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Effect of Co-encapsulation of Probiotics with
Prebiotics on Increasing the Viability of
Encapsulated Bacteria under In Vitro Acidic
and Bile Salt Conditions and in Yogurt
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Introduction

Probiotics are defined as “live microorganisms which when ad-
ministered in adequate amounts confer health benefits to host”

(Reid and others 2003). Bacteria belonging to genera Bifidobacte-
rium and Lactobacillus are often used as probiotic supplements.
Over the past 20 y, there has been an increased interest in the role
of probiotic bacteria in human health. Health advantages associated
with the probiotic intake include alleviation of symptoms of lactose
malabsorption, increase in natural resistance to infectious diseases
of the intestinal tract, suppression of cancer, reduction in serum
cholesterol concentrations, improved digestion, and stimulation of
gastrointestinal immunity (Kailasapathy and Chin 2000). It is gen-
erally accepted that successful delivery and colonization of viable
probiotic cells in the intestine are essential for probiotics to be ef-
ficacious (Conway 1996).

As a guide, the Intl. Dairy Federation has recommended that the
bacteria be viable and abundant in the product and be present at
a population of at least 107 colony-forming units (CFU)/g until the
date of consumption (Ouwehand and Salminen 1998). However,
studies indicate that the bacteria may not survive in sufficient
numbers when incorporated into dairy products and during their
passage through the gastrointestinal tract (Dave and Shah 1996;
Kailasapathy and Rybka 1997; Hamilton-Miller and others 1999).
Several factors influence the survival and colonization of these
bacteria, including resistance to low pH, bile acids, and digestive
enzymes (Conway 1996). Although a number of approaches have

been adopted to improve survival of probiotic bacteria, limited
success has been achieved (O’Riordan and others 2001). Providing
probiotic living cells with a physical barrier against adverse envi-
ronmental conditions is an approach currently receiving consider-
able interest (Krasaekoopt 2003).

Among the available techniques for immobilizing living cells,
entrapment in calcium alginate beads has been frequently used for
the immobilization of lactic acid bacteria (Sheu and Marshal 1993).
Alginate has the benefits of being nontoxic to the cells being immo-
bilized, and it is an accepted food additive (Prevost and Divies 1992).
Although calcium-induced alginate encapsulation has been widely
used for probiotic bacteria, there is no uniformity in the literature
as to the protective nature of capsule against adverse gastrointes-
tinal conditions and in products’ shelf life (Chandramouli and oth-
ers 2004). Lee and Heo (2000) reported that survival of calcium al-
ginate–entrapped Bifidobacteria was dependent on several factors.
Earlier we investigated the effect of different encapsulation param-
eters (capsule size, alginate concentration, cell load, and harden-
ing time in calcium chloride solution) and reported the effect of
these parameters in increasing the survival of probiotic bacteria in
simulated gastric conditions (Chandramouli and others 2004). Gib-
son and Roberfroid (1995) reported that prebiotics (nondigestible
carbohydrates) selectively stimulate probiotic strains. Some authors
(Fooks and others 1999; Roberfroid 2000) suggest that prebiotics
may improve the survival of bacteria crossing the upper part of the
gastrointestinal tract, thereby enhancing their effects in the large
bowel. To further increase the viability of encapsulated bacteria, the
effect of adding complementary prebiotics (selected by in vitro
fermentation) was assessed. The aim of this study was to select a
complementary prebiotic for the selected probiotic strain and to
investigate its effect in protecting the encapsulated bacteria under
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Co-encapsulation of probiotic bacteria . . .

in vitro acidic and bile salt conditions. In addition, the effect of dif-
ferent polymers (chitosan, poly-L-lysine, and alginate) as a coating
material for encapsulation on the viability of encapsulated bacteria
was also examined. The term co-encapsulation in this article refers
to encapsulation of both probiotic bacteria and prebiotics together.

