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Abstract Efficient microencapsulation of probiotics by

most existing methods is limited by low throughput. In this

work, Saccharomyces boulardii and Enterococcus faecium

were microencapsulated by a method based on emulsion

and internal gelation. The growth and survival of

microencapsulated microbes under different stressors were

investigated using free non-encapsulated ones as a control.

The results showed that the prepared micro-beads by

emulsion and internal gelation exhibited a spherical and

smooth shape, with sizes between 300 and 500 lm. Both S.

boulardii and E. faecium grew well and survived better

when encapsulated in micro-beads. The survival rates were

increased 25% and 40% for microencapsulated S. boulardii

and E. faecium respectively when compared with non-en-

capsulated controls under high temperature and high

humidity. The increases of survival rates were 60% for

microencapsulated S. boulardii and 25% for E. faecium in

simulated gastric juice. And the increases were 15% and

20% respectively when the survival rates of the microen-

capsulated S. boulardii and E. faecium were determined in

simulated intestinal juice. The microencapsulation by

emulsion and internal gelation offers an effective way to

protect microbes in adverse in vitro and in vivo conditions

and is promising for the large-scale production of probi-

otics microencapsulation.
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Introduction

Probiotics are live microbes that when administered in

adequate amounts confer a health benefit (Hill et al. 2014).

Nowadays, besides the basic role of nutrition consisting for

growth and development of the organism, some additional

aspects are becoming increasingly important for counter-

acting diseases. The quality of food is becoming more and

more important because of the problem of food poisoning

and nutrition-related chronic disease such as obesity,

allergy, cardiovascular diseases, and cancer (John et al.

2011). Many reports point to the health benefits of using

probiotics in human nutrition by increasing the body’s

immunity (Paulina and Katarzyna 2017; Vandenplas et al.

2013; Ashraf and Shah 2014). Recommendations for pro-

biotics as functional foods or even medicine have been

available in several fields (Paulina and Katarzyna 2017;

Gill et al. 2015; Hempel et al. 2011).

To achieve the most beneficial effects, probiotics must

survive through the gastrointestinal tract and retain bioac-

tivity at their target site. However, several probiotics are

incapable of delivering their targeted beneficial effect to

the host for many reasons—for example, due to the pres-

ence of gastric acids and intestinal juices (Rokka and

Rantamäki 2010). Additionally, adverse conditions such as

high temperature, high humidity, and drying may elicit a

sub-lethal effect on microorganisms (Saarela et al. 2000).

Several methods have been used to enhance the viability of

probiotics, including selection of acid- and bile-resistant

strains, two-step fermentation, stress adaption, added

micronutrients, and microencapsulation (Gismondo et al.

1999); of these, microencapsulation has been suggested as

an effective method (Anal and Harjinder 2007; Gerez et al.

2012; Arihara 2006). Various materials, such as veg-

etable gum, starch, cellulose, alginate, and chitosan, have

& Wentao Qi

qwt@chinagrain.org

1 Cereals and Oils Nutrition Research Group, Academy of

State Administration of Grain, No. 11 Baiwanzhuang Street,

Beijing 100037, People’s Republic of China

123

J Food Sci Technol (March 2019) 56(3):1398–1404

https://doi.org/10.1007/s13197-019-03616-w

http://crossmark.crossref.org/dialog/?doi=10.1007/s13197-019-03616-w&amp;domain=pdf
https://doi.org/10.1007/s13197-019-03616-w


been used as an encapsulating matrix. Alginate is the most

commonly used one due to its good film-forming ability,

biocompatibility, and controlled-release property (Mattila

et al. 2002). Microcapsules made of alginate polymers have

been reported can increase the survival of probiotic bac-

teria in acids, bile, heat, and storage conditions (Lee and

Heo 2000; Ding and Shah 2007).

