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Introduction

Probiotics are living microorganisms with several

beneficial effects on the host when consumed in adequate

amount. They are also known to inhibit the growth of

pathogens, lower cholesterol levels, reduce the risk factors

of cancers, and synthesize vitamins [1, 2]. Given these

advantages, probiotics have been widely employed in

several fields, including food and pharmaceutical industries.

The required dose of probiotics varies with the type of

probiotic strain. A daily intake of 108 to 109 colony-forming

units (CFUs) of probiotics would be helpful to humans [3].

To exert optimal effects, probiotics must survive under

harsh conditions of the intestinal tract and attach to the

intestinal villus. Their survival may be affected by acidity,

action of enzymes, and in some cases oxygen, during their

passage in the host gastrointestinal tract. 

Encapsulation is an important technology for the

packaging and release of materials, including antibiotic

agents, probiotics, and liquids under controlled conditions

[4]. The main purpose of the encapsulation of probiotics is

to protect them while in the gastrointestinal tract from low

pH and many salts [5]. So far, various techniques have been

employed for the encapsulation of probiotics. Of these, the
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The probiotic Lactobacillus acidophilus KBL409 was encapsulated with alginate (Al) and

alginate-chitosan (Al/Chi) through extrusion method. The sizes and zeta potentials of

microspheres were measured to confirm encapsulation. To evaluate the protective effect of

microspheres against gastrointestinal fluids, all the samples were exposed to simulated gastric

fluids (SGFs, pH 1.5) at 37°C for 1 or 2 h, followed by incubation with simulated intestinal

fluids (SIFs, pH 6.5) for 2 h. The mucoadhesive ability of microspheres was evaluated using

the intestinal epithelial cell line HT29-MTX. To extend the shelf-life of probiotics,

lyoprotectants such as disaccharide and polysaccharide were mixed with free or encapsulated

cells during the freeze-drying process. The size of the microspheres demonstrated a narrow

distribution, while the zeta potentials of Al and Al/Chi-microspheres were −17.9 ± 2.3 and

20.4 ± 2.6 mV, respectively. Among all the samples, Al/Chi-encapsulated cells showed the

highest survival rate even after exposure to SGF and SIF. The mucoadhesive abilities of Al and

Al/Chi-microspheres were higher than 94%, whereas the free L. acidophilus showed 88.1%

mucoadhesion. Ten percent of sucrose showed over 80% survival rate in free or encapsulated

cells. Therefore, L. acidophilus encapsulated with Al and Al/Chi-microspheres showed higher

survival rates after exposure to the gastrointestinal tract and better mucoadhesive abilities

than the free cells. Also, sucrose showed the highest protective effect of L. acidophilus during

the freeze-drying process.

Keywords: Encapsulation, extrusion, Lactobacillus acidophilus, intestinal survival, mucoadhesion,

lycoprotectant
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main encapsulation methods used in the industry are

extrusion, emulsion, and spray drying [6]. The extrusion

technique is a process of mixing the probiotic cells with a

hydrocolloid solution, followed by extrusion into a bath

solution through a nozzle [7]. Nozzle injection needs an

axial to produce droplets in the bath solution containing

calcium chloride (CaCl2) to facilitate polymer hardening

[8]. This technique is more convenient and cost effective

than others and does not require high temperature or any

solvents. So it would be a promising way to improve the

viability of the probiotics even after encapsulation process

[9].

Various polymers such as polysaccharides and proteins

are used in the encapsulation process. Alginate, the most

common material used for probiotic encapsulation, is a

linear polysaccharide derived from bacteria and algae [10].

It has no toxicity, is regarded as safe, and requires mild

gelling conditions for encapsulation [11]. Pure alginate

contains several hydrophilic polyanions and exhibits

strong mucoadhesive properties [12]. However, alginate

microspheres have some disadvantages such as high

porosity, which may lead to the breakdown of the

microspheres under acidic conditions; hence, other polymers

are crosslinked with alginate to overcome the limitations of

alginate [8, 13]. Chitosan is a natural and bioadhesive

polymer comprising copolymers of glucosamine and N-

acetylglucosamine. It is polycationic under acidic condition

and can form ionic cross-linking with anionic materials. Many

studies have shown that alginate-chitosan microspheres

have reduced porosity as compared with alginate

microspheres; these microspheres decrease the leakage of

probiotics and are stable at low pH [14]. Furthermore, they

may open the tight junctions of epithelial cells and allow

absorption of many beneficial materials into the host body

[15]. For these reasons, alginate and chitosan have been

widely used for the fabrication of delivery systems.