Materials and Methods

Bacterial strains, growth conditions,Bacterial strains, growth conditions,Bacterial strains, growth conditions,Bacterial strains, growth conditions,Bacterial strains, growth conditions,
and prand prand prand prand preparepareparepareparation of cell suspensionsation of cell suspensionsation of cell suspensionsation of cell suspensionsation of cell suspensions

Pure cultures of probiotic bacteria Lactobacillus acidophilus
CSCC 2400 and CSCC 2409 were procured from the Australian Start-
er Culture Research Centre’s Collection (Werribee, Australia). The
bacteria were cultured at 37 °C for 24 h under anaerobic conditions
in de man Rogosa and Sharpe (MRS) broth (Oxoid, Basingstoke,
U.K.) reconstituted with 1.0% salicin (Sigma Chemical Co., St. Louis,
Mo., U.S.A.). Anaerobic conditions were achieved using an anaer-
obic glove box (95% N2 and 5% H2, Coy Laboratory Products, Grass
Lake, Mich., U.S.A.). Cells were harvested by centrifugation at
3000 � g for 10 min at 4 °C and washed twice with phosphate buffer
(pH 7.0). The cell suspensions were subsequently used either di-
rectly (free cells) in assays or subjected to microencapsulation as
described subsequently.

Selection of complementary prebioticsSelection of complementary prebioticsSelection of complementary prebioticsSelection of complementary prebioticsSelection of complementary prebiotics
bbbbby in vitry in vitry in vitry in vitry in vitro fero fero fero fero fermentationmentationmentationmentationmentation

A broth medium free of fermentable carbon source was used to
investigate the ability of the L. acidophilus strains to grow on select-
ed prebiotic oligosaccharides. The growth medium (pH 6.8) con-
tained 1.0% beef extract, 0.3% yeast extract, 1.0% pancreatic digest
of casein, and 0.5% NaCl. The tested carbohydrates were added
aseptically to the medium at 1.0% (w/v). The prebiotics investigated
were inulin (Raftiline® ST; Orafti Pty., Tienen, Belgium); oligofruc-
tose (Raftilose® P95; Orafti Pty.), and high amylose corn starch (Hi-
maizeTM; Starch Australasia Ltd., Lane Cove, Australia). Addition-
ally, growth of Lactobacillus was examined on glucose, fructose,
lactose, and also in a carbon-free medium, which acted as the con-
trol. Criteria for the evaluation of the use of prebiotics were the
growth of Lactobacillus and acidification rate compared against the
results obtained in the control medium. Anaerobic fermentation
was carried out in a 50-mL shake flask at 37 °C for 48 h in a shaker
(100 rpm). Duplicate flasks of each treatment were prepared. The
flasks were then inoculated separately with approximately 1.0 � 106

colony forming units (CFU)/mL of active L. acidophilus cultures and
incubated at 37 °C for 48 h. An aliquot from each treatment was
taken at 0 h and 48 h, diluted (1:10, v/v) with 0.1% (w/v) sterile
buffered peptone water (Amyl Media Pty. Ltd., Dandenong, Austra-
lia), and mixed uniformly with a vortex mixer. Serial dilutions were
prepared and viable numbers enumerated using spread plating on
MRS-salicin agar, and colonies were counted after 48 h of anaerobic
incubation at 37 °C. Rate of acidification by these strains was deter-
mined as changes in pH using a pH meter (Model PH 215; Denver
Instrument Co., Arvada, Colo., U.S.A.).

Co-encapsulation of complementaryCo-encapsulation of complementaryCo-encapsulation of complementaryCo-encapsulation of complementaryCo-encapsulation of complementary
prprprprprebiotics with prebiotics with prebiotics with prebiotics with prebiotics with probiotic bacterobiotic bacterobiotic bacterobiotic bacterobiotic bacteriaiaiaiaia

The capsules were prepared aseptically using an Inotech Encap-
sulator® (Inotech AG, Dottikon, Switzerland) with a 300-�m nozzle
size, as described by Chandramouli and others (2004), modified by
the addition of prebiotics. The standard conditions used for encap-
sulation were 1.8% (w/v) alginate (Sigma Chemical Co., St. Louis, Mo.,
U.S.A.), bacterial culture (approximately 1010 CFU/mL), 1.0% (w/v)
prebiotic and 30 min hardening in 0.1 M calcium chloride solution.

