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Abstract

Microencapsulation of Lactobacillus Plantarum was carried out using sodium alginate (Alg), inulin (IL), and dextran (DT)
to increase the survivability of probiotic cells. The effects of IL (0.5, 1, and 1.5%) and DT (0.5, 1, and 1.5 mg/L) additions
were investigated on the encapsulation efficiency (EE) and cell survivability in the gastric and biliary conditions. Results
showed that microencapsulation significantly increased the cell survivability. 1.5% of IL and 0.5 mg/L of DT were the best
concentrations to obtain the highest EE (93.55%). The microencapsulated cells within the Alg-IL-DT system had higher
count than cells entrapped within the Alg microspheres either in gastric or biliary conditions. Inclusion of free cells and
microencapsulated cells increased the probiotic count of whey beverage (WB). Albeit, the WB with the microencapsulated
cells had higher probiotic count. pH was significantly decreased in drinks with probiotic cells while acidity was signifi-
cantly increased. 2,3-Pentanedione, 2-Heptanone, Acetoin, Propylene glycol, 2-butoxyethoxy-2-Propanol, Benzaldehyde,
Butyric acid, 4-methylbenzaldehyde, Hexanoic acid, Ethyl acetate, and Benzoic acid were the most abundant volatile
compounds in WBs. The sensory test exhibited that addition of probiotic cells either in free or microencapsulated types
increased the scores of sensory properties such as flavor, color, odor, concentration, and total acceptability. Thus, the
microencapsulation of L. plantarum by Alg-IL-DT system can be taken into an advantage to increase the survivability of
probiotic cells in strong acidic and saline conditions. Furthermore, incorporation of the microencapsulated cells in food
products can increase their health aspects and palatability.
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Introduction products such as sour milk, fruit juices, yogurts, fermented

vegetables, muesli, etc. [3, 4, 6, 7]. The benefits of probi-

Production of functional beverages has recently been
launched to present new ready-to-drink products with
enhanced bioactive compounds [1-3]. The functionality of
beverages is derived from the utilization of bioactive com-
ponents including probiotic cells as the most celebrated
ones are so-called lactic acid bacteria (LAB) which have a
long history of safe use in the food industry [4, 5]. Probiot-
ics are usually added to a wide range of food and beverage
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otics are associated with their numerous health impacts
such as improving intestinal microbial balance, inhibition
of pathogenic growth by production of antimicrobial sub-
stances, modulating the innate immune systems, indicating
antimutagenic activities, and prevention of carcinogenesis
[3, 4, 8]. The most important associated probiotics with the
gastrointestinal tract (GIT) are Lactobacillus genera (plan-
tarum, casei, etc.) [4, 5]. It has been reported some criteria
to use probiotics in food and beverage products as follow-
ing: (1) the viability during the industrial processes; (2)
being survival during preparation and storage of the carrier
foods; (3) remaining during the entrance through the GIT
environment of the host; (4) show health benefits through
fermentation process in the large intestine of the host [3, 4].
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Therefore, gut microbes are closely associated with most
human health. It has been reported that when probiotics
are ingested orally, they can effectively regulate the com-
position and quantity of human intestinal microorganisms,
which is beneficial to human health [9].

The whey beverages are so appreciated due to their nutri-
tional quality which can increase the survival of probiot-
ics during the storage time [3]. It should be noted that the
functional and probiotic terms can be dedicated to a spe-
cific product which contains viable cells in range of 10°-10’
CFU/mL until expiration date. Additionally, the probiotics
should survive during the passage through the GIT, which
highlights the application of encapsulation techniques [1,
3, 10]. Probiotic cells which are incorporated in food and
beverage products are sensitive to processing and environ-
mental circumstances such as low pH and heat treatment [1,
7, 11]. Encapsulation increases the survivability of probiotic
cells by establishment of cover surrounding the cells, which
preserves them from the intensive conditions [1, 12—14].

Entrapment of probiotic cells with hydrocolloids has
been attracted great attention due to the efficiency of method
compared to other techniques [1, 12, 15, 16]. Indeed, the
greatest advantage of microencapsulation of probiotic with
hydrocolloids is that cells are embedded within the matrix
during the formation of the spheres, while in other tech-
niques such as spray, freeze, and fluidized bed drying, the
cells are likely released into the product and exposed to the
environmental condition [10, 15]. The most widely used
matrix for microencapsulation is alginate (Alg) [1]. It forms
gels which are susceptible to disintegration in the presence
of excess monovalent ions, Ca>* chelating agents, and harsh
chemical environments, such as those of low pH [15-17].
Alginate is used along with emulsifiers such as Tween 80 and
co-emulsifier such as glycerol and emulsified through gentil
stirring [1]. Addition of divalent ions such as Ca>* supports
microbeads (microspheres) formation [1, 15, 18]. These
microbeads efficiently preserve the entrapped probiotic
cells against the harsh condition [15, 18, 19]. The effects of
addition of other hydrocolloids also have been investigated
and revealed improved survivability [15, 16, 18, 20, 21].
Addition of hydrocolloids such as inulin, galactooligosac-
charide (GOS), pectin, chitosan, etc. have been studied and
findingds exhibited increased encapsulation efficiency (EE)
and survivability towards the GIT and model food condi-
tions [13, 21-23]. Survivability of combined or individually
encapsulated lactobacillus aciduphillus and lactobacillus
reutrti in alginate or alginate-chitosan (Alg-CH) was stud-
ied when they were exposed to simulated GIT concditions
[23]. Using Alg-CH improved the cell protection better than
Alg and improved also lactobacilli survival during storage
in milk, peach nectar, or blackberry jam set-style yogurt;
lactobacilli counts were > 107 CFU/g after 30 days, except
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for encapsulated combined lactobacilli in peach nectar [23].
Based on several research studies, using multiple hydrocol-
loids have confirmed higher EE, better protection, and sur-
vivability in GIT and model food systems [10, 13, 20, 24].