Freeze-drying is a preferred method that can increase the

shelf-life of food products and is easily applicable to them.

Probiotics have also been preserved in freeze-dried form

because of convenience and successful preservation effect

[35]. However, dehydration in the freeze-drying process

may damage the cell wall, proteins, DNA, and membrane,

so it leads to decreased viability of the probiotics [36].

Therefore, lyoprotectants such as saccharide, alcohol and

amino acids are added to probiotics to protect them during

the freeze-drying process and the optimal protectant

depends on the strain [37]. 

In the present study, we evaluated the ability of alginate

and alginate-chitosan microspheres to encapsulate Lactobacillus

acidophilus by the extrusion method. The size of the

microspheres was measured and the viability of the

encapsulated L. acidophilus was investigated. To assess the

protective ability of microspheres, free and encapsulated

cells were exposed to simulated saliva fluids, gastric fluids,

and intestinal fluids to imitate the human gastrointestinal

tract environment, and live cells were counted. Furthermore,

in vitro adhesion test of microspheres was conducted using

epithelial cells of colon. Also, the survival rate of free and

encapsulated L. acidophilus with lyoprotectants was evaluated

after the freeze-drying process. 

Materials and Methods

Materials

L. acidophilus KBL409 newly isolated from healthy Koreans was

supplied from Kobiolabs (Korea). MRS broth and agar were

purchased from BD Difco (Becton & Dickinson, USA) and

pentasodium tripolyphosphate, chitosan (50-190 kDa, low

molecular weight), fluorescein isothiocyanate (FITC, isomer I),

and 3-(N-morpholino) propanesulfonic acid (MOPS) were

supplied by Sigma-Aldrich (USA). Sodium alginate was obtained

from Duchefa Biochemie (Haarlem, Netherlands) and sodium

hydroxide (NaOH) and CaCl2 procured from Samchun (Korea)

were used for the crosslinking of polymers and depolymerization

of the link of polymers. To mimic the gastrointestinal environment,

uric acid, pepsin, bovine serum albumin, α-amylase, lipase,

D-glucose, D-glucuronic acid, D-glucosamine hydrochloride, and

bile bovine (purchased from Sigma-Aldrich, USA) were used along

with pancreatin (Wako, Japan) and mucin (Kanto chemical, Japan).

Preparation of Cell Culture

Frozen stock culture of L. acidophilus KBL409 was activated in

MRS broth at 37°C for 15 h and reactivated for 12 h. The

reactivated cells were centrifuged at 4,000 ×g for 20 min at 4°C

and washed with saline water. After washing twice, bacterial

suspension was centrifuged under the same conditions. The pellets

were resuspended in saline water at a final cell concentration of 9

to 10 log CFU/ml. Viability of cells was evaluated by serial

dilution and plating on MRS agar, followed by incubation at 37°C

for 48 h.

Encapsulation of L. acidophilus KBL409

A Cellena Extrusion device (Cellena, Spain) was used to

manufacture microspheres. Air was filtered through a 0.45-μm

syringe filter and set to 100 mbar. Alginate solution (1.5% w/v)

adjusted to pH 7.3 was mixed with L. acidophilus at a final

concentration of 109 CFU/ml. The alginate-L. acidophilus mixture

was fed into a 0.1 M CaCl2 solution through a nozzle at a feeding

rate of 0.02 ml/h. The distance between the bottom of the nozzle

and the surface of CaCl2 solution was 3 cm (Fig. 1). The beads

were allowed to harden at 4°C for 1 h and the supernatant was
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removed. To exclude cells not entrapped, alginate microspheres

(Al-microspheres) were washed twice with sterilized 0.85% (w/v)

sodium chloride (NaCl) solution. To encapsulate alginate

microspheres with chitosan, 0.8% (w/v) chitosan was dissolved in

1% (v/v) acetic acid solution and the pH of the solution was

adjusted to 5.7-6 using 1 N NaOH. The mixture was filtered with

Whatman paper and the volume of the mixture was adjusted to

100 ml before autoclaving at 121°C for 15 min. A total of 10 g of

rinsed alginate microspheres were mixed with 30 ml of sterilized

chitosan solution at 300 rpm for 30 min. The alginate/chitosan

microspheres (Al/Chi-microspheres) were rinsed twice with

sterilized 0.85% NaCl and allowed to stand at 4°C for 1 h.

