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Abstract
According to theWorld Health Organization (WHO), using antibiotics as growth promoters for livestock—particularly swine—is
the principal cause of antibiotic resistance. It is therefore clear that finding an alternative to antibiotics becomes an emergency.
Hundreds of recent studies have appointed probiotics as potential candidates to replace or to be used in combination with
antibiotics. However, bringing probiotics alive to the colon—their site of action—remains a big challenge because of different
physiological barriers encountered in proximal gastrointestinal tract (GIT) such as acidic pH and bile salts that may affect the
viability of probiotic cultures. To overcome this problem, in previous studies, we developed and characterize a synbiotic formula
consisting of beads of a mixture of alginate and inulin. Three potential probiotics strains namely Pediococcus acidilactici UL5
(UL5), Lactobacillus reuteri (LR), and Lactobacillus salivarius (LS) were encapsulated to study their release and the behavior of
this synbiotic formula throughout the GIT using in vitro models. The survival and the release of bacteria from beads were studied
by specific PMA-qPCR counting. Themicroscopic aspects of the beads were studied using scanning electronmicroscopy (SEM).
Moreover, the microbial dynamics inside beads were studied by fluorescence microscopy using the live/dead test. Our results
have shown that the beads containing 5% inulin were the most stable in the stomach and throughout the small intestine. However,
beads were completely degraded in approximately 3 h of incubation in the fermented medium that mimic the colon. These results
were confirmed by SEM and fluorescence microscopy images. Therefore, it can be stated that the AI5 formulation well protected
the bacteria in the upper part of the digestive tract and allowed their controlled release in the colon.
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Introduction

In modern pharmaceutical field, drugs are defined as de-
livery system of an active ingredient, which follows the
conventional steps of the LADMER system (Liberation,

Absorption, Distribution, Metabolism, Excretion and
Response). The first letter of this acronym BL^ refers to
the step of liberation (release) which is a crucial step [1,
2]. For biopharmacists, a rapid release of the active ingre-
dient is generally sought to induce a therapeutic activity
in a short time as in the case of pain killers which are
intended to relieve the patient quickly [3, 4]. However, in
some cases, a slowed or delayed release of active ingre-
dient may be desired to prolong the duration of therapeu-
tic action or to reach relatively distant target sites in the
digestive tract as in the case of probiotics which act main-
ly in the colon [5–7].

The colonic microbiota contains a very complex and di-
verse ecosystem [8]. The cell population of the gut is estimat-
ed to be ten times higher than the total cells constituting the
host [9, 10]. This cell population is composed of over than
1100 different species and contains 100 times more genes than
the host [11]. The colon is of such importance in farmed
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animals that some researchers proclaim its integration as a
parameter of animal phenotyping [9]. The main role of the
colonic microbiota is to facilitate digestion and absorption of
non-digestible sugars and/or complex lipids. The colonic mi-
crobiota may influence systemically energy metabolism by
acting on the metabolism of host cells and can also influence
immune system [11]. Thus, the modulation of the colonic
bacterial population is an effective way to influence the state
of health and overweight condition of livestock.

There are different strategies to modulate the activity of the
colonic bacterial microbiota. Administration of probiotics,
prebiotics, or an association of both named synbiotic canmod-
ulate the activity of the colonic bacterial microbiota.

Probiotics are defined as Blive microorganisms, which
when consumed in adequate amounts, confer health benefits
to the host^ [12]. The health benefits of probiotics for live-
stock especially in swine were frequently investigated in liter-
ature. Prebiotics are defined as non-digestible food ingredient
that beneficially affects the host by selectively stimulating the
growth and/or activity of one or a limited number of
probiotics, and thus improves host health [13].

The idea of combining prebiotics and probiotics led to the
possibility of encapsulating probiotic in a prebiotic matrix.
Thus far, there are a wide variety of encapsulation methods.
That makes the choice of the appropriate technique compli-
cated. The various approaches are often based on the use of a
single or a mix of polymer. They could be in a particular
structure that provides chemical and physical resistance
enough to transport the probiotics through the digestive tract
and control their release in the colon [14].

