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Introduction

Probiotics can be defined as living microbial supplements that
can improve the balance of intestinal microorganisms (Fuller

1992). Good probiotic viability and activity are considered essential
for optimal functionality (Mattila-Sandholm and others 2002). Fur-
thermore, the ability of microorganisms to survive and multiply in the
host strongly influences their probiotic benefits. The bacteria in the
product should remain metabolically stable and active, surviving
passage through the upper digestive tract in large numbers to pro-
duce beneficial effects when in the host intestine (Gilliland 1989).

Microencapsulation is a chemical or mechanical process in which
particles containing an active ingredient are covered by a layer of
another material, providing protection and controlled release of
the primary ingredients as well as convenience to the ingredients.
The survival and multiplication of probiotics in the host strongly
affect their probiotic benefits. Many studies have shown low via-
bility of probiotics in dairy products including yogurt and fermented
milk (Iwana and others 1993; Shah and Lankaputhra 1997, Schill-
inger 1999). Protection of the probiotics has been proposed for var-
ious dairy fermentations, with microencapsulation in hydrocolloi-
dal beads investigated for improving probiotic viability in both the
food products and the intestinal tract (Prevost and Divies 1988; La-
croix and others 1990; Champagne and others 1992).

The composition of the wall usually influences the functional
properties of the microcapsules (Hegenbart 1993). In the presence

of all coating materials, calcium alginate is favored because of its
simplicity, nontoxicity, biocompatibility, and low cost (Sheu and
Marshall 1993; Krasaekoopt and others 2004). Alginate is a linear
heteropolysaccharide of D-mannuronic and L-guluronic acids ex-
tracted from various species of algae. The functional properties of
alginate as a supporting material are strongly associated with the
composition and sequence of L-guluronic and D-mannuronic ac-
ids. Divalent cations such as Ca2+ bind preferentially to the poly-
mer of L-guluronic acid (Krasaekoopt and others 2003). The solubi-
lization of the alginate gel by sequestering of calcium ions and
release of the entrapped cells within the human intestine is anoth-
er advantage for microencapsulated probiotics.

Prebiotics are nondigestible food ingredients that beneficially
affect the host by selectively stimulating the growth and/or activity
of 1 or a limited number of bacteria in the colon (Gibson and Rob-
erfroid 1995). Bielecka and others (2002) have confirmed the ap-
propriateness of combining prebiotics and probiotics, demonstrat-
ing greater effectiveness compared with probiotics alone.
Accordingly, incorporation of prebiotics and calcium alginate as
coating materials may provide better protection for probiotics in
food and eventually the intestinal tract because of the potential for
synergy between probiotics and prebiotics. Thus, the objectives of
this study were to microencapsulate probiotics (Lactobacillus acido-
philus, Lactobacillus casei, Bifidobacterium bifidum, and Bifidobac-
terium longum) using prebiotics (fructooligosaccharides [FOS] and
isomaltooligosaccharides [IMO]), probiotic growth promoter (pep-
tide from pancreatic digested casein), and alginate as coating ma-
terials and to evaluate the tolerance of the microencapsulated pro-
biotics in milk and to gastric conditions. Furthermore, to determine
the optimal ratio of the coating materials, which offered the best
protection for the probiotics in microcapsules and to gastric condi-
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tions, the sequential quadratic programming technique was used
to perform the optimization task.

Materials and Methods

Experimental designExperimental designExperimental designExperimental designExperimental design
The whole concept of this study included (1) experimental de-

sign using Box Behnkin Design (BBD), (2) microencapsulation of
probiotics according to experimental design, (3) building response
surface models and formulation of optimization model, (4) optimi-
zation using sequential quadratic programming, (5) verification ex-
periments, and (6) storage test.

1. Experimental design using BBD.1. Experimental design using BBD.1. Experimental design using BBD.1. Experimental design using BBD.1. Experimental design using BBD. Experimental design preced-
ed commencement of the trials. The BBD (Box and Behnkin 1960)
is a 3-level design based on construction of a balanced incomplete
block design. It was assumed that the viability of encapsulated
probiotics is affected by the type and concentration of the coating
materials, in this case alginate and 3 prebiotics (4 independent
variables). A 4-variable BBD with 6 replicates at the center point was
selected to build the response surface models (Table 1).