Encapsulation Efficiency and Viability of Probiotics

To break the encapsulated polymers, the pH of 0.1 M

pentasodium tripolyphosphate solution dissolved in deionized

water was adjusted to 7 before autoclaving at 121°C for 15 min. To

count the number of encapsulated cells, 1 g of Al microspheres

were mixed with 9 ml of 0.1 M pentasodium tripolyphosphate

solution at 37°C with horizontal shaking at 100 rpm for 1 h, while

Al/Chi-microspheres were incubated under the same conditions

for 2 h. The cells were diluted and plated on MRS agar. In the

process of preparing microspheres, the cells not entrapped were

obtained from the supernatant, diluted to obtain an adequate

concentration, and plated on MRS agar. The plates were incubated

at 37°C for 48 h before counting the number of cells. Encapsulation

efficiency was calculated as follows:

EE (%) = NE/(NE + Nn) × 100

NE is the number of cells in beads and Nn is the number of the

cells not entrapped (CFU/g).

Before encapsulation, L. acidophilus was stained with a

fluorescein dye (LIVE/DEAD BacLight Bacterial Viability Kit,

Invitrogen, USA); live cells were labeled green, while dead cells

were labeled red. To evaluate cell viability before and after

encapsulation, the dyed cells were encapsulated with alginate as

described under the section of encapsulation of L. acidophilus

KBL409. After encapsulation, the cells were observed using a Ti-

eclipse fluorescence microscope (Nikon, Japan). The excitation/

emission range was 480/500 nm for green color and 490/635 nm

for red color. The number of live and dead cells was counted with

color intensity using analysis software (NIS-Elements Br 4.60,

Nikon). Cell viability during encapsulation was calculated as

follows: 

Cell viability (%) = IG/(IG + IR) × 100

IG is the intensity of green color indicative of the number of live

cells and IR indicated the number of dead cells.

Size and Zeta Potential of Microspheres

After rinsing and incubation for 2 h, the size of Al and Al/Chi-

microspheres was measured using a laser diffraction particle size

analyzer (Mastersizer 3000E, Malvern Instruments, UK). All the

measurements were performed in triplicates. To confirm the

encapsulated layer of alginate and chitosan, the zeta potentials of

Al and Al/Chi-microspheres were measured using a Zetasizer

(Nano ZS, Malvern Instruments, UK). Rinsed microspheres were

loaded with deionized water in small amounts into a capillary cell

and all the samples were analyzed at a scattering angle of 90° at

25°C.

Survival of L. acidophilus under the Conditions of Simulated

Gastrointestinal Tract 

The survival of free cells, Al-encapsulated cells, and Al/Chi-

encapsulated cells was evaluated under in vitro gastro-

intestinal tract conditions. The simulated saliva fluids (SSF),

simulated gastric fluids (SGF), and simulated intestinal fluids

(SIF) were prepared using a modified method [16, 17]. The

compositions of SSF, SGF, and SIF are described in Table 1.

Inorganic and organic compounds were dissolved in 100 ml of

distilled water and mixed with each other. The volume was

adjusted to 500 ml with distilled water. Enzymes were added to

the mixture and all the solutions were filtered with a 0.45-μm

filter. All the simulated fluids were stored at 4°C and used within

24 h.

To simulate the oral phase, 1 ml of free cells (109 CFU/ml) or 1 g

of beads (109 CFU/g) were mixed with 9 ml of SSF at 37°C and

Fig. 1. Encapsulation process of alginate-microsphere (A) and

alginate/chitosan-microsphere (B).
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60 rpm for 2 min. About 1 ml of the oral phase was collected for

sampling and 5 ml of the oral mixture was carried to 5 ml of SGF.

To compare the effects of SGF, the exposure time was set to 1 and

2 h. The gastric mixture was incubated at 37°C and 60 rpm, and

1 ml of sample was used for counting. To assess intestinal

tolerance, 5 ml of the gastric mixture was added to 7.5 ml of SIF

and incubated at 37°C and 60 rpm for 2 h and 4 h before sampling.