So far no studies were carried out using the emulsifica-
tion technique to microencapsulate the lactobacillus planta-
rum (L. plantarum) by alginate, inulin, and dextran to verify
the possibility of increasing the viability of probiotic cells
towards the GIT and whey beverage conditions. Co-encap-
sulation of probiotics with prebiotics has been practiced as
a novel alternative approach for further improvement of
the oral delivery of viable probiotics toward their targeted
release in the host intestine.

Materials and methods
Materials

Lactobacillus plantarum (L. plantarum) was purchased
from Christian Hansen, Horsholm, Denmark. De Man
Rogosa and Sharpe (MRS) broth, peptone water, inulin,
dextran, alginate, glycerol, Tween 80, calcium chloride
(CaCl,), simulated gastric fluid (SGF), simulated intestine
fluid (SIF), chloridoid acid (HCl), and nutrient agar were
supplied by Merck Co. (Germany). Pepsin was provided
from Novozymes (Denmark). Whey protein and milk pow-
der were purchased from Pegah dairy Co. (Tehran, Iran).
Other chemicals used were analytical grade and were pro-
vided from Merck and Sigma-Aldrich Co (USA).

Preparation of L. plantarum

The lyophilized L. plantarum cells were added to 10 mL of
MRS broth and incubated for 24 h at 37 °C to be activated.
The obtained solution was added to 95 mL of MRS broth
to reach the bacteria count at least 10® CFU/mL. The culti-
vated liquor was centrifuged at 1500xg and 25 °C for 5 min.
Then, the cells were rinsed twice with 0.1% sterile peptone
water [16].

Generation of alginate microsphere containing L.
plantarum

The Alg microspheres incorporated with inulin and dextran
were produced based on the developed method of Rodrigues
et al. [25] with slight modifications. Alg solution was pre-
pared at 2% w/v, which incorporated with inulin (IL) and
dextran (DT) solutions at 0.5 to 1.5% w/v and 0.5 to 1.5 mg/
mL, respectively. The prepared solutions were heated at
70 °C and mixed with 0.5% w/w glycerol and 0.1% w/w
Tween 80. All solutions were sterilized at 121 °C for 15 min.
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Table 1 ANOVA analysis of variance for study of effects of IL and DT
on the EE.

Source of changes EE (%)
DF Mean of squares F-value p-Value*

Model 12 370.278 683.521  0.000
IL (%) 3 1149.924 2122.725 0.000
DT (mg/L) 3 120.662 222.739  0.000
ILxDT 25.098 46.331 0.000
Error 26 0.542 - -

R? - - 0.99 -

*The p-values less than 0.05 indicate the statistically significant

Table 2 Effects of inulin and dextran on the encapsulation efficiency
(%) of lactobacillus plantarum entrapped within the alginate beads

Sample Coating EE%"

concentration

Inulin Dextran

(%)  (mg/L)
Tl 0 0 58.98+1.10"
T2 0.5 0 60.70+0.58%
T3 0.5 0.5 63.75+0.43
T4 0.5 1 68.06+0.44"
T5 0.5 1.5 66.48 +0.64'
T6 1 0 68.52+0.39"
T7 1 0.5 73.97+£0.428
T8 1 1 78.96 +1.30°
T9 1 1.5 77.60+0.57
T10 1.5 0 82.03+0.66°
T11 15 0.5 93.55+0.81%
T12 1.5 1 89.41+0.40°
T13 1.5 1.5 85.49+1.01°

*Different superscript letters indicate the significant statistical differ-
ence between the column (p <0.05)

The prepared cell culture (1% w/v) was added to the Alg-
IL-DT solutions and mildly stirred at sterile condition. The
obtained solutions were transferred into the syringe with a
diameter of 1 mm and added to sterile CaCl, solution (2%
w/v) dropwise. The formed microspheres were kept for
10 min at ambient temperature and then rinsed with distilled
water, followed by mixing with peptone water 0.1% w/w to
keep at 5 °C for further tests. The produced microspheres
based on their contents of IL and DT were called T1 to T13
(Table 1).

Encapsulation efficiency (EE)

The EE% value of samples was measured by direct method
and counting the viable cells in solutions before and after
encapsulation, using the equation below [25]:

; viablecellsinmicrospheres
EE (%) = 100 1
(%) theinitialviablecells X M

Survivability of probiotics

The viability of cells was assessed for Alg-IL-DT micro-
spheres during 15 days of storage. 5 g of produced micro-
spheres were mixed with 45 mL of sterile sodium citrate
2% adjusted to pH 6.0, at agitation condition of 45 °C for
10 min. After appropriate dilution in MRS broth, the culti-
vation was carried out based on the pour plate followed by
incubating at 37 °C for 72 h. Also, total count of microor-
ganisms was accomplished in nutrient agar at the similar
condition [25]. The cells were stored at 4 °C for about a
period of 15 days.

Survivability of probiotics
In SGF

SGF was prepared by dissolving 2 g NaCl, 2.92 g HCI, and
3 g pepsin in deionized water in a 1 L volumetric flask. The
pH was adjusted to 2.1 by 0.1 N NaOH [23, 26]. 1 g of
produced microspheres was mixed with 9 mL of prepared
solutions and after 0, 30, 60, 90, and 120 min, they were
separated and survivability of bacteria cells was assessed
based on the counting method.