Encapsulation of probiotics requires the use of soft methods,
which do not require high temperatures and physicochemical
conditions that impact bacterial survival [15, 16]. Among
methods of probiotics encapsulation, spray drying, extrusion,
and emulsification technologies are the most used [14, 17]. The
efficiency of these methods must be evaluated using several
techniques exploring physico-chemical properties of the matrix
[18, 19], microbiological characteristics of the probiotic
[18–20], and simulating the physiological conditions under
which these products ending up once ingested [21, 22].

In a previous study (Atia et al. [23]), we developed
synbiotic formulations based on a mixture of three potential
probiotic strains (Pediococcus acidilacticiUL5, Lactobacillus
reuteri ATCC 53608, and Lactobacillus salivarius) encapsu-
lated by an extrusion/ionotropic gelation method in an
alginate/inulin prebiotic matrix. We demonstrate that the ma-
trix containing 2% alginate and 5% inulin (named AI5) was
the most effective formulation in terms of gastrointestinal pro-
tection and probiotic delivery in the colon. To our knowledge,
works that have succeeded to deliver live and functional
probiotics to the colon are very rare. Since the target of AI5
formulation is the colon which is considered as an integrated
metabolic space [24], and described by some authors as a

superorganism [8, 25], the behavior of the formulation needs
to be studied precisely in colonic conditions.

Thus, the aim of the current work is to study the following:
(i) the behavior of AI5 formulation in the fermented (FM) or
unfermented (UFM) simulated colonic media and (ii) the bac-
terial dynamics of encapsulated strains inside beads during the
passage through the digestive tract.

Materials and Methods

Materials

Alginic acid sodium salt from brown algae (4–12 cps for 1%
w/v aqueous solution at 25 °C, mannuronic/guluronic acid
ratio of 0.65), calcium chloride (CaCl2), sodium citrate,
isopropanol, agarose, and ammonium acetate were purchased
from Sigma Chemical Company, St Louis, MO, USA. Inulin
Frutafit® was kindly provided by Sensus America
(Lawrenceville, NJ, USA); sodium hydroxide (NaOH) and
hydrochloric acid (HCl) were purchased from fisher scientific
(Ottawa, ON, Canada). Dimethylsulfoxide (DMSO) was pur-
chased from Serva (Heidelberg, Germany). Sodium chloride
(NaCl), potassium chloride (KCl), and potassium dihydrogen
phosphate (KH2PO4) were purchased from EMD (Darmstadt,
Germany).

Methods

Bacterial Strains and Growth Conditions

Lactobacillus reuteri ATCC 53608 (LR), a reuterin producer
[26] (American Type Culture Collection, Rockville, MD,
USA); Pediococcus acidilactici UL5 (UL5), a pediocin PA-1
producer [27]; and Lactobacillus salivarius (LS) [28] (Dairy
Research Centre, Laval University culture collection, Quebec,
Canada) were used as probiotic strains. Pediococcus
acidilactici UL5 and Lactobacillus salivarius were grown in
MRS broth incubated aerobically for 24 h at 37 °C [27],
whereas Lactobacillus reuteri was incubated anaerobically
for 24 h at 37 °C [26]. Bacterial strains were subcultured three
times (1%, v/v) in MRS prior to experiments. Experiments
were carried out aseptically in a laminar flow cabinet.

Preparation of Beads

For this work, all the three tested strains were encapsulated
simultaneously in the beads. One hundred milliliters of bacte-
rial suspension grown as previously described was centrifuged
for 10 min at 10,000 rpm, and pellets (≈ 1011 cfu) were
washed two times with 10 mL of phosphate-buffered saline
(PBS). Collected pellets were suspended in 10 mL of the
alginate-inulin solutions (2–5%v/v). The three strains were
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encapsulated simultaneously by thoroughly mixing; then,
beads were prepared by the extrusion/ionotropic gelation
method as described by Atia et al. [23]. Briefly, 10 mL of
bacterial suspension was poured through a drop-by-drop sys-
tem with a constant flow (2 mL/min) into 90 mL of 0.1 M
calcium chloride solution at low magnetic stirring (40 rpm)
[29]. The formed beads were then separated, using a sieve,
from the calcium chloride solution for characterization and
simulation of digestion further analysis.

Gastrointestinal Simulation

Gastrointestinal simulation experiments were performed ac-
cording to the following diagram (Fig. 1). Experiments were
designed in two main steps; the first step simulated the upper
parts of the digestive tract, while the second simulated lowers
parts (colon).