2. Microencapsulation of probiotics according to experimental2. Microencapsulation of probiotics according to experimental2. Microencapsulation of probiotics according to experimental2. Microencapsulation of probiotics according to experimental2. Microencapsulation of probiotics according to experimental
design.design.design.design.design. a. Culture conditions. Pure lyophilized cultures of B. longum
(CCRC 14605), L. casei subsp. rhamnosus (CCRC 12321), B. bifidum
(CCRC 11844), and L. acidophilus (CCRC 14079) were purchased
from the Culture Collection and Research Center (Hsinchu, Tai-
wan, ROC). deMan, Rogosa, and Sharp (MRS) and lithium propi-
onate MRS agar (LP-MRS) were used as the selective media for Lac-
tobacillus spp and Bifidobacterium spp, respectively (Lapierre and
others 1992).

Lactobacillus acidophilus and L. casei were transferred twice in
Lactobacilli MRS broth (Difco, Le Poont de Claix, France) at 37 °C,
whereas B. longum and B. bifidum were transferred twice in MRS
broth containing 0.05% L-cysteine hydrochloride (Sigma, St. Louis,
Mo., U.S.A.) in an anaerobic incubator and maintained at 40 °C. Cul-
tures were harvested after 24 h by centrifugation (3000 × g, 10 min
at 4 °C), washed and resuspended twice in saline solution. The fi-
nal bacterial counts were adjusted to 109 cells/mL.

b. Probiotic microencapsulation. Probiotic microcapsules were
prepared according to the BBD shown in Table 1 (30 combinations
of coating materials) by mixing 4% (v/v) of culture concentrate (1%
each of L. acidophilus, L. casei, B. bifidum, and B. longum) with sodi-
um alginate (1% to 3%, Sigma) and the previously autoclaved
(121 °C, 15 min) prebiotics (FOS, 0% to 3%, Cheng-Fung Co, Taiwan;
and IMO, 0% to 3%, Ying-Yu Co., Taiwan), as well as peptides (0% to
1%; pancreatic digested casein, Cheng-Fung Co). The extrusion
technique of microencapsulation was used (Krasaekoopt and oth-
ers 2004). After washing, 4% (v/v) of culture concentrate (1% each
of L. acidophilus, L. casei, B. bifidum, and B. longum) was mixed with
50 mL of 1% to 3% sodium alginate solution and sterilized at 121 °C
for 15 min. The cell suspension was injected through a 0.11 mm
needle into sterile 0.1 M CaCl2. The beads, approximately 0.5 mm
in dia, were allowed to stand for 1 h for gelification and then rinsed
with, and subsequently kept in, sterile 0.1% peptone solution at
4 °C. Survival of the microencapsulated probiotics before and after
simulated gastric fluid test (defined as responses) was determined.
The 4 responses were defined as viability of Lactobacillus spp (L.
acidophilus + L. casei.) before simulated gastric fluid test (SGFT),
viability of Bifidobacterium spp (B. longum + B. bifidum) before
SGFT, viability of Lactobacillus spp after SGFT, and viability of Bifi-
dobacterium spp after SGFT.

3. Modeling and optimization of coating materials in probiotic3. Modeling and optimization of coating materials in probiotic3. Modeling and optimization of coating materials in probiotic3. Modeling and optimization of coating materials in probiotic3. Modeling and optimization of coating materials in probiotic
micrmicrmicrmicrmicrocapsulesocapsulesocapsulesocapsulesocapsules. . . . . To carry out the response surface modeling, regres-
sion was performed on the experimental results to construct math-

ematical models (Table 1). The models were then formulated as an
objective function in an optimization problem and then solved
using a sequential quadratic programming (SQP) approach to de-
rive the optimal formulation for probiotic microcapsules. Both re-
sponse surface modeling and SQP were used in a similar way ac-
cording to the work by Chen and others (2003).

4. Model verification. 4. Model verification. 4. Model verification. 4. Model verification. 4. Model verification. After optimal processing conditions were
found by the SQP, experiments based on the conditions were per-
formed and repeated 3 times. The results were then analyzed us-
ing analysis of variance (ANOVA) from the SAS software package
(SAS Inst. 1990), with Duncan’s multiple range test for significance
to detect differences between predicted values and observed val-
ues.

