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ABSTRACT: Probiotics are beneficial bacteria that can positively impact the health and well-being of host organisms.
When selecting probiotics for canines, it is crucial to choose species that are native to the canine intestinal tract, as these
species demonstrate host specificity. In this study, two promising lactic acid bacteria (LAB) strains, Limosilactobacillus
fermentum Pom5 and Pediococcus pentosaceus Chi8, were microencapsulated using the extrusion method with sodium
alginate (SA) and sodium alginate-goat milk (SAGM) matrices. The results showed that the highest encapsulation
yield was observed in SAGM microbeads. The surface of SAGM microbeads exhibited a smooth wavy appearance
with a denser and layered structure. The viability of both microencapsulated and non-encapsulated LAB cells was
assessed under various conditions, including simulated gastrointestinal (GI) conditions, refrigeration, storage in goat
milk at 4 °C for 28 days, and incubation under pasteurization temperature. The SAGM microbeads demonstrated
the highest survival rate with viable cell counts consistently exceeding 6 log cfu/g when subjected to individual and
sequential artificial GI conditions as well as other tested conditions. This sequential assessment provided a more
realistic representation of the complex gastrointestinal environment. The maximum release rates of the SA and SAGM
microbeads were 86.61% and 85.01%, respectively, after 6 h of incubation. This indicates that the encapsulated
bacteria were gradually released from the microbeads over time. The study suggests that both SA and SAGM are
suitable matrices for encapsulating the two strains of bacteria, but SAGM showed particular promise as an effective
encapsulation material for probiotic bacteria.
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INTRODUCTION

The intestinal microbiota plays a pivotal role in main-
taining the optimal health and well-being of dogs
[1, 2]. However, an imbalance or reduction in diversity
of the microbiota has been associated with various dis-
eases, including inflammation, metabolic syndromes,
obesity, and mood dysfunction [3]. Therefore, regu-
lating the colonic microbiota has become increasingly
important in improving the dog’s health. Among the
various methods used to regulate the intestinal micro-
biota and promote gut health, the supplementation of
probiotics, prebiotics, or a combination of both has
shown promising results in improving the health status
of dogs [4].

Probiotics are living microorganisms that, when
consumed in adequate quantities, provide health ben-
efits to the host [5]. Probiotics promote health by
directly inhibiting the growth of harmful bacteria in
the gut through various mechanisms such as the pro-
duction of antimicrobial substances, competition for
nutrients and space, and stimulation of the immune
system. Probiotics may also help to improve the overall

immune function of the host by enhancing the gut-
associated lymphoid tissue, which plays a crucial role
in regulating the immune response [6]. Lactic acid
bacteria (LAB) are often used as probiotics due to their
natural presence in the gut and their generally recog-
nized safety for consumption. However, it is important
to note that not all strains of LAB are suitable for use
as probiotics, and more research is needed to identify
and select the most effective strains for specific health
benefits [7–9]. However, the viability of LAB decreases
during the manufacturing process and exposure to
gastric and bile acids in the digestive tract, which
reduces the benefits of probiotics. Therefore, there is
a need to enhance the viability of LAB both during the
manufacturing process and within the gastrointestinal
(GI) tract [10, 11].

Microencapsulation is often applied to probiotic
products to maintain the viability of the bacteria and
protect them during processing and passage through
the digestive tract. Various microencapsulation tech-
niques, especially spray drying, freeze drying, emul-
sion, and extrusion, have been used with probiotics
to improve their survival rates during the adverse
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conditions of GI transit [12]. However, certain mi-
croencapsulating methods can potentially affect the
viability and performance of microencapsulated pro-
biotic bacteria. Among these techniques, extrusion
has been reported to involve milder conditions and is
well-known for its effectiveness in the encapsulation of
probiotics [13]. Sodium alginate (SA) is a commonly
used material for encapsulating probiotics. However,
a disadvantage of alginate beads is that their porous
structure may not provide sufficient protection for
probiotic bacteria in highly acidic environments [14].
Hence, it is advisable to incorporate alginate with addi-
tional protective materials to enhance the effectiveness
of the encapsulation and increase the viability rates of
probiotic bacteria [15].

Numerous research studies have shown the ef-
ficacy of different matrices based on alginate for
microencapsulation of probiotics, including chitosan,
zein, gum arabic, cellulose, starch, whey protein,
gelatin, and pectin [16] as well as alginate-dairy-
based matrices [17]. Alginate-dairy-based matrices
have shown particular promise as encapsulation ma-
terials for probiotic bacteria. These matrices consist
of carbohydrates, fats, and proteins, which can con-
tribute to the enhanced viability and survival of the
microencapsulated probiotics [18]. When considering
different milk options for dogs and pets, it is advisable
to choose goat milk due to its lower lactose content
and improved digestibility compared to cow milk. Goat
milk typically contains approximately 4.2–4.8% lac-
tose, whereas cow’s milk contains around 4.7–5.0%
lactose [19]. Moreover, goat milk provides additional
benefits such as prebiotics and probiotics, which can
effectively enhance the health of dogs. However, it is
worth noting that the efficacy of alginate-goat milk-
based matrices in encapsulating probiotics specifically
for dogs has not been reported.

