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Abstract

The objective of the present study was to evaluate the effect of microbial exopolysaccharide (EPS) encapsulation of lactic
acid bacteria on enhancing their viability during exposure to the simulated conditions of the gasterointestinal tract. Lacto-
bacillus plantarum (NR_104573.1) and Pediococcus pentosaceus (NR_042058.1) isolated from wheat bran sourdough were
encapsulated by spray-drying with various ratios of EPS, whey protein concentrate, carboxymethyl cellulose and pectin. The
viability, kinetics and survival under stress conditions were compared between the samples after 120 min of incubation and
over 28 days of storage. HPLC was used for compositional assessment in terms of monosaccharide constituents, revealing
that glucose, arabinose and xylose were the major components of the EPS produced by L. plantarum and P. pentosaceus.
ANOVA demonstrated a significantly reduced logarithmic cycle of bacterial population in the control samples and free
cells compared to the encapsulated L. plantarum and P. pentosaceus after 2 h in simulated gastric fluid conditions and bile
salt solution. Encapsulation yields in the presence of WPC, CMC and pectin with and without EPS were about 85 and 80%
for L. plantarum, and it was 81 and 75% for P. pentosaceus, respectively. Also, the viability number of L. plantarum and
P. pentosaceus free cells decreased over 28 days of storage from 12.41 to 7.28 and 12.11 to 6.96 log Cfu/mL, respectively.
Finally, by assessing the kinetics of the bacteria with three mathematical models, the Ritger—Peppas kinetics model was
found to be a suitable correlation model for the data.
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Introduction

A number of probiotic bacteria have the capability of
producing extracellular biopolymers known as microbial
exopolysaccharides (EPSs) [1, 2]. EPSs are functional com-
pounds produced during the growth of bacteria, with poten-
tial functions of thickening, gel production, hygroscopy,
encapsulation and emulsifier stabilization [3, 4]. Probiotic
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bacteria can be attributed to the production of EPSs, which
improve the balance of gastrointestinal microorganisms,
inhibit pathogen growth and prevent diarrhea [5]. However,
the composition, structure and biological functions of EPSs
may greatly depend on the EPS production capability of the
microorganism and the environmental conditions [2]. Encap-
sulation of probiotic bacteria is considered as a protective
technology of incorporating biomaterials (such as biopoly-
mers) into diminutive microspheres with abillity to kinetics
under specific conditions to provide long-term preservation
to the cells and to enhance their resistance during exposure
to adverse conditions of the gastero-intestinal tract. [6, 7].
Amidst all technologies for bacterial encapsulation, spray-
drying is one of the best ways and least time consuming
to microbial encapsulation according to Ananta et al. [8].
Encapsulating LAB with a physical obstruction has been
examinated by many researchers while different milk pro-
teins such as WPC and casein have been used as encapsula-
tion material [5, 9]. WPC is widely used as a defensive factor
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in spray-drying and have many physicochemical character-
istics that are suitable for the encapsulation of probiotics
and complex-forming interactions with other polymers like
microbial EPSs and carboxymethyl cellulose (CMC) [9-11],
but little research have reported the use of EPSs in the coat-
ing of materials.

Corcoran et al. [12] advised that these EPSs, as prebiot-
ics, may potentially be employed as carrier media for spray-
drying, and may be useful for increasing LAB viability
during storage. Chen et al. [5] investigated on a polysaccha-
ride-protein complex for probiotic coating as a relatively
novel technique that for probiotic encapsulation. Girad et al.
[13] indicated that polysaccharide-protein complexes could
improve the emulsifying properties of proteins by thickening
the layer at the interface of the bacterial cell wall.

