and drying method
have an influence on bacterial retention during storage at room
temperature.
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CONCLUSION

Microencapsulation of probiotic bacteria is carried out to
improve the bacterial stability during transportation and stor-
age and during passage through harsh environment of gastroin-
testinal tract before adhering onto colon of the host in order to
provide several health benefits. Various encapsulating materi-
als prepared from carbohydrates (sugar alcohols, reducing sug-
ars, polysaccharides, hydrocolloids), or proteins (milk- or non-
milk based) or their combination have been studied to ascer-
tain their effectiveness in protecting probiotic bacteria during
process of microencapsulation, storage, and passage through
simulated gastric or bile juice. Skim milk and casein and/or
sugars such as mannitol, sorbitol, trehalose, and sucrose were
proven effective as encapsulating materials for Lactobacillus
and Bifidobacterium. On the other hand, the use of polysac-
charides showed varied results depending on bacterial strains
and method of microencapsulation including the freeze- or
spay-drying stage. Each of these must be optimized to increase
the shelf life of probiotic bacteria without any significant
changes in functional characteristics.

Storage at cold and frozen temperatures is ideal in main-
taining bacterial viability. However, it requires high cost of
transportation and storage, thus increasing the product price.
Storage at room temperature (usually between 20 and 30°C)
can be a cheap alternative required to be developed. Water
activity and glass transition are critical factors that will trigger
adverse physico-chemical reactions causing bacterial inactiva-
tion. Viability is favored in an amorphous state which is meta-
stable and can only be achieved at low a,, storage. Storage at
ambient temperature at low a,, of 0.07 and 0.1, and under vac-
uum are effective in improving bacterial survival for long
period assuring health benefits associated with consumption.
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