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HIGHLIGHTS

= Double Emulsion is a suitable method for protecting probiotics against harsh conditions.

= Internal water phase gelation improves the viability of probiotics.

= Tragacanth gum exhibited higher protective effect in comparison with gelatin, alginate, and carrageenan.
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rate during food processing and the challenging conditions of the gastrointestinal tract.
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Environment Methods: In this specific investigation, Lactobacillus plantarum was introduced into the

Lactobacillus plantarum Inner aqueous phase (W) of Double Emulsions (DEs) referred to as Water-in-Oil-in-Water

Emg'_s“_’”s (W/O/W,). This entrapment process involved inducing a transition from solid to gel state
robiotics.
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Background: The primary objective of encapsulating probiotics is to enhance their survival

of W, using gelatin, alginate, tragacanth gum, and carrageenan across multiple samples.
The study then explored the resistance of L. plantarum to various environmental pressures,
including thermal treatments (such as pasteurization at 72 °C for 40 s, microwave heating at

DEs=Double Emulsions
MRS=De Man-Rogosa—Sharpe

Revised: 02 Nov 2024 72 °C for 40 s, and sterilization at 145 °C for 40 s), as well as exposure to sodium chloride

Accept: 02 Mar 2025 (NaCl), bile salt, lysozyme, and penicillin. Additionally, the viability of the encapsulated
probiotics was investigated in simulated gastrointestinal conditions.

Abbreviations Results: It was found that the sensitivity of free bacterial cells to heat processing was

CFU=Colony Forming Unit significantly higher compared to encapsulated bacteria. Among the different samples,

those containing tragacanth gum exhibited the highest cell viability when subjected to
various heat treatments (14.67% reduction for microwave, 13.72% reduction for
pasteurization). Furthermore, the study demonstrated that DEs effectively improved the
survival of probiotics against NaCl, bile salt, lysozyme, and penicillin. Generally, the
gastric conditions (0.55 to 3.30 log Colony Forming Unit (CFU)/g reduction) had a more
detrimental impact on probiotic viability compared to the intestinal conditions (0.1 to 0.8
log CFU/g reduction).

Conclusion: Ultimately, DE samples containing tragacanth gum in the W; phase
displayed the most effective protective effects. This encapsulation technique holds
potential for various applications in dairy, meat, and other fermented products.
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Introduction

The health-promoting properties of probiotics are
increasingly attracting attention with respect to food
products containing these microorganisms. These live
microorganisms are the guests which take place in the
human intestine and provide health benefits for their host
(Hill et al., 2014). It has been reported that a food product
is required to contain at least 10" Colony Forming Unit
(CFU)/g of these microorganisms to confer proper health
benefits (Frakolaki et al., 2021). Dairy foods including
cheese (Ortakci et al., 2012), yogurt (El-Dieb et al., 2012),
and ice cream (Zanjani et al., 2018) are the most suitable
food products to be enriched with probiotics. Also, several
attempts are being made to enrich other types of food
products with this microorganism such as baked food
products (Irani et al., 2021). However, creating functional
encapsulation systems that can effectively shield these
microorganisms from the harsh conditions encountered
during the baking process poses a significant and complex
challenge ( Hosseinialhashemi et al., 2021; Zhang et al.,
2018).

A microencapsulation system is a matrix or membrane in
which the microorganisms such as probiotics are
embedded, thereby increasing their viability in food
products or the intestinal tract. These methods include
extrusion (Sousa et al., 2015), emulsification (Frakolaki et
al., 2021), spray drying (Zhang et al., 2015), freeze drying
(Dianawati et al.,, 2013), complex coacervation (De
Almeida Paula et al., 2019), ionic gelation (Song et al.,
2013), and electrostatic deposition (Anselmo et al., 2016).
It is noteworthy that there are still some challenges
assigned to these techniques such as low stability during
storage (Weinbreck et al., 2010), decreasing liability
during the thermal process and in vitro digestion, as well
the particle size which is responsible to sensory reception
of food products including these systems (Nag, 2011).