In our previous research we isolated and character-
ized L. plantarum (NR_104573.1) and P. pentosaceus
(NR_042058.1) as the dominant strains of wheat bran sour-
dough (WBS), then the productivity of EPS by these two
strains were investigated [4]. EPS as a functional component
was then applied in encapsulation of the dominant strains.
While many researches have been carried out on encapsu-
lation of probiotics with improved viability under adverse
conditions, few studies have focused on the EPSs protective
role against environmental stresses. So far, to our knowl-
edge, no studies have been carried out using the technique
of microencapsulation by EPSs along with mixture of other
coating materials in order to verify the possibility of increas-
ing the viability of bacteria towards simulated human gastro-
intestinal condition.Thus the goal of the present study was
to enhance the survival as well as kinetics of bacteria in
simulated gastric fluid (SGF) and bile salt solution tolerance
by spray drying encapsulation using EPS. For this aim, we
investigated the effect of EPSs along with mixture of WPC,
CMC and pectin in comparison with samples encapsulated
with all aforementioned components except EPS (control)
and free bacterial cells.

Materials and methods
Materials

Pure cultures of L. plantarum (NR_104573.1) and P. pen-
tosaceus (NR_042058.1) extracted from WBS were stored
at -80 °C in MRS broth. The encapsulating agents used were
commercial WPC containing 80% protein, CMC, pectin and
EPSs isolated from the two strains. The chemicals [1-phe-
nyl-3-methyl-5-pyrazolone (PMP), anthranilic acid (AA)
and Trifluoroacetic acid (TFA) and microbial media (MRS
Agar, MRS Broth and Nutrient Broth] used in this study
were purchased from Sigma-Aldrich company (Oakville,

ON, Canada) and Merck, all having purities of greater than
or equal to 99%.

Preparation of bacterial suspension and conditions
for EPS production

Pure cultures of L. plantarum and P. pentosaceus from WBS
were inoculated in MRS broth, to which 10% glucose had
previously been added, then incubated at 37 °C for 24 h to
10® Cfu/mL. The highest amount of biomass produced at
the initial and middle of stationary phase was subjected
to centrifugation (15,000xg, 4 °C, 30 min) (Hermle, Z36
HK, Germany) before being suspended in sterile water [4,
14]. The supernatants were added to the MRS broth, while
the EPSs were isolated from the pellets [15]. Using criteria
related to mucoid phenotype, the LAB strains that produced
EPSs were screened initially via observation while being
cultured in MRS agar at 37 °C for 48 h [16].

Monosaccharide composition analysis of EPS
by HPLC analysis

EPSs (1 mg) of the strains isolated from WBS were sub-
jected to hydrolysis at 120 °C for 2 h using 1 mL of 2 M
trifluoroacetic acid (TFA). Next, derivatization was per-
formed using 1-phenyl-3-methyl-5-pyrazolone (PMP) and
anthranilic acid (AA). HPLC (Waters, Milford, MA, USA)
was then used for monosaccharide composition analysis. The
reverse phase column was a RP C-18 with 250 mm X 4.6 mm
ID and 5 um particle size. The mobile phase consisted of
sodium phosphate (50 mM, pH 7.0)/acetonitrile (82:18 v/v)
at a flow rate of 1.0 mL min~', and the volume injected was
20l [17, 18].

Preparation of microbial encapsulation
by spray-drying

Based on previous studies, the coating and biopolymer
mixtures suitable for microcapsule formation were deter-
mined [19, 20]. In short, coatings agents were prepared
by dispersing WPC, CMC, pectin and EPSs of L. plan-
tarum and P. pentosaceus in a proportion of 4.33, 0.43,
0.61 and 0.50 g/100 mL, respectively, achieving a suspen-
sion concentration of 5.878% (w/w). The suspension was
homogenized in sterile distilled water for 10 min and heat
treated (digital water bath, WBD-22, Germany) at 80 °C
and pH 8.0 for 30 min [20, 21]. The pure stocks of bacte-
ria were developed in MRS medium with low oxygen ten-
sion (facultative anaerobic conditions). After growth, the
bacteria were transferred to physiological 0.85% saline
solution [8]. The suspension of the encapsulating agents
was inoculated with approximately 10'> CFU/mL of the
pure probiotic culture before spray-drying. The mixture
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was homogenized for 10 min at 25 °C and then dry pow-
dered using the Buchi B-191 mini spray-dryer (Buchi,
Flawil, Switzerland) at a constant air inlet temperature
of 160+ 3 °C and outlet temperature of 65 +2 °C, with a
0.7 MPa compressor air pressure, a drying air flow rate
of 35 m3/h, and a feeding rate of 15 mL/min [15]. Encap-
sulation process is shown in Fig. 1.

