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ABSTRACT: The viability and high survival rate of probiotics through human gastrointestinal tract are very important
to the host health. The present research was investigated to explicate the influence of encapsulation and wall materials
on the survival of Enterococcus faecalis HZNU S1. Purposely, the microbeads were prepared using sodium alginate (SA)
and flaxseed milk (FM) by extrusion method. The viability of investigated probiotics was accessed in simulated gastric
juice (SGJ). Free cells exhibited a poor survival rate in SGJ. However, encapsulation improved the probiotic viability
in the same circumstance. Encapsulated probiotics exhibited higher viability when they were exposed to pH 2.5 SGJ
and 1.0 and 2.0% bile salt solutions. Furthermore, encapsulation could improve the storage stability of probiotics. The
viable number of encapsulated cells was 10.01 Log CFU/g at 0 day and decreased to 9.6 Log CFU/g (4 °C) and 9.2 Log
CFU/g (25 °C) after 8 days. Full encapsulated cells could be liberated after the microbeads were exposed to simulated
intestine juice (SIJ) within 120 min. This study indicates that FM-SA microbeads can be suggested as good agents for
encapsulating probiotics.
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INTRODUCTION

Probiotic bacteria are recognized as alive microbe and
can offer positive benefits to the host when they are
ingested in sufficient amounts [1, 2]. In order to
achieve the health effects of bacterial cells, the viable
numbers varying from 106 to 108 CFU/ml are generally
recommended in many studies [3, 4]. Unfortunately,
the stability of probiotic bacteria is easily affected
by adverse circumstances in human gastrointestinal
environments, for instance low pH and high bile salt
content [5]. Thus, in order to enhance the survival
of probiotics, many approaches, for example the co-
encapsulation with prebiotics, structure improvement
of food matrix, and encapsulation of probiotics, have
been investigated [6, 7]. Among these approaches,
encapsulation may be described as the best way to
protect probiotic bacteria in gastrointestinal tract en-
vironments [8–11].

Encapsulation methods such as emulsion, freeze
drying, extrusion, spray drying, and coacervation,
etc. have been widely studied to reduce the loss
of probiotic bacteria numbers in gastrointestinal tract
[3, 5, 10–14]. Among these methods, the extrusion
method may be one of the gentlest approaches for
probiotic encapsulation [10, 11]. The choice of an ap-
propriate material for probiotic bacteria encapsulation
is one of crucial issues [3, 15]. Among the employed
encapsulating materials, sodium alginate (SA) is the
most commonly used polymer for encapsulating pro-

biotics due to its non-toxic property [4]. However, SA
cannot offer effective protection for probiotics under
high acid environments because of the porosity of SA
microbeads [13, 16–18]. To overcome this limitation,
the blend or coating SA with other hydrocolloid com-
pounds such as gums and proteins has been highly
suggested [4, 8, 19]. The combination of SA with
other polymers can improve the protection ability for
probiotics under common storage and gastric condi-
tions and obtain acceptable release characteristic in
intestinal conditions [20]. Recently, milk and milk
proteins have been widely employed as wall materials
for encapsulating bioactives due to their good physic-
ochemical characteristics, for instance good buffering
ability and excellent emulsification ability, etc [21, 22].
Various reports have demonstrated that the blending
of SA and milk proteins is able to effectively protect
probiotics from being destroyed in digestive process
[21–24]. Carrageeenan-locust bean gum coated milk
microbeads and SA-milk microspheres were developed
in our group [10, 11, 25]. These milk-based agents
could enhance the viable numbers of Lactobacillus bul-
garicus against the adverse gastrointestinal and storage
conditions. However, only limited studies regarding
the influence of SA-plant-based milk agents on the
encapsulation of probiotics have been reported. In
our group, we used soy protein-SA to encapsulate
E. faecalis HZNU P2 and found that the developed soy
milk-SA microspheres were good agents for protecting
E. faecalis HZNU P2 from damaging by unfavorable
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gastrointestinal environments such as low pH and bile
salt solution [26]. FM enriched in flaxseed protein has
various functional characteristics, for instance solubil-
ity, oil/water interface ability, and emulsifying activity
among others, which makes it a great potential as an
encapsulation agent [27–29]. As far as our knowledge
goes, the employment of SA-FM as wall material for
probiotic protection has not been studied.