Coating with different polymersCoating with different polymersCoating with different polymersCoating with different polymersCoating with different polymers
Three different coating materials, poly-L-lysine, chitosan, and

alginate (Sigma Chemical Co.) were tested for their efficacy in pro-
tecting the viability of encapsulated bacteria at low pH (pH 2.0).
Alginate capsules were coated by immersion in the selected poly-
mer as described by Champagne and others (1992) and Zhou and
others (1998).

Examination of alginate capsulesExamination of alginate capsulesExamination of alginate capsulesExamination of alginate capsulesExamination of alginate capsules
The dimensions of the alginate capsule were determined using

an objective micrometer on an optical microscope at a 400� mag-
nification. The dispersion of Hi-maize starch in the alginate matrix
was examined by staining with iodine and observing under light
microscopy (Model BX 60; Olympus, Tokyo, Japan).

SSSSSurururururvivvivvivvivvival of fral of fral of fral of fral of free and encapsulated bacteree and encapsulated bacteree and encapsulated bacteree and encapsulated bacteree and encapsulated bacteriaiaiaiaia
under in vitrunder in vitrunder in vitrunder in vitrunder in vitro acidic and bile salt conditionso acidic and bile salt conditionso acidic and bile salt conditionso acidic and bile salt conditionso acidic and bile salt conditions

The encapsulated and free bacteria were added to Non-fat milk,
glucose, yeast extract and cysteine medium (12% non-fat skim
milk, 2.0% glucose, 1.0% yeast extract, and 0.05% cysteine) (NGYC)
that had been adjusted to pH 2.0, pH 3.0, or 6.5 (control) with 5 M
HCl or 1 M NaOH in 10-mL aliquots (Lankaputhra and Shah 1995).
The samples were incubated in 37 °C for 3 h. An aliquot from each
treatment was taken hourly for determination of the viable cell
counts, diluted (1:10, v/v) with 0.1% (w/v) sterile buffered pep-
tone water (Amyl Media Pty. Ltd., Dandenong, Australia), and
mixed uniformly with a vortex mixer. Serial dilutions were prepared
and viable numbers enumerated using spread plating on MRS-sali-
cin agar and colonies counted after 48 h incubation anaerobically
at 37 °C. The resistance to bile salts was determined by inoculating
free, encapsulated, and co-encapsulated cells in milk-yeast extract
medium pH 6.9 (Truelstrup and others 2002) containing 0% (con-
trol), 0.5%, and 1.0% bile salts (Oxgall; Sigma Chemical Co.). Dupli-
cate samples were withdrawn after incubation at 37 °C for 0, 3, and
6 h and cell counts of free, encapsulated, and co-encapsulated
bacteria were enumerated on MRS-salicin agar as described previ-
ously. To determine the viable counts of the encapsulated bacteria,
test sample contents were centrifuged (3000 � g for 10 min at 4 °C)
and the alginate capsules dissolved by re-suspending in 9.0 mL of
phosphate buffer (0.1 M, pH 7.0) followed by gentle shaking at
room temperature for 15 min. The number of released cells was de-
termined by spread plate count using MRS-salicin agar as described
previously.

Co-encapsulated synbiotic yogurtCo-encapsulated synbiotic yogurtCo-encapsulated synbiotic yogurtCo-encapsulated synbiotic yogurtCo-encapsulated synbiotic yogurt
A set-type yogurt was prepared for this experiment. Homoge-

nized whole milk (5 L) containing 4.0% fat, 9.0% solid-not-fat was
heated to 45 °C, and skim milk powder (SMP) 5.0%, was added with
high-speed stirring, to make 18% total solid in yogurt. This was then
heated to 85 °C for 20 min and allowed to cool. Once the standard-
ized milk had cooled to 45 °C, a commercial yogurt starter culture
(YoFlex, Chr. Hansen, Bayswater, Australia) was inoculated (0.1% w/
v) into it. The probiotic cultures were added as free, encapsulated,
or co-encapsulated cultures. The acidification profile was recorded
hourly until a pH of 4.6 was reached. Fermentation was stopped by
quickly cooling the yogurt. The filled yogurt cups (200 mL) were
stored at 5 °C, and the CFU/g of yogurt was determined at 2-wk
intervals for up to 6 wk.