Evaluation of free and encapsulated L. plantarum
and P. pentosaceus viable cells

Microspheres (1 g) were dissolved in 9 mL of 0.1 N phos-
phate buffer (pH="7.5) on a shaker at 30 °C until com-
plete dissolution was achieved. The kinetics L. plantarum
and P. pentosaceus were serially diluted 10 times with
physiological saline solution (0.85%) and 100 uL aliquots
were plated on MRS agar. Also, free bacterial cells were
serially diluted 10 times with saline solution, and 100 pL
aliquots were plated on MRS agar. After incubation at
37 °C for 24 h, colonies of L. plantarum and P. pentosa-
ceus were enumerated according to the method of Shi
et al. [9, 22].
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Fig. 1 The steps of encapsulation process
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Encapsulation efficiency of bacteria

Encapsulation yield was evaluated using Eq. 1 suggested by
Picot and Lacroix [23]:

Encapsulation yield (EY) (g 100 g_l) = (N/Ny)x 100 (1)

N is the number of viable cells (log Cfu/g) after drying and
N, is the number of viable cells (log Cfu/g) before drying.

Viability of free and encapsulated L. plantarum
and P. pentosaceus in SGF

The survival of the control, EPS encapsulated and free cells
of L. plantarum and P. pentosaceus in simulated gastric fluid
) made of 3.2 mg/mL pepsin in 2.0 mg/mL NaCl (pH=1.5)
[24, 25]. Matrix containing L. plantarum and P. pentosa-
ceus (0.5 g) were added to the tubes containing 4.5 mL of
SGF, which were then incubated at 37 °C for 10, 30, 60,
90 and 120 min [21, 23]. At the specified time intervals,
samples were taken out for analysis. Free cells were serially
diluted 10 times with saline solution, and 100 uL aliquots
were plated on MRS agar plate. Microspheres containing L.
plantarum and P. pentosaceus were recovered from SGF and
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dissolved in 4.5 mL of 0.1 N phosphate buffer (pH=7.5).
Microbial enumeration was then conducted according to the
procedures described by Shi et al. [9, 22].

Bile salt solution tolerance of free and encapsulated
bacteria

The viability of the control, EPS encapsulated and free cells
of L. plantarum and P. pentosaceus was tested in porcine
bile salt solution (sigma-aldrich, 48,305) in accordance to
the procedures developed by Shi et al. [22]. Suspensions of
free cells (0.5 mL) or matrix containing L. plantarum and P.
pentosaceus (0.5 g) were placed in tubes containing 4.5 mL.
of bile salt solution (1% w/v) and incubated at 37 °C for 10,
30, 60, 90 and 120 min [26]. At the specified time intervals,
samples were taken out and assayed according to the method
described by Shi et al. [9, 22].

In vitro kinetics of free and encapsulated L.
plantarum and P. pentosaceus in Gl (SIF)

The kinetic of encapsulated bacteria was evaluated in
accordance to the procedure developed by He et al. [27].
In short, 4.5 mL of SGEF, bile salt, pre-warmed gastrointes-
tinal (GI) solution, 1% porcine bile salt solution (pH=28.5)
and 10 mg/mL of pancreatin in 0.1 mol/L potassium phos-
phate (pH="7.4) were each separately added to microcap-
sules (0.5 g) in conical plastic tubes and incubated at 37 °C
with shaking at 150 rpm. At the specified time intervals,
the samples at different time intervals were taken and the
units of the kinetics bacteria were counted by the pour plate
method [9, 22, 25]. The same volume of the fresh medium
was used to replace the volume of the withdrawn samples.
The bacterial kinetic over time was monitored [9, 28]. Cell
kinetic were analyzed according to a model Eq. (2), Higuchi
Eq. (3) and Ritger—Peppas Eq. (4) using MATLAB software
version 8.1 R 29 (MathWorks Inc., Natick, MA). Also, the
nonlinear least squares fitting method was used to determine
the parameters in each equation [27, 29-32].