For this attempt, the most promising lactic acid
bacteria strains from canine feces were previously
screened for probiotic attributes and evaluated for
safety properties through a combination of genome
analyses and phenotypic tests [20]. Among the strains,
we identified 2 LAB strains, namely Limosilactobacillus
fermentum Pom5 and Pediococcus pentosaceus Chi8,
which displayed the best probiotic properties. The aim
of this study was to microencapsulate these 2 probiotic
LAB strains by employing the extrusion technique in
accordance with 2 different matrices: SA and sodium
alginate-goat milk (SAGM). The encapsulation yield,
bead size, and surface structure of the microcapsules
were also assessed. Additionally, the viability of both
microencapsulated and non-encapsulated LAB cells
was investigated under artificial GI conditions, dur-
ing storage in refrigeration and goat milk at 4 °C for
28 days as well as when incubated under pasteuriza-
tion temperature.

MATERIALS AND METHODS

LAB strains and culture condition

Lim. fermentum Pom5 and P. pentosaceus Chi8 were ob-
tained from our previous study [20]. Both strains were
routinely cultivated on de Man, Rogosa, and Sharpe
(MRS) agar (Himedia, India) under microaerophilic
conditions at 37 °C.

Encapsulation of LAB strains

The encapsulation of LAB strains in SA and SAGM
matrices was carried out using the method described
by Prasanna and Charalampopoulos [17]. Briefly, a
solution of 2% w/v sodium alginate (Himedia) and
SAGM (sodium alginate to goat milk ratio of 2:1, v/v)
was prepared. The concentrated cell suspension was
mixed with the alginate-based mixture solution (algi-
nate or alginate-goat milk solution to concentrated cell
suspension ratio of 4:1, v/v). These mixtures were
then dropped into sterile 0.5 M CaCl2 (Thermo Fisher
Scientific, USA) using a 21G needle (Nippo, Thailand)
with gentle stirring. After the microbeads were set,
they were washed with sterile 0.85% NaCl solution and
then stored in sterilized bottles at 4 °C. The cell number
in the microbeads was approximately 9 log cfu/g. For
non-encapsulated cells, 10 ml of the concentrated cell
suspension was combined with 40 ml of sterile 0.85%
NaCl solution.

Determination of size and encapsulation yield of
alginate milk-based microbeads

The size of the alginate-milk microbeads was deter-
mined using a vernier caliper. For this purpose, 30–
40 microbeads were randomly selected and measured
to calculate the mean size [18]. The size of the
microbeads was expressed as the mean diameter in
micrometers (µm) ± standard deviation (SD).

The encapsulation yield was calculated by deter-
mining the percentage of cells microencapsulated in
the microbeads relative to the total initial cell count.
To obtain the microencapsulated cell count, a known
weight of microbeads was dissolved in sterile 0.85%
NaCl, and the released cells were enumerated by viable
plate count on MRS agar medium. The encapsulation
yield (EY) was calculated according to the following
formula: Encapsulation yield (%) = (Microencapsu-
lated cell count/Total initial cell count)×100.

Determination of survivability of
non-encapsulated and microencapsulated bacteria

The viability of both free and microencapsulated bac-
teria was determined using the following methods.
For free cells, serial dilutions were prepared using
sterile saline, and then 0.1 ml aliquots of the diluted
samples were spread onto MRS agar to determine
viable cells. The plates were then incubated at 37 °C
for 72 h. For microencapsulated bacteria, the sam-
ples were completely solubilized in sterilized 50 mM
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sodium citrate solution (Himedia) at pH 7.5, following
the method described by Shi et al [13]. Briefly, 1 g
of the microencapsulated matrix was mixed with 9 ml
of sodium citrate solution and then serially diluted
in sterile 0.85% NaCl. This process allowed for the
assessment of the survival and release of bacteria from
microbeads. The viable count was determined by
plating 0.1 ml of the serially diluted sample on MRS
agar, followed by incubation at 37 °C and enumeration
of viable cells.

Survivability of non-encapsulated and
microencapsulated bacteria in vitro artificial GI
conditions

The preparation and evaluation of artificial saliva fluid
(ASF), artificial gastric juice (AGJ), and artificial in-
testinal juice (AIJ) as well as the enumeration of viable
cells were carried out as follows:

ASF, containing 0.77 g of 100 U α-amylase in
0.85% NaCl (w/v), was prepared as described by
Bao et al [21]. The α-amylase solution was filtered
through a 0.45-µm filter. Microbeads (1 g) or free cells
(1 ml) were mixed with 9 ml of sterilized ASF and
incubated at 37 °C for 5 min. Samples were collected
during incubation. The free and microencapsulated
LAB were enumerated following the method as de-
scribed previously.

AGJ, containing 3 g of pepsin in 0.2% NaCl (w/v),
pH 2.0, was prepared [22]. Microbeads (1 g) or free
cells (1 ml) were mixed with 9 ml of sterilized AGJ
and incubated 37 °C for 120 min. For free cells, the
samples were collected and centrifuged at 10,000×g
for 15 min at 4 °C. The resulting pellet was then diluted
in sterile 0.85% NaCl and enumerated. The free and
microencapsulated LAB were enumerated following
the method as described previously.

AIJ was prepared by dissolving 3 g of bile salt
(Himedia) in 1,000 ml of intestinal solution containing
6.5 g/l NaCl, 0.835 g/l KCl, 0.22 g/l CaCl2, and
1.386 g/l NaHCO3 [23]. Microbeads (1 g) or free
cells (1 ml) were mixed with 9 ml of sterilized AIJ
and incubated at 37 °C for 180 min. Sampling and
enumeration of free and microencapsulated LAB were
carried out using the previously described method.