The substitution of certain portions of oil with water in
Oil-in-Water (O/W) emulsions allows for the incorporation
of diverse functional compounds in Water-in-Oil-in-Water
(W/O/W) emulsions. Consequently, this makes it an
appropriate choice for the development of functional O/W
emulsions ( Abbasi et al., 2023; Berendsen et al., 2015;
Frank et al., 2012; Giroux et al., 2013; Jiménez-
Colmenero, 2013) and fat replacers (Cofrades et al., 2013;
Jiménez-Colmenero, 2013). Two-step emulsification is a
common method to prepare double emulsions in form of
W/O/W emulsion (Balcaen et al., 2016; Koubaa et al.,
2018b). The first stage involves utilizing high shear forces
to create a Water-in-Oil (W/O) emulsion. Subsequently,
lower shear forces are employed to ensure the stability and
integrity of the internal water droplets, preventing them
from collapsing or dispersing. Consequently, the second
step results in coarse droplets and broad distribution of
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particle size in double emulsions (Koubaa et al., 2018a;
Oppermann et al., 2015). Unexpectedly, the droplet size of
the resulting double emulsion is somehow responsible for
the volume of the water which is retained after the second
step, and this is independent of the emulsification device
(Schuch et al., 2014).

The emulsions are wide-spreading encapsulation systems
that are represented by their scalability, small-scale
carriers, and enhancing the viability of the probiotic ( Liu
et al., 2019; Manojlovi¢ et al., 2010). W,/O/W, emulsion is
a Double Emulsion (DE) that includes oil globules
containing water droplets (W, or interior aqueous phase),
and the oil globules are simultaneously dispersed in water
as exterior aqueous phase or W, W,; is a potent
environment to embed the probiotics due to their small-
scale size (less than one pum) (De Almeida Paula et al.,
2019). Several works of literature have reported that
double emulsions are proper devices to enhance the
viability of these cells during various processes (EI Kadri
et al., 2018; Herndndez-Rodriguez et al., 2014) and
digestion (Pimentel-Gonzélez et al., 2009; Shima et al.,
2006, 2009; Wang et al., 2020). It is reported that double
emulsions containing Lactobacillus plantarum and L.
paracasei resulted in the maintenance of viable cells in
high quantities after the production process of Oaxaca
cheese (Rodriguez-Huezo et al., 2014), yogurt (El Kadri et
al., 2018), as well as under in-vitro digestion condition.
Also, when L. rhamnosus and L. acidophilus were
encapsulated in a similar encapsulation system, the system
showed survival effects during in-vitro digestion
conditions as well as resulting in an enhancement of colon
adhesion of these microorganisms (Pimentel-Gonzélez et
al., 2009; Shima et al., 2006, 2009; Wang et al., 2020).

To the best of our knowledge, there is presently no
existing literature examining the impact of internal water
phase gelation on the viability of probiotics. Therefore, the
primary aim of this research was to evaluate the survival of
L. plantarum subsequent to its encapsulation within the W,
of DEs. Additionally, we examined how the gelation of
W,, achieved through the use of gelatin, alginate,
tragacanth gum, and carrageenan, influenced the survival
of probiotic cells. The viability of these cells was evaluated
under a range of environmental stress, including heat
treatments (such as pasteurization, microwave heating, and
sterilization), exposure to sodium chloride (NaCl), bile salt,
lysozyme, and penicillin, as well as simulated
gastrointestinal conditions.

Materials and methods
Materials

Polyglycerol Polyricinoleate (PGPR) was obtained from
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Danisco Co. (Copenhagen, Denmark), Tween 80, gelatin,
sodium alginate, carrageenan, De Man-Rogosa—Sharpe
(MRS) broth, and agar were sourced from Merck Millipore
Co. (Darmstadt, Germany). Tragacanth gum was procured
from Dena Emulsion Co. (Shiraz, Iran), and olive oil was
provided by Oila Company (Tehran, Iran). Others
chemicals were of analytical grade.

Microorganism preparation

Initially, a solitary colony from the L. plantarum stock
was introduced into MRS broth and left to incubate
overnight at 37 °C in a shaker incubator. Following this, 10
ml of the inoculum was combined with 90 ml of fresh
MRS broth and incubated at 37 °C for 48 h. The resultant
microbial suspension was subjected to centrifugation at
6,000 g for four min at 6 °C (Tantratian and Pradeamchai,
2020). The resulting pellet was subsequently washed three
times with sterile saline solution and promptly applied for
the encapsulation procedure and production of samples.

