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Abstract Microencapsulation technology can be used to

improve the probiotic viability under stress condition in the

human gastrointestinal tract and during storage. The pur-

pose of this study was to evaluate the protective effect of

encapsulation materials on the survival of GABA-produc-

ing probiotics using alginate containing cassava starch

nanocrystals under simulated gastrointestinal conditions

and shelf storage. Lactobacillus brevis ST-69, GABA-

producing probiotic strain, was isolated from kimchi and

encapsulated using emulsion technique. The GABA

activity, encapsulation efficiency, morphology, probiotic

viability were evaluated. The encapsulation efficiency

using emulsion technique was 89.72%. Probiotic encap-

sulated in alginate-nanocrystalline starch gel capsules

showed high survival rate at 94.97% of probiotic cells

under simulated gastrointestinal conditions and during

long-life storage at 4 �C compared to free cells. Results

showed that for improving the viability of probiotics

against gastrointestinal and storage conditions, complex

materials with nanocrystalline starch might be a better

encapsulating matrix for the preparation of gel capsules.

Keywords Lactobacillus brevis � Gamma aminobutyric

acid � Microencapsulation � Alginate � Nanocrystalline
starch

Introduction

Probiotics are defined as ‘‘Live microorganisms which

when administered in adequate amounts confer a health

benefit on the host’’ (FAO/WHO, 2002). Several probiotic

lactic acid bacteria (LAB) strains are well-known source of

food supplement in addition to gamma-aminobutyric acid

(GABA) production, which exerts health effects. GABA-

producing probiotic LAB strains have been isolated from

the traditional fermented foods and beverages (Dhakal

et al., 2012; Kook and Cho, 2013). Those probiotic LAB

strains, L. brevis exhibits the highest capability to produce

GABA (Shin et al., 2007; Li et al., 2010; Lim et al., 2017;

Wu and Shah, 2018). Despite tremendous benefits of well-

being to human, those bacteria with GABA-producing

capability are susceptible to survive under hazardous con-

ditions (i.e., manufacture, storage, and gastrointestinal
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tract), which would result in decreased viability under these

environments (Tripathi and Giri, 2014; Chen et al., 2017).

The development of several microencapsulated methods

can improve the survival of GABA-producing LAB

through the different material compositions and delivery

systems (Yao et al., 2020).

Embedding and coating technologies used in microen-

capsulation processes show various success stories. The

potential benefits of these methods are favorable to probi-

otics in terms of increased viability through the formation

of a physical barrier, and nutrition support (Silva et al.,

2014; Yao et al., 2020). Besides the delivery system, the

material composition for its fabrication is also a critical

factor for success. Alginate in combination with other

materials (e.g., resistant starch, chitosan, and whey protein)

can enhance the capability of microencapsulation, which

increases the viability of the probiotics under gastroin-

testinal conditions (Sathyabama et al., 2014; Krasaekoopt

and Watcharapoka, 2014; Gbassi et al., 2009; Yao et al.,

2020). Currently, the concurrent use between alginate and

additional material can achieve the desired outcomes to

ameliorate the microencapsulation efficiency and probiotic

viability, but the cost-effectiveness is likely not to be

worth. Nanocrystalline starch (NCS) derived from the

hydrolyzed-resistant starch (cassava starch), a low-cost

material and widely used as microencapsulated material of

bioactive compounds from plant extracts (Sunarti et al.,

2020). However, the microencapsulation of probiotic

microorganisms by NCS has never been reported. Alginate

supplemented with NCS is therefore promisingly novel

alternative material for probiotic microencapsulation.

The objectives of this study were evaluation the GABA-

producing capability of L. brevis ST-69, establishment of

suitable method and conditions for cassava starch, evalu-

ation of the encapsulation efficiency of alginate and algi-

nate-NCS encapsulating L. brevis ST-69, measurement the

survival rate of encapsulated L. brevis ST-69 using alginate

and alginate-NCS under simulated gastrointestinal condi-

tions, and establishment the appropriate conditions for

storage.

Materials and methods

Chemicals and microorganisms

Sodium alginate was purchased from Sigma-Aldrich Co.