Survivability of non-encapsulated and
microencapsulated bacteria during sequential
incubation in vitro artificial digestive tract
conditions

The survival of both free and microencapsulated bac-
terial cells during sequential incubation in artificial GI
conditions was evaluated as described previously [24]
with the inclusion of an additional step involving ASF.
Briefly, 1 g of microbeads or 1 ml of free cells were
added to 9 ml of ASF and incubated for 5 min. After
incubation, the treated microbeads and free cells were
centrifuged at 10,000×g to remove the ASF, and the

cells or microbeads were then transferred into 10 ml
of AGJ. The microbeads and free cell samples were
further incubated for 180 min. Subsequently, the
treated microbeads and free cells were centrifuged
at 10,000×g to remove the AGJ, and the cells or
microbeads were transferred into 10 ml of AIJ, fol-
lowed by incubation for 360 min. All incubations
were performed with shaking at 100 rpm and at a
temperature of 37 °C. The viability of the free cells and
microencapsulated LAB before and after exposure to
artificial GI conditions was determined by plating on
MRS agar using methods previously described.

Release profiles of microencapsulated probiotic
cells in artificial intestinal condition

The rate of release of microencapsulated probiotics
from SA and SAGM matrices was studied by adding
microbeads to AIJ and incubating at 37 °C for 6 h.
One ml aliquots were taken at each time point, serially
diluted in sterile 0.85% NaCl, and spread onto MRS
agar. After incubation for 24 h at 37 °C, colonies were
counted to determine the number of released cells.

Survivability of non-encapsulated and
microencapsulated bacteria during refrigeration
and in the presence of goat milk at 4 °C

The viability of non-encapsulated and microencap-
sulated bacteria was investigated under refrigeration
conditions and when submerged in goat milk at 4 °C.
In this study, 1 g of microbeads or 1 ml of free cells
was placed in sterile centrifuge tubes (NEST, China)
and stored at 4 °C for 28 days. For goat milk, 10 ml of
sterilized goat milk were added to 1 g of microencapsu-
lated cells or 1 ml of free cells in centrifuge tubes and
then stored at 4 °C for 28 days. Samples were taken
on days 0, 7, 14, 21, and 28, and cell viability was
determined using the method described above.

Structure of microbeads using scanning electron
microscopy (SEM)

The microbeads were dehydrated using a sequential
series of ethanol solutions and then fixed to SEM stubs
using adhesive tape. Subsequently, the microbeads
were coated with gold using a sputter coater SCD 040
(Balzers, Germany) following the method described
by Prasanna and Charalampopoulos [17]. Finally, the
coated microbeads were examined using a scanning
electron microscope JSM-IT300 (JEOL InTouchScope,
USA).

Microencapsulated cell survivability under
pasteurization temperature

This study followed the method described by
Mao et al [25]. Briefly, 1 g of microbeads or 1 ml
of free cells was added into sterile goat milk and
incubated at 63 °C for 30 min and then at 72 °C for
15 s. The sample was quickly cooled and analyzed for
cell viability as described previously.
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Statistical analysis

All experiments were conducted in triplicate. The size
of microbeads and encapsulation yield results were
analyzed using Student’s t-test analysis. Viable cell
counts from artificial GI conditions, storage, and pas-
teurization temperature studies were analyzed using
one-way analysis of variance (ANOVA) with Tukey’s
multiple comparison tests in SAS (version 9.2, SAS
Institute Inc., Cary, NC, USA).

RESULTS

Determination of size, encapsulation yield, and
structure of alginate and alginate-goat milk
microbeads

The size of the different microbeads was shown
in Table 1. The mean size of SA and SAGM microbeads
was about 2.2 mm. When comparing the size of SA
and SAGM microbeads, significant differences were
observed (p ⩽ 0.05) as shown in Table 1. Addition-
ally, the encapsulation yield of P. pentosaceus Chi8
in SA and SAGM microbeads also showed significant
differences. These findings suggest that SAGM mi-
crobeads had higher encapsulation yield compared to
SA microbeads. The highest encapsulation yield was
observed in SAGM microbeads microencapsulated with
P. pentosaceus Chi8.

The surface morphology of the microbeads was
examined using SEM micrographs, as shown in Fig. 1.
At a magnification of 10,000× , the surface of SAGM
microbeads exhibited a smooth wavy appearance with
a denser and layered structure (Fig. 1C and 1D),
whereas SA microbeads appeared as single layer
patches (Fig. 1A and 1B).

Survivability of free and microencapsulated
bacteria in vitro artificial GI conditions

Survivability of non-encapsulated and microencap-
sulated bacteria in artificial saliva fluid

Microencapsulation strategies were evaluated in artifi-
cial oral phases with free cells used as a control. In
the oral phase, survival rates showed no significant
decrease in all treatment groups (Table 2). Therefore,
our results indicate that SA, SAGM, and free cells were
stable enough under higher salivary α-amylase con-
centrations with survival rates of 97.83–99.55% when
incubated for 5 min. Although specific data on the
duration of the oral phase in dogs are not available, it
is widely recognized that dogs tend to quickly swallow
their food without prolonged oral processing [26].
Consequently, it can be inferred that the duration of
our study aligns with the average oral duration of food
in dogs.