Behavior of Synbiotic Beads in the Upper Parts
of the Gastrointestinal Tract

Simulation of upper part of the gastrointestinal tract was done
with flow-through method as described by Gao [30]. A two
12-mm flow cells USP 4 assembly (Leap Technologies,
Carrboro, N.C., USA) were used during this study. USP4 cells
were prepared using a check valve ruby bead (5 mm) in the
apex of each cell with a glass-bead bed of 1 mm in the cone
area of each cell; then, 5 g of synbiotic bead sample was
positioned on the glass bead bed. The system was then set in
closed loop configurations and placed in a water bath with
controlled temperature at 37.0 ± 0.5 °C. Beads underwent ex-
posure to simulated gastric fluid (SGF) supplemented with

pepsin gastric lipase at pH 1.2 for half an hour followed by
exposure for 1.5 h to pH 4.5, and finally to simulated intestinal
fluid (SIF) supplemented with pancreatin and bile salts at
pH 6.8 during 4 h. Samples of 10 beads (0.100 g ± 0.003)
and 1 mL of media were taken at the beginning of the exper-
iment and at the end of each phase. The bacterial count of the
samples was measured to monitor the survival and release of
bacteria during simulated gastrointestinal conditions.

Behavior of Synbiotic Beads in the Colon

Colonic environment was simulated using the medium de-
scribed byMacfarlane et al. [31] and modified to match swine
colonic conditions as described by tanner et al. [32]. The me-
dium was used before and after a fermentation with colonic
microbiota as described by Le lay et al. [33]. Fermented me-
dium was taken at the end of the stabilization period, centri-
fuged at 10,000g for 10 min then sterilized by filtration with a
0.2 μm filter. Simulation of colonic part was performed in a
sequential form using 12-well plates. Each well was filled
with 20 digested beads (0.2 g ± 0.005) from USP4 step, in
2 mL of fermented or unfermented Macfarlane media. The
percentage of released bacteria was calculated in relations to
the initial number of encapsulated bacteria.

Monitoring of the Survival and Release of Bacteria
During the Digestion

During the experiment, sampling was done at different
time points as shown in Fig. 1. Beads were washed with
PBS buffer and solubilized in sodium citrate buffer at
pH 6.0 (1 g of beads in 9 mL of 55 mM sodium citrate)

Fig. 1 Schedule of the gastrointestinal simulation steps. FM: fermented medium, UFM: unfermented medium, arrows: sampling times
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[34]. Bead samples were used to track the survival of
strains while media samples were used to track the release
of the strains from beads. Enumeration of bacterial strains
was performed by quantitative polymerase chain reaction
combined with propidium monoazide treatment (PMA-
qPCR) as described below.

PropidiumMonoazide Treatment Propidiummonoazide treat-
ment was performed according to the protocol described by
Fernandez et al. [35]. Briefly, a stock solution of propidium
monoazide (Biotium, Hayward, CA, USA) in DMSO 20%
was prepared and stored in the dark at − 20 °C. An aliquot
of 2.5 μL was added to 1 mL of fresh samples. Samples were
incubated for 5 min in clear Eppendorf tubes in the dark with
periodic mixing during the incubation. Following the incuba-
tion, the Eppendorf tubes were placed on ice and exposed to a
500-W halogen light source at a distance of 20 cm for 5 min
[36]. The Eppendorf tubes were turned over manually every
minute of illumination. Finally, samples were immediately
frozen by immersion in liquid nitrogen followed by storage
at − 80 °C until DNA extraction.

DNA Extraction The employed DNA extraction protocol was
based on the protocol developed by by Fernandez et al. [35,
37]. Samples were washed three times in Tris–EDTA buffer
(20 mM Tris–HCl, 2 mM EDTA), and the centrifugal pellet
was resuspended in 200-μL Tris–EDTA buffer containing
40 mg mL−1 of lysozyme, 200 U mL−1 of mutanolysin, and
4 μg mL−1 of proteinase K followed by incubation for 1 h at
37 °C. Subsequent steps were performed following the man-
ufacturer’s instructions of the Wizard® genomic DNA
Purification Kit handbook (Promega, Madison, WI, USA).
Purity of the DNA sample was checked by measuring the
260/280 nm ratio using Nanodrop ND-1000 spectrophotome-
ter (Nanodrop Technologies, Wilmington, DE, USA).