(St. Louis, MO, USA). Cassava starch was purchased from

Siam Quality Starch Co., Ltd. (Chaiyaphum, Thailand). All

other chemicals used in this study were of analytical grade.

Probiotic Lactobacillus brevis ST-69 isolated from tradi-

tional kimchi, which was purchased from the local market

in Bangkok, Thailand. L. brevis ST-69 was cultured in

5 mL of DeMan Rogosa Sharpe (MRS) broth (Himedia,

Mumbai, India) under the anaerobic conditions in the

anaerobic jar at 37 �C for 48 h. Subsequently, the cell

suspension was sub-cultured in MRS agar containing 0.3%

(w/v) calcium carbonate (Merck, Darmstadt, Germany),

and incubated under the anaerobic conditions in the

anaerobic jar at 37 �C for 48 h. Probiotic L. brevis ST-69

colonies, which formed a clear zone on the MRS plate were

preserved in MRS broth with 50% (v/v) glycerol (Merck)

and stored at -80 �C for further experiments.

Identification of GABA biosynthetic activity

of Lactobacillus brevis ST-69

The GABA producing ability of probiotic L. brevis ST-69

was detected by thin layer chromatography (TLC). Probi-

otic was cultured in MRS broth supplemented with 5% (w/

v) monosodium glutamate (MSG) (Sigma-Aldrich) under

the anaerobic conditions in the anaerobic jar at 37 �C for

24 h. The probiotic culture supernatant was harvested by

centrifugation at 1700 9 g, 4 �C for 10 min. Then, 1.5 lL
of the supernatant was spotted onto the TLC plate (Silica

gel 60 F254, Merck). The TLC plate was conducted using a

solvent mixture of n-butanol: acetic acid: sterile distilled

water (5:3:2 v/v/v), followed by immersion into 1% (w/v)

ninhydrin (Merck) in 95% (v/v) ethanol, dried and heated

using the hairdryer. The colorization of the separated spot

of GABA was observed compared to standard GABA

(Sigma-Aldrich) position.

Preparation of nanocrystalline starch from cassava

starch

Cassava starch nanocrystals were prepared by a previously

described method (Kasemwong et al., 2011; Lin et al.,

2011) with minor modifications. Briefly, native cassava

starch was suspended in diluted sulfuric acid (3.16 M) at a

concentration of 15% (w/v). The suspension was then

continuously stirred at 100 rpm under 37 �C. After 7 days

of hydrolysis, the suspension was filtered through a

0.45 lm membrane to separate starch granules. After that,

starch granules were washed in sterile distilled water until

neutrality was achieved. Neutralized starch granules were

dispersed in sterile distilled water and homogenized at

14,000 rpm for 5 min to break aggregates. Nanocrystalline

starch granules were lyophilized by freeze dryer (SciQuip,

Newtown, UK) and stored at 25 �C in the dehumidifier.

The relative crystallinity of NCS was analyzed by an X-ray

diffractometer (Bruker, Karlsruhe, Germany) and the per-

centage of crystallinity was calculated using the following

equation.
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Relative crystallinity %ð Þ
¼ crystalline area= crystalline areaþ amorphous areað Þ
� 100

Preparation of probiotic L. brevis ST-69 suspension

Probiotic L. brevis ST-69 was grown in MRS medium

under the anaerobic conditions in the anaerobic jar at 37 �C
for 48 h. After incubation, they were adjusted to 1010 CFU/

mL and washed twice with phosphate buffer saline (PBS),

pH 7.2 by centrifugation at 17009g, 4 �C for 10 min.

Then, PBS was removed and the probiotic pellet cells were

used for further experiments.

Microencapsulation of L. brevis ST-69 using

emulsion technique

First, the matrix polymer was prepared by heating the

mixture of 1% (w/v) sodium alginate containing either 0 or

0.1% (w/v) NCS in 100 mL of sterile distilled water at

100 �C until dissolved. After cooling, 0.1% (w/v) the

probiotic pellet cells as described in the former method was

added into the mixed solution and stirred at 350 rpm for

15 min. Then, the oil phase was prepared by 200 mL of

sunflower oil containing 0.2% (v/v) tween 80 (Merck) as an

emulsifier. The prepared matrix polymer with probiotic

cells was added into the oil phase. The mixture is then

stirred at 400 rpm for 30 min to form a water-in-oil

emulsion. Once the emulsion is formed, the water-soluble

polymer was insolubilized to form gel capsules by adding

200 mL of 0.1 M calcium lactate. The gel capsules con-

taining probiotic cells were collected and kept at 4 �C in

0.85% (w/v) normal saline until used for further

experiments.