Survivability of non-encapsulated and microencap-
sulated bacteria in artificial gastric juice

Microencapsulation significantly protected cells in AGJ
as shown in Table 3. The viable cell counts of mi-
croencapsulated cells of the 2 LAB strains were still
detected in the range of 6.95–7.57 log cfu/ml after
180 min, whereas the cell counts of free cells were
about 5.62–5.87 log cfu/ml after 180 min. When
comparing the different matrices SA and SAGM, the
SAGM capsule provided higher protection for viable
cells than SA with a statistically significant difference
(p ⩽ 0.05). The highest viable cell counts of both
microencapsulated LAB strains, as shown in SAGM,
were 7.57 and 7.37 log cfu/g after 180 min, respec-
tively. The present study also demonstrated that both
SA and SAGM matrices were effective in protecting
both LAB strains from the highly acidic environment
for an extended period of time.

Survivability of non-encapsulated and microencap-
sulated bacteria in artificial intestinal juice

The survival of free and microencapsulated LAB in AIJ
at 37 °C for 180 min is presented in Table 3. Encap-
sulation with SA and SAGM matrices provided better
protection for bacterial cells in AIJ compared to free
cells with SAGM showing higher protection than SA. In
addition, the viable count of non-encapsulated bacteria
showed a decrease of about 1.46–1.78 log cfu/ml
within 180 min.

Survivability of non-encapsulated and microencap-
sulated bacteria during sequential incubation in
vitro artificial GI conditions

The survival of both free cells and microencapsulated
LAB strains during sequential incubation in artificial
GI conditions is presented in Table 4. Similar trends
were observed in artificial saliva, gastric, and intestinal
juices. Encapsulation in both alginate and alginate-
goat milk significantly improved the survival of LAB
cells compared to free cells. Notably, microencap-
sulated LAB cells using SAGM exhibited the highest
survival with capsule stability maintained even after
360 min of exposure to artificial GI conditions.

Release profiles of microencapsulated probiotic
cells in an artificial intestinal juice condition

The release profiles of microencapsulated Lim. fer-
mentum Pom5 and P. pentosaceus Chi8 using SA and
SAGM under AIJ conditions were evaluated, and the
results are presented in Table 5. It was observed
that the microencapsulated Lim. fermentum Pom5 and
P. pentosaceus Chi8 using SA and SAGM exhibited
slow release upon transfer into the AIJ. After 6 h of
incubation, the maximum release rates of SA for Lim.
fermentum Pom5 and P. pentosaceus Chi8 were 86.61%
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Table 1 Encapsulation yield and size of microbeads in different LAB strains.

LAB strain
Size (mm) Encapsulation yield (%)

SA SAGM SA SAGM

Lim. fermentum Pom5 2.24±0.02B 2.26±0.01A 94.05±0.29A 96.64±0.81A

P. pentosaceus Chi8 2.21±0.02B 2.29±0.01A 92.27±0.16B 98.97±0.73A

The values presented represent the mean± standard deviation of 3 determinations. Different capital letters indicate
statistically significant differences between different matrices (rows) within each strain with a significance level of p⩽ 0.05
(Student’s t-test).

Table 2 Survivability of non-encapsulated and microencapsulated LAB in artificial saliva fluid at 37 °C for 5 min.

LAB strain Encapsulation material
Incubation period (min)†

0 5 Survival rate (%)‡

Lim. fermentum Pom5 SA 7.76±0.05A 7.65±0.06A 99.36A

SAGM 7.83±0.05A 7.79±0.17A 97.83A

non-encapsulated 7.66±0.07A 7.67±0.08A 98.20A

P. pentosaceus Chi8 SA 7.79±0.03A 7.77±0.07A 98.45A

SAGM 7.73±0.06A 7.70±0.09A 98.52A

non-encapsulated 7.63±0.03A 7.62±0.03A 99.55A

Values represent mean± standard deviation of 3 determinations. Statistically significant differences within matrices are
indicated by different capital letters (columns) at each time point with a significance level of p ⩽ 0.05 (Tukey’s test).

† Log cfu/g for microencapsulated cells or log cfu/ml for non-encapsulated cells.
‡ Calculated by dividing the final viable cells (cfu/g or cfu/ml) by initial viable cells (cfu/g or cfu/ml) of LAB.

Table 3 Survivability of non-encapsulated and microencapsulated LAB in artificial gastric juice (pH 2) at 37 °C for 180 min
and in artificial intestinal juice (pH 7.4) at 37 °C for 180 min.