After incubation, 1 ml of sample was collected for sampling. Al-

microspheres and Al/Chi-microspheres were added to 9 ml of

0.1 M pentasodium tripolyphosphate to facilitate polymer

breakdown at 37°C with horizontal shaking at 100 rpm for 1 h (Al-

microspheres) or 2 h (Al/Chi-microspheres). Depolymerized cells

from microspheres and free cells were diluted at adequate

concentrations and plated on MRS agar. All the samples were

incubated at 37°C for 48 h before cell enumeration. 

Preparation of FITC-Labeled Chitosan and Microspheres

FITC-labeled chitosan was synthesized as previously described

[6]. Chitosan (1% w/v) was dissolved in 1% acetic acid solution,

followed by the addition of 100 ml of dehydrated methanol and

FITC (2 mg/ml in methanol, 50 ml). Conjugation between FITC

and chitosan was carried out in the dark at room temperature for

3 h. After precipitation with a liter of 0.1 M NaOH, the precipitate

was filtered and dialyzed in deionized water, which was replaced

every day until FITC disappeared in the dialysis jar. The dialyzed

product was freeze-dried at −78°C and 5 mbar for 96 h. Freeze-

dried FITC-labeled chitosan was stored under −18°C before

further use. To prepare FITC-chitosan-encapsulated cells, the

method described in the section of encapsulation of L. acidophilus

KBL 409 was used, and chitosan was replaced with FITC-labeled

chitosan in the encapsulating solution.

In Vitro Mucoadhesive Test 

Mucoadhesion was evaluated with modifications to the method

described previously [12]. HT29-MTX human epithelial cells were

cultured in Dulbecco’s modified Eagle’s medium (DMEM,

GlutaMAX, USA) containing 4.5 g/l glucose and supplemented

with 25 mmol/l HEPES buffer and 10% (v/v) fetal bovine serum

at 37°C under modified atmosphere (5% CO2/95% air). The

culture medium was changed every 2 days. HT29-MTX cells were

seeded into 12-well plates (SPL Life Science, Korea) at a density of

5 × 104 cells/cm2 and cultured until confluence. One gram of

encapsulated cells or 1 ml of free cells (equivalent to 109 CFU)

previously washed twice with phosphate-buffered saline (PBS)

were added to each well and incubated at 37°C under 5% CO2/

95% air for 1 h to facilitate adhesion. After incubation, each well

was washed twice with 1 ml DMEM to remove the non-adhered

microspheres. To detach any adhered microspheres or free cells

from HT29-MTX cells, the monolayers were trypsinized with

200 μl of 0.25% trypsin-ethylenediaminetetraacetic acid (EDTA)

solution. The encapsulated cells were mixed with 0.1 M of

pentasodium tripolyphosphate solution to break polymers, as

described above. Depolymerized microsphere samples and free

cells were counted by plating on MRS agar after incubation at

37°C for 48 h. To observe the adhesion of Al/Chi-microspheres on

HT29-MTX cells, the microspheres were capsulated with FITC-

Table 1. Composition of simulated gastrointestinal fluids. 

Concentration
SSF* SGF SIF

pH 7 (±0.2) pH 1.5 (±0.02) pH 6.5 (±0.01)

Inorganic compound (g/l) NaCl 175.3 NaCl 175.3 NaCl 175.3

KCl 89.6 KCl 89.6 KCl 89.6

NaH2PO4 88.8 NaH2PO4 88.8 NaHCO3 84.7

Na2PO4 57.0 NH4Cl 30.6 CaCl2 22.2

NaOH 40.0 CaCl2 22.2 NaH2PO4 8.0

KSCN 20.0 MgCl2 5.0

Organic compound (g/l) Urea 25 Glucose 65 Urea 25

Glucosamine hydrochloride 33

Urea 25

Glucuronic acid 2

Enzyme (mg) Amylase 145 BSA 1,000 Bile 6,000

Mucin 50 Pepsin 2,500 Pancreatin 3,000

Uric acid 15 Mucin 3,000 BSA 2,800

Lipase 500

*SSF, SGF, and SIF stand for simulated saliva fluid, simulated gastric fluid, and simulated intestinal fluid, respectively.
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labeled chitosan. The method previously described was repeated.