In biliary solution

1 g of produced Alg-IL-DT microspheres was mixed with 9
mL of bile solution including 10 g of bile salts and 2 g KCl,
2 g KH,PO,, 29.2 g Na,HPO,, and 80 g NaCl ina 1 L volu-
metric flask which had been sterilized before (the pH was
adjusted to 7.8 using 0.1 N NaOH). After 0, 2, 4, and 6 h,
the microspheres were separated and viability of cells was
determined based on the counting method [27].

Production of probiotic beverage

The functional whey beverages were generated by select-
ing the optimum microsphere based on the higher EE% and
survivability and then addition of it into the whey formula
[2]. Whey solution of 11% w/v containing 80% protein was
mixed with 2% w/w milk powder, and 10.3% w/w sugar,
followed by homogenizing at 10,000 rpm for 10 min. Next,
the solution was pasteurized at 75 °C for 30 min and then,
cooled down to 40 °C. 20 g/L of encapsulated L. planta-
rum and free L. plantarum (108 CFU/mL) along with 0.3%
v/v fermentation starter culture containing L. acidophilus
and streptococcus thermophilus were added to the obtained
pasteurized whey solution and kept at 4 °C for further test.
The produced whey beverages were termed WB (control),
whey beverage containing free lactobacillus plantarum
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(WBFLP), and whey beverage containing encapsulated lac-
tobacillus plantarum (WBELP).

The survivability of probiotics

The survivability of cells (probiotics) and total count were
determined based on the method described in Sect. 2.5.

pH and acidity determination

pH was determined by lab pH-meter and acidity of func-
tional whey solutions was measured using 0.1 M NaOH
based on the lactic acid and phenol phthalein as the indica-
tor [28].

Volatile compounds determination

The volatile compounds in the produced whey beverage
were determined based on the method suggested by Mag-
alhdes et al. [29] with brief modifications. The beverage
was extracted with dichloromethane, and then analyzed by
gas chromatography (Nexis, GC-2030) (Shimazu, Japan)
equipped with a Split/Spitless injector and a flame ioniza-
tion detector. A capillary column (50 m X 0.25 mm, id.,
0.2 pm film thickness; Chrompack), coated with CP-Wax
57 CB was applied. The temperatures of the injector and
detector were set to 250 and 280 °C, respectively. The oven
temperature was held at 35 °C for 6 min, then programmed
to run from 50 to 110 °C at 5 °C/min and held for 10 min.
Next, the temperature was increased to 210 °C at 3 °C/min.
Helium was used as the carrier gas at 3.33 psi, with a split
vent of 15 mL/min. The volatile compounds were identi-
fied by comparing retention indices with those of standard
compounds. The quantification of volatile compounds was
conducted with the Varian Star Chromatography Worksta-
tion software (version 6.41).

Sensory analysis

The sensory properties including taste, color, odor, con-
centration, and total acceptability were analyzed based on
scoring the beverage sample from 1 to 5 using the 5-point
hedonic test [30, 31]. 15 semi-taught panelists were used to
score the beverage sample. The highest score (5) indicated
the highest desirability and the lowest score (1) indicated
the lowest desirability.

Statistical analysis
All experiments were done at three replications and data

were reported by mean and standard deviation. The analy-
sis of variance (ANOVA) was used to study of statistical
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difference and Duncan test was used to differentiate the data
which had statistically difference at a confidence level of
95% (p <0.05).

Results and discussion
EE (%)

The effects of IL and DT were studied on the EE% values
of lactobacillus plantarum entrapped within the Alg-IL-DT
microspheres. Alg has been well-known to form microbead
or microspheres which have been efficiently used to protect
the biological components by increasing EE value. On the
other hand, utilization of other encapsulating agents or car-
riers has shown increasing effects on the EE values.

ANOVA statistical analysis of effects of IL and DT were
presented in Table 2. The model used to investigate the
effects of IL and DT was significant (p < 0.05). Also, linear
IL and DT effects along with their interaction term were sig-
nificant on the EE values (p <0.05). Thus, the addition of IL
and DT was elucidated that can significantly affect the EE
values. The EE values varied from 58.98% (T1) to 93.55%
(T11) (Table 1). The results based on Table 1; Fig. 1A indi-
cated that inulin concentration had a significant effect on
the EE% (p <0.05). When it was increased from 0 to 1.5%,
EE% of entrapped lactobacillus plantarum was significantly
increased (p <0.05). By considering the DT concentration
constant, when IL concentration was increased from 0 to
0.5, 1, and 1.5%, EE values were obtained 60.70%, 68.52%,
and 82.03%, respectively (Table 1). On the other hand,
DT concentration indicated increasing effect on EE% up
to 1 mg/mL (Fig. 1B). By considering IL constant (0.5%),
when DT increased from 0 to 0.5, 1, and 1.5 mg/mL, EE val-
ues were increased to 63.75% and 68.06%, and decreased
to 66.48%, respectively. According to Table 1, EE% values
for T10, T11, T12, and T13 were obtained 82.03%, 93.55%,
89.41%, and 85.49%, respectively, which showed that at the
highest concentration of IL (1.5%), the highest EE% value
can be achieved when DT was used 0.5 mg/mL. Hence, it
could be suggested that IL had increasing effect on EE%
value at the concentrations used while DT alongside the IL
had synergistic effect at 0.5 mg/mL [32].