In artificial gastric juice (pH 2) at 37 °C for 180 min

LAB strain Encapsulation Incubation period (min)† Survival

material 0 30 60 90 120 150 180 rate (%)‡

Lim. fermentum SA 8.07±0.05C 7.93±0.06B 7.77±0.05B 7.34±0.04B 7.96±0.07A 7.22±0.08B 7.01±0.10B 86.86A

Pom5 SAGM 8.63±0.07B 8.56±0.19A 7.98±0.05A 7.86±0.03A 7.99±0.11A 7.78±0.08A 7.57±0.21A 87.72A

Non-encapsulated 8.87±0.06A 7.81±0.06B 7.62±0.07B 7.02±0.10C 6.48±0.05B 5.96±0.09C 5.87±0.07C 66.12B

P. pentosaceus SA 8.17±0.02B 7.81±0.02B 8.05±0.08B 7.77±0.10B 7.52±0.21B 7.54±0.07B 6.95±0.08B 85.05A

Chi8 SAGM 8.35±0.08A 8.17±0.06A 8.10±0.06A 7.97±0.04A 8.28±0.06A 7.75±0.07A 7.37±0.23A 88.23A

Non-encapsulated 8.89±0.03A 7.48±0.02C 7.24±0.07C 6.87±0.06C 6.21±0.07C 5.95±0.06C 5.62±0.08C 63.20B

In artificial intestinal juice (pH 7.4) at 37 °C for 180 min

LAB strain Encapsulation Incubation period (min)† Survival

material 0 30 60 90 120 150 180 rate (%)‡

Lim. fermentum SA 8.40±0.04B 8.34±0.02B 8.18±0.03B 7.91±0.10B 7.87±0.02C 7.78±0.03B 7.31±0.15B 87.06A

Pom5 SAGM 8.51±0.08B 8.43±0.06AB8.39±0.02A 8.24±0.08A 8.21±0.02A 8.03±0.05A 7.63±0.22A 89.71A

Non-encapsulated 8.83±0.03A 8.53±0.03A 8.35±0.04A 8.13±0.08A 8.06±0.05B 7.66±0.09B 7.05±0.01C 79.86B

P. pentosaceus SA 8.12±0.05C 8.07±0.04C 7.98±0.03B 7.84±0.09B 7.90±0.05B 7.71±0.05B 7.72±0.02B 94.99A

Chi8 SAGM 8.83±0.03A 8.72±0.02A 8.49±0.03A 8.33±0.10A 8.39±0.03A 8.05±0.07A 8.09±0.05A 91.62A

Non-encapsulated 8.61±0.02B 8.26±0.03B 8.11±0.07B 7.97±0.06B 7.82±0.04B 7.49±0.10C 7.15±0.04C 83.04C

Values represent mean± standard deviation of 3 determinations. Statistically significant differences within matrices are
indicated by different capital letters (columns) at each time point with a significance level of p ⩽ 0.05 (Tukey’s test).

† Log cfu/g for microencapsulated cells or log cfu/ml for non-encapsulated cells.
‡ Calculated by dividing the final viable cells (cfu/g or cfu/ml) by initial viable cells (cfu/g or cfu/ml) of LAB.
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Fig. 1 Surface morphology of microbeads using Scanning electron microscopy: (A) SA microbeads, (B) SA microbeads
microencapsulated with Lim. fermentum Pom5, (C) SAGM microbeads, and (D) SAGM microbeads microencapsulated with
Lim. fermentum Pom5 (magnification 10,000×).

Table 4 Survivability of non-encapsulated and microencapsulated probiotic bacteria during sequential incubation in artificial
digestive tract conditions at 37 °C for 360 min.

LAB strain Encapsulation Incubation time (min)†

material Artificial saliva fluid Artificial Artificial
Survival rate (%)‡gastric juice intestinal juice

0 10 180 360

Lim. fermentum SA 9.35±0.17A 9.19±0.17A 6.54±0.07B 5.70±0.06B 61.02B

Pom5 SAGM 9.34±0.19A 9.29±0.13A 7.38±0.08A 6.86±0.06A 73.70A

Non-encapsulated 9.50±0.06A 9.28±0.13A 5.64±0.11C 4.36±0.06C 45.88C

P. pentosaceus SA 9.15±0.05B 9.07±0.04B 6.60±0.22B 5.88±0.06B 64.25A

Chi8 SAGM 9.22±0.08B 9.16±0.08B 7.29±0.14A 6.48±0.29A 70.22A

Non-encapsulated 9.35±0.17A 9.19±0.17A 6.54±0.07B 5.70±0.06B 61.02B

Values represent mean± standard deviation of 3 determinations. Statistically significant differences within matrices are
indicated by different capital letters (columns) at each time point with a significance level of p ⩽ 0.05 (Tukey’s test).

† Log cfu/g for microencapsulated cells or log cfu/ml for non-encapsulated cells.
‡ Calculated by dividing the final viable cells (cfu/g or cfu/ml) by initial viable cells (cfu/g or cfu/ml).
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Table 5 Release rate of microencapsulated probiotic cells in an artificial intestinal juice condition.

LAB strain Encapsulation Incubation time (h)†

material 0 1 2 3 4 5 6

Lim. fermentum SA 64.84±0.10A 67.29±0.10B 69.33±0.05B 75.18±0.05A 78.68±0.02A 82.44±0.05A 86.61±0.01A

Pom5 SAGM 65.80±0.03A 69.19±0.07A 72.40±0.06A 74.79±0.06A 77.45±0.06A 80.42±0.09A 85.01±0.03A

P. pentosaceus SA 60.96±0.06A 66.99±0.09A 73.72±0.47A 73.53±0.52A 77.87±0.53A 78.82±0.33A 81.93±0.20A

Chi8 SAGM 61.18±0.14A 71.59±0.13A 70.70±0.50B 72.63±0.31A 75.47±0.18A 77.15±0.41A 81.23±0.18A

Values represent mean± standard deviation of 3 determinations. Statistically significant differences within matrices are
indicated by different capital letters (columns) at each time point with a significance level of p ⩽ 0.05 (Student’s t-test).