5. Survival of microencapsulated probiotics in milk. 5. Survival of microencapsulated probiotics in milk. 5. Survival of microencapsulated probiotics in milk. 5. Survival of microencapsulated probiotics in milk. 5. Survival of microencapsulated probiotics in milk. Mixed
probiotics (1% each of L. acidophilus, L. casei, B. bifidum, and B. lon-
gum) were added either as free cells to the milk (3.5% milkfat, Natl.
Taiwan Univ., Taipei, Taiwan) or as entrapped cells in microcap-
sules. The samples were stored at 4 °C for 14 d, and the probiotic
viability was determined.

6. S6. S6. S6. S6. Stortortortortorage test. age test. age test. age test. age test. To understand the effect of prebiotics on the mi-
croencapsulated probiotics during storage, the viable cell counts for
the encapsulated organisms were determined every 2 wk. In addi-
tion to the optimal probiotic microcapsules as determined from
SQP, microcapsules with 1% and 3% alginate were also tested. The
3 microcapsules were immersed in aseptic water and stored at 4 °C
for 3 mo, with the survival of the encapsulated probiotics in SGFT
and bile salt conditions determined every 2 wk.

Analysis methodsAnalysis methodsAnalysis methodsAnalysis methodsAnalysis methods
1. Survival of encapsulated probiotics in SGFT and bile-salt1. Survival of encapsulated probiotics in SGFT and bile-salt1. Survival of encapsulated probiotics in SGFT and bile-salt1. Survival of encapsulated probiotics in SGFT and bile-salt1. Survival of encapsulated probiotics in SGFT and bile-salt

conditions. conditions. conditions. conditions. conditions. Resistance to simulated gastric fluid was determined
by adding 1 g of the microencapsulated bacteria into flasks con-
taining 10 mL of the simulated gastric juice, which consisted of 0.3%
pepsin (Sigma) and 0.5% sodium chloride (Nakalai, Kyoto, Japan)
adjusted to pH 2.0 with 1 N HCl. Resistance to bile salts was deter-
mined by adding microcapsules to the bile-salt solution, which con-
sisted of 2% ox gall powder (Sigma). Both resistance treatments
took place in agitated flasks (100 rpm) at 25 °C for 1 h.

2. D2. D2. D2. D2. Detereteretereteretermination of prmination of prmination of prmination of prmination of probiotic viabilityobiotic viabilityobiotic viabilityobiotic viabilityobiotic viability. . . . . To determine the pro-
biotic viability count, the entrapped probiotics were released from
the microcapsules according to the method of Sheu and Marshall
(1993). One gram of the microcapsules was resuspended in 9 mL of
phosphate buffer (0.1 M, pH 7.0) followed by homogenization in a
stomacher Seward Stomacker 400C, Brinkmann, Westbury, N.Y.,
U.S.A.) for 15 min. The suitability of the media was tested by plat-
ing decimal dilutions of the probiotic cultures. Thus, a 1-g sample
was decimally diluted into sterile peptone water (0.1%), and then
0.1-mL aliquot dilutions were plated onto the different media, in
triplicate. Plates of MRS agar were incubated aerobically for 72 h at
37 °C to inhibit bifidobacteria. Plates of LP-MRS agar (GasPak Sys-
tem; Oxoid Unipath Ltd, Basingstoke, Hampshire, England) were
incubated anaerobically (72 h at 37 °C) before enumeration of the
bifidobacteria. The population, in colony-forming units (CFU), and
the characteristics of the colonies were recorded for each medium.

3. Scanning electr3. Scanning electr3. Scanning electr3. Scanning electr3. Scanning electron micron micron micron micron microscoposcoposcoposcoposcopyyyyy. . . . . The microstructures of the
microcapsules were observed by scanning electron microscope
(SEM) according to the method of Lin and others (1999). Samples
were fixed in 30 g/L glutaraldehyde in 0.1 M phosphate buffer (pH
7.0) at 25 °C for 4 h. Then, the samples were washed in 3 changes of
buffer and post-fixed with 10 g/L osmium tetroxide in the same
buffer at 25 °C for 1 h. After washing in distilled water, the samples
were dehydrated in an ethanol series: 15%, 30%, 50%, and 70% for
10 min each; 85% and 95% for 15 min each; and 100% for 1 h. The
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resulting specimens were critical-point dried (CO2 Critical Point
Dryer Samdri-PVT-3B; Tousimis, Rockville, Md., U.S.A.). Eventually,
the samples were fixed in stubs on a double-faced metallic tape and
covered with a fine layer of gold (Ion Coater JJFC1100E; JEOL Ltd,
Tokyo, Japan) while applying a current of 40 mA, and observed
using an SEM (JSM-6300, JEOL Ltd.).