Statistical analysisStatistical analysisStatistical analysisStatistical analysisStatistical analysis
Each experiment was independently replicated 3 times in a com-

pletely randomized design. All the analysis and enumerations were
done in duplicate. Statistical analysis was conducted using Student
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t test using the software package SPSS (Version 11.5. SPSS Inc.,
Chicago, Ill., U.S.A.) and P < 0.05 was considered statistically signif-
icant.

Results and Discussion

SSSSSelection of complementarelection of complementarelection of complementarelection of complementarelection of complementary pry pry pry pry prebioticsebioticsebioticsebioticsebiotics
Growth of the test strains of Lactobacilli in a shake flask contain-

ing media with different prebiotics was variable (Figure 1). Acidifi-
cation of L. acidophilus strains (CSCC 2400 and 2409) with prebiotics
and with control medium after 48 h fermentation are given in Table
1. L. acidophilus strains were able to grow in the presence of all the
3 prebiotics tested indicating that these strains used the prebiot-
ics as a carbon source to sustain their growth. There was no signif-
icant difference among the prebiotics tested on bacterial growth.
There was a large mortality rate in the control treatment with no
carbon source with cell counts decreasing from106 to 101 CFU/mL
during incubation, confirming the base medium was carbon limit-
ing to the growth of this strain. The bacterium grew very poorly on
the monosaccharide fructose in comparison with its growth on oli-
gosaccharides composed predominantly of fructose moieties. This
phenomenon was earlier observed for a number of Bifidobacterium
strains (Gibson and Wang 1994; Crittenden and others 2001) and
suggests that these organisms have a specific substrate transport
mechanism that is most efficient at transporting indigestible oli-
gosaccharides than simple sugars. Results from this study show
that all the 3 different prebiotics (Raftiline, Raftilose, and Hi-maize)
can be potentially used as a complementary prebiotics for the L.
acidophilus CSCC 2400 and CSCC 2409.

Co-encapsulation and survival underCo-encapsulation and survival underCo-encapsulation and survival underCo-encapsulation and survival underCo-encapsulation and survival under
in vitrin vitrin vitrin vitrin vitro acid conditionso acid conditionso acid conditionso acid conditionso acid conditions

As the Lactobacillus strains were able to grow in all the test pre-
biotics, individual prebiotics were further examined as a co-encap-
sulant for its efficacy in protecting the probiotic bacteria under in
vitro acidic conditions (Figure 2). The co-encapsulated bacteria
survived very well after exposure to in vitro acidic conditions (pH
2.0) for 3 h compared with the free and encapsulated bacteria.
There was a significant increase (P < 0.05) in the viability of cells co-
encapsulated with Hi-maize compared with the one encapsulated

with Raftilose or Raftiline. This could be because there is Hi-maize
inside the capsular matrix blocking the pores of the capsule, there-
by preventing the diffusion of acidic contents in to the capsule.
The protective effect of Hi-maize to probiotic bacteria against gastric
conditions has been earlier reported by Crittenden and others
(2001). Hi-maize was used at different concentrations in the co-en-
capsulation procedure to test its efficacy in increasing the viabili-
ty of encapsulated bacteria under in vitro acidic conditions (Figure
3). Addition of this prebiotic at 1.0% (w/v) was effective in protecting
the co-encapsulated bacteria at pH 2.0 compared with 0.5% (w/v).
Concentration of 1.5% (w/v) of Hi-maize did not significantly im-
prove the survival of encapsulated bacteria at pH 2.0 after 3 h of
incubation compared with 1.0% (w/v). This could be due to disrup-
tion of the alginate gel matrix with excess Hi-maize, which in turn
resulted in decreasing the efficacy of capsule to protect the bacteria
in acidic conditions. The addition of Hi-maize at the concentration
of 2.0% (w/v) and greater made uniform spherical capsule forma-
tion difficult because of increased viscosity.