IL as a Fructooligosaccharides (FOS) possibly formed an
integrated layer surrounding the microspheres produced by
Alg [1, 32]. This layer increased the EE% values and pro-
tected the probiotic cells from the environmental stresses
[33, 34]. IL as a prebiotic has been reported to increase the
cell viability by increasing the EE% [1, 32, 34, 35]. Lac-
tobacillus acidophilus was entrapped within Alg micro-
spheres which were incorporated with IL, rice bran, and
resistant starch (hi-maize). The highest EE% (96.75%) was
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Fig. 1 Effects of inulin (A) and
dextran (B) on the encapsulation A

Estimated Marginal Means of EE

efficiency (%) of lactobacillus
plantarum entrapped within the
Alg-IL-DT microspheres

90.00

§0.00

70.00

Encapsulation efficiecny (%)

60.007

50.004

inulin

Estimated Marginal Means of EE

80.007

78.004

76.007

74.004

72.009

Encapsulation efficiency (%)

70.004

638.007]

obtained when IL was added at 10% w/w to Alg solution
with 2% w/w [18]. Similar results were found by the other
researchers [20, 36].

DT is a complex branched glucan (polysaccharide derived
from the condensation of glucose), originally derived from
wine. It has been defined as a branched poly-a-d-glucosides

dextran

of microbial origin having glycosidic bonds predominantly
C-1 — C-6”. Dextran chains are of varying lengths (from 3
to 2000 kilodaltons) [37, 38]. DT has been introduced as an
efficient capping agent in the enhanced delivery of curcumin
by nanoparticles in breast cancer cells [38]. DT has large
molecules which can either formation of a stable emulsion

@ Springer



3688

M. Saniani et al.

by steric hinderance role or formation of a layer with entrap-
ping effects [38, 39]. Possibly, using a concentration higher
than 0.5 mg/mL of DT led to depleted flocculation, thus
decreasing the EE% values [1, 10]. Using combined IL and
DT as capping agents at appropriate concentrations sur-
rounding the Alg microspheres exhibited improved EE%
values which can preserve the lactobacillus plantarum cells
instead of GIT harsh conditions.

Survivability of probiotics

The viability of lactobacillus plantarum cells was inves-
tigated for about a period of 15 days at 4 °C and results
are presented in Table 3. As reported for EE%, the higher
viability was obtained for T11 during the 15 days of stor-
age. Using IL significantly increased the cell viability so
that higher concentration (1.5% w/w) led to higher viabil-
ity (»<0.05). On the other side, entrapment of Alg micro-
spheres by DT at concentrations up to 1% mg/mL increased
the cell viability (T7 and T8) and decreased when 1.5 mg/
mL was used. It was while that using IL at 1.5% w/w with-
out addition of DT (T10) led to significant increase in the
cell viability (p <0.05). Despite, addition of 0.5 mg/mL of
DT to microspheres entrapped with 1.5% w/w of IL signifi-
cantly increased the cell viability (p <0.05).

Storage of probiotic cells significantly decreased the cell
viability (Table 3) (p <0.05). However, the cells entrapped
within the Alg microspheres capped with IL and DT had
high survivability compared to entrapped cells within the
Alg microspheres without encapsulating agents (IL and DT)
(Table 3). Especially, high concentration of IL (1.5% w/w)
and low concentration of DT (0.5 mg/mL) caused remark-
able retaining of viable cells compared to samples with
lower IL and higher DT. IL and DT might possibly construct

Table 3 The survivability of entrapped probiotics within the Alg-IL-
DT microspheres during the storage (day 0, day 5, day 10, and day 15)

Sample Day 0 Day 5 Day 10 Day 15

(log CFU/g) (log CFU/g) (log CFU/g) (log CFU/g)
Tl 4.90+0.09"" 3.48+0.08% 246+0.05" 1.56+0.11"
T2 5.04+0.04%% 4.01+0.04% 2.71+0.10°" 1.68+0.25"
T3 52940.038 4.36+0.11" 3.19+0.14%¢ 2.25+0.15™"
T4 5.65+0.03%" 4.80+0.155¢ 3.68+0.25% 2.71+0.17°2
T5 5.5240.05% 4.61+0.02%8" 3.46+0.11°% 2.61+0.07°¢
T6 5.69+0.03%" 4.88+0.06% 3.91+0.16°° 3.24+0.14°F
T7 6.14+0.03%2 5.49+0.155" 4.60+0.09° 3.88+0.27°¢
T8 6.56+0.10%° 5.91+0.30%° 4.98+0.48° 4.45+0.11%
T9 6.44+0.04% 5.69+0.125°F 4.81+0.01°¢ 4.2740.097¢

5.70+£0.26%° 5.20+0.387°
6.96+0.06% 6.51+0.20%*

T10 6.81+0.05% 6.33+0.108¢
T11 7.77+0.06%% 7.47+0.2142
TI2 7.43+0.03%% 7.11+0.16"° 6.42+0.218° 5.91+0.32°
T13 7.1040.08% 6.79+0.24*° 6.33+0.325" 583+0.13°