Results and Discussion

Response surface modelingResponse surface modelingResponse surface modelingResponse surface modelingResponse surface modeling
The results presented in Table 1 for the viability of microencap-

sulated probiotics before and after SGFT were obtained immedi-
ately after extrusion. Response surface methodology (RSM) was
used in the present work to develop a prediction model for estab-
lishing the optimal concentrations of 4 coating materials for the
probiotic microcapsules. The responses, as linear, quadratic, and
cubic functions of the variables, were tested for adequacy and
fitness using ANOVA. Model analysis (Table 2) and the lack-of-fit
test were used for selection of adequacy models, as outlined by
Lee and others (2000), Weng and others (2001), and Chen and
others (2004). Table 2 compares the validities of the linear, qua-
dratic, and cubic models for the 4 responses according to their F
values. A model with P values (P > F) below 0.05 was regarded as
significant. The highest-order significant polynomial was select-
ed. The lack-of-fit test was used to compare the residual and pure
errors at replicated design points. The response predictor was
discarded where lack of fit was significant, as indicated by a low

probability value (P > F). The model with no significant lack of fit
was selected. Using ANOVA (Table 2), it was demonstrated that 3
linear survival models for Lactobacillus spp and Bifidobacterium
spp before SGFT and Bifidobacterium spp after SGFT, and 1 cubic
model for the survival of Lactobacillus spp after SGFT appeared to
be the most accurate with no significant lack of fit. The 4 models
are given as follows:

k = 1, 2, 3 (1)

(2)

where n is the number of independent variables (that is, n = 4); f1,
f2, and f3 are the survival of Lactobacillus spp and Bifidobacterium
spp before SGFT and Bifidobacterium spp after SGFT, respectively;
f4 is survival of Lactobacillus spp after SGFT; �s are regression coef-
ficients; and Xs are the uncoded independent variables. The regres-
sion coefficients for the statistically significant models are present-
ed in Table 3. The 3-level BBD design is incapable of forming the
pure cubic terms (that is, �iiiXi

3 in Eq. 2), with the coefficients pre-
sented in Table 3 confirming this fact. The 4 responses are then

Table 1—The variables and responses of experimenta

Variable Response

Simulated gastric
X1 X2 X3 X4 fluid test

Alginate Peptides FOS MOS Lb Bc L B
Block (%)  (%) (%) (%) (log CFU) (log CFU) log CFU log CFU