Ln(M, — M, =—-K;t+ C, )
M, = Kyt'? +Cy 3)
M _ Ki" 4
M, 4

where M, is the total cumulative bacteria kinetic; M, is
bacteria accumulated kinetic percentage at time t; K, is
the first order model constant kinetics; Ky is the Higuchi
model constant kinetics; t is the kinetic time; C;, Cy and K
are constants. Also, M/M, is the ratio of active ingredient

kinetics at time ¢, and n in the Ritger—Peppas model, which
is a parameter that is indicative of the transport mechanism.

Survival of free and encapsulated bacteria during storage

The storage stability of the control, EPS encapsulated and
free L. plantarum and P. pentosaceus was evaluated for
about 1 month at 4 °C. At pre-determined times of 1, 7, 14,
21, and 28 days, samples were harvested for survival assess-
ment. Microbial enumeration was then conducted according
to the procedures described in according to the method of
Shi et al. [9, 22].

Statistical analysis

All experimental procedures were conducted three times.
Statistical analysis of the data was done according to a com-
pletely randomized design. Analysis of variance (ANOVA)
was used to compare the means in SAS (9.1) software.

Results and discussion

Identification of EPS monosaccharide composition
by HPLC

Previously we studied on extraction and molecular weight
evaluation of microbial EPS [4]. Under initial incubation
conditions at 37 °C, in modified MRS medium, the amount
of microbial EPS isolated from two strains of L. plantarum
and P. pentosaceus from WBS were 408.443 mg/L and
263.629 mg/L respectively in the middle and late stationary
phase of growth (during idiophase). The monosaccharide
composition of the EPS of L. plantarum and P. pentosaceus
were analyzed by HPLC; independent peaks at a retention
time of 25.21 and 25.34 min both of them confirmed the
presence of arabinose (Fig. 2a and b). Other monosaccha-
rides of the EPSs were glucose and xylose are shown in
Table 1. Ispirli and Dertli [33] showed that glucose and
galactose as the sugar monomers of the EPS produced by
L. bulgaricus Y39 and S. thermophilus Y102. Also, Ai
et al. [34] reported that monosaccharides composition of
the microbial EPS extracted from L. casei LC2W revealed
the presence of glucose (57.8% mol%), rhamnose (27.7%,
mol%) and galactose (14.5%, mol%), respectively. Monosac-
charide composition of EPSs seems an important basis for
their functional characteristics. The study of Tallon et al.
(2003) showed that glucose, galactose and xylose are the
major components of the EPS produced by L. plantarum
EP56. Wang et al. [35] reported that the monosaccharide
composition of the microbial EPS extracted from L. plan-
tarum KF5 comprises mannose, glucose and galactose por-
tion in a near ratio of 1, 4.99 and 6.90 (% w/w).
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Fig.2 The HPLC chromato-
grams of component monosac-
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Table 1 HPL,C analysis Of Sample Monosaccharide
monosaccharide composition of
EPS isolated from L. plantarum Glucose Arabinose Xylose
and P. pentosaceus - - -
RT (min) % Area C (%) RT(min) % Area C (%) RT (min) % Area C (%)
L. plantarum  20.34 4.45 266 2521 87.16 6193 22.76 0.56 35.41
P. pentosaceus  20.88 0.48 051 2534 67.19 81.28 2291 0.18 18.21

Encapsulation yield and cell viability after spray-drying

One of the necessary prerequisites for utilizing the encap-
sulation method is a high encapsulation efficiency. In this
research, the spray-drying method was used to encapsulate
L. plantarum and P. pentosaceus. The initial survival num-
ber of L. plantarum and P. pentosaceus in the aqueous sus-
pension used to prepare the microspheres was about 12.414
and 12.113 log Cfu/mL. However, after encapsulation by
spray-drying, the number of viable cells recovered from
EPS encapsulated and control samples of L. plantarum was