Severalmethods have been used to producemicrocapsules,

including extrusion, phase separation (emulsion), and high-

voltage electrostatics (Krasaekoopt et al. 2003). The large

diameter and bad shape of alginate beadsmade by extrusion is

an insurmountable problem, as it is known that smaller-di-

ameter beads are often favored due to their enhanced rates of

bioconversion (Poncelet et al. 1995). The low yield of high

voltage electrostatics is unsuitable for industrial scale-up. As

an alternative, an emulsification/internal gelationmethodwas

studied to produce small-diameter alginate beads on a large

scale, with simple reactive conditions, equipment, and oper-

ation. This method has been used for cell (Hoesli et al. 2011),

DNA (Vaithilingam et al. 2011), and hormone (Guan et al.

2011) entrapment. In this study, two microbial cells widely

used in the food industry, Saccharomyces boulardii and En-

terococcus faecium, were firstly microencapsulated in algi-

nate beads by emulsion and internal gelation, and the

survivability of the microencapsulated probiotics in adverse

in vitro and in vivo conditions was evaluated.

Materials and methods

Bacterial strains

Two tested probiotic strains, including S. boulardii

(CGMCC No. 10381) (Zhang et al. 2015a, b) and E. fae-

cium (CGMCC No. 2516) (Zhang et al. 2015a, b), were

cultured under microencapsulated and free non-encapsu-

lated conditions. S. boulardii was grown in YPD broth at

30 �C under aerobic conditions for 14 h. E. faecium was

grown in MRS broth at 37 �C under anaerobic conditions

for 18 h.

Microencapsulation of probiotics

The microencapsulation of probiotics was performed by a

modification of the emulsion method based on references

(Hoesli et al. 2011; Guan et al. 2011). Briefly, 100 mL of

sterile 1.8% (w/v) sodium alginate and 5 mL of washed

and concentrated probiotic bacteria (108 cfu mL-1) were

mixed with 0.45 g calcium carbonate dissolved in 300 lL
sterile water. After homogenization, the mixture was dis-

persed into a paraffin oil phase that contained 0.2% (w/v)

Span80 and was emulsified for 5 min by stirring at

400 rpm. Then, 900 lL of glacial acetic acid dissolved in

10 mL paraffin oil was added, and stirring was continued

for 10 min. Clean and sterilized water (100 mL) was added

to the emulsification system to draw the micro-beads into

the water phase. The oil layer on the top phase was har-

vested by aspiration, and centrifuged for the next use. After

washing with sterile water three times, the microencapsu-

lated bacteria were transferred to the new YPD or MRS

medium for continuous growing. Finally, the growth pro-

biotics were harvested and dried by a fluidized bed. The

free non-encapsulated cultured bacteria were harvested and

dried by the same method, as a control.

Scanning electron microscopy of microcapsules

Scanning electronic microscopy (SEM) was used to study

the structure of microbial-loaded microcapsules before and

after culture, according to a method previously described

(Qi et al. 2005). The brief process was as follows: the

microcapsules were embedded in paraffin, de-paraffin, and

sputter-coated with gold. External regions of the micro-

capsules were observed using a scanning electron micro-

scope (S-3000 N, Hitachi, Japan).

Measurement of microcapsule diameter

Microcapsules (30 g), before and after culture, were dis-

persed in water, and a laser particle analyzer (Mastersizer-

2000, Malvern Instruments, Ltd., Malvern, UK) was used

to measure the diameters. Particle diameter distribution

was reported using the volume moment mean diameter

(D[4,3]), and each sample was analyzed in triplicate.

Growth profiling

The same number of free and microencapsulated microbial

cells was inoculated in sterile YPD or MRS broth in trip-

licate. Cell density was determined by measuring the

optical density (OD) every 2 h over a 24-h time course.

The ODs of bacteria-free broth and empty microcapsules

were used as controls. Before the OD was measured, the

microencapsulated probiotics were broken up using a

chemical method (Xue et al. 2004), and the OD value was

determined at 600 nm using an ultraviolet spectrometer

(Lambda 35, PerkinElmer, USA).