1 2.00 0.50 1.50 1.50 8.08 7.86 6.42 7.39
1 2.00 0.50 1.50 1.50 8.18 7.90 6.44 7.43
1 1.00 0.00 1.50 1.50 8.14 8.00 4.18 7.02
1 2.00 0.50 0.00 3.00 8.16 8.01 6.42 7.43
1 1.00 1.00 1.50 1.50 8.28 8.10 6.39 7.53
1 2.00 0.50 0.00 0.00 7.97 7.87 5.25 7.56
1 2.00 0.50 3.00 0.00 8.20 7.76 6.54 7.34
1 3.00 1.00 1.50 1.50 8.13 8.05 6.65 7.41
1 2.00 0.50 3.00 3.00 8.22 8.04 6.41 7.24
1 3.00 0.00 1.50 1.50 7.96 7.63 5.12 7.07
2 2.00 1.00 3.00 1.50 8.15 7.91 7.52 7.57
2 1.00 0.50 1.50 3.00 8.15 8.03 7.09 7.41
2 1.00 0.50 1.50 0.00 8.23 7.91 7.00 7.73
2 2.00 1.00 0.00 1.50 8.13 8.00 7.12 7.15
2 2.00 0.50 1.50 1.50 8.27 7.91 7.42 7.37
2 2.00 0.00 0.00 1.50 8.02 7.57 5.35 7.06
2 3.00 0.50 1.50 0.00 8.10 7.87 7.57 7.61
2 2.00 0.50 1.50 1.50 8.20 7.54 7.51 7.30
2 2.00 0.00 3.00 1.50 8.04 7.17 6.09 7.27
2 3.00 0.50 1.50 3.00 8.10 7.60 7.52 7.44
3 3.00 0.50 0.00 1.50 7.93 7.23 6.97 7.05
3 2.00 0.00 1.50 0.00 8.01 7.37 7.60 7.55
3 2.00 0.50 1.50 1.50 8.12 7.29 8.01 7.36
3 2.00 0.50 1.50 1.50 8.15 7.70 8.08 7.76
3 1.00 0.50 3.00 1.50 8.19 7.46 7.75 7.71
3 2.00 1.00 1.50 3.00 8.07 7.75 8.10 7.60
3 1.00 0.50 0.00 1.50 8.14 7.62 7.05 7.08
3 3.00 0.50 3.00 1.50 8.00 7.57 7.99 7.36
3 2.00 1.00 1.50 0.00 8.19 7.62 8.02 7.96
3 2.00 0.00 1.50 3.00 8.00 6.91 7.45 7.45

aCFU = colony-forming units; FOS = fructooligosaccharides; IMO = isomaltooligosaccharides.
bL = Lactobacillus acidophilus + Lactobacillus casei.
cB = Bifidobacterium longum + Bifidobacterium bifidum.
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combined into a composite function (CF) whose maximum can then
be sought by optimization techniques.

(3)

Optimizing combinations of coating materialsOptimizing combinations of coating materialsOptimizing combinations of coating materialsOptimizing combinations of coating materialsOptimizing combinations of coating materials
Because the composite function (Eq. 3) is a product of 3 linear

functions and 1 cubic analog, it appears very likely that multiple lo-
cal maxima exist. Therefore, a global optimization program consisting
of a multi-start SQP was coded to search for the global optimum. The
program generates a series of uniformly distributed random points
for the initial search, and then SQP is applied to find the optimum
based on each subsequent initial point. If the probability exceeds a
preset value (99.99% in this study), the global optimum is considered
found. Otherwise, the next random initial point is generated and the
SQP re-executed. After 24 sets of randomly generated initial points
leading to optimal CF values (local optima) ranging from 7.85 to 8.17,
the global optimal CF was found to be 8.17 (99.99% certainty). The
global optimal CF values corresponded to 8.30 log CFU for survival of
Lactobacillus spp before SGFT; 8.01 log CFU for survival of Bifidobac-
terium spp before SGFT; 8.12 log CFU for survival of Lactobacillus spp
after SGFT; and 7.80 log CFU for survival of Bifidobacterium spp after
SGFT. The highest optimal CF value (8.17) was attained for 11 of 24
sets, with the optimal points, X1 (alginate%) = 1, X2 (peptides%) = 1,
X3 (FOS%) = 3, and X4 (IMO) = 0. The optimal combination of coating
materials for probiotic microcapsules was 1% sodium alginate blend-
ed with 1% peptides, 3% FOS, and 0% IMO.

The reported concentrations of alginate used for gel formation
vary from 1.5% to 2.5% with 0.05 to 1.5 M CaCl2 (Krasaekoopt and
others 2003). In this study, concentrations of alginate within the
range of 1% to 3% were tested because preliminary tests had shown
that when blended with prebiotics it could improve probiotic mi-

croencapsulation. The optimal value found and subsequently used
for the preparation of optimum microcapsules was 1% sodium alg-
inate, which is lower than Krasaekoopt and others’ findings (2003).
Chandramouli and others (2004) attempted to improve the method
of microencapsulation and found that the viability of the encapsu-
lated bacteria in simulated gastric conditions increased with in-
creased alginate gel concentration from 0.75% to 1.8% (w/v). Our
own findings were somewhat contradictory, however, with SQP
analysis suggesting a relatively low level of sodium alginate (1%).
Furthermore, blending prebiotics with sodium alginate as coating
materials for probiotic microencapsulation did improve organisms
survival under SGFT.