Determination of encapsulation efficiency

Alginate probiotic gel capsules (1 g) or alginate-NCS

probiotic gel capsules (1 g) were added to 10 mL of

0.06 M sodium citrate containing 0.2 M sodium bicar-

bonate followed by shaking for 5 min. Colony amounts of

encapsulated probiotics and free cells were counted using

the standard plate count method, then analyzed and rep-

resented as the percentage of viability rate of total

probiotics.

Morphological characterization of gel capsules

by optical and scanning electron microscopy

The size and shape of gel capsules were observed by an

optical microscope (Olympus, Tokyo, Japan). The gel

capsules morphology was examined by SEM (Hitachi

High-Technologies, Tokyo, Japan). Briefly, the gel cap-

sules were dried in the dehumidifier for 24 h. The gel

capsules were placed on the stub with the carbon tape and

then coated with gold nanoparticle for 10 nm using a

sputter coater (Hitachi High-Technologies) for 2 min at the

electric potential acceleration of 20 kV.

Survival rate of encapsulated L. brevis ST-69

under simulated gastrointestinal conditions

The simulated gastric juice was prepared using 0.2% (w/v)

sodium chloride solution containing 0.35% (w/v) pepsin

(Sigma-Aldrich), followed by adjusting pH value to 2.0

with 1 M hydrochloric acid. The simulated intestinal juice

was prepared using 0.2% (w/v) sodium chloride solution

containing 1.1% (w/v) sodium bicarbonate, 1.0% (w/v) ox

gall (Sigma-Aldrich) and 0.1% (w/v) trypsin (Sigma-

Aldrich), followed by adjusting pH value to 8.0 with 1 M

sodium hydroxide. Next, the simulated gastric juice and

intestinal juice were filtered using a 0.22 lm membrane.

Encapsulated probiotic cells (1 g) or free cells (1 g) were

added into simulated gastric juice solution and incubated at

37 �C for 3 h. After that, the totally encapsulated probiotic

cells or free cells were then exposed to simulated intestinal

juice solution, incubated at 37 �C for 2 h. During the

incubation time, probiotic gel capsules or free cells were

taken every hour and 1 g of probiotic gel capsules were

released by adding into 10 mL of 0.06 M sodium citrate

containing 0.2 M sodium bicarbonate, followed by shaking

for 5 min. The viable encapsulated probiotic cell and free

cell counts were enumerated using the standard plate

count method. Results were reported as the percentage of

survival rate of encapsulated probiotics and free cells.

Stability of encapsulated L. brevis ST-69 during long

term storage

The encapsulated probiotic cells and free cells were stored

in 0.85% (w/v) normal saline at two different temperatures

(4 �C and 25 �C) for 10 weeks. Every 2 weeks of storage

time, 1 g of probiotic gel capsules were released by adding

into 10 mL of 0.06 M sodium citrate containing 0.2 M

sodium bicarbonate, followed by shaking for 5 min. Col-

ony amounts of the encapsulated probiotics and free cells

were counted using the standard plate count method, then

analyzed and represented as the percentage of viability rate

of total probiotics under long term storage conditions.

Statistical analysis

All statistical analyses were performed by GraphPad Prism

8.0.2 (San Diego, CA, USA). Data were analyzed using
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unpaired t test and analysis of variance (ANOVA), and

multiple comparisons were determined by Tamhane’s T2

test. Results were presented as mean ± standard deviation

(SD) and statistically significant difference was defined at

p value\ 0.05. Experimental data were assembled from

three repeated experiments together with replicated

determinations.