Preparation of double emulsions

The W,/O/W, emulsion was prepared using a two-step
technique initially introduced by Bou et al. (2014) with
some modifications. At the first W;, O and W, phases were
prepared and then converted to DEs. For the W, phase, L.
plantarum was added into a sterile saline solution at a
concentration of 11 log CFU/g. In separate samples,
gelatin, alginate, tragacanth gum, and carrageenan were
added at a concentration of 2% wt. The alginate sample
included calcium chloride (CaCly) (100 mm), while the
carrageenan sample contained potassium chloride (KCI)
(200 mm). Following preparation, the W, phase was stored
in tubes to shield it from light. W, was formed by
dissolving Tween 80 (4% w/v) in distilled water. The oil
phase (O) comprised PGPR (6% wt) dissolved in olive oil,
which was stirred at 65 °C for 20 min. The W,/O primary
emulsion was generated by the addition of 20 g of W, to 80
g of the oil phase (O) and stirring at 500 rpm (35 °C) for 20
min. Subsequently, the emulsion was homogenized using a
T25 Ultra-Turrax (IKA, Germany) at 13,000 rpm for three
min, followed by an additional three min at 15,000 rpm. To
produce the W,/O/W, emulsions, 40 g of the W,/O primary
emulsion was homogenized with 60 g of W, at 13,000 rpm
for four min, followed by 10,000 rpm for another 4 min at
35 °C.

Effect of heat processing

The samples were placed in glass tubes and exposed to
different treatments (Soltani Lak et al., 2021).
Pasteurization involved subjecting the samples to a
temperature of 72 °C for 40 s using a water bath.
Microwave heating was performed at 72 °C for 40 s.
Sterilization was achieved by exposing the samples to a
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temperature of 145 °C for 40 s using an oil bath. After each
treatment, the samples were rapidly cooled to 4 °C using a
cold-water bath. The survivability of L. plantarum was
then assessed using the following method. The probiotics
count in the samples was measured by a serial dilution
method and then culturing on an MRS agar medium at 37
°C for two overnight.

Effect of NaCl concentration

The assessment of the survival of both free L. plantarum
and encapsulated L. plantarum in the presence of NaCl was
conducted following the methodology described by Soltani
Lak et al. (2021) by adding 0, 1, and 3% NaCl to the MRS
agar culture. The count of sustention was evaluated after 0,
1, and 2 h by MRS agar method and incubation for three
days at 37 °C.

Effects of lysozyme, penicillin, and bile salt

The effectiveness of free and encapsulated L. plantarum
against lysozyme, penicillin G, and bile salt was
individually assessed following the protocol described by
Soltani Lak et al. (2021) . This involved supplementing the
MRS agar medium with 1 ug/ml of penicillin G, 5 mg/ml
lysozyme, and either 0.5 or 1% w/v of bile salt.
Enumeration of bacterial colonies was conducted at 24 h
post-exposure.

Effect of simulated gastrointestinal conditions

The impact of simulated gastric and intestinal conditions
on the viability of all samples was assessed following the
methodology outlined by Moayyedi et al. (2018) with some
modifications. To prepare the simulated gastric fluid, a
mixture of 0.9% w/v NaCl and 0.3% w/v pepsin was
dispersed in deionized water and adjusted to pH 1.5 using
one M HCI. Similarly, for the simulated intestinal fluid, a
combination of 0.6% w/v bile salt, 0.6% NaCl, and 0.2%
w/v pancreatin was added to deionized water and adjusted
to pH 6. All solutions underwent sterilization through a
0.22 pm syringe filter. For digestion analysis, 10 ml of
sample and 10 ml of the prepared solutions were mixed
and shaken at 50 rpm and 37 °C. Enumeration was
conducted after 0, 1, and 2 h of digestion on MRS agar
plates, followed by incubation for three days at 37 °C.