‡ Log cfu/g for microencapsulated cells or log cfu/ml for non-encapsulated cells.

and 81.93%, respectively, while the maximum release
rates of SAGM for Lim. fermentum Pom5 and P. pen-
tosaceus Chi8 were 85.01% and 81.23%, respectively.
No significant difference was observed in the release
profiles of both LAB strains when microencapsulated
with SA and SAGM.

Survivability of non-encapsulated and
microencapsulated bacteria during refrigeration

Table 6 shows the viability of free and microencap-
sulated LAB with different capsules during the re-
frigerated storage at 4 °C. During 28 days of storage,
the viable counts of free cells decreased by approxi-
mately 2.35 and 2.03 log cfu/ml for Lim. fermentum
Pom5 and P. pentosaceus Chi8, respectively. The viabil-
ity of cells in SA capsules decreased by about 2.02 and
1.95 log cfu/ml for Lim. fermentum Pom5 and P. pen-
tosaceus Chi8, respectively, which was not significantly
different from the free cells. However, the cell viability
in SAGM capsules was significantly higher compared
to that in both the free cells and SA capsules during
refrigerated storage. Moreover, all treatments were
able to maintain cell viability above the recommended
count of 6 log cfu/g after 28 days of storage.

Survivability of non-encapsulated and
microencapsulated bacteria in goat milk during
refrigerated storage

The survival results of free and microencapsulated cells
stored in goat milk at 4 °C for 28 days were presented
in Table 6. The findings indicate that encapsulation
improved the survival of bacterial cells in goat milk
during storage. The free cells showed a survival rate in
goat milk ranging from 80.36% to 84.44% with a re-
duction in cell concentration of 1.44 to 1.84 log cfu/ml
after 28 days of storage. SAGM microbeads provided
greater cell protection compared to SA and free cells,
although the difference was not statistically significant.
Moreover, all treatments demonstrated the ability to
maintain the viability level exceeding 6 log cfu/g in
goat milk throughout the duration of storage. Addi-
tionally, the survival rate of both free and microencap-
sulated cells in goat milk was improved compared to
the absence of goat milk (Table 7). This result suggests
that both free and microencapsulated cells with SA and

SAGM in goat milk could be applied in feed products,
not only providing sufficient amounts for host supply
but also maintaining survivability during longer stor-
age at 4 °C for 28 days.

Microencapsulated cell survivability under
pasteurization temperature

Table 7 presents the viability of microencapsulated
Lim. fermentum Pom5 and P. pentosaceus Chi8 cells
at different pasteurization temperatures, compared
to non-encapsulated cells. The viability of non-
encapsulated Lim. fermentum Pom5 and P. pentosaceus
Chi8 cells was found to significantly decrease after
pasteurization at 63 °C for 15 min and 72 °C for 15 s.
In contrast, encapsulation using SAGM maintained
the survivability of Lim. fermentum Pom5 and P. pen-
tosaceus Chi8 of approximately 7.22–7.94 log cfu/g
and 6.33–7.37 log cfu/g, respectively. These results
suggest that SAGM demonstrated efficacy in enhancing
thermal stability of Lim. fermentum Pom5 and P. pen-
tosaceus Chi8.

DISCUSSION

This study highlights the potential of microencapsu-
lation as a promising approach to enhance the sur-
vivability of probiotics in conditions relevant to the
GI tract and food processing. While probiotics are
commonly used in human health, their use in dogs is
comparatively rare due to various reasons such as lim-
ited research, regulatory constraints, and differences
in digestive systems. Previous studies have successfully
identified and isolated LAB from the feces of dogs, sug-
gesting their potential as probiotics for dogs [27–29].
However, the encapsulation of probiotics derived from
dogs has been scarce. Encapsulation of probiotics for
dogs can offer several benefits, including enhanced
viability, improved stability, controlled release, easy
administration, customization, and increased safety.
For this purpose, it is crucial to choose high-quality en-
capsulated probiotic products specifically formulated
for dogs.

This study attempted to microencapsulate 2 se-
lected probiotics that were isolated from dogs. Mi-
crobeads were prepared, and important parameters
such as size, surface morphology, and encapsulation
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Table 6 Changes in the viable count of non-encapsulated and the microencapsulated probiotic bacteria during refrigerated
storage (4 °C) for 28 days and in goat milk at 4 °C for 28 days.