Results and discussion

GABA biosynthetic activity of probiotic

Lactobacillus brevis ST-69

The TLC chromatogram of L. brevis ST-69 (Fig. 1: Lane

2) showed a similar tone color and size of spot to TLC

chromatogram of GABA standard (Fig. 1: Lane 1). In

addition, MSG spot of L. brevis ST-69 (Fig. 1: Lane 2) was

decreased when compared with MRS broth plus 5% MSG

without probiotic cells (Fig. 1: Lane 3) and MSG alone

(Fig. 1: Lane 4). It was clearly demonstrated that the L.

brevis ST-69 can produce GABA (Fig. 1: Lane 2 vs Lane

1) through the conversion of MSG to GABA via glutamate

decarboxylase (Fig. 1: Lane 2 vs Lane 3). In addition, the

GABA-producing property was also found in other L.

brevis strains from kimchi such as L. brevis AML15 (Shin

et al., 2007) and L. brevis HYE1 (Lim et al., 2017). The

result in this study suggests that the L. brevis ST-69 iso-

lated from kimchi is an alternative choice as GABA-pro-

ducing probiotics and supports the L. brevis strains isolated

from kimchi as a potential source of GABA-producing

probiotics.

Relative crystallinity of starch nanocrystals

The relative percentage of crystallized region of non-hy-

drolyzed and hydrolyzed cassava starch with the 7-day

sulfuric acid hydrolysis condition were 35.55% and

68.57%, respectively (Fig. 2). In addition, the relative

percentage of crystallinity (crystalline region) was

decreased with before/after 7-day hydrolysis conditions

(data not shown). The suitable condition was, therefore,

7-day hydrolysis. It was explained by the susceptible of

amorphous region to sulfuric acid (Jenkins and Donald,

1997; Wang et al., 2003) which could result in the low

relative percentage of this region before 7-day and gradu-

ally increasing of the percentage of crystalline region. In

contrast, the extended hydrolysis time over 7 days could

result in the reduction of the relative percentage of crys-

talline region due to the destruction of this region. The

determination of appropriate hydrolysis time to obtain the

highest relative percentage of crystallinity is, therefore,

necessary. Furthermore, the high relative percentage of

crystallinity offers superior protecting capability against

bile acids to a low relative percentage of crystallinity

(Pankasemsuk et al., 2016). The high relative percentage of

crystallinity using alginate-NCS in this study was a good

option in terms of probiotic protecting agents and offered

the optimization of hydrolysis time for this material.

Encapsulation efficiency

The encapsulation efficiency of encapsulated L. brevis ST-

69 with alginate alone and alginate-NCS gel capsules by

emulsion technique were 87.89% and 89.72%, respectively

(Fig. 3). There were no significant differences between

encapsulation efficiency among both treatments

(p = 0.5953). Similarly, the encapsulation efficiency of L.

Fig. 1 TLC chromatogram showed the comparison of GABA-

producing probiotic LAB capability. Lane 1: The GABA standard

(1 mg/mL), Lane 2: Cell-free supernatant of probiotic L. brevis ST-69
cultured in MRS broth supplemented with 5% MSG at 37 �C for 24 h,

Lane 3: MRS broth plus 5% MSG without probiotic cells, and Lane 4:

The MSG standard (5 mg/mL). Black arrow indicates GABA spot of

probiotic L. brevis ST-69 cell-free supernatant

Fig. 2 The percentage of relative crystallinity. The bars represent

standard deviations of the means (n = 3). The asterisks represented

significant differences by unpaired T-Test (p\ 0.05)
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casei using alginate-gelatinized starch and alginate-gela-

tinized starch coated with chitosan were not different

(98.12% and 97.21% for alginate-gelatinized-chitosan and

alginate-gelatinized starch, respectively) (Khosravi Zanjani

et al., 2014). Therefore, alginate may be a key material

enhancing the encapsulation efficiency while the additional

material has less effect. However, some additional mate-

rials can improve probiotic viability such as hi-maize

resistant starch (Sultana et al., 2000). In case of the

encapsulation efficiency is a major concern, the encapsu-

lated probiotic cells using alginate alone would be enough.

In contrast, alginate containing the additional hi-maize

starch with 2% concentration improved the encapsulation

efficiency of L. casei 01 compared with alginate alone

(Sultana et al., 2000). This work successfully encapsulated

the probiotics with high efficiency for both alginate and

alginate-NCS.