Effect of different coating materialEffect of different coating materialEffect of different coating materialEffect of different coating materialEffect of different coating material
There was an almost 0.6-log increase in the viable cell counts of

co-encapsulated capsules coated with chitosan after 3 h anaerobic
incubation under in vitro acidic conditions compared with the  one
coated with alginate or poly-L-lysine (Figure 4). Yu and others (2001)

Figure 1—Selection of complementary prebiotic by in vitro
fermentation (viable cell counts after 48 h of fermentation
in anaerobic condition at 37 °C). � = Lactobacillus acidophi-
lus CSCC 2400; � = L. acidophilus CSCC 2409. The error bars
represent mean ± standard deviation of 3 replicates for all
treatments.

Table 1—Acidification of Lactobacillus acidophilus in mini-
mal nutrition media (after 48 h fermentation) containing
different prebioticsa

pH

L. acidophilus L. acidophilus
Prebiotics CSCC 2400 CSCC 2409

Hi-maizeTM starch 4.66 ± 0.11 4.71 ± 0.05
Raftiline® 4.62 ± 0.08 4.66 ± 0.14
Raftilose® 4.52 ± 0.12 4.48 ± 0.06
Glucose 4.21 ± 0.10 4.24 ± 0.15
Fructose 4.65 ± 0.09 4.60 ± 0.11
Lactose 4.51 ± 0.2 4.55 ± 0.04

aMeasurements are mean ± SD of 3 replicates for all treatments.

Figure 2—Effect of different prebiotics as a co-encapsu-
lant in increasing the viability of Lactobacillus acidophilus
CSCC 2400 under in vitro acidic conditions (pH 2 for 3 h at
37 °C). The error bars represent mean ± standard devia-
tion of 3 replicates for all treatments. � = free cells; � =
enc. cells; x = co-enc. cells with Raftiline®; � = co-enc.
cells with Raftilose®; � = co-enc. cells with Hi-maizeTM; �
= free cells pH 6.5 (control).
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and Koo and others (2001) reported that Bifidobacteria and Lactoba-
cillus casei entrapped in alginate beads containing chitosan had
higher viability than in alginate beads without chitosan. They also
suggested that it may be because of the favorable internal and
surface gel structure formed as a result of strong ionic binding of
chitosan and alginate interior, even at low pH values.

The co-encapsulation procedure used in this study resulted in
450-�m capsules. Capsule size increased to nearly 500 �m with
chitosan coating. The shape of the alginate bead was uniformly
spherical. The bacteria were distributed randomly in the alginate
matrix, and Hi-maize appeared as granules inside the capsule at
400� magnification under light microscopy (Figure 5).

Survival of Survival of Survival of Survival of Survival of LactobacillusLactobacillusLactobacillusLactobacillusLactobacillus under optimized under optimized under optimized under optimized under optimized
co-encapsulation conditionsco-encapsulation conditionsco-encapsulation conditionsco-encapsulation conditionsco-encapsulation conditions

The survivals of free, encapsulated, and co-encapsulated bacte-

ria (optimized conditions of Hi-maize concentration and chitosan
coating) under in vitro acid and bile conditions are given in Figure
6 and 7, respectively. There was only a 2.2-log decrease in viable
cells of co-encapsulated L. acidophilus CSCC 2400 after 3 h of incu-
bation at low pH (pH 2.0) compared with a 3.3-log and 5-log de-
crease in the encapsulated and nonencapsulated free cells, respec-
tively (Figure 6a). At pH 2.0, there was a 1.7-log and 2.3-log
decrease in co-encapsulated and encapsulated cell number of L.
acidophilus CSCC 2409, respectively, after 3 h incubation, com-
pared with a 4.2-log decrease in the free cells under similar condi-
tions (Figure 6b).