*The large and small superscripts indicate significant statistical dif-
ference between the rows and columns, respectively (p <0.05)
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a building block around the cells and maintained them from
the environmental stresses [40, 41]. The number of probi-
otic cells also were retained using IL and DT due to their
prebiotic impacts. Indeed, IL and DT can be consumed by
the probiotic cells through the fermentation process [13, 16,
40, 42]. The survival of lactobacillus rhamnosus GG was
increased by addition of inulin into the microcapsules pro-
duced by chitosan and alginate [13]. The survival of micro-
encapsulated probiotics in alginate microbeads coated with
chitosan and incorporated with inulin and galactooligosac-
charides was increased [16]. It has been reported that addi-
tion of prebiotics increased the resistance of the probiotic
cells to low pH, heat treatment, and also bile salt. Generally,
prebiotic compounds provide carbon and nitrogen sources
for the growth of probiotic bacteria, resulting in high num-
ber of the cells being survived [43, 44]. Addition of inulin
has increased the survival ability of L. casei, which had been
microencapsulated in high resistance starch-alginate using
emulsion techniques, after subjecting to freeze-drying [36,
45]. Besides that, double coating on encapsulated probiotics
could also improve their survivability through gastrointesti-
nal digestion [34, 46].

Survivability of probiotics at SGF

Viability of lactobacillus plantarum cells was studied
at SGF condition and results are presented in Table 4.
Accordingly, the higher IL addition and lower incorpora-
tion of DT increased the cell viability during the passing
SGF (120 min). The highest viability of probiotic cells was
obtained at 0 min when the cells did not pass the SGF condi-
tion. Moreover, T11 had the highest cell survivability (7.77
log CFU/g) at 0 min, which decreased (6.35 log CFU/g) at
120 min (p <0.05). However, this reduction indicated high
maintenance effects of IL and DT on the sensitive probi-
otic cells which number remarkably decreased when low
concentration of IL (0 and 0.5% w/w) and high concentra-
tion of DT (1.5% w/w) were incorporated (Table 4). High
EE% can preserve the probiotic cells due to the embedded
structure that IL and DT constructed [47, 48]. SGF condi-
tion has an intensive acidic condition that can affect the cells
membrane of probiotic cells and disrupt the structure and
lead to diffusion of internal cell contents [12]. IL and DT
can increase the viscosity of surrounding media and subse-
quently increase of the cell resistance to the acidic condition
[1, 49]. Co-encapsulation of probiotics and prebiotics has
been known as a novel technique to increase the viability
of cells when they are passing the intensive acidic and basic
conditions [49-51]. It has been reported that bacteria grow
more poorly in monosaccharide fructose in comparison with
that in oligosaccharide composed of fructose moieties. It has
been demonstrated that there is a specific substrate transport
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Table 4 The survivability of

Sample 0 min 30 min 60 min 90 min 120 min
entrapped probiotics within the (log CFU/g)  (log CFU/g) (log CFU/g) (log CFU/g)  (log CFU/g)
Alg-IL-DT microspheres at SGF 7} 4.90+0.09°" 3.58+0.14% 281+0.160 227+0.16” 1.68+0.09%
condition . ) ) )

T2 5.04+0.04%%  373+0.10% 2.92+0.06° 2.32+0.03°"  2.00+0.065

T3 529+0.034  3.97+0.05%" 3.30+0.09" 2.73+0.13P"  2.40+0.175

T4 5.65+0.03"  449+0.1458 3764021 3.24+021° 2.98+0.15¢

T5 5.52+0.054  434+0.10%2 3.65+0.05¢ 3.22+0.04°¢ 2.93+0.12%

T6 5.69+0.03%"  4.5140.09%¢ 3.81+0.09°¢ 3.40+0.05P2 3.13+0.05%

T7 6.14+0.03%2  5.14+0.09%" 4.57+0.13%" 4.17+0.18°"  4.03+0.15f

T8 6.56+0.10%° 5.56+0.165° 503024 4.72+0.25P° 4.57+0.25P°

T9 6.44+0.04"  547+0.16% 4.89+0.15% 4.53+0.14°°  4.41+0.06"°
*The large and small super- T10 6.81+0.05 591+0.06%¢ 536+0.11° 4.99+0.13P¢  4.85+0.11™
scripts indicate significant Ti1 777+0.06% 6.98+0.04% 6.59+0.12¢ 6.44+0.15°* 6.35+0.117°
statistical difference between the ) 743+0.03% 6.63+£0.11% 6.16+0.13% 5.94+0.177 5.86+0.09°
rows and columns, respectively

T13 7.10+0.08%°  6.2240.11% 570+0.07°° 5.43+0.07°° 527+0.07%

(p<0.05)

Table 5 Survivability of lactobacillus plantarum entrapped within the
Alg-IL-DT microspheres at biliary condition

Sample Oh 2h 4h 6h

(log CFU/g) (log CFU/g) (log CFU/g) (log CFU/g)
T1 4.90+0.094" 3.56+0.07%¢ 2.18+0.099 1.36+0.16™
T2 5.04+0.04%% 3.73+0.05% 233+0.149 1.52+0.17%
T3 5.2940.038 4.13+0.02% 2.82+0.09%% 2.10+0.12"
T4 5.65+£0.03"" 4.42+0.03%" 3.14+0.04" 2.50+0.11""
T5 5.5240.054" 4.29+0.055 3.06+0.09" 2.41+0.12P"
T6 5.69+0.03"" 4.63+0.05%2 3.40+0.04%¢ 2.74+0.05P2
T7 6.14+0.03¢ 5.05+0.015" 3.89+0.05" 3.38+0.15"f
T8 6.56+0.10%° 5.58+0.13%¢ 4.544+0.16°° 4.10+0.117°
T9 6.44+0.04%" 5.494+0.04%° 4.40+0.06%° 3.99+0.02"°
T10 6.81+0.0544 5.89+0.11%¢ 4.88+0.20° 4.48+0.18™¢
Ti1 7.77+0.06%* 6.98+0.025* 6.08+0.10°* 5.75+0.10"*
TI2 7.43+0.03° 6.62+0.02%° 5.63+0.01° 5.27+0.00"°
T13 7.10+0.08% 6.27+0.01%¢ 528+0.03°° 4.86+0.07°°