@ Springer

10.59 and 9.86 log Cfu/g, with the numbers being 10.02
and 9.32 log Cfu/g for EPS encapsulated and control sam-
ples of P. pentosaceus. The encapsulation yields in the pres-
ence of WPC, CMC and pectin with and without EPS were
about 85 and 80% for L. plantarum, and 81 and 75% for
P. pentosaceus, respectively. The results of Hebrard et al.
[36] demonstrated a high encapsulation yield for the coating
of probiotic bacteria with WPC and biopolymer matrices.
Complex of protein and polysaccharide may have a large
number of applications in the food sector. Milk proteins
have many physicochemical properties that are suitable for



Comparative survival of exopolysaccharide encapsulated Lactobacillus plantarum and... 599

encapsulating probiotics, such as gelation properties, pH-
responsive gel swelling behavior, interactions with other
polymers such as alginate to form complexes, biocompatibil-
ity and biodegradability [6]. Dong et al. [10] reported that
denatured WPC along with polysacharide such as alginate
and CMC were suitable matrices for probiotics encapsula-
tion, while native protein provided the weakest safeguard
against thermal and acid stress.

Viability of free and encapsulated L. plantarum
and P. pentosaceus in SGF

The effectiveness of probiotic consumption in human health
is related to their survival; hence, probiotics must resist the
stressful gastric environment [37]. The results of ANOVA
showed that gastric simulation conditions had a reduced
amount of cell desorption effect to decrease the viability of
logarithmic cycle of the encapsulated L. plantarum popula-
tion in the presence and absence of EPS compared to free
cells (reduction ratio of 3:4:8 log CFU/mL, respectively),
with similar results obtained for P. pentosaceus (reduction
ratio of 3:3:8 log Cfu/mL). Encapsulation of L. plantarum
and P. pentosaceus in biopolymer matrices that contain EPS
(0.5%) could significantly improve the survival of L. plan-
tarum and P. pentosaceus in SGF, as shown in Figs. 3 and 4.
Many studies have reported that the stomach pH causes the
destruction of most uncoating microorganisms [38]. Sohail
et al. [39] reported more than 6 log Cfu/mL of L. acido-
philus reduction after 120 min in pH 2.0 SGF. The results
of Guerin et al. [40] showed that the buffering ability of
WPC was contributed to the high survival rate of probiotics

encapsulated in a matrix of alginate—pectin—-WPC micro-
spheres when exposed to pH 2.5 SGF. The results of Shi
et al. [22] showed that the survivability of L. bulgaricus in
SGF (pH=2.0) was highly improved when placed within
milk-alginate and hydrocolloid carrageenan matrices. The
results of Feng et al. [41] showed that using double-layered
encapsulation for probiotic cells fabricated by a simple coax-
ial electrospinning improved the survivability of the loaded
cells in adverse conditions. This study also relates with the
Afzal et al. [42] who reported that encapsulation with WPC
improves the survival of probiotics in gastric conditions.

Viability of free and encapsulated cells in bile salt solution

One of the main purposes of encapsulating bacteria is to
protect them from damage in the bile salt solution envi-
ronment of the human intestine [21, 25]. In this research,
the viability of free and encapsulated L. plantarum and P.
pentosaceus was analyzed in bile salt solution incubated
at 37 °C for 10, 30, 60, 90 and 120 min. The exposure to
a series of condition that simulate the passage through the
gastrointestinal tract showed that bile salt solution had a
reduced effect on the viability of L. plantarum popula-
tion in EPS encapsulated and control samples compared
to free cells (reduction ratio 3:3:8 log CFU/mL, respec-
tively), with the corresponding ratio being 4:4:9 log CFU/
mL for P. pentosaceus. As reported in Table 2, free cells
of L. plantarum and P. pentosaceus completely lost their
viability in bile salt solution after 120 min. The reason for
this might be that bile salts destroyed the cell wall integ-
rity, resulting in the observed lethal action against some of

Lactobacillus plantarum (SGF)
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Fig.3 The viability of the control, EPS encapsulated and free cells
of L. plantarum in the SGF conditions (different letters indicate
significant differences with a confidence interval of 95%). Results
are expressed as mean values of triplicates+standard deviation.