Enterococci are natural microorganisms in our gut
and have been used as probiotics in some countries
[30, 31]. A strain of Enterococcus faecalis HZNU S1 ex-
hibited high resistance to intestinal circumstances and
adhesion ability to gut cells. However, it showed poor
survival when exposed to simulated gastric juice (SGJ)
and bile salt solutions. Accordingly, to enhance the
stability of E. faecalis HZNU S1 in gastrointestinal tract
conditions, in present investigation, encapsulated cells
employing the blending of SA and FM were studied.
The viable amounts of encapsulated cells in SGJ and
the liberating property of encapsulated cells exposed
to simulated intestine juice (SIJ) were carried out. In
addition, the survival of encapsulated probiotics at 4
and 25 °C was determined.

MATERIALS AND METHODS

E. faecalis HZNU S1 culture activation

The pure culture, E. faecalis HZNU S1, was obtained
from Hangzhou Normal University, which was iso-
lated from peacock stool. The obtained culture was
activated through culturing it in MRS (Man Rogosa
Sharpe) liquid medium at 37 °C for 24 h. Afterwards,
the harvested probiotics were obtained through cen-
trifuging at 4 °C, 4670 g for 10 min. The harvested pro-
biotics were rinsed by sterile water and then suspended
in 0.85% saline solution. The probiotic content was
made at above 1011 CFU/ml and employed for further
investigations.

Encapsulation process

E. faecalis HZNU S1 was encapsulated as described
in our previous studies with slight modifications
[10, 11, 18, 32]. Briefly, FM (Hangzhou Tianlong
Group Co., Ltd., Zhejiang, China; 3.2% protein con-
centration) and SA (Sigma Aldrich, Shanghai, China)
were autoclaved at 110 °C for 10 min and 121 °C for
15 min, respectively. After being cooled, the prepared
solutions (FM/SA = 2:1, 2.0% SA) were mixed with
probiotic cell culture (1011 CFU/ml) at 9:1 (v/v) ratio.
For extrusion method, the obtained mixture was added
dropwise into 100 mM CaCl2 using a syringe with gen-
tle agitation at 100 rpm. The formed microbeads were
solidified in CaCl2 with the rotating speed of 100 rpm
for 30 min. Afterwards, the obtained microbeads were
filtered, rinsed by distilled water, and then preserved
at 4 °C till the following work.

The determination of viable numbers of free and
encapsulated E. faecalis HZNU S1

The microbeads were randomly chosen and broken
after being exposed to 50 mM sodium citrate solu-
tion. The viable encapsulated probiotics were deter-
mined using the pour plate technique. Briefly, the
disintegrated microbead suspension was appropriately
diluted by 0.85% saline solution. Then, 100 µl of dilute
solution was added onto the plates with MRS agar.
Released cell amounts were determined after the plates
with MRS agar were cultured at 37 °C for 24 h.

Free cells were also determined using the pour
plate technique. Free cell suspensions were suitably
diluted by 0.85% saline solution, and 100 µl of cell
solutions were added onto the plates with MRS agar.
Cell numbers were calculated according to the above
method of encapsulated cells.

Viable numbers of free and encapsulated
E. faecalis HZNU S1 in SGJ

Free and encapsulated cells were subjected to SGJ
(0.20% NaCl, pH 2.0 and 2.5). SGJ was prepared using
0.20% NaCl, and 0.1 M HCl was used to adjust pH to
desired pH (2.0 and 2.5). The tolerance of free and en-
capsulated cells was calculated using the same method
as in our previous studies with some modifications
[10, 11, 18, 32]. Then, 0.50 g of microbeads/0.50 ml
of cell suspension was suspended in SGJ. Free and
encapsulated cells were mixed with SGJ at 37 °C with
the vibration speed of 100 rpm. The viable numbers of
free and encapsulated cells were measured at certain
times of 0, 30, 60, 90, and 120 min. After specific
time intervals, 100 µl of SGJ with free cells was drawn
to measure the viable numbers. The harvested mi-
crobeads were determined for the amounts of viable
cells using the pour plate technique promptly.