*The large and small superscripts indicate significant statistical dif-
ference between the rows and columns, respectively (p <0.05)

mechanism that is most efficient at transporting indigestible
oligosaccharides than simple sugars. Chicory which is rich
in IL and FOS with a degree of polymerization of 10 may
act as a potential prebiotic for probiotic strains. Sugarbeet
and chicory have been found to be an efficient prebiotic with
their fermentation rate and potent in co-encapsulation with
probiotics in Alg matrix. It has been also reported high sur-
vival rate by immobilizing different probiotics with FOS,
as a growth promoter [20, 32, 51]. Co-encapsulation of L.
plantarum with Alg, IL, and DT led to high protection of
probiotic cells when exposed to the drastic acidic conditions
(Table 4). The higher cell mortality occurred for samples
without addition of IL and DT. By addition of IL and DT,
the cell death was decreased at SGF which can be attributed
to the prebiotic impacts that maintained the cell growth and
cell fermentation which provided enough energy even at
harsh conditions.

Survivability of probiotics in biliary solution

The viability of L. plantarum was investigated at biliary
condition and results are presented in Table 5. When Alg-
IL-DT microspheres were exposed to biliary condition, the
number of probiotic colonies was significantly decreased
(»<0.05). The highest reduction was obtained for T1 which
was not incorporated with IL and DT. Addition of IL and
DT significantly increased the cell viability so that the high-
est viabilities were obtained for T11 and T12. Incorpora-
tion of 1.5 mg/mL of DT led to reduction of cell viability
(T9). Thus, 0.5 and 1 mg/mL of DT could be considered
the most appropriate concentrations for the maintenance of
cell viability. On the other side, IL at the concentration of
1.5% w/w indicated the higher cell survivability at the bili-
ary conditions. Comparing to the SGF, the cell enumeration
exhibited a reduction at the biliary condition. The results of
viability of encapsulated cells were in accordance with other
reported works [23, 45, 52—54]. The protection of microen-
capsulation technique can lead to immobilize the probiotic
cells which contribute to hypocholesterolemia through two
mechanisms: decrease cholesterol absorption accompanied
by enhanced cholesterol excretion via feces and the produc-
tion of short chain fatty acids upon selective fermentation by
intestinal bacterial microflora. These probiotics reduces bile
production and also stimulates bile salt hydrolysate [51]. In
the present study, IL and DT formed a tight network which
increased the Alg microsphere resistance to the bile salts.
Similar results were found regarding the increase in cell
viability when encapsulated probiotic cells were exposed to
the bile salts [53, 55, 56]. It was reported that the cell toler-
ance to the adverse environments such as high concentra-
tion of bile salts (1 and 2%) was increased by encapsulation
technique (alginate—milk microspheres) [53]. It has been
reported that the viabilities of microencapsulated probiotics
containing 1.5% inulin and GOS was higher than those of
without GOS when exposed to bile salts [16].
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Whey beverage analysis
Volatile compounds in whey beverage

The volatile compounds of produced whey beverages (WB,
WBFLP, and WBELP) were determined by GC-FID and are
presented in Table 6; Fig. 2A-C. The volatile compounds
which contribute to the flavor of dairy products are alco-
hols, esters, ketones, and aldehydes. The most abundant
compounds were 2,3-Pentanedione, toluene, butyl acetate,
2-Heptanone, 2-Methyl-1-butanethiol, acetoin, propyl-
ene glycol, 2-butoxyethoxy-2-Propanol, 2-Nonanone,
(2,5-dimethyloxan-2-yl) methanol, benzaldehyde, furan,
butyric acid, 4-methylbenzaldehyde, anethole, hexanoic
acid, octanoic acid, decanoic acid, ethyl acetate, butyl
formate, and benzoic acid (Table 6). Regarding the WB
which was not inoculated with probiotic bacteria, due to the

presence of lactose and proteins, L. acidophilus and Strep-
tococcus thermophilus as the starter culture fermented the
mentioned available substrates and produced the volatile
compounds shown in Table 6. These components are pro-
duced during the catabolism of branched amino acids such
as isoleucine or generated through the de novo pathway and
biosynthesis of amino acids [29]. From qualitative point of
view, incorporation of free L. plantarum and encapsulated
probiotics resulted in no significant differences, which could
be due to the combination usage of probiotics that do not
affect the profile of major aroma compounds, but had rather
an effect on their concentration [56]. Exceptionally, limo-
nene was not detected in WB while WBFLP and WBELP
had about 1.02 and 1.08% w/w, respectively. The organic
acids were well-represented class of volatile compounds
in the WB beverages (Table 6). Accordingly, thioctic acid,
octadecadienoic acid, butyric acid, hexanoic acid, octanoic