After the mucoadhesion test, the FITC-labeled chitosan-encapsulated

cells were observed with fluorescence microscopy (480/500 nm).

Freeze-Drying and Survivability

A suspension of L. acidophilus KBL409 was mixed with solution

containing lyoprotectants. As low molecular lyoprotectants, 10%

of glucose, trehalose, lactose, sucrose, and fructose were singly

used. Prebiotics including 2% of maltodextrin, inulin, and corn

starch were also singly used as lyoprotectants. For producing

encapsulated cells, alginate solution was mixed with each

lyoprotectant solution and extruded to calcium chloride solution

by extrusion method. Chitosan encapsulating followed the same

method in the section of encapsulation of L. acidophilus KBL409.

All the samples were frozen at -30°C for overnight and freeze

dried for 48 h. 

To evaluate the survivability of cells, 10 mg of freeze-dried cells

were mixed well with 0.99 ml of 0.85% sodium chloride solution.

Then, the method described in the section of survival of

L. acidophilus under the conditions of simulated gastrointestinal

tract was repeated to depolymerize cells and count the number of

cells. 

Statistical Analysis

All statistical analyses were performed using one-way ANOVA

with SPSS Statistics Ver. 24.0. All the  mean comparisons were

done by Duncan’s multiple range test and differences were

considered significant (p < 0.05). The data were presented as the

mean ± standard error by triplicate experiments. 

Results and Discussion

Encapsulation Efficiency and Cell Viability

Encapsulation efficiencies of the two microsphere types

are shown in Table 2. The number of encapsulated

L. acidophilus in Al-microspheres was 4.7 × 108 CFU/g,

while that of cells not entrapped was 1.0 × 106 CFU/g. The

encapsulation efficiency of Al-microsphere was calculated

to be 99.7% from Equation in the section of encapsulation

efficiency and viability of probiotics. The number of

encapsulated cells in Al/Chi-microsphere and cells not

entrapped were found to be as 2.3 × 108 and 5.0 × 105 CFU/g,

respectively. Encapsulation efficiency of Al/Chi-microsphere

was 99.7% (same value as that of Al-microsphere). Many

studies on encapsulation with extrusion method have

reported similar results. L. acidophilus was encapsulated

into polyphenol-alginate and the encapsulation efficiency

of beads was reported to be above 96% [18]. Using alginate

and psyllium seed for the encapsulation of L. acidophilus

had reported an encapsulation efficacy of approximately

98% [19]. Encapsulated L. bulgaricus through extrusion

method with alginate and pure milk comprising 3.1%

protein and 3.5% fat also had reported an encapsulation

efficiency of 99% [1]. Pea protein isolate-alginate capsule

entrapping Bifidobacterium and prebiotics was found to

show an encapsulation efficiency of more than 98% [20].

The change in cell viability after extrusion process was also

measured using analysis software (Fig. 2). The analysis of

color intensity revealed cell viability of approximately

98.7%; therefore, the extrusion process had no impact on

cell viability.

Size and Zeta Potential of Microspheres

Size distribution of microspheres is described in Fig. 3.

The average size of Al-microspheres was 93.4 ± 0.6 µm. Al/

Table 2. Number of encapsulated cells in alginate-microspheres and alginate/chitosan-microspheres. 

Encapsulated cells 

(CFU/g)

Cells not entrapped

(CFU/g)

Encapsulation efficiency*** 

(%)

Al-microsphere* 4.7 (±1.1) × 108 1.0 (±1.2) × 106 99.7

Al/Chi-microsphere** 2.3 (±1.7) × 108 5.0 (±1.0) × 105 99.7

*Al-microsphere means L. acidophilus encapsulated with alginate.

**Al/Chi-microsphere means L. acidophilus encapsulated with alginate and chitosan.

***Encapsulation efficiency was calculated from the number of encapsulated cells and cells not entrapped.

Fig. 2. Fluorescence image of cell viability in alginate

microspheres (A), and merged fluorescence and optical

microscopy images (B). 

Green indicates live cells and red indicates dead cells after extrusion

at ×200 magnification. Scale bar (yellow bar) = 50 µm.
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Chi-microspheres showed a slightly larger size of 97.1 ±

0.4 µm. The increase in the particle size was indicative of

the deposition of the chitosan layer through electrolytic

linkage. The narrow particle size distribution was suggestive

of the homogeneity of the produced microspheres [21]. The

mean particle size of microspheres is one of the important

characteristics that determine encapsulation efficiency and

stability [1]. The size of microspheres may be controlled by

the concentrations of hydrocolloid solutions and nozzle

size [22]. Their size also might affect sensory evaluation.