Bacterial Enumeration by qPCR Quantitative polymerase
chain reaction (qPCR) was carried out using Fast SYBR
Green qPCR Master Mix (Applied Biosystemd, Carlsbad,
CA, USA). Experiments were run in 96-well plates. Each
qPCR reaction mixture was prepared as shown in Table 1.
Negative control was introduced for each assay.

The primer pairs developed by Mora et al. (2006), forward
−5′-GGACTTGATAACGTACCCGC-3′; reverse 5′-GTTC
CGTCTTGCATTTGACC-3′ targeting the ldhD gene was
used to quantify Pediococcus acidilactici UL5. This primer
generated an amplicon of 449 base pairs (bp) [38].
Lactobacillus salivarius was quantified using primers devel-
oped by Harrow et al. (2007): forward −5 ′-GTCG
TAACAAGGTAGCCGTAGGA-3′ and reverse 5′-TAAA
CAAAGTATTCGATAAATGTACAGGTT-3′. They give an
amplicon of 97 bp [39]. Finally, Lactobacillus reuteri primers
were as follows: forward −5′- TTGGAAATGTTCCA
CAAGAC-3 ′ and reverse 5 ′-TTGTGAGTTTGGAT
TGAACC-3′ [40]. qPCRs were performed on an ABI 7500
real-time PCR system (Applied Biosystems, Streetsville, ON,
Canada). Standard curves were generated from plots of thresh-
old cycle (Ct) versus bacterial count (cfu/mL). The bacterial
count (cfu/mL) was interpolated from the averaged standard
curves. A detection limit near 5 × 103 cfu/mL was calculated
for all strains.

Study of the Macrostructure and Microstructure of the Beads
During Gastrointestinal Digestion

Bead macrostructure was analyzed at different sampling
times, using a Bio-Rad ChemiDoc Imager (Bio-Rad
Laboratoires, ON, Canada). Bead samples were also exam-
ined under scanning electron microscope (SEM) (JSM-
5310LV Scanning Microscope, Tokyo, Japan). They were
mounted on metal grids using double-sided adhesive tape
and gold coated under vacuum. Observations were performed
at low (× 50), high (× 2700), and very high (× 9000) magnifi-
cation power.

Monitoring the Distribution of Bacteria Inside the Beads
During Gastrointestinal Digestion

Microbial distribution inside beads during gastrointestinal di-
gestion was studied using L-7012 LIVE/DEAD ® BacLight
™ Bacterial Viability kit, according to manufacturer’s instruc-
tions [41]. The kit composed of two fluorochromes: SYTO 9,
green-fluorescent nucleic acid dye and propidium iodide, red-
fluorescent nucleic acid dye. The maximum excitation/
emission was 480 nm/500 nm for SYTO 9 and 490 nm/
635 nm for propidium iodide. Thus, with an appropriate
SYTO 9/propidium iodide mixture, bacteria with intact cell
membranes emit green fluorescence, whereas bacteria with
damaged membranes emit red fluorescence. Bead samples at
different times of digestion were collected, split into two
halves, colored, and examined under Olympus BX51 fluores-
cence microscope (Tokyo, Japan). Obtained images were an-
alyzed with the GNU Image Manipulation Program (GIMP)
software, for semi-quantitative determination of live and dead
bacteria inside the beads during the digestion.

Table 1 composition of
each PCR reaction Reagents Volume

forward primer 5 μM 1 μL

reverse primer 5 μM 1 μL

10× diluted purified DNA 5 μL

2× SYBR Green master mix 12.5 μL

DNase-free water 5.5 μL

Total 25 μL
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Statistical Analysis

All measurements were performed at least in triplicate. Data
was statistically analyzed by analysis of variance (ANOVA)
using SPSS software. Mean comparisons were performed
using Tukey’s honest significant difference (HSD) test with
a significance level of p < 0.05.

Results and Discussion

Monitoring the survival and release of bacteria
during the digestion

Bead samples were used to track survival of the used strains
during digestion. Indeed, the probiotics strains used in this work
were selected because of their potential antimicrobial properties
[42, 43] and also for their compatibility; indeed, no effect was
observed between the three strains when they were encapsulat-
ed together as demonstrated in our previous works [23].
Furthermore, our previous studies demonstrated the resistance
of AI5 formulation in the upper parts of the gastrointestinal tract
[44]. Thus, the current work was a study to complement and
provide missing information about the behavior of this formu-
lation in the fermented and unfermented colonic media.