ABCLDijfferent superscript letters denote significant differences during
120 minutes (P <0.05). **<Different superscript letters denote signifi-
cant differences at each time (P <0.05)
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Pediococcus pentosaceus (SGF)
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cant differences at each time (P <0.05)

Fig.4 The stability of the control, EPS encapsulated and free cells
of P. pentosaceus in the SGF conditions (different letters indicate
significant differences in a confidence interval of 95%). Results
are expressed as mean values of triplicates+standard deviation.

Table 2 Survival of the control, EPS encapsulated and free cells of L. plantarum and P. pentosaceus after treatment with bile salt solutions (log

Cfu/mL or g microspheres)

Row Bacteria (log Cfu/mL) Time
0 min 10 min 30 min 60 min 90 min 120 min
L. plantarum (free cell) 12.414+0.8014% 10.591+0.314% 8.204+0.110°° 6.204+0.8817° 5.880+0.121°° 4.491+0.331%¢
L. plantarum (encapsulated) ~ 10.491+0.33A%  9.504+0.4208>  9.361+0.04152 8.919+0.220%* 8.342+0.152* 7.361+0.112P2
L. plantarum (control) 10.320+0.0274¢ 9.084+0.035%¢  9.017+0.0555° 8.671£0.079%" 8.198+0.051" 6.998 +0.020"°

AN N R WD =

P. pentosaceus (free cell)
P. pentosaceus (encapsulated)

P. pentosaceus (control)

12.113+0.41942
9.863+0.1134°
9.417 +0.1234¢

8.178 £0.3175¢
8.977 +£0.02652
8.551+0.1298°

6.857 +0.036%¢
8.361 +0.159%
8.066 +0.047°°

4.591 +0.196°°
7.021+0.1752
6.470+0.057°

4.23040.171°°
6.806+0.048P2
6.290+0.124F°

3.544 +0.0645°
6.117 +0.082F2
5.886+0.048™

Results expressed as mean values of triplicates + standard deviation

ABCDifferent superscript letters in the same row denote significant differences during 120 min (P <0.05)

abeDifferent superscript letters in the same column denote significant differences at each time (P <0.05)

the probiotic bacteria [9, 22, 43]. However, the presence of
biopolymer matrices (EPS, WPC, CMC and pectin) around
the cell wall can inhibit the diffusion of bile salt solution
into the microsphere and thus provide effective protection
compared to control matrices and free cells. The results of
Afzaal et al. [42] showed that encapsulation has a shield-
ing effect toward probiotics in simulated intestinal solu-
tion. The results presented in this study corroborate other
researches that show the efficiency of microencapsulation
in protecting probiotics during exposure to GI conditions,
with emphasis on the protective role of EPSs.

@ Springer

Kinetics characterization of the encapsulated bacteria

Polymer compositions of the encapsulation matrices is
another important factor which has a profound influence on
the viability and kinetic of encapsulated bacteria [21, 44]. In
order to allow health benefits to the human body, probiotic
encapsulation materials should not only effectively protect
L. plantarum and P. pentosaceus from adverse gastric con-
ditions but also permit the survival of bacteria in host [9].
Release kinetics were evaluated based on empirical first-
order, Higuchi, and Ritger—Peppas models. The original
parameter values from various equations are summarized in



Comparative survival of exopolysaccharide encapsulated Lactobacillus plantarum and... 601

Table 3 Analysis of cell kinetics data from microbial EPS capsules in comparison to control cells using First order, Higuchi and Ritger—Peppas

equations
Condition Sample First order equation Higuchi equation Ritger—Peppas equation
R? K C R? Ky Cy R? k n

GI L. plantarum (encapsulated) 0.75 0.003 4.47 0.89 3.03 243 0.90 0.06 0.37
L. plantarum (control) 0.96 0.026 1.23 0.99 -0.33 10.1 0.99 —0.05 0.39
P. pentosaceus (encapsulated) 0.92 0.003 4.6 0.93 3.59 -3.15 0.95 0.013 0.69
P. pentosaceus (Control) 0.98 0.008 1.79 0.95 -0.35 10.3 0.98 —0.009 0.77