In refrigerated storage (4 °C) for 28 days

LAB strain Encapsulation Day of storage†

material 0 7 14 21 28 Survival rate (%)‡

Lim. Fermentum SA 8.73±0.20A 8.22±0.06B 7.87±0.08B 7.09±0.11B 7.05±0.10B 80.74B

Pom5 SAGM 8.90±0.27A 8.69±0.40A 8.54±0.08A 8.17±0.06A 8.10±0.06A 91.01B

Non-encapsulated 8.92±0.04A 8.86±0.08A 7.56±0.40B 6.50±0.17B 6.57±0.21B 73.58A

P. pentosaceus SA 8.81±0.09A 8.56±0.05A 7.71±0.01B 7.61±0.06B 7.06±0.04B 80.17B

Chi8 SAGM 8.96±0.09A 8.78±0.05A 8.57±0.02A 8.14±0.08A 7.98±0.08A 89.06A

Non-encapsulated 8.89±0.16A 7.61±0.24B 6.82±0.05C 6.94±0.09C 6.55±0.10C 73.67C

In goat milk at 4 °C for 28 days

LAB strain Encapsulation Day of storage†

material 0 7 14 21 28 Survival rate (%)‡

Lim. Fermentum SA 8.87±0.08A 8.83±0.25A 8.31±0.36A 8.25±0.29A 7.80±0.28A 87.98A

Pom5 SAGM 8.81±0.34A 8.65±0.51A 8.17±0.29A 8.18±0.10A 8.16±0.54A 92.66A

Non-encapsulated 9.03±0.07A 8.77±0.24A 8.41±0.24A 8.10±0.14A 7.92±0.25A 87.67A

P. pentosaceus SA 9.31±0.22A 9.01±0.43A 9.09±0.39A 8.96±0.22A 8.70±0.57A 93.44AB

Chi8 SAGM 9.19±0.40A 9.23±0.54A 9.16±0.37A 8.97±0.58A 9.06±0.53A 98.66A

Non-encapsulated 9.68±0.38A 9.47±0.11A 8.86±0.38A 8.50±0.11A 8.11±0.11A 83.76B

Values represent mean± standard deviation of 3 determinations. Statistically significant differences within matrices are
indicated by different capital letters (columns) at each time point with a significance level of p ⩽ 0.05 (Tukey’s test).

† Log cfu/g for microencapsulated cells or log cfu/ml for non-encapsulated cells.
‡ Calculated by dividing the final viable cells (cfu/g or cfu/ml) by initial viable cells (cfu/g or cfu/ml).

Table 7 Changes in the viable count of non-encapsulated and the microencapsulated probiotic bacteria in pasteurization
temperature.

LAB strain Encapsulation Before After pasteurization temperature ( °C)

material pasteurization 63 °C, Survival 72 °C, Survival
15 min rate (%)‡ 15 s rate (%)‡

Lim. fermentum SA 9.36±0.06A 4.44±0.12B 47.48B 5.80±0.15B 61.91B

Pom5 SAGM 9.32±0.06A 7.22±0.11A 77.47A 7.94±0.05A 85.18A

Non-encapsulated 9.31±0.12A 3.71±0.18C 39.90C 4.49±0.33C 48.23C

P. pentosaceus SA 9.40±0.04A 4.65±0.05B 51.10B 5.51±0.17B 58.70B

Chi8 SAGM 9.36±0.03A 7.37±0.14A 78.75A 6.33±0.04A 84.47A

Non-encapsulated 9.41±0.05A 2.21±0.18C 34.47C 3.66±0.12C 50.51C

Values represent the mean± standard deviation of 3 determinations. Statistically significant differences within matrices
are indicated by different capital letters (columns) at each pasteurization temperature, with a significance level of p⩽ 0.05
(Tukey’s test).

‡ Calculated by dividing the viable cells (cfu/g or cfu/ml) after pasteurization by the viable cells (cfu/g or cfu/ml) before
pasteurization.

yield were determined, as these factors are crucial
to consider for further evaluation of the encapsulated
probiotics. The size of the microcapsules revealed
that SAGM microbeads (2.26±0.01–2.29±0.01 mm)
were slightly larger than SA microbeads (2.24±0.02–
2.21±0.02 mm) but had a significantly higher encap-
sulation yield (96.64±0.81–98.97±0.73%). The larger
size of SAGM microbeads may have provided a greater
surface area for the interaction between the LAB strains

and the hydrocolloid matrix, resulting in a more effi-
cient entrapment of the cells and higher encapsulation
yield. In contrast with previous studies, Prasanna and
Charalampopoulos [17] reported that the size of SA
microbeads (2.3±0.4 mm) was significantly smaller
than that of SAGM microbeads (3.1±0.2 mm) but
not significantly different in encapsulation yield. The
incorporation of sodium alginate with goat milk in
the microencapsulation process can have a significant
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influence on the observed phenomenon. The combi-
nation of these 2 components brings together unique
characteristics that positively impact the encapsulation
process. Goat milk, with its proteins, fats, carbohy-
drates, and prebiotics, can interact with the sodium
alginate matrix and the probiotic cells, resulting in
improved entrapment and enhanced protection of the
cells within the microbeads. This interaction has
the potential to lead to higher yields of encapsulated
probiotic cells. Regarding surface structure, SAGM
microbeads exhibited a smoother wavy appearance
with a denser and layered structure, which may have
facilitated better interaction between the LAB strains
and the hydrocolloid matrix, promoting a more effi-
cient entrapment of the cells within the microbeads
and potentially resulting in higher encapsulation. Sim-
ilarly, Prasanna and Charalampopoulos [17] reported
that SAGM microbeads displayed a crack-free surface,
suggesting improved protection of microencapsulated
cells against adverse conditions.

The survivability of LAB strains under GI condi-
tions is a critical factor for ensuring their viability
and functionality in the target site of the intestines.
The results revealed that the free cells of the LAB
strains were able to survive under artificial gastric
juice conditions for up to 180 minutes, in contrast to
the findings of Prasanna and Charalampopoulos [17],
where free cells were not detectable up to 120 min.
This discrepancy could potentially be attributed to the
fact that the LAB strains used in this study were isolated
from dog feces, which are known to be exposed to
harsh conditions in the GI tract. These strains, having
been exposed to such conditions, may have developed
resilience and adaptation, leading to a longer survival
time in the GI tract compared to LAB strains from other
sources. In addition, microencapsulation with SAGM
resulted in better protection for the cells compared
to SA, which is consistent with previous studies that
reported higher survival rates, likely attributed to the
high buffer capacity of milk proteins that can protect
LAB from the highly acidic environment [17, 30, 31].
These findings highlight the potential of SAGM mi-
crobeads as an effective delivery system for protecting
probiotic LAB strains during passage through the GI
tract.