Alginate microspheres encapsulating Bifidobacterium showed

no negative sensory impact at size below 100 µm [23].

Zeta potential is a fundamental parameter of double-

layer models that describes electrochemical properties [24].

The zeta potentials of Al and Al/Chi-microspheres were

−17.9 ± 2.3 and 20.4 ± 2.6 mV, respectively. As alginate

carried a negative charge and chitosan is positively charged

[25], the Al/Chi-microspheres were confirmed to be

uniformly layered with alginate and chitosan.

Survival of the Encapsulated L. acidophilus under Simulated

Oral and Gastric Phases

Microencapsulation strategies were evaluated in simulated

oral and gastric phases, and free cells were used as control.

Fig. 4 shows the survival of the encapsulated cells under

oral and gastric conditions. In the oral phase, survival rates

showed no significant decrease in all treatment groups

(0.74-1.13 log [87.3-91.8%]) as compared with the survival

rate at the initial phase. After 60 min incubation in the

gastric phase, the survival ability of cells was not

significantly reduced in all treatment groups (83.6-87.0%)

as compared with the initial condition. After 120 min of

exposure to gastric phase, the survival rates significantly

decreased in all treatment groups (p < 0.05). Free cells

showed a dramatic decrease in survival rate (46.5% [4.95

log reduction]), while Al- and Al/Chi-encapsulated cells

showed 63% (3.29 log reduction) and 81.6% (1.66 log

reduction), respectively. Double-layered encapsulation with

alginate and chitosan provided considerable protection

against acidic conditions. These results are in line with those

reported in previous studies, wherein the encapsulation

with alginate and chitosan increased the viability of

Lactobacilli and Bifidobacteria upon exposure to acidic

condition. The number of non-encapsulated L. gasseri and

B. bifidum decreased from 109 to 10 CFU/ml after incubation

in simulated gastric juice (pH 2) for 2 and 1 h, respectively,

whereas more than 80% Al/Chi-encapsulated cells survived

under these conditions [26]. L. lactis encapsulated with

alginate-chitosan also showed high viability (75.0%) upon

exposure to gastric condition for 2 h, whereas the number

of free cells was less than 1 log within 90 min of treatment

[27]. Free B. breve were undetected in the presence of

gastric condition (pH 2) for 60 min, while the viability of

Al/Chi-encapsulated cells (76.8%) further improved [6].

The decrease in the number of free L. acidophilus cells was

twice that of the number of alginate-starch-encapsulated

cells in response to exposure to acidic condition (pH 2) and

high concentration (approximately 2%) of salt and bile [28].

Survival of the Encapsulated L. acidophilus under Simulated

Gastric and Intestinal Phases

After exposure to SGF (1 and 2 h), all the groups were

incubated with SIF for 2 h and 4 h. The number of

treatments decreased depending on the exposure time to

Fig. 3. Size distribution of alginate and alginate/chitosan-

microspheres.
Fig. 4. Survival rate of free cells, alginate-encapsulated cells

(Al-cells), and alginate/chitosan-encapsulated cells (Al/Chi-

cells) exposed to oral and gastric phases. 

(A-C) Different letters within same treatment (encapsulated and free

cells) indicate statistical significance (p < 0.05). (a-c) Different letters

with same exposure time indicate statistical significance (p < 0.05).
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SGF and SIF (Table 3).

Bacterial number significantly decreased in all treatment

groups following transfer to the gastric and intestinal

phases. The exposure to gastric phase for 1 h and intestinal

phase for 2 h decreased the bacterial count in Al (66.9%)

and Al/Chi-microsphere (69.8%) groups as compared with

free cells (57.6%). Subsequently, exposure to intestinal

phase for 4 h decreased the bacterial count in Al (49.7%)

and Al/Chi-microsphere (64.2%) as compared to free cells

(36.7%). The exposure to gastric phase for 2 h and intestinal

phase for 2 h reduced the decrease in the number of

bacterial cells in Al (41%) and Al/Chi- microsphere (48.7%)