SGF L. plantarum (encapsulated) 0.68 0.002 4.58 0.87 1.90 2.62 0.90 0.05 0.2
L. plantarum (control) 0.88 0.29 0.71 0.94 -0.20 10.1 0.96 -0.04 0.32
P. pentosaceus (encapsulated) 0.98 0.003 4.60 0.92 2.95 —-2.35 0.95 0.007 0.7
P. pentosaceus (control) 0.80 0.02 0.71 0.92 -0.20 10.3 0.99 —0.01 0.71

Bile salt L. plantarum (encapsulated) 0.83 0.002 4.6 0.83 243 -0.07 0.85 0.012 0.65
L. plantarum (control) 0.82 -0.014 1 0.86 -0.25 10.39 0.89 —0.001 1.08
P. pentosaceus (encapsulated) 0.95 0.005 4.59 0.94 4.02 —-2.94 0.94 0.002 1.17
P. pentosaceus (control) 0.99 0.01 1.72 0.98 -0.37 9.92 0.99 —-0.01 0.66

Table 3 to explain the transport mechanism. Suitable corre-
lations were identified between the kinetic profiles of 0.5%
EPS encapsulated and control samples of P. pentosaceus
across all three mathematical models (R?>=0.920 and 0.950).
The maximum regression correlation value for encapsulated
L. plantarum and P. pentosaceus with the presence and
absence of EPS signified that the most appropriate model
for the data was the Ritger—Peppas kinetics model, which
represented a swellable system. Argin et al. [32] reported
that chain mobility is the main factor affecting cell kinetic
rate from entrapping matrices. Shori [44] reported that the
high kinetic rate of encapsulated probiotics can probably
be described by the buffering capacity of the protein-based
biopolymer matrices, compact structure, and low porosity
on the surface of the microspheres.

Storage stability of free and encapsulated cells

The evaluation of storage stability over 28 days at 4 °C
demonstrated that the logarithmic cycle of the free L. plan-
tarum and P. pentosaceus cell populations was significantly
reduced compared to the encapsulated cells (EPS-containing
and control). Also, results showed that encapsulated bacte-
ria in the presence of 0.5% EPS, as a bioactive compound,
had high stability and relative humidity that they could be
preserved after 4 weeks of storage in comparison to con-
trol cells. The viability number of L. plantarum and P. pen-
tosaceus free cells decreased over 28 days of storage from
12.41 to 7.28 and 12.11 to 6.96 log Cfu/mL, respectively
(Fig. 5). A lot of research has proven that encapsulation
can enhance the storage stability of LAB [45, 46]. Ismail

and Nampoothiri [47] reported that encapsulation with the
EPS extract of L. plantarum (about 0.2% concentration)
was found to have a better influence on storage stability and
the prevention of syneresis in wheat starch in comparison
with the carboxymethyl cellulose polymer after 22 days of
storage. Increasing the concentration of EPS may have a
profound influence on the prevention of syneresis. Also,
encapsulation showed protection effects to probiotic in hos-
tile conditions. These results correspond with Afzaal et al.
[48], also Gonzéalez-Ferrero et al. [49] have reported similar
results. According to the reports of these researchers, the
encapsulation with soybean protein concentrate enhanced
significantly the stability of the lactic acid bacteria all along
the probiotic food value chain, from production to the end
of the food shelf-life.

Conclusions

The current research indicated that encapsulation of L. plan-
tarum and P. pentosaceus with and without EPS not only
provided protection to the cells but also enhanced the sur-
vival of probiotics in simulated gastrointestinal conditions.
Bacteria encapsulated within EPS microspheres could be
released at suitable rate on exposure to GI. Furthermore, the
release kinetics based on three mathematical models showed
a suitable correlation between the release profiles of EPS
encapsulated and control samples. Overall, encapsulation
with microbial EPSs, as bioactive compounds, along with
WPC, CMC and pectin, proved to be a good method for pro-
tecting bacteria isolated from WBS in adverse environments.
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Fig.5 Storage stability of the control, EPS encapsulated and free
cells of L. plantarum and P. pentosaceus in 4 °C (different let-
ters indicate significant differences with a confidence interval of
95%). Results are expressed as mean values of triplicates + standard
deviation. ABCDifferent superscript letters denote significant dif-
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