Stability of free and encapsulated E. faecalis HZNU
S1 in bile salt solution

Free and encapsulated cells were exposed to 1.0 and
2.0% bile salt solutions (Sigma-Aldrich, Shanghai,
China). The stability of free and encapsulated cells in
bile salt solutions was determined based on our pre-
vious studies with some modifications [10, 11, 18, 32].
Briefly, 0.50 g of microbeads/0.50 ml of cell suspen-
sion was exposed to 4.5 ml bile salt solution and
cultured at 37 °C for 1 and 2 h. At each investigated
time interval, the samples were taken out to measure
the viability of probiotics in bile salt solution using the
pour MRS plate technique.

Release profile of encapsulated E. faecalis HZNU
S1 exposed to SIJ

The liberating profile of encapsulated cells in SIJ
(pH 6.8, 50 mM KH2PO4) was investigated employ-
ing the methods showed in our previous studies
[10, 11, 18, 32]. Briefly, 0.50 g of the microbeads was
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Fig. 1 Survival of free and encapsulated E. faecalis HZNU S1
in pH 2.0 and 2.5 SGJ.

Table 1 Stability of free and encapsulated E. faecalis HZNU
S1 exposed to 1.0 and 2.0% bile salt solution for 1 and 2 h
(Log CFU/ml or g microbeads).

Condition/time Bile content (%)

0 1 2

Free cell (1 h) 10.01±0.12 0 0
Encapsulated cell (1 h) 10.01±0.11 9.81±0.12 9.54±0.08
Free cell (2 h) 10.02±0.09 0 0
Encapsulated cell (2 h) 10.01±0.13 9.12±0.09 8.53±0.11

mixed with 4.5 ml SIF and placed in shaking incubator
(100 rpm) at 37 °C for 2 h incubation. Then, 100 µl of
the supernatant was taken out at various time intervals
(0, 10, 30, 60, 90, and 120 min) and appropriately
diluted with 0.85% saline solution. To substitute
the withdrawn solution, 100 µl of fresh medium was
used. The viability of probiotics was measured through
employing the previously described method.

Evaluation of free and encapsulated E. faecalis
HZNU S1 under various storage circumstances

The survival numbers of free and encapsulated cells
were determined at 4 and 25 °C for certain time in-
tervals. At each interval of storage, the microbeads
were broken after being exposed to 50 mM sodium
citrate solution. Afterwards, the suitable dilution and
the pour MRS plate technique were used to measure
the viable numbers of probiotic bacteria.

Statistical analyses

Each value was determined after taking the mean of at
least three replicates, and the values were expressed
as mean± standard deviations (SD). All the obtained
results were subjected to analysis of variance using
Origin 8.0 for Windows, and the mean values were fol-
lowed by Student’s t-test at the level of 95% confidence
interval.
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Fig. 2 The release profile of encapsulated E. faecalis HZNU
S1 in SIJ.
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Fig. 3 Storage stability of free and encapsulated E. faecalis
HZNU S1 at 4 °C (A) and 25 °C (B).