Statistical analysis

All trials were replicated three times unless stated
otherwise. Statistical analysis was carried out using one-
way analysis of variance (ANOVA) with a significance
level of 0.05. Duncan's multiple range tests were then
employed to identify significant differences between the
mean values. The analysis was conducted using SAS®
software, version 9.1, developed by SAS Institute Inc., NC,
USA.
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Results and discussion
Viability against food heat processing

Heat processing is a critical aspect of food processing
that can influence the survivability of probiotics. The
effects of different heat treatments on the free L. plantarum
and encapsulated L. plantarum bacteria (by application of
gelatin, alginate, tragacanth gum, and carrageenan) are
shown in Table 1. These treatments included pasteurization
(72 °C for 40 s), microwave heating (72 °C for 40 s), and
sterilization (145 °C for 40 s). The survival outcomes
against these heat treatments are represented in Table 1. As
expected, the various heat treatments exerted distinct
effects on the survivability of L. plantarum. For free L.
plantarum, the initial count decreased from 8.37log to

4.68, 4.13, and Olog following microwave heating,
pasteurization, and sterilization, respectively. Notably,
sterilization resulted in a complete reduction of bacterial
count across all samples. Additionally, the sample
containing tragacanth gum demonstrated  superior
protective effects compared to other samples. In this
particular sample, the microbial count decreased from 8.38
to 7.15 log CFU/mI after microwave treatment, whereas
pasteurization and sterilization reduced it further to 7.23
and 0 log CFU/mI, respectively. This trend aligns with
findings from Kim et al. (2001), who noted L. acidophilus
survived at 53 °C but exhibited reduced viability at 60 °C.
Similarly, Mandal et al. (2006) observed that thermal
condition at 55, 60, and 65 °C were fatal for free bacteria,
whereas encapsulated forms demonstrated survival.

Table 1: Effects of food heat processing on the viability of probiotic Lactobacillus plantarum

encapsulated in a double water/oil/water emulsion system

0 Microwave Pasteurization Sterilization
(72°Cfor40s) (72°Cfor40s) (145 °Cfor 405s)
Control 8.36+0.03* 6.10+0.03° 6.20+0.02 © **ND
Gelatin 8.37+0.04% 7.05+0.04 B 7.10+0.02 & ND
Alginate 8.35+0.01 7.08+0.03° 7.12+0.038 ND
Tragacanth gum 8.38+0.03 A 7.15+0.02 A 7.23+£0.024 ND
Kappa carrageenan  8.34+0.04 A 7.07+0.02°8 7.14+0.02°8 ND
Free bacteria 8.37+0.04 A 4.68+0.07° 4.13+0.03° ND

*Data represent MeanzStandard Deviation (SD) of three independent repeats.

Values with different superscripted letters in each column indicate significant differences (p<0.05)

**ND=Not Detectable

Viability against NaCl concentration

Table 2 illustrates the impact of varying NaCl
concentrations (0, 1, and 3%) on the viability of both free
and encapsulated L. plantarum. Notably, the reduction in
free cell counts became significantly greater with
increasing salt concentrations, with the most substantial
reduction observed at 3% NaCl. Specifically, free L.
plantarum exhibited the highest reduction, reaching 2.08
log CFU/ml at 3% NaCl. Encapsulated forms utilizing
alginate, tragacanth gum, and carrageenan gelling agents,
however, showed no reduction in viability, highlighting the
protective role of these agents against salt-induced stress.
At a 1% NaCl concentration, there was no significant

impact on the viability of encapsulated bacteria, whereas
the count of free bacteria was notably reduced, further
indicating the susceptibility of free L. plantarum to NaCl.
The protective effects of probiotic encapsulation against
different stress conditions were reported previously by
Mohammadi-Gouraji et al. (2017) and Peighambardoust et
al. (2011). Soltani Lak et al. (2021) studied the stability of
encapsulated L. reuteri against varying concentrations of
NaCl. They reported that the effect of NaCl at 4%
concentration was more pronounced than at 2%, though the
type of wall materials significantly influenced outcomes.
Encapsulated samples had maintained higher cell viability
compared to free cells.