A number of earlier studies have investigated the effects of pep-
tides on human gut bacteria (Mitsuoka and others 1987; Dave and
Shah 1998; Lourens-Hattingh and Viljoen 2001). Nitrogen sources,
in the form of various peptides and amino acids, probably act by
improving the viability of the bifidobacteria present in the gut (Lou-
rens-Hattingh and Viljoen 2001). The present study confirmed the
prebiotic effects of peptides. Fooks and others (1999) have re-
vealed that IMO are very efficient prebiotic agents in that they are
able to stimulate lactic microflora while facilitating elevated pro-
duction of butyrate, believed to be a desirable metabolite in the
gut. However, incorporation of IMO as coating materials for micro-
capsules did not improve probiotic survival in the current study.

To further depict the global optimization results, 3-D response
surface plots were generated by fixing 2 of the 4 variables. Figure 1
shows 3 local maxima, including the global analog, in a CF response

Table 2—Model analysis of the viability of lactic acid bac-
teria for storage (a) before simulated gastric fluid test
(SGFT) and (b) after SGFTa

(a) Before SGFT

Lb Bc

Sum of Sum of
Source squares P > F squares P > F

Mean 1976.32 — 1782.85 —
Linear 1.40 × 10–1 0.0002** 7.70 × 10–1 0.0013**
Quadratic 3.80 × 10–2 0.5377 3.20 × 10–1 0.4090
Cubic 3.30 × 10–2 0.5023 2.00 × 10–1 0.6494
Residual 2.00 × 10–2 — 1.60 × 10–1 —
Total 1976.56 — 1785.44 —

(b) After SGFT

Lb Bc

Sum of Sum of
Source squares P > F squares P > F

Mean 1428.32 — 1645.88 —
Linear 7.31 0.0004** 5.20 × 10–1 0.0292*
Quadratic 3.97 0.0161* 5.00 × 10–1 0.2185
Cubic 1.39 0.0006** 3.00 × 10–1 0.2918
Residual 2.60 × 10–2 — 1.10 × 10–1 —

Total 1456.02 — 1647.43 —
aModel analysis selects the highest order polynomial where the additional
terms are significant. * = Significant at 5% level; ** = significant at 1% level.
bL = Lactobacillus acidophilus + Lactobacillus casei.
cB = Bifidobacterium longum + Bifidobacterium bifidum.

Table 3—The coefficients of probiotic viability model (a)
before simulated gastric fluid test (SGFT) and (b) after SGFT

(a) Before SGFT

Coefficient La Bb

�0 8.17 7.71
�1 –0.075 –0.098
�2 0.13 0.46
�3 0.024 –0.021
�4 –1.053 × 10–3 –3.452 × 10–3

(b) After SGFT

Coefficient La Bb

�0 1.41 7.35
�1 3.53 –0.045
�2 8.89 0.30
�3 1.35 0.065
�4 –0.68 –0.065

�11 –0.83 —
�22 –1.19 —
�33 –0.23 —
�44 0.074 —
�12 –5.89 —
�13 0.029 —
�14 0.65 —
�23 –1.46 —
�24 0.81 —
�34 –0.14 —

�112 1.34 —
�113 0.076 —
�114 –0.17 —
�122 0.20 —
�133 –0.093 —
�223 –0.085 —
�224 –0.74 —
�233 0.48 —

aL = Lactobacillus acidophilus + Lactobacillus casei.
bB = Bifidobacterium longum + Bifidobacterium bifidum.

http://www.ift.org


M264 JOURNAL OF FOOD SCIENCE—Vol. 70, Nr. 5, 2005 URLs and E-mail addresses are active links at www.ift.org

M: Food Microbiology & Safety

Use of prebiotics for probiotic microencapsulation . . .

function produced for the values X2 (peptide) = 1 and X3 (FOS) = 3,
while varying X1 (alginate) and X4 (IMO) within their boundaries.
The optimization results clearly show that determination of the glo-
bal optima depends on the initial search points for the response
surface models.