RESULTS AND DISCUSSION

The viable cell numbers of free cells decreased signif-
icantly, which dropped to non-detectable level (< 10
CFU/ml) within 30 min of the incubation period (re-
sults not shown). The results indicated that E. faecalis
HZNU S1 was susceptible to acid condition of SGJ and
thus brought the challenges to its applications in food
industries. Likewise, Prasanna and Charalampopoulos
found that the viable numbers of free Bifidobacteria
longum subsp. infantis CCUG were markedly reduced
within 90 min of the incubation period and dropped
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to non-detectable amounts after 120 min when free
cells were incubated in SGJ [21]. The present research
indicated that encapsulation could provide significant
protection for E. faecalis HZNU S1 in SGJ (Fig. 1). Full
survival of encapsulated cells was able to be remained
after 2 h of exposure in pH 2.5 SGJ. Only 1 Log CFU/g
was reduced after encapsulated E. faecalis HZNU S1
was in pH 2.0 SGJ for 2 h incubation. The excellent
protection of FM-based microbeads for encapsulated
probiotics may be because of the high buffering ability
of flaxseed protein. Additionally, the formed filling
materials through the interaction of flaxseed proteins
and SA can reduce the porous structure of FM-SA
microbeads. The obtained results are also consistent
with the results reported in various investigations. It
was also reported that the resistance of bifidobacteria
to pH 2.0 SGJ could be enhanced through using an
encapsulation agent of SA, goat milk, and inulin [22].
The viable numbers of encapsulated bifidobacteria
were reduced from 9.44 Log CFU/g to 8.44 Log CFU/g
after being exposed to pH 2.0 SGJ for 2 h. The authors
indicated a good protection for bifidobacteria was due
to the high buffering capacity of goat milk. Prasanna
and Charalampopoulos reported that the viable counts
of SA-cow milk and SA-goat milk microcapsules were
6.37 Log CFU/g and 5.19 Log CFU/g, respectively,
after being incubated in pH 2.0 SGJ for 120 min [21].
The authors demonstrated that SA-goat milk (and -cow
milk) microbeads with dense structure showed better
performances in SGJ than SA microbeads. Annan et al
also found that SA-coated gelatin microbeads could en-
hance the survival of probiotics exposed to SGJ because
of the buffering ability of gelatin [33]. The decrease
of 3.45 Log CFU/mL for free cells, 2.55 Log CFU/g for
gelatin microbeads, and 1.21 Log CFU/g for SA-coated
gelatin microbeads was observed during exposure to
pH 2.0 SGJ for 120 min. Chen et al reported that the
viable counts of encapsulated Lactobacillus bulgaricus
in whey protein–SA microbeads decreased less than
1.0 Log CFU/g for 2 h incubation in pH 2.0 SGJ due
to whey protein buffering capacity [16].

The stability of free and encapsulated cells in bile
salt solution for 1 and 2 h exposure is presented in
Table 1. The viable numbers of free cells exhibited
a significant reduction within 1 h exposure. The
survival of free cells was completely lost in 1.0 and
2.0% bile salt solutions after 1 h exposure (Table 1).
The interaction of bile salt and free cells may damage
cell wall integrity, leading to the leakage of cellular
compounds and thus causing the decline of cells sur-
vival [3, 21, 34]. Similarly, Shi et al reported that
the survival of free cells completely lost after be-
ing exposed to 2.0% bile salt solution at 37 °C after
1 h [25]. Encapsulation offered excellent protection
for probiotics in bile salt solutions. The initial viable
amounts of encapsulated cells dropped from 10.01 to
9.81 Log CFU/g after 1 h exposure and then reduced

to 9.54 Log CFU/g after 2 h exposure in 1.0 % bile salt
solution. Likewise, a minor reduction in the survival
of encapsulated probiotics after being exposed to 2.0%
bile salt solution for 1 and 2 h was observed. Milk-
based microbeads could provide effective protection
for the cells in bile salt solution. It was because the
matrices formed through the interaction of milk ingre-
dients and SA could inhibit the contact of bile salt with
probiotics in the microbeads [21]. Likewise, SA-milk
based encapsulation agents showed a great potential
to protect Lactobacillus bulgaricus and E. faecalis HZNU
P2 in bile salt solutions [10, 11, 21].

The liberated ability of encapsulated cells in SIJ
at 37 °C during a 3-h time period is shown in Fig. 2.
FM-SA microbeads exhibited a fast release profile in
SIJ. Around 60% of encapsulated cells were able to
be liberated within 30 min incubation. Encapsulated
cells were completely released in 120 min. The
survival of free cells suggested that once released,
E. faecalis HZNU S1 would be able to survive in SIJ
conditions. Various investigations have reported the
release property of encapsulated probiotic bacteria
in SIJ [10, 11, 25, 26]. Khan et al found that once
legume protein isolate-SA microbeads were added into
SIJ, a rapid liberation of ∼5.0 Log CFU/g microbeads
(at time 0), followed by a more progressive release
of ∼6.5 Log CFU/g microbeads within 2 h, was ob-
served [35]. Shi et al demonstrated that E. faecalis
HZNU P2 entrapped in milk-SA was completely lib-
erated in SIJ within 1 h [25]. Likewise, embedded
E. faecalis HZNU P2 in soy milk-SA microbeads was also
fully released in 1 h. About 50% of encapsulated cells
in soy milk-SA microbeads could be released within
10 min [26]. Therefore, our studies indicated that
FM-SA microbeads exhibited a rapid release profile
within SIJ. It indicates that the developed microbeads
have the potential for targeted delivery of probiotics
to intestinal tract, where they have the potential to
colonize, providing health benefits to the host.