Table 2: Effects of NaCl concentration on the viability of probiotic Lactobacillus plantarum encapsulated in a double
water/oil/water emulsion system

NaCl concentration (%)

0 1 3
Control 8.34+0.02 ® 8.31+0.01° 7.32+0.02°€
Gelatin 8.48+0.04* 8.48+0.02 # 8.48+0.01 *
Alginate 8.400.07 *® 8.39+0.01 ® 8.37+0.02°
Tragacanth gum 8.46+0.09 A& 8.51+0.01% 8.48+0.01 4
Kappa carrageenan 8.43+0.09 A& 8.35+0.03 € 8.35+0.01 ®
Free bacteria 8.42+0.06 *° 8.25+0.02 6.3420.04°
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*Data represent Mean+Standard Deviation (SD) of three independent repeats.
Values with different superscripted letters in each column indicate significant differences (p<0.05).
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Viability against lysozyme, penicillin, and bile salt

Table 3 outlines the impact of internal water phase
gelation through double emulsion with gelatin, alginate,
tragacanth gum, and carrageenan on the survivability of all
samples, both control and encapsulated, when exposed to
bile salt. Bile salt, a significant component of gastric fluid,
can greatly influence bacterial viability. This study
evaluated the effects of 0.5 and 1% bile salt concentrations
on L. plantarum viability. The findings revealed a notable
(p<0.05) decline in the survival of control samples and
encapsulated L. plantarum following bile salt addition.
Particularly, a significant reduction was observed in free L.
plantarum, (from 8.43 to 6.18 log CFU/ml) after exposure
to 1% bile salt. These results underscored the protective
effects of all gelation agents—gelatin, alginate, tragacanth
gum, and carrageenan—against bile salt, with tragacanth
gum exhibiting the highest protective efficacy (reducing
the count to only 0.07 log CFU/ml after exposure to 1%
bile salt). Among the gelling agents, the sample containing
carrageenan with 0.33 log CFU/ml reduction had the
lowest protective effect. The same findings were observed
by Krasaekoopt et al. (2004) and Lee and Heo (2000).
Chen et al. (2017) and Hernandez-Gémez et al. (2021)
showed that encapsulation could reduce the cell reduction
in the gastric condition containing bile salt. VVarious studies
have emphasized the significance of probiotic bacteria's
viability when exposed to bile salt, highlighting the
importance of identifying bile salt-resistant probiotics for
food applications (Allain et al., 2018; Singhal et al., 2019).
Chandramouli et al. (2004) noted the shielding effects of
CaCl, and alginate on probiotics in the presence of bile

salt. They also reported that increasing the concentration of
sodium alginate has a significant impact on viability of
probiotics.

Table 3 shows the impact of lysozyme addition on the
survivability of bacteria. The inclusion of lysozyme led to
a notable decline in the survival of L. plantarum.
Particularly notable was the highest cell reduction
observed in free L. plantarum, with a decrease to 2.34
log CFU/ml. Among the various gelling agents examined
in this study, tragacanth gum-containing samples
exhibited the highest protective effect, with a reduction of
only 0.13 log CFU/ml, while carrageenan-containing
samples displayed the lowest protection, with a decline of
0.28 log CFU/ml.

Table 3 presents the effects of gelling agent at the inner
phase of double emulsion with gelatin, alginate, tragacanth
gum, and carrageenan on the viability of free and
encapsulated L. plantarum in presence of penicillin. The
impact of penicillin on probiotic viability and cell
reduction was previously investigated by Moayyedi et al.
(2018). Penicillin demonstrated a significant effect on the
survival of all samples, with the highest reduction observed
in free L. plantarum at 3.71 log CFU/ml. In our study,
tragacanth gum-containing samples exhibited the highest
protective effect with a decline of 1.11 log CFU/ml, while
gelatin-containing samples displayed the lowest protection
with a decline of 1.28 log CFU/ml. These findings
corroborate previous research by Moayyedi et al. (2018),
which highlighted the application of encapsulation
techniques using hydrocolloids to enhance protection
against penicillin.