Heat and humidity tolerance

The heat tolerance of dry, free and microencapsulated,

probiotics was studied by exposing 1 g samples to 110 �C
or 130 �C each for 30 s, 45 s, or 60 s, in a heating and

drying oven (9071A, Shanghai Jing Hong Laboratory

Instrument Co., Ltd. China), and the untreated sample was

used as a control. The tolerance of free and
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microencapsulated probiotics under both heat and humidity

was assessed as follows: 1 g samples were exposed to

75 �C or 85 �C, each for 1 min at 100% humidity, deter-

mined by a hygrometer. After treatment, the survival rate

of the probiotics was determined by subsequent serial

dilutions and inoculation on YPD or MRS agar plates.

Plates were incubated at 30 �C or 37 �C for 48 h. For

enumeration of the microencapsulated probiotics, the bac-

teria were released from the capsules. All treatments were

performed three times.

Survival in simulated gastric conditions

Samples (0.5 g) of dry, free and microencapsulated, pro-

biotics were added to tubes containing 4.5 mL of pre-

warmed (37 �C) and filter-sterilized simulated gastric juice

(SGJ) based on a modified method (Wei et al. 2011). The

SGJ consisted of 0.02 M phosphate-buffered solution

(PBS) with 10 mg mL-1 pepsin (P7000, Sigma), and pH

was adjusted to 3.0 using 1 M HCl. The samples were

incubated at 37 �C for 0, 30, 90, or 180 min at 80 rpm.

After incubation, the splitting solution was added to neu-

tralize the pH and release bacteria from the capsules, and

the survivors were enumerated as described above. The

challenge experiments were performed with three samples.

Survival in simulated intestinal conditions

Survival of dry, free and microencapsulated, probiotics in

simulated intestinal juice (SIJ) were carried out according

to a modified method (Wei et al. 2011). Briefly, 0.5 g

samples were added to tubes containing 4.5 mL pre-

warmed (37 �C) filter-sterilized SIJ. The SGJ consisted of

0.02 M phosphate-buffered solution (PBS) with

10 mg mL-1 trypsin (T7409, Sigma), 0.3% bile salt (8008-

63-7, Sinopharm Co., Ltd, China), and pH was adjusted to

6.8 using 1 M NaOH. The samples were incubated at 37 �C
for 0, 30, 90, or 180 min at 80 rpm. The survivors were

enumerated as described above. Each experiment was

performed three times.

Statistical analysis

Data were compared by a one-way analysis of variance and

a Student’s t test. The results are expressed as mean ± s-

tandard deviation. Differences were considered significant

at p\ 0.05.

Results

Morphology of micro-beads

before and after bacterial growth

Figure 1 shows the morphology of the micro-beads loaded

with S. boulardii and E. faecium, as well as their growth

profiles. The micro-beads prepared by emulsion and

internal gelation showed an intact, spherical, and uni-

formed appearance (Fig. 1a–d). Results from SEM showed

that the surface of the micro-beads were spherical and

smooth when freshly prepared, while the wrinkled surface

was observed after incubation (Fig. 1e–h).

Figure 1I shows the size distribution of micro-beads

measured by a laser particle analyzer. The mean particle

size of the microcapsules loaded with S. boulardii and E.

faecium was about 305 and 425 lm, respectively.

Growth profiles of microbe cells in micro-beads

The growth profiles of S. boulardii and E. faecium in

microcapsules compared to free culture were investigated

by measuring the cell density as a function of time. S.

boulardii in microcapsules and free culture reached a

maximum cell density at about 7 h and 6 h, respectively

(Fig. 2a). A significant difference in cell growth rate

between the two conditions was not found, but the maxi-

mum cell optical density of microencapsulated S. boulardii

was about 1.74 times higher than that of the free culture. A

lower growth rate was investigated under microencapsu-

lated culture of E. faecium compared to the free culture.