Survival of L. acidophilus (CSCC 2400 and 2409) was monitored
up to 6 h after exposing them to milk-yeast medium containing 0.5%
and 1% bile extract (Figure 7). There was a 1.0-log and 0.8-log de-
crease in viable cells of free nonencapsulated L. acidophilus CSCC
2400 and CSCC 2409, respectively, at 1.0% bile salt concentration
after 6 h of incubation at 37 °C. There was only 0.5-log and 0.3-log
decrease of viable cells of encapsulated L. acidophilus CSCC 2400
and L. acidophilus CSCC 2409, respectively, under similar condi-
tions. There was no decrease (P > 0.05) in viability of co-encapsu-
lated bacteria (coated with chitosan) under any of these bile salt
conditions.

The effect of encapsulation on the survival of bacteria under
adverse conditions has been reported with variable results. Sheu
and Marshall (1993), Lee and Heo (2000), and Chandramouli and
others (2004) reported the advantage of encapsulating lactic acid
bacteria over that of free cells under in vitro gastric conditions,
whereas Rao and others (1989), Sultana and others (2000), Koo and
others (2001), and Trulestrup and others (2002) indicated that en-
capsulation of bacteria does not effectively protect them from
strong acidic conditions. Sultana and others (2000) reported that
survival of probiotics in alginate-starch microspheres in the size
range of 1.0 mm did not improve after exposure to acidic and bile
salt solutions. In contrary, results from this study show that co-en-
capsulated probiotic bacteria with Hi-maize survived well at pH 2.0
compared with encapsulated bacteria. This result is in agreement

Figure 3—Effect of different prebiotic concentration (Hi-
maizeTM) in increasing the viability of Lactobacillus acido-
philus CSCC 2400 under in vitro acidic conditions (pH 2 for
3 h at 37 °C). The error bars represent mean ± SD of 3 repli-
cates for all treatments. � = free cells; � = co-enc. cells (0.5%
Hi-maize); � = co-enc. cells (1.5% Hi-maize); � = co-enc. cells
(1.0% Hi-maize); � = free cells pH 6.5 (control).

Figure 4—Effect of different coating materials on survival
of Lactobacillus acidophilus CSCC 2400 under in vitro acidic
conditions. The error bars represent mean ± SD of 3 repli-
cates for all treatments. � = free cells; � = enc. cells ; � =
co-encapsulated cells; � = co-encapsulated cells with algi-
nate coating; � = co-encapsulated cells with Poly-L-Lysine
(PLL) coating; x = co-encapsulated cells with chitosan coat-
ing; � = free cells pH 6.5 (control).

Figure 5—Light microscopic picture of co-encapsulated
Lactobacillus acidophilus CSCC 2400 with Hi-MaizeTM Starch
(400�magnification). The dark areas are Hi-Maize granules.
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with Jankowski and others (1997) who reported that alginate/starch
liquid core capsules offer the ability to encapsulate L. acidophilus
without loss of viability and fermentation ability.

Resistant starch is largely undegraded in the small intestine and
is a major part of the carbohydrate available in the human colon for
bacterial fermentation, which results in the production of short-
chain fatty acids and gases (Cummings and others 1990; Brown
1996). These end products of fermentation can exert significant
positive health effects on the host (Kritchevsky 1995). Thus, besides
increasing the protection of probiotic bacteria inside the capsules
from adverse acidic conditions, Hi-maize also confers health
benefits.

Co-encapsulated synbiotic yogurtCo-encapsulated synbiotic yogurtCo-encapsulated synbiotic yogurtCo-encapsulated synbiotic yogurtCo-encapsulated synbiotic yogurt
The yogurts were monitored over a storage period of 6 wk for

change in the viable cell count (Table 2). There was a decline of
about 4.0 log over a period of 6 wk in both the cell numbers of
strains of L. acidophilus CSCC 2400 and CSCC 2409 when present
as free cultures, whereas there was only a 2.0-log and 1.0-log cycle
decrease in cell numbers in both encapsulated and co-encapsulated
cells (chitosan coated), respectively. The pH in the yogurts de-
creased from 4.5 at the start of storage to 4.0 after 6 wk of storage.
The presence of lactic acid combined with the low pH of yogurt
might be responsible for the low viability of free probiotic cultures
in yogurt. There was a significant increase (P < 0.05) in the viable
counts of Lactobacillus spp. in chitosan coated co-encapsulated

beads compared with the encapsulated cells. Survival of probiot-
ics in alginate-starch beads (in the size range of 1.0 mm) was im-
proved during refrigerated storage in yogurt (Sultana and others
2000). We have shown the positive role of incorporation of prebiotic
(Hi-maize starch) into the alginate mix during encapsulation.