Table 3: Effect of lysozyme, penicillin, and bile salt on the viability of probiotic Lactobacillus plantarum encapsulated in a double water/oil/water

emulsion system

Bile salt (%0)

Initial count 05 1 Lysozyme Penicillin
Control 8.35£0.02°  8.28+0.01C 7.19+0.03° 7.16+0.03° 6.78+0.04 €
Gelatin 8.49+0.04*  8.39+0.02% 8.21+0.02°% 8.24+0.03® 7.21+0.03°
Alginate 8.41+0.07"® 836x0.02° 8.19+0.02% 8.21+0.02% 7.22+0.02°

Tragacanth gum

8.47+0.09”%  8.45+0.01” 8.40+0.04* 8.34x0.04” 7.36+0.02°

Kappa carrageenan  8.43+0.09“®  8.35+0.01 % 8.10+0.02¢ 8.15+0.02¢ 7.16+0.02°

Free bacteria

8.43+0.06 “®  7.69+0.05° 6.18+0.02% 6.09+0.02F  4.72+0.07°

*Data represent Mean+Standard Deviation (SD) deviation of three independent repeats.
Values with different superscripted letters in each column indicate significant differences (p<0.05).

Viability under simulated gastrointestinal conditions

Figure 1 presents the effects of simulated gastric and
intestinal conditions on the viability of both control and
encapsulated samples within different gelation agents
(gelatin, alginate, tragacanth gum, and carrageenan) at the
inner phase of the W/O/W emulsion. In this assessment,
the counts were recorded at zero, one, and two h after
mixing simulated gastric and intestinal fluids with the
bacterial samples, reported as log CFU/ml of sample.

CCBY 4.0

The results from the simulated gastric test revealed a
significant impact of the gelling agent type on L.
plantarum survival. Across all samples, a decrease in L.
plantarum count was observed during storage, with free L.
plantarum exhibiting the highest reduction. Specifically,
the count decreased from an initial 8.43 to 7.92 log
CFU/ml after 1 h and 5.13 log CFU/ml after 2 h.
Conversely, the sample containing tragacanth gum showed
the lowest reduction, with the initial count of 8.51 log
CFU/ml decreasing to 8.29 log CFU/ml after 1 h and 7.96
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log CFU/ml after 2 h.

The decrease in bacterial count under simulated intestinal
conditions was notably lower compared to the simulated
gastric conditions (Figure 1b). Free L. plantarum exhibited
the highest reduction against the intestinal condition, with
reductions of 0.38 and 0.79 log CFU/mI after 1 and 2 h.
The sample containing tragacanth gum demonstrated the
highest protective effect. Similar findings to our study were

reported by Coghetto et al. (2016), who observed
substantial decreases in the survival of probiotics
encapsulated in sodium alginate or sodium alginate-citric
pectin through electro spraying under simulated intestinal
conditions. These researchers highlighted the protective
influence of the encapsulation material on L. plantarum
viability, reporting reductions of 4.02 log CFU/ml for free
cells and 2.07 log CFU/ml for encapsulated cells.
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Figure 1: Effects of simulated gastric (a) and intestinal (b) conditions on the viability of probiotic Lactobacillus plantarum encapsulated in a double

water/oil/water emulsion system. CFU=Colony Forming Unit.

Different capital letters indicate statistically significant differences (p<0.05) between samples at the same time and different small letters indicate

statistically significant differences (p<0.05) during the time.

Conclusion

This research focused on encapsulating L. plantarum
within various internal phase gelled double emulsions,
including gelatin, alginate, tragacanth gum, and
carrageenan. The study examined bacterial survival under
different heat treatments (pasteurization, microwave

492 Journal website: http://jfghc.ssu.ac.ir

heating, and sterilization), environmental stressors (NacCl,
bile salt, lysozyme, penicillin), and simulated
gastrointestinal conditions. Notably, under simulated
gastric  conditions, bacterial reduction was more
pronounced compared to simulated intestinal conditions. In
the heat processing test, encapsulated L. plantarum
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demonstrated better survival rates compared to free cells,
highlighting the significant role of gelling agents in
protecting L. plantarum. Of all gelling agents tested,
tragacanth gum exhibited the strongest protective effects.
Results showed that the sensitivity of unencapsulated cells
to heat processing was significantly higher than
encapsulated cells. The sample containing tragacanth gum
showed the highest cell viability when subjected to various
heat processes. Furthermore, the study showed that DEs
effectively increased the probiotics survival against NaCl,
bile salt, lysozyme, and penicillin. Finally, the gastric
conditions had a more detrimental effect on probiotic
viability compared to the intestinal conditions. The study
suggests that future research should explore the effects of
oil and external water phase gelation on probiotic viability.
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