However, the maximum cell density exhibited no signifi-

cant difference between the free and microencapsulated

cultures.

Heat and humidity tolerance

The survival rates of both S. boulardii and E. faecium were

significantly decreased by high temperature and humidity.

The survival rate of S. boulardii was 58.56 ± 2.81% and

57.83 ± 1.11% at 75 �C and 85 �C, respectively, with

100% humidity when the cells were non-encapsulated

which means 41.44% and 42.17% decrease at 75 �C and

85 �C, respectively. The survival rate were 87.92 ± 4.15%

and 83.54 ± 3.16%, and the decreases were 12.08% and

16.46% when the microbial cells were microencapsulated,

indicating about a 25% improvement in S. boulardii sur-

vival rate under both temperatures. The survival rate of E.

faecium was 41.76 ± 3.12% and 37.63 ± 1.87% at 75 �C
and 85 �C, respectively, with 100% humidity under non-

encapsulated conditions, while the data were

88.50 ± 2.84% and 72.78 ± 2.67% respectively under
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encapsulated conditions. The improvements were 47% and

35% at 75 �C and 85 �C respectively, which means a more

significant protection by microencapsulation was found

when E. faecium was treated.

Free and microencapsulated probiotics were placed at

110 �C or 130 �C, each for 30 s, 45 s, or 60 s to further

evaluate the protection of microencapsulation at high

temperature. The results showed a decrease in the survival

rate with increased temperature and treatment time,

especially for E. faecium (Table 1). The differences

between free and microencapsulated microbes were sig-

nificant (p\ 0.05), especially at 130 �C. There was a

9–22% increase in the survival rate of S. boulardii under

microencapsulated conditions compared to free S. bou-

lardii. Free E. faecium can barely survive these harsh

conditions, but the survival rate reached 50–80%, or

showed increases of 42–80%, when microencapsulated.
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Fig. 1 The morphology of micro-beads loaded with bacteria and

their growth profile. a, b Micro images of freshly prepared micro-

beads loaded with S. boulardii or E. faecium. c Micro-beads loaded

with S. boulardii after 18 h of incubation in YPD broth with 180-rpm

shaking at 30 �C. d Micro-beads loaded with E. faecium after 14 h of

incubation in MRS broth at 37 �C. e, f Scanning electron micrograph

of micro-beads freshly loaded with S. boulardii or E. faecium. g,
h Scanning electron micrograph of micro-beads loaded with S.

boulardii or E. faecium, after incubation. i The size distribution of

micro-beads loaded with S. boulardii or E. faecium was measured by

a laser particle analyzer (n = 3). All micro images show 40 9

magnification
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Fig. 2 The growth profiles of micro-beads loaded with bacteria were

investigated by measuring the cell density as a function of time. a The
growth curve of free and microencapsulated S. boulardii, with the cell

density measured every 2 h (n = 3). b The growth curve of free and

microencapsulated E. faecium, with the cell density measured every 2

h (n = 3)
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Survival in simulated gastric and intestinal

conditions

SGJ led to a significant decrease of survival rate of both S.

boulardii and E. faecium. The survival rate of free S.

boulardii cells was only 29.19%, 23.85%, and 18.61%

when the cells were treated for 30, 90, and 180 min,

respectively (Table 2). The survival rate of microencap-

sulated S. boulardii was 89.62%, 82.86%, and 74.53%,

which indicates 60%, 59%, and 56% increases in cell

survival under SGJ conditions. Survival improvements of

24%, 29%, and 26% were detected when E. faecium was

examined (Table 2). The same results were observed in SIJ

conditions. The survival rate of S. boulardii cells was

improved by 16%, 15%, and 25% in microencapsulated

conditions when the SIJ treatment time was 30, 90, and

180 min, respectively, and the percentages of improvement

were 19%, 18%, and 19% for E. faecium (Table 2).