Conclusions

The concept of co-encapsulation offers the potential for in-
creased efficacy of functional foods by exploiting the synergy

between prebiotic and probiotic ingredients. Addition of Hi-maize
as a co-encapsulant and further coating the capsule with chitosan
appears to improve the survival of encapsulated probiotic bacteria
significantly under in vitro acidic condition and in yogurt compared
with alginate encapsulated cells.

Future studies need to be carried out to monitor the efficacy of
co-encapsulated bacteria in the gut, using animal models. Also, the
sensory evaluation of yogurt with microencapsulated prebiotics and
probiotic bacteria (study in progress) will reveal the consumer re-
sponse to the texture and the changes in organoleptic characteris-
tics of the yogurt.
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Figure 6—Survival of free, encapsulated, and co-encap-
sulated bacteria (chitosan coated) in vitro acidic conditions.
(a) Viable Lactobacillus acidophilus CSCC 2400 and (b) L.
acidophilus CSCC 2409 after exposure to in vitro acidic con-
ditions at pH 6.5 (control), pH 3.0 or pH 2 for 3 h at 37 °C. The
error bars represent mean ± SD of 3 replicates for all treat-
ments. � = free cells pH 2; � = free cells pH 3; � = enc. cells
pH 2; x = enc. cells pH 3; � = co-encapsulated pH 2; � = co-
encapsulated pH 3; � = free cells pH 6.5 (control).

Figure 7—Survival of free, encapsulated, and co-encap-
sulated bacteria (chitosan coated) in milk-yeast medium
with Oxgall (bile). (a) Viable Lactobacillus acidophilus CSCC
2400 and (b) L. acidophilus CSCC 2409 after exposure to
0% (control), 0.5%, or 1% bile for 6 h at 37 °C. The error
bars represent mean ± SD of 3 replicates for all treatments.
� = free cells 1.0% bile; � = free cells 0.5% bile; � = enc.
cells 1.0% bile; x = enc. cells 0.5% bile; � = co-encapsu-
lated 1.0% bile; � = co-encapsulated 0.5% bile; � = free
cells 0% bile (control).

a

a

b

b
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Table 2—Survival of free, encapsulated, and co-encapsulated bacteria (chitosan coated) in yogurt over a shelf life period
of 6 wka

Lactobacillus cultures Storage period (wk)

in different states 0 2 4 6

Free a* 4.8 ± 2.0 � 108 2.5 ± 0.3 � 106 4.4 ± 0.6 � 105 2.3 ± 0.7 � 104

Free b* 4.6 ± 1.0 � 108 3.1 ± 0.1 � 106 4.8 ± 0.2 � 105 3.3 ± 0.1 � 104

Encapsulated a 3.9 ± 0.6 � 108 3.6 ± 1.0 � 107 2.8 ± 1.1 � 106 1.5 ± 2.0 � 106

Encapsulated b 3.5 ± 0.2 � 108 4.5 ± 1.1 � 107 5.4 ± 0.3 � 106 2.5 ± 2.4 � 106

Co-encapsulated a 3.8 ± 1.1 � 108 5.8 ± 2.2 � 107 3.3 ± 0.4 � 107 2.6 ± 0.6 � 107

Co-encapsulated b 4.0 ± 0.9 � 108 6.7 ± 1.2 � 107 4.2 ± 0.6 � 107 1.2 ± 0.8 � 107

aMeasurements are mean ± SD of 3 replicates for all treatments. a* = Lactobacillus acidophilus CSCC 2400; b* = L. acidophilus CSCC 2409.
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