Experimental verificationExperimental verificationExperimental verificationExperimental verificationExperimental verification
The optimal production conditions for wall composition were

derived from SQP and verified by independent additional experi-
ments. The optimal combination of coating materials for the probi-
otic microcapsules were 1% sodium alginate blended with 1% pep-
tides, 3% FOS, and 0% IMO. Table 4 shows that the experimental
values were very close (P > 0.05) to the predicted values for survival
of Lactobacillus spp and Bifidobacterium spp before and after SGFT
with no significant differences.

Microstructure of probiotic microcapsulesMicrostructure of probiotic microcapsulesMicrostructure of probiotic microcapsulesMicrostructure of probiotic microcapsulesMicrostructure of probiotic microcapsules
Scanning electron microscopy was used to examine the structure

of the probiotic microcapsules. The probiotic microcapsules were in
spherical shapes (Figure 2a and 2b) with groups of entrapped bac-
teria evident in the internal voids and surrounded by the matrix
(Figure 2c and 2d). Sheu and Marshall (1993) have indicated that
concentration of sodium alginate affects the structure of the micro-
capsules; higher concentrations produce a smoother surface. Sim-
ilar results were found in our study. The probiotic microcapsules
using 3% alginate have a smooth surface (Figure 2b) and relative
small pores (Figure 2d), whereas optimum probiotic microcapsules
using 1% sodium alginate (Figure 2a) have a rough surface and
markedly open and large pores (Figure 2c). Raising the sodium al-
ginate concentration increases the number of binding sites for Ca2+

ions. Consequently, a more densely cross-linked gel structure is
formed (Chandramouli and others 2004).

Survival free and microencapsulatedSurvival free and microencapsulatedSurvival free and microencapsulatedSurvival free and microencapsulatedSurvival free and microencapsulated
probiotics in milkprobiotics in milkprobiotics in milkprobiotics in milkprobiotics in milk

Survival of probiotics entrapped in prebiotic microcapsules im-
mersed in refrigerated milk for 2 wk was significantly improved over
that of free cells as shown in Table 5. Similar results have been re-

ported for probiotic microencapsulated in alginate microcapsules
in yogurt (Sultana and others 2000; Adhikari and others 2003) and
in fermented frozen dairy deserts (Shah and Ravula 2000). Hans-
en and others (2002) concluded that microencapsulation with cal-
cium alginate is able to protect probiotics in food products.

Storage testsStorage testsStorage testsStorage testsStorage tests
To elucidate the effects of the inclusion of prebiotics in the walls

of the microcapsules during storage, the probiotic microcapsults
were immersed in aseptic water for 3 mo, and the survival of the
organisms was measured every 2 wk. Results of the probiotic counts
showed that, as might be expected, viability decreased with in-
creasing storage period for all 3 microcapsule formulations (Figure
3). Probiotic counts for the optimal probiotic microcapsule were still
105 to 106 CFU/g after the 12-wk storage in contrast to just 102 to 103

CFU/g for those without the prebiotics. Thus, blending of prebiot-
ics in the coating materials resulted in better protection for the
encapsulated organisms during storage, relative to the prebiotic-
free variants. The microcapsules containing FOS and peptide can
provide the carbon and nitrogen source for microencapsulated
probiotics during storage.

The effects of wall materials and sodium alginate concentrations
on viability of Lactobacillus spp and Bifidobacterium spp under sim-

Figure 1—A response surface plot for survivability of pro-
biotic microcapsules showing the effects of sodium algi-
nate and isomaltooligosaccharides (IMO) for constant lev-
els of peptides and fructooligosaccharides (FOS) (1% and
3%, respectively). CF = Composite Function.

Table 4—The validation of the optimal producing model (1%
alginate, 1% peptide, 3% FOS), recommended by SQP for
probiotic microcapsules before and after simulated gas-
tric fluid testa

Lb (log CFU/g) Bc (log CFU/g)

Predd Expe Pred Exp

Before 8.30 8.20 8.01 7.86
After 8.12 7.97 7.80 7.63

*P < 0.05.
aCFU = colony-forming units; FOS = fructooligosaccharides; SQP = sequential
quadratic programming.
bL = Lactobacillus acidophilus + Lactobacillus casei.
cB = Bifidobacterium longum + Bifidobacterium bifidum.
dPred = predicted value.
eExp = experimental value.