Discussion

For the last three decades, microencapsulation has been

investigated as a means to protect probiotics cells from the

negative influences of in vitro and in vivo conditions. One

scalable and low-shear alternative for generating alginate

beads is emulsion and internal gelation. In this paper, S.

boulardii and E. faecium were microencapsulated by the

emulsion and internal gelation method. The survivability of

the microencapsulated probiotics in adverse conditions was

further evaluated.

The micro-beads prepared by this method showed an

intact, spherical, and uniform appearance during the entire

culture process, with shaking at 180 rpm, for both S.

boulardii (Fig. 1a, c) and E. faecium (Fig. 1b, d). To fur-

ther investigate the morphological characteristics of the

micro-beads, SEM was used. A wrinkled surface was

observed during proliferation of the microbe cells, but the

micro-beads under both conditions were unbroken, even

though slight expansion was seen when the microcapsules

were loaded with S. boulardii (Fig. 1h). Usually, a mem-

brane is formed by some compounds, such as polylysine

and chitosan, around the alginate micro-beads for better

protection of the cells and prevention of cell leakage,

Table 1 The survival rate of

free and microencapsulated

bacteria under the conditions of

high temperature (%)

Temperature Time (s) S. boulardii E. faecium

Free Microencapsulated Free Microencapsulated

110 �C 30 90.98 ± 1.06a 96.04 ± 1.30b 4.94 ± 0.25a 85.30 ± 5.46b

45 90.26 ± 2.55a 95.11 ± 2.73a 4.84 ± 0.18a 68.42 ± 2.48b

60 88.46 ± 3.49a 92.19 ± 2.98a 1.84 ± 0.09a 43.54 ± 2.20b

130 �C 30 82.70 ± 1.30a 92.50 ± 1.74b 0.60 ± 0.03a 65.49 ± 0.55b

45 77.46 ± 1.74a 91.25 ± 2.19b 0.52 ± 0.02a 61.79 ± 0.65b

60 70.12 ± 2.00a 87.29 ± 4.38b 0.40 ± 0 .03a 57.37 ± 0.65b

a,bMeans within a row with no common superscript differ significantly (p\ 0.05). Identical small letter

superscripts indicate no significant difference (p[ 0.05) (n = 3)

Table 2 The survival rate of free and microencapsulated bacteria in the condition of SGJ and SIJ (%)

Simulated conditions Time (min) S. boulardii E. faecium

Free Microencapsulated Free Microencapsulated

SGJ 30 29.19 ± 2.61a 89.62 ± 4.25b 58.91 ± 1.36a 83.70 ± 2.48b

90 23.85 ± 1.17a 83.86 ± 4.29b 49.07 ± 0.28a 78.02 ± 4.67b

180 18.61 ± 2.49a 74.53 ± 4.11b 38.27 ± 0.52a 64.78 ± 2.19b

SIJ 30 80.61 ± 2.23a 94.48 ± 2.52b 59.98 ± 3.06a 79.31 ± 3.56b

90 65.42 ± 2.16a 82.14 ± 1.90b 50.26 ± 0.53a 68.88 ± 3.56b

180 41.68 ± 2.05a 67.53 ± 2.39b 37.04 ± 1.37a 55.77 ± 7.24b

a,bMeans within a row with no common superscript differ significantly (p\ 0.05). Identical small letter superscripts indicate no significant

difference (p[ 0.05) (n = 3)
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especially when the microcapsules are used to protect

transplanted cells from attack by the host immune system

(Qi et al. 2006; Chan et al. 2014). Sometimes the micro-

capsule core is liquefied to offer more space for cell pro-

liferation (Qi et al. 2005; Kim et al. 2014). Both core

liquefaction and membrane formation were omitted in this

research, but we did not find obvious leakage of the

microbe cells. Moreover, the bacteria grew well and

reached a very high density in the micro-beads (Fig. 1c, d).

This modification would be very important for lower cost

and simplification of the process when microencapsulated

products are used as food or feed supplements.