The sequential impact of GI conditions on the
survivability of LAB strains was a notable aspect inves-
tigated in this study. While many previous studies have
examined the effects of individual GI conditions such
as saliva, gastric, or intestinal juices, only a limited
number of studies have investigated the sequential
impact of multiple GI conditions. This study is one
of the first of its kind to simulate sequential GI con-
ditions, providing a more realistic representation of
the complex environment of the GI tract. According
to the results, SAGM microbeads showed the highest
survival rate with viable cell counts remaining above

6 log cfu/g, which exceeds the recommended stan-
dards set by FDA for probiotic effectiveness in provid-
ing health benefits [32]. This indicates the potential of
these microencapsulated LAB strains to provide health
benefits as probiotics, even when subjected to the
sequential challenges of the GI tract.

The study evaluated the release profiles of mi-
croencapsulated LAB strains under AIJ conditions us-
ing SA and SAGM matrices. Successful colonization
of the GI tract is crucial for probiotics to effectively
interact with the host and confer health benefits [33].
Previous studies have shown that microencapsulation-
based methods can improve survival rates and reten-
tion of viable probiotics in reaching the colon [34–36].
In this study, special attention was given to timing the
probiotic release from the microencapsulated matrix to
provide a sufficient number of viable probiotics during
the estimated transit time in the large bowel, which is
reported to range from 427 to 2,573 min in dogs [37].

Maintaining the viability of probiotics during stor-
age is an important consideration for their commercial
applications, as probiotic products are often stored
under refrigeration to prolong their shelf life. In this
study, goat milk was chosen as the carrier for probiotics
because it is a common ingredient in pet food and
is known to be easily digestible when compared to
cow milk [38]. Both free and microencapsulated LAB
strains, using both SA and SAGM matrices, were able
to maintain viability levels exceeding 6 log cfu/g in
goat milk during storage at 4 °C for 28 days. SAGM
capsules provided the best protection for cells during
28 days of storage, although cell survival may vary
depending on the strain used. Similar findings have
been reported in other studies where alginate-based
microbeads provided effective protection for probiotics
during refrigerated storage. For instance, encapsu-
lation of L. gasseri and B. bifidum in chitosan-coated
alginate microspheres was shown to maintain viabil-
ity throughout a 28-day storage period at 4 °C [21].
Additionally, Prasanna and Charalampopoulos [17]
demonstrated that alginate-dairy microbeads offered
better protection for cells during refrigerated storage
compared to SACH (SA/casein hydrolysate) and SA.
This result suggests that these probiotic strains can be
incorporated with goat milk both as an encapsulation
material and as a colloid for suspending both encap-
sulated and un-encapsulated probiotic cells, leading to
the development of feed products for dogs without sig-
nificant loss of viability, potentially conferring health
benefits.

The survivability of microencapsulated LAB strains
under pasteurization temperature was evaluated in the
study, as pasteurization is a common heat treatment
used in the food industry to ensure food safety by
reducing pathogenic microorganisms [39]. However,
the minimal reduction in probiotic viability during the
heating process has been a challenge for research and
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development [40]. The study found that microencap-
sulated LAB strains using SAGM demonstrated efficacy
in enhancing the thermal stability of both Lim. fermen-
tum Pom5 and P. pentosaceus Chi8 when compared to
SA, suggesting that the SAGM matrix provided better
protection for the bacterial cells against pasteurization
heat treatment. The milk proteins surrounding the
bacterial cells as well as the thicker structure of SAGM
may contribute to the improved heat stability of the
bacteria by slowing the diffusion of heat [41]. The
use of microencapsulation, particularly with SAGM as
a matrix, in this study may offer a potential solution
to improve the thermal stability of probiotics during
pasteurization, which is a critical step in ensuring the
food safety of various food and beverage products.

All findings of the study suggest that SAGM mi-
crobeads may offer improved encapsulation yields, sur-
vivability in artificial GI conditions, and viability during
refrigerated storage compared to SA microbeads. The
use of sequential GI conditions in the study provides
a more realistic representation of the in vivo envi-
ronment, and the survivability of LAB strains may
be influenced by their source of origin, as seen in
the resilience of LAB strains isolated from dog feces.
These findings contribute to the understanding of the
potential benefits of SAGM microbeads for probiotic
delivery and highlight the importance of considering
various factors in designing effective probiotic delivery
systems.

CONCLUSION

The encapsulation of alginate with goat milk proved
to be the most effective method for protecting the
viability of Lim. fermentum Pom and P. pentosaceus
Chi8 in various conditions, including artificial GI con-
ditions, refrigeration at 4 °C for 28 days, and pas-
teurization. Furthermore, the incorporation of non-
encapsulated and microencapsulated bacterial cells in
goat milk as a delivery system for probiotics to dogs
showed improved survival of probiotic bacteria and
extended storage stability. This alternative approach
holds promise for maintaining the viability of probi-
otics during storage for longer periods of time.
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