Figure 2—Microstructure of probiotic microcapsules: (a)
whole unfractured microcapsules using 1% alginate, 1%
peptide, and 3% fructooligosaccharides (FOS) as coating
material; (b) whole unfractured microcapsules using 3%
alginate as coating material; (c) fractured microcapsules
using 1% alginate, 1% peptide, and 3% FOS as coating
material; (d) fractured microcapsules using 3% alginate as
coating material.

(a) (b)

(c) (d)
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ulated gastric acid fluid and bile salt conditions after storage are
shown in Figure 4 and Figure 5. The optimized probiotic microcap-
sules produced the highest viable cell counts for both Lactobacillus
spp and Bifidobacterium spp under the SGFT after storage than
those prebiotics-free counterparts. Probiotic counts for the opti-
mized microcapsules remained at 105 to 106 CFU/g after 8 wk of
storage, relative to only 102 to 103 CFU/g survival for the 1% and 3%
alginate counterparts. However, both Lactobacillus spp and Bifi-
dobacterium spp showed a decrease of 1 log cycles compared with
the initial cell counts (Figure 3) without significant differences
among 3 treatments. The survival of microorganisms is affected by
the low pH of the environment. Hook and Zottola (1988) reported
that L. acidophilus showed a rapid decline in numbers at pH 2.0m
and most strains of bifidobacteria were sensitive to pH values below
4.6. Our results demonstrated that microencapsulation with sodium
alginate and prebiotics could provide good protection for probiotics
under the gastric acid fluid test.

The results of our preliminary test and other studies (Chou and
Wimer 1999; Vinderola and Reinheimer 2003) showed that probiot-
ics had higher tolerance to acid than to bile salts. In this sense, it is
generally considered necessary to evaluate the ability of potential-
ly microencapsulated probiotic bacteria to resist the effect of bile
salts. Probiotic counts for the optimized microcapsules remained at
105 to 106 CFU/g after 8 wk of storage, relative to only 102 to 103

CFU/g survival for the 1% and 3% alginate counterparts, which is
similar to the results of under the SGFT. Both Lactobacillus spp and
Bifidobacterium spp showed a decrease of 1 log cycle compared
with the initial cell count (Figure 3).

The results of this study concluded that the alginate gel concen-
trations between 1% to 3% were not a significant factor to the sur-
vival of the microencapsulated probiotics under 3 mo of storage,

Table 5—Survival in milk of free and microencapsulated probiotics during storage at 4 °C

Probiotics culture Storage period (d)
(log CFU/g) 0 4 8 12 16

Free La 8.57 ± 0.16 8.42 ± 0.13 8.02 ± 0.07 7.51 ± 0.14 6.57 ± 0.12
Free Bb 8.11 ± 0.09 7.83 ± 0.12 6.82 ± 0.13 6.11 ± 0.09 5.89 ± 0.14
Mc L 8.12 ± 0.11 8.15 ± 0.21 8.10 ± 0.17 8.10 ± 0.18 8.03 ± 0.20
M B 8.01 ± 0.18 8.03 ± 0.09 7.98 ± 0.15 7.98 ± 0.11 7.90 ± 0.14
aL = Lactobacillus acidophilus + Lactobacillus casei.
bB = Bifidobacterium longum + Bifidobacterium bifidum.
cM = microencapsulated.

Figure 3—Survival of microencapsulated Lactobacillus and
Bifidobacterium in distilled water for 12 wk of storage with
3 different microcapsule formulations.

Figure 4—Survival of encapsulated Lactobacillus and
Bifidobacterium in distilled water after 12 wk of storage
and followed by testing in simulated gastric fluid with 3
different microcapsule formulations.
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whereas incorporating prebiotics and peptides in addition to sodi-
um alginate as coating materials significantly increased the surviv-
al of the microencapsulated probiotics during storage.

Conclusions

Optimization results indicated that 1% sodium alginate mixed
with 1% peptide and 3% FOS as coating materials would pro-

duce the highest survival in terms of probiotic count. The verification
experiment yielded a result close to the predicted values, with no sig-
nificant difference (P > 0.05). The storage results also demonstrated
that the addition of prebiotics in the walls of probiotic alginate micro-
capsules provided improved protection for the active organisms.
These probiotic counts remained at 106 to 107 CFU/g for microcap-
sules stored for 1 mo and then treated in SGFT and bile salt test.
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