Fig. 3 shows the survival of free and encapsulated
probiotics over the storage periods at 4 and 25 °C.
The amounts of free cells dropped significantly from
10.01 to 8.8 Log CFU/g (Fig. 3A) after 2-week storage,
demonstrating that free cells were not stable under the
refrigerated storage circumstance. At the same condi-
tions, only 0.50 Log CFU/ml reduction of encapsulated
cells was observed. The viability of encapsulated cells
slowly decreased over time while the survival of free
cells declined rapidly. After the storage of 8 days at
25 °C (Fig. 3B), the survival of free cells exhibited more
than 6.43 Log CFU/ml decline (from 10.01 to 3.58 Log
CFU/ml); however, the survival of encapsulated cells
only showed 0.81 Log CFU/ml decrease (from 10.01
to 9.2 Log CFU/ml). According to these results, it
was obviously indicated that encapsulation was able
to enhance the survival of E. faecalis HZNU S1 during
the investigated storage. The excellent protection
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ability of encapsulation could be illustrated because
of the dense layer of the microbeads formed through
the interaction of FM and SA. Similarly, many studies
have indicated that milk-based encapsulation can en-
hance the survival of probiotics under storage circum-
stances [10, 11, 26]. Prasanna and Charalampopoulos
reported that 3.67 Log CFU/g reduction in the viable
numbers of free bifidobacteria at 4 °C over a period of
28 days was observed, whereas the cell concentration
in SA-goat milk-inulin microcapsules did not decrease
below the recommended level at the same storage con-
ditions [22]. In the same group, the authors found that
SA-cow milk (and -goat milk) microbeads were able
to offer better protection for bifidobacteria within the
refrigerated storage period compared to SA microcap-
sules. The viable numbers above 6.0 Log CFU/g in SA-
cow milk (and -goat milk) microbeads after 28 days of
storage were maintained. The authors speculated that
the denser layer of alginate-dairy microcapsules could
protect probiotics from harsh environments within the
storage period [21]. Shi et al showed that SA-milk mi-
crobeads offered a good protection for the embedded
E. faecalis HZNU P2, compared to free cells after the
storage of 2 weeks at 4 °C [25].

Encapsulation of probiotics is a fast-developing
research field. The potential applications of encapsu-
lated probiotics are mainly in dairy (yogurt, cheese,
etc.) and non-dairy sections (fermented sausages,
juices, biscuits, etc.). Storage stability is the vital
importance for the products with probiotics [9, 14, 36].
Encapsulation can not only improve the survival of
probiotics exposed to gastrointestinal conditions, but
also improve the storage stability of probiotics. How-
ever, even if valuable and exciting studies have been
reported in the past few years, and various kinds of
probiotic-based foods are being on the market, in order
to investigate the compatibility of encapsulated probi-
otics with food matrix, more investigations should be
carried out regarding the applications of encapsulated
probiotic bacteria in foods in the future.

CONCLUSION

In this study, E. faecalis HZNU S1 was successfully
encapsulated through the extrusion technique using
FM and SA. The encapsulated cells exhibited better
performance when being exposed to low pH (pH 2.0
and 2.5 SGJ), bile salt solutions (1.0 and 2.0%), and
the investigated storage conditions compared to free
cells. Encapsulated cells in SIF were with a rapid
releasing property. In short, the encapsulation using
FM and SA as wall materials could be used to effec-
tively enhance the stability of free cells under hostile
conditions.
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