groups as compared with free cells (31.4%). Continually,

exposure to intestinal phase for 4 h decreased the bacterial

count in Al (37.3%) and Al/Chi-microsphere (40.9%) as

compared with free cells (24.4%). Encapsulation with

alginate and chitosan provided considerable protection

from the intestinal conditions. An alginate-gelatinized starch

microcapsule with chitosan encapsulation effectively

protected L. casei and B. bifidum exposed to simulated

intestinal juice (pH 8) for 120 min. The initial number of

cells was approximately 11 log CFU and showed a decrease

of less than 6 log CFU, while the decrease in the population

of free cells was more than 6 log CFU [29]. Many studies

have reported that chitosan could protect probiotics from

bile salts through an ion-exchange reaction [30, 31]. 

Mucoadhesion of Microspheres

The results of mucoadhesion test are described in Table 4.

Mucoadhesion rates of Al and Al/Chi-microspheres were

95.6% (9.37 ± 0.20 log CFU/g) and 94.3% (9.24 ± 0.17 log

CFU/g), respectively, whereas the rate observed for free

cells was 88.1% (8.63 ± 0.14 log CFU/g). Thus, the number

of bacteria adhered to HT29-MTX cells was higher in the

presence of Al and Al/Chi-microspheres than that observed

following incubation with free cells, consistent with the

conditions in the human intestine. Thus, these microspheres

are suitable for studying cell-bacterium interactions (p <

0.05) [32].

Fig. 5 demonstrates the attachment of the FITC-chitosan-

encapsulated microspheres to colon cells. Therefore, Al and

Al/Chi-microspheres may be suitable for the intestine-

targeted delivery of molecules. These results were consistent

with those previously reported. Microcapsules layered with

Table 3. The number of encapsulated and free cells after exposure to SGF and SIF.

Gastric phase (h) Intestinal phase (h)
Free cells

(log CFU/g)

Encapsulated cells (log CFU/g)

Al Al/Chi

0 0 9.44 ± 0.56Aa

(100%)*

9.24 ± 0.67Aa

(100%)

9.25 ± 0.58Aa

(100%)

1 0 7.21 ± 1.13Ba

(76.4%)

7.86 ± 0.79Ba

(85.1%)

7.98 ± 0.75Ba

(86.3%)

2 5.44 ± 0.40Ca

(57.6%)

6.18 ± 0.91Ca

(66.9%)

6.46 ± 0.51CDa

(69.8%)

4 3.47 ± 0.32Dc

(36.7%)

4.59 ± 0.49Db

(49.7%)

5.94 ± 0.66Da

(64.2%)

2 0 4.32 ± 0.42CDc

(45.7%)

5.93 ± 0.66Cb

(64.2%)

7.53 ± 0.83BCa

(81.4%)

2 2.96 ± 0.42Db

(31.4%)

3.78 ± 0.96Dab

(41.0%)

4.50 ± 0.30Ea

(48.7%)

4 2.31 ± 0.86Db

(24.4%)

3.45 ± 0.30Dab

(37.3%)

3.79 ± 0.61Ea

(40.9%)

A-EDifferent letters within same treatment (encapsulated and free cells) are significantly different (p < 0.05). 
a-cDifferent letters with same exposure time are significantly different (p < 0.05). 

*Percentage in parentheses means survival rate compared to initial number of cells.

Table 4. Mucoadhesive test of Lactobacillus acidophilus KBL409

on HT29-MTX cells.

Free cells
Encapsulated cells

Al Al/Chi

Initial cells (log CFU/g) 9.80 ± 1.14A 9.80 ± 1.20A 9.80 ± 0.30A

Adhered cells (log CFU/g) 8.63 ± 0.14B 9.37 ± 0.20A 9.24 ± 0.17A

Adhesive rate (%) 88.1 95.6 94.3

A-BDifferent letters with same time are significantly different (p < 0.05).
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alginate and chitosan and encapsulating Bacillus coagulans

showed improved adhesiveness to mucus cells [33]. Also,

an alginate-chitosan microcapsule containing L. reuteri was

reported as an effective delivery system to the intestine

both in vitro and in vivo [34]. The in vitro results showed

that the number of encapsulated cells in the gizzard was

approximately 50% of the initial number, whereas free cells

were undetected at the same site. In vivo test results of this

study revealed the attachment of 5-8 log CFU of L. reuteri

after injection of 10 log CFU.