Table6 Volatile compounds Components Reten- Abun-  Abun- Abun-
obtained by GC-FID for three tion dance dance in  dance in
whey beverages including WB, time inWB* WBFLP® WBELP"
WBFLP, and WBELP (min) (%) (%) (%)
Acetaldehyde 5.6 0.73 0.72 0.80
Acetone 5.72 1.12 0.98 1.12
Thioctic acid 6.1 0.51 0.42 0.65
Octadecadienoic acid 7.94 0.92 0.81 1.38
2,3-Pentanedione 8.05 5.45 4.38 4.04
Toluene 8.3 3.31 3.30 4.07
Butyl acetate 8.65 1.34 1.16 1.38
Ethylbenzene 10.32  0.98 0.86 0.88
Octalactone 11.15  0.82 1.17 1.22
2-Heptanone 11.93  6.12 6.52 6.14
2-Methyl-1-butanethiol 14.01  1.09 0.88 1.02
Acetoin 15.01 4.17 5.22 5.64
Propylene glycol 15.6 5.15 4.36 3.53
2-butoxyethoxy-2-Propanol 16.43 4.16 4.32 4.44
meso-3,4-Hexanediol 16.8 0.85 0.98 091
2-Nonanone 1773 1.19 0.98 1.12
(2,5-dimethyloxan-2-yl) methanol 1821  2.36 2.24 2.35
Benzene 18.6 0.77 0.59 0.73
Furfural 18.95 0.87 0.74 0.94
Benzaldehyde 21.13  7.44 8.57 6.61
Furan 21.61 1.21 1.14 1.55
Butyric acid 2321 175 1.55 3.03
4-methylbenzaldehyde 23.8 12.90 15.71 13.78
Anethole 2791 346 3.40 2.69
Hexanoic acid 28.1 7.66 6.50 7.86
Octanoic acid 31.44 533 5.23 6.57
Decanoic acid 36.35  1.28 1.19 1.09
*Whey beverage (WB), Whey Ethyl acetate 36.91  7.34 6.19 5.09
beverage containing free lacto- g1 formate 3735 470 422 239
bacillus plantarum (WBFLP), 4-methyl-3-Pentenoic acid 3835 094 0.86 1.10
Whey beverage containing 2T
encapsulated lactobacillus plan- Benzoic acid 3882 391 . 3.64 4.63
tarum (WBELP) Limonene 1345 N.D. 1.02 1.08
*Not detected Total - 99.83 99.85 99.83

@ Springer



Investigation of microencapsulated lactobacillus plantarum survival in alginate microsphere incorporated... 3691

Fig. 2 GC-FID analysis of
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acid, 4-methyl-3-Pentenoic acid, and benzoic acid were in
high contents especially in WBELP. The addition of Lacto-
bacillus probiotic has been well correlated with the forma-
tion of organic acids [56].

The common identified esters were butyl acetate, ethyl
acetate, and butyl formate which were decreased especially
for WBELP (especially two former volatiles). Possibly,
WBELP had encapsulated probiotic cells and production of
esters was limited. However, the presence of esters even in

low concentration is essential for the formation of “fruity”
and “floral” aromas and flavors, but is also associated with
extended storage [56]. Butyl acetate, ethyl acetate, and butyl
formate were the main esters found in the respective WB
beverages. Two former esters were decreased especially for
WBELP likely due to degradation into other volatile compo-
nents (such as aldehydes and ketones) while they remained
high in WBFLP due to non-entrapped form of probiotics. It
seems that somehow encapsulation of probiotics may limit
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the production of volatile compounds. Albeit, it provides a
stable generation of volatiles due to high survivability of
probiotics.

Alcohols are common fermentation products of lactic
acid bacteria, which some have an agreeable ethereal odor,
and mild flavor note which contribute to the many dairy
products [56]. According to Tables 1 and 6-Methyl-1-bu-
tanethiol, propylene glycol, 2-butoxyethoxy-2-Propanol,
meso-3,4-Hexanediol, (2,5-dimethyloxan-2-yl) methanol,
and Anethole were the alcohol products detected in WB,
WBFLP, and WBELP (Fig. 2A-C). Some of the associated
alcohols (for instance propylene glycol and anethole) were
decreased for WBFLP and WBELP likely due to L. planta-
rum activity which fermented the alcohols to the carboxylic
and organic acids (Fig. 2B-C) [56].

Aldehydes are also an important group of volatile com-
pounds responsible for the formation of the characteris-
tic aroma profile of dairy products [57]. The predominant
detected aldehydes were acetaldehyde, furfural, benzalde-
hyde, and 4-methylbenzaldehyde (Table 1).

Regarding the ketones, acetone, 2,3-pentanedione, octa-
lactone, 2-heptanone, acetoin (3-hydroxy-2-butanone),
and 2-nonanone were the main contributing ketones in
the obtained WBs. The octalactone and 2-nonanone were
higher in WBELP than especially WB (Table 1 and Fig.
AC). The concentration of acetoin was higher in WBFLP
and WBELP, as constant metabolic products of citrate

Table 7 Total count (log CFU/g), probiotic count (log CFU/g), pH and
acidity (%) values of WB, WBFLP, and WBELP.

Total count Day 1 Day 7

(log CFU/g)

WB* 6.58+0.24%  521+0.19%
WBFLP" 8.77+0.13%*  7.67+0.15%
WBELP" 8.86+0.10%*  8.35+0.13A°
Probiotic count

(log CFU/g)

WB N.D.C** N.D.C®
WBELP 7.05+0.12%  575+0.15%°
WBELP 7.5440.09%  7.42+0.13%2
pH

WB 4.60+0.014%  4.57+0.00"°
WBFLP 451+0.01%  4.47+0.015°
WBELP 4.54+0.01%*  4.46+0.00%°
Acidity

(Lactic acid%)

WB 1.27+0.00%  1.30+0.0152
WBFLP 1.39+£0.00%  1.3940.014%
WBELP 1.35+0.005°  1.39+0.0142

*The large and small superscripts indicate significant statistical dif-
ference between the columns and rows, respectively (p <0.05)

*Whey beverage (WB), Whey beverage containing free lactobacillus
plantarum (WBFLP), Whey beverage containing encapsulated /acto-
bacillus plantarum (WBELP).