Optical and scanning electron microscopic

observation

Under optical microscope, no differences in size and shape

of alginate (Fig. 4A) and alginate-NCS (Fig. 4B) were

found. In addition, the average diameters (size) and shape

were 20 mm, and ellipse, respectively. Considering the

surface of these two materials under SEM, the surface of

alginate was smoother than alginate-NCS due to the dis-

tribution of NCS (starch granules) on alginate (Fig. 4C, D

for alginate and alginate-NCS, respectively). The rough

surface (alginate-NCS) is likely to enhance the encapsu-

lation capability (87.89% vs 89.72%), resulting in increase

of probiotics entrapment. This result was in accordance

with previous reports (Lopez-Cordoba et al., 2014;

Pankasemsuk et al., 2016). Furthermore, no visible probi-

otics were found in the surface, indicating the efficiency of

encapsulation.

Survival rate of encapsulated probiotic cells

under simulated gastric juice and simulated

intestinal juice

The encapsulated probiotic L. brevis ST-69 and free cells

were examined for the viability under simulated gastroin-

testinal conditions (Fig. 5). After 3 h of incubation under

simulated gastric conditions, the viability of probiotics

between encapsulated probiotic and free cells were sig-

nificantly different (p\ 0.05) and showed 95.84% (8.76

log CFU/mL), 96.07% (8.79 log CFU/mL), and 76.51%

(7.20 log CFU/mL) for alginate, alginate-NCS, and free

cells, respectively. Similarly, the viability of encapsulated

probiotic L. casei 01 in alginate alone and alginate con-

taining 1% hi-maize starch remained about 59.47% (5.45

log CFU/mL) and 62.5% (5.77 log CFU/mL), respectively,

while free cells were decreased to 22.96% (2.19 log CFU/

mL) under simulated gastric conditions at 2 h

(Pankasemsuk et al., 2016). Previous studies showed the

Fig. 3 The percentage of encapsulation efficiency of alginate and

alginate-NCS probiotic gel capsules. The bars represented standard

deviations of the means (n = 3)
Fig. 4 The morphology of probiotic gel capsules. The shape of

A alginate probiotic gel capsules and B alginate-NCS probiotic gel

capsules, observed by optical microscope at magnification of 940.

The microstructure of C alginate probiotic gel capsules and D algi-

nate-NCS probiotic gel capsules, observed by SEM at magnification

of 91000

Fig. 5 The survival of probiotic free cells and encapsulated L. brevis
ST-69 under simulated gastric juice and simulated intestinal juice

conditions. Data represent standard deviations of the means (n = 3)
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use of alginate as material composition may not be effec-

tive against gastric and/or intestinal juice (Cook et al.,

2012; Haffner et al., 2016), resulting in decreased of pro-

biotic viability. However, the result in this present study

showed that the use of alginate or alginate supplemented

with NCS can protect probiotics from the gastric environ-

ment through increased the size of microencapsulation. The

effect of materials and microencapsulation size on probi-

otic viability were in agreement with Chandamouli and

colleges (Chandramouli et al., 2004). Alginate is an

applicable material for microencapsulation but its size

should be properly designed.

After 5 h of incubation under simulated intestinal con-

ditions, the viability showed that all three samples were

significant differences (p\ 0.05). The viability of encap-

sulated probiotic cells with alginate-NCS gel capsules at

5 h exhibited 94.97% (8.69 log CFU/mL), while alginate

showed 87.75% (8.02 log CFU/mL) and free cells were

extremely dropped to 73.11% (6.87 log CFU/mL). The

result indicated the survival of probiotics between alginate

and alginate-NCS were quite similar. However, the algi-

nate-NCS showed a slightly higher percentage of survival

rates. Therefore, the additional material (NCS) may sup-

port the function of alginate to protect probiotics under the

simulated intestinal conditions e.g., bile salts and sodium

bicarbonate. Similarly, the survival of encapsulated L.