Survival Rate of L. acidophilus after Freeze-Drying

In the survival rate of free cells, all lyoprotectants showed

protective effects compared to control with an exception of

inulin (Fig. 6). Especially, free cells with glucose and

sucrose showed higher survival rates as 97.6% and 95.3%,

respectively, compared to free cells with other lyoprotectants.

Inulin, known as a prebiotic, showed the lowest survival

rate (59%) in free cells and it is correspondent to the

previous study that L. rhamnosus with inulin had lower

survival rate than others after freeze-drying [38]. As the

concentrations of oligosaccharides such as inulin, corn

starch, and maltodextrin increased, their protective effects

on freeze-dried cells were reported to be increased [42].

However, the previous study also reported that the

concentration of lyoprotectants was higher than 10%,

leading to reduced viability of cells because of the

crystallization of lyoprotectants [42]. This is due to the

structure of fibers, degree of polymerization and molecular

weight having some minor effect on the freeze-drying

process [38]. For encapsulated cells, Al-cells without any

protectant showed the highest survival rate, but Al/Chi-

cells showed the higher survival rate when sucrose was

added. The major factors of cell survival in the freeze-

drying process are osmotic pressure and ice crystallization

resulting in membrane injury [41]. Generally, sugars are

known as lyoprotectants because they can hold water and

prevent protein denaturation. Also, disaccharides have

been reported as an effective way to protect cells during

the drying process [39, 40].

In the present study, L. acidophilus was encapsulated

within alginate and alginate-chitosan microspheres by

Fig. 5. HT29-MTX cells (A) and FITC-labeled chitosan-

encapsulated cells (B) attached to HT29-MTX cells at ×200

magnification. 

Scale bar (yellow bar) = 100 µm.

Fig. 6. Survival rate of encapsulated and free L. acidophilus KBL409 after freeze-drying process with lyoprotectant. 

Black bar indicates free cells, dotted bar indicates alginate-encapsulated cells, and gray bar indicates alginate/chitosan-encapsulated cells. (A-H)

Different letters within same treatment (encapsulated and free cells) indicate statistical significance (p < 0.05). (a-c) Different letters with same

lyoprotectant indicate statistical significance (p < 0.05). Con, control (no cryoprotectant); Lac, 10% lactose; Tre, 10% trehalose; Glu, 10% glucose;

Suc, 10% sucrose; Fru, 10% fructose; Inu, 2% inulin; Cor, 2% Corn; and Mal, 2% maltodextrin.
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extrusion method. The microspheres produced showed a

narrow size distribution of less than 100 µm. Most cells

(99.7%) were entrapped in microspheres and the cell

viability was high after encapsulation. To investigate the

protective effect of microspheres in the gastrointestinal

tract, free cells and encapsulated cells were exposed to SSF,

SGF, and SIF with bile salts. Al/Chi-encapsulated cells

showed the highest survival rate (81.6%) after exposure to

SGF for 2 h, though alginate-encapsulated cells and free

cells showed 63% and 46% viability, respectively (p < 0.05).

After incubation with SGF and SIF for 4 h, the survival rate

of the encapsulated cells was higher than 40% versus free

cells (24.4%). Thus, the encapsulated cells were protected

from gastrointestinal fluids. The mucoadhesive ability of

microspheres was evaluated using HT29-MTX cells, which

are similar to human intestinal epithelial cells. Al and Al/

Chi-microspheres showed more than 94% adhesion rate,

while the free cells showed an adhesion rate of 88% (p <

0.05). Experiments with FITC-labeled chitosan microspheres

also confirmed the adhesion of the microspheres to intestinal

epithelial cells. To evaluate the effect of lyoprotectants on

the shelf-life of probiotics, all the cells and microspheres

were freeze-dried with or without lyoprotectants. Free and

encapsulated cells with 10% sucrose showed the highest

survival rates after freeze-drying among all the treatments. 

In conclusion, Al/Chi-microsphere encapsulation of L.

acidophilus maintained the survival of cells and facilitated

their delivery to the gastrointestinal tract. Microspheres

showed improved mucoadhesion as compared to free

L. acidophilus. Also, 10% sucrose as a lyoprotectant showed

high survival rate of free and encapsulated cells after

freeze-drying.
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