* Not detected

@ Springer

metabolism that affect the creamy and butter-like flavor, as
well as - dodecalactone with a positive effect on final flavor
formation [56] (Table 1) (Fig. 2B-C).

Aldehydes and ketones were the highest concentrations
of volatiles found in the tested samples which is in consis-
tent with other reports [56].

Total count

Total count of WBs was determined during a period of 7
days storage and are presented in Table 7. For WB, the num-
ber of cells was decreased from 6.58 log CFU/g at day 1
to 5.21 log CFU/g at day 7. The viable cells were high in
WBFLP and WBELP due to incorporation of L. plantarum.
Likewise, the number of probiotic cells of WBFLP was
decreased from 8.77 log CFU/g at day 1 to 7.67 log CFU/g
at day 7. The total count of WBELP was relatively higher
than WBFLP but not significant (p > 0.05). It was decreased
from 8.86 log CFU/g at day 1 to 8.35 log CFU/g at day 7.
It was observed that encapsulation of probiotics in WBELP
led to a high survivability when comparison was performed
with WBFLP. The Alg-IL-DT system embedded the cells
and higher viable cells were enumerated.

Numeration of probiotics

The number of probiotics was determined for WBs and are
presented in Table 7. WB did not show L. plantarum while
WBFLP and WBELP indicated viable probiotic cells as
7.05 and 7.54 log CFU/g on day 1 which were decreased to
5.75 and 7.42 log CFU/g on day 7, respectively. The num-
ber of L. plantarum was significantly decreased for WBFLP
after 7 days of storage (p <0.05). When the probiotic cells
were incorporated in the encapsulated form, the number of
cells was not significantly altered (p> 0.05). It showed that
encapsulation of sensitive cells can increase their survivabil-
ity [13, 34, 58]. Possibly, using IL and DT led to remaining
high number of the probiotic cells which was in accordance
with those reported [23, 34].

pH and acidity determination

The pH and acidity of WBs were determined and are pre-
sented in Table 7. The pH was reduced for all samples dur-
ing 7 days of storage due to the fermentation and lactic acid
formation. The lower pH was obtained for WBFLP and
WBELP due to the inoculation of L. plantarum in free and
encapsulated types. Especially, WBELP had high surviv-
ability of probiotic cells, thus, relatively higher lactic acid
was formed [56].

Regarding the acidity, higher values were obtained for
WBFLP and WBELP (Table 7). It could be related to L.
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Table 8 Sensory. apalysis of whey  Samples Sensory parameters

bevc?rages containing free lacto- Taste Color Odor Concentration  Total

bacillus plantqrum and encapsu- acceptability

lated lactobacillus plantarum - e 5 5
WB 3.9+0.56” 4.9+031* 3.4+0.51° 33+048 3.5+0.52
WBFLP 4.6+£0.51*  5.0+0.00° 42+£042° 4.1+0.31° 4.4+0.51°
WBELP" 4.6+0.51* 48+042* 47+048 43+0.48* 4.7+0.48*

*Different small superscripts indicate significant difference between the columns (p <0.05)

*Whey beverage (WB), Whey beverage containing free lactobacillus plantarum (WBFLP), Whey bever-
age containing encapsulated lactobacillus plantarum (WBELP).

plantarum presence which fermented the lactose into lactic
acid [56].

Sensory analysis

The sensory properties of WBs were assessed and presented
in Table 8. WBFLP and WBELP indicated higher taste
scores possibly due to development of some volatile com-
pounds explained in Sect. 3.5.1 [56, 59]. Within the scores
obtained for color, it was not observed significant difference
(p>0.05). Moreover, WBFLP and especially WBELP indi-
cated higher odor scores which can be associated with the
development of volatile compounds. Regarding the concen-
tration parameter, the WBs which had L. plantarum cells
either in free or entrapped types, indicated higher scores
which could be related to the Alg and prebiotics used to
reach higher viability (Alg-IL-DT system). These biopoly-
mers provide a high viscosity media which can increase the
mouthfulness. Overall, the highest acceptability scores were
obtained for WBs which were incorporated with free and
encapsulated probiotic cells. Especially, WBELP exhibited
relatively higher scores compared to WBFLP.

According to the reports, sensory evaluation demon-
strated that judges did not perceive the presence of cap-
sules in blackberry jam set-style yogurt, but were sensed in
milk and peach nectar [23]. Based on the results obtained
in present study, WB which was inoculated with encapsu-
lated L. plantarum, was more palatable which can due to
the activity of high viable cells remained in the Alg-IL-DT
microspheres.

Conclusion

Using IL and DT as carrier agents increased the EE obtained
for Alg-IL-DT system. IL and DT supported the cell surviv-
ability at intensive gastric and biliary conditions. pH was
decreased through the inoculation of free and encapsulated
probiotic cells. The WBs with microencapsulated L. planta-
rum had higher palatability which could be attributed to the
generation of volatile compounds such as alcohols, esters,
organic acids, and aldehydes.

Therefore, microencapsulation of L. plantarum within
the Alg-IL-DT system can be a promising approach to
increase the cell viability. Also, high pH and acidity fluctua-
tions do not occur during the storage.

Data Availability Data will be made available on request.
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