The size distribution of micro-beads prepared in this

study was about 300–500 lm. It has been shown that there

is a suitable size for microbe microencapsulation (Qi et al.

2005). The particle size not only affects the stability of

microcapsules, but also influences the mass transfer for cell

growth and metabolism. Larger beads offers better pro-

tection and larger spaces to cells than smaller ones, though

mass transfer to the interior of the cell aggregates can be

limited even though more cell aggregates are formed,

especially in the center of the micro-beads (Qi et al. 2005).

However, too big size of diameter will lead to easier bro-

ken of micro-beads by the shear force during the stirring

and culture process. As a food additive of encapsulated

probiotics, a particle size range of 50–500 lm is recom-

mended (Chitprasert et al. 2012). Thus, the emulsion and

internal gelation method proposed in this paper can pro-

duce microcapsules of appropriate size for microbe cell

envelopment and proliferation.

The maximum cell optical density of microencapsulated

S. boulardii was significantly higher than that of the free

culture. A possible reason is that the micro-beads can

provide a microenvironment with low shear stress. More-

over, microcapsules promoted cell aggregation, which in

turn enhanced the microbe density. A lower growth rate

was observed under encapsulated culture of E. faecium. We

presumed that the stress resistance of E. faecium was lower

than that of S. boulardii, and a low activity of E. faecium

was caused by the process of micro-beads preparation. The

encapsulated cells need more time than free ones to fit the

conditions. However, the maximum cell density exhibited

no significant difference between free and microencapsu-

lated cultures. The growth profiles further prove that the

micro-beads, without a membrane or liquefied core, offer

enough protection and guarantee mass transfer for micro-

bial cell proliferation.

As function food or medicine, Probiotics are usually

processed before used by human being, in which high

temperature and humidity are needed. The survival of

microbial cells is critical for probiotics to maintain their

function. In this study, we evaluated the survival of free

and microencapsulated probiotics at high temperature and

humidity. The survival rates of both S. boulardii and E.

faecium were significantly decreased by high temperature

and humidity, while these decreases were significantly

reduced when the microbial cells were microencapsulated.

Similar results have been reported, showing that microen-

capsulated bacteria had enhanced survival compared to free

bacteria, with an average loss of only 4.17-log cfu mL-1 at

65 �C for up to 1 h (Ding and Shah 2007). Thus,

microencapsulation can be considered a promising method

for the protection of bacteria sensitive to high temperature.

We next compared the survival rate of microencapsu-

lated probiotics with that of free ones under simulated

in vivo conditions using gastric (SGJ) and intestinal juice

(SIJ). SGJ and SIJ led to significant decreases in the sur-

vival rates of both S. boulardii and E. faecium, while the

survival rates of microencapsulated cells were significantly

improved. Usually, the more microbial cells that survive

gastric and intestinal conditions, the better functions the

probiotics bring to the host. However, most exogenous

microbial cells can hardly retain activity in the low pH of

the stomach or in the complex multi-enzyme conditions of

the intestine (Iyer et al. 2004). S. boulardii and E. faecium

are probiotics that are currently widely used in the food or

even medicine industry. Results from this study show that

neither of the two microbial cells under non-encapsulated

conditions survives well in gastric and intestinal condi-

tions, while the viable counts of microencapsulated ones

show a significant increase. This indicates that alginate

microencapsulation of microbial cells offers protection

against in vivo conditions.

Conclusion

This study demonstrates the feasibility of modified emul-

sion and internal gelation when applied to microencapsu-

lation of probiotics. The prepared micro-beads exhibited a

suitable size and morphological structure for the growth

and metabolism of microbial cells. The results indicate

good protection of probiotics at high temperature and

humidity, as well as SGJ and SIJ conditions, by microen-

capsulation. With its low cost and simple process, emulsion

and internal gelation is suitable for large-scale production

and use of microcapsules in the food and medicine indus-

try, and potentially for oral delivery of probiotics to the

intestines.
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