casei 01 under 2% bile salt incubation at 4 h showed

65.29% (6.03 log CFU/mL), 67.49% (6.29 log CFU/mL),

and 59.71% (5.73 log CFU/mL) for alginate, alginate-1%

hi-maize starch, and free cells, respectively (Pankasemsuk

et al., 2016). Another reported the survival of encapsulated

L. rhamnosus in alginate containing hi-maize starch was

95.47% (9.27 log CFU/mL), while free cells were reduced

to 73.02% (6.44 log CFU/mL) after treated with 0.8% bile

salts (Oudah et al., 2019). In contrast, the previous research

mentioned that the use of alginate alone may cause an

incomplete capsule wall due to the porous structure of

alginate (De Araújo Etchepare et al., 2015). Hence, the

additional material (NCS) may assist to fill the pores of

alginate resulting in the complete capsule wall and the

protection of probiotics from bile salt, which break bacte-

rial lipid membranes (Li, 2012). Furthermore, this present

study showed that NCS tended in promoting the alginate

property for the protection of probiotic cells treated with

simulated gastrointestinal conditions as the main problem

of the probiotic cell viability.

Stability of encapsulated probiotic cells

The stability of encapsulated probiotic L. brevis ST-69 and

free cells stored at 4 �C and 25 �C (room temperature) for

10 weeks are shown in Fig. 6A, B, respectively. During the

first 2 weeks of storage, the viability of probiotics for both

encapsulation and free cells of all temperatures were likely

to be similar. For 2 to 4 weeks of storage at 25 �C,
encapsulated probiotics and free cells decreased by 8.14%

(0.64 log CFU/mL) and 13.13% (1.19 log CFU/mL),

respectively. In addition, the viability of probiotics after

10 weeks for storage at 25 �C was poor and decreased by

55.77% (4.37 log CFU/mL) and 66.38% (6.29 log CFU/

mL) for encapsulated probiotic and free cells, respectively.

This result (25 �C) was in agreement with reported by

Martin and colleges (decreased by 1.7 log CFU/mL at 24 h,

and 100% death at 2 weeks) (Martin et al., 2013). It was

noted that alginate-NCS microencapsulation in this study

showed better probiotic viability than alginate-starch-mi-

croparticle microencapsulation storage (Martin et al.,

2013). It can preserve the probiotic viability up to 4 weeks

at room temperature with a minimal decreasing of the

viable probiotics. The reduction of probiotic viability at

high temperature (25 �C or room temperature) may be due

to the increase of its metabolic rate (Heidebach et al.,

2010), resulting in insufficient nutrition for its survival. In

contrast, the viability of probiotics during storage at 4 �C
sounds better. The number of viable cells for encapsulated

probiotics with alginate alone and alginate-NCS were

stable while the free cells decreased by 20.38% (1.91 log

CFU/mL). Another reported probiotic viability for storage

at 4 �C was similar to this study (the number of viable

probiotics were unchanged) (Martin et al., 2013). This

Fig. 6 The survival of probiotic free cells and encapsulated L. brevis
ST-69 under storage time for 10 weeks at A 4 �C and B 25 �C. Data
represent standard deviations of the means (n = 3)
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study confirmed that storage of probiotics at 4 �C main-

tained probiotics viability better than room temperature.

This current study successfully encapsulated L brevis

ST-69 for both alginate and alginate-NCS materials with

high encapsulated efficiency and viability. Probiotic L.

brevis ST-69 can produce the GABA, suggesting that LAB

strains isolated from kimchi are a potential source of

GABA production. The alginate-NCS showed the best

protection for encapsulated probiotics against simulated

gastrointestinal conditions, supporting that alginate and

NCS are appropriate materials for probiotics encapsulation.

Although the alginate and alginate-NCS showed compa-

rable survival rates during the gastric conditions, the algi-

nate-NCS was likely favorable material against intestinal

conditions. In addition, the suggested condition for keeping

the L. brevis ST-69 was at 4 �C. It was noted that this

condition provided good stability of probiotics over

10 weeks, whereas keeping at 25 �C also extended its

stability up to 2 weeks. Therefore, alginate-NCS material

would be a promising material for microencapsulation in

functional foods for probiotic preservation even at room

temperature. Further studies in other probiotics will be

beneficial to confirm alginate-NCS application as protect-

ing material for probiotics.
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