The count of each bacterial strain was performed using
PMA treatment followed by qPCR. The PMA treatment stops
the amplification of DNA from dead bacteria and therefore

only quantifies living one [45, 46]. Specific primers were used
to detect each strain in a very precise way. Figure 2 shows the
survival profiles of the three bacterial strains. Profiles obtained
were similar regardless of the used strain. During the first 6 h
of simulated digestion that corresponds to the upper parts of
gastrointestinal tract, no mortality was observed and the sur-
vival of the bacteria was constant for the three strains. This
ascertainment confirms the results of dissolution tests reported
previously in reference [47].

The digestion of the beads in media simulating the upper
parts of gastrointestinal tract has been performed using USP4,
which is one of the systems listed in the pharmacopeia and
recommended by FDA [48, 49]. USP4 system offers several
advantages compared to other dissolution systems USP1,
USP2, and USP3 [50]. Due to the continuous circulation of
dissolution medium in the USP4 cell system that easily main-
tains of the Bsink^ conditions [51, 52], this system presents an
easy change in the composition and pH of the medium over
the course of the test [30, 49, 53]. It also reduces the handling
of the experience and limits the risk of contamination.

During this stage, pH 1.2 and pH 4.5 were used to mimic
acid conditions of the fasting and filled stomach, respectively
[54]. After acidic conditions, pH 6.8 was used to mimic neutral
intestinal conditions.Media were supplementedwith gastric and
intestinal enzymes and bile salts to closely simulate in vivo
conditions [55, 56]. The purpose of this step was to obtain a
bead digests after their passage through the gastro intestinal
upper parts namely the stomach and the small intestine.

* *

Fig. 2 Survival of probiotic strains encapsulated together in the upper
parts of the gastrointestinal tract at pH 1.2 (30 min), pH 4.5 (1 h and
30 min), and in pH 6.8 (4 h), followed by simulation of fermented
(FM) (black) and unfermented (UFM) (white) colonic media.

Pediococcus acidilactici UL5 (triangle) Lactobacillus salivarius(circle)
Lactobacillus reuteri (square). *Significant difference between FM and
UFM
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In the lower parts of gastrointestinal tract, no differences
were observed between the three strains incubated in the same
medium. In unfermented medium, bacterial survival contin-
ued to be constant. However, survival of strains in fermented
medium started to decline after 1 h of incubation. Significant

differences were observed between the survival of strains be-
tween fermented and unfermentedmedium starting after 2 h of
incubation.

To monitor the release profiles of the tested strains, enu-
meration was done in dissolution media. Figure 3 shows the
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Fig. 3 Bacterial release from beads in the upper parts of the
gastrointestinal tract at pH 1.2 for 30 min, in pH 4.5 for 1 h and 30 min
and pH 6.8 for 4 h, followed by simulation of fermented (black) and

unfermented (white) colonic media . Pediococcus acidilactici UL5
(square) Lactobacillus salivarius (diamond) Lactobacillus reuteri
(triangle). *Significant difference between FM and UFM

Fig. 4 Evolution of the macroscopic appearance of beads during gastrointestinal simulation. a In the upper parts of the gastrointestinal tract. b In colon.
FM: fermented medium, UFM: unfermented medium, IFM: inactivated fermented medium
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release profiles of the tested strains. As stated in the survival
profiles, the release profile of bacterial strains had similar pat-
terns in the same medium regardless of the bacterial strain. In
the upper parts of gastrointestinal tract, the release was very
slow that reached only 7% after 6 h of digestion. This tenden-
cy is maintained during the simulated digestion in the unfer-
mented medium until the end of the colonic phase where re-
lease reached 10% at the end of the digestion process.
Conversely, release in fermented medium was very fast; it
reaches the almost total release and was more than 85% after
4 h. A significant difference was observed between the sur-
vival of strains in fermented and unfermented medium after
2 h of incubation; at this point, the release in fermented medi-
um was more than the 45% while still less than 10% for
unfermented one.

During the second stage of the study, colon conditions
using fermented and unfermented medium were simulated.
Comparison of the bead digest behaviors in these two me-
dia was indispensable to recognize any possible differences
between these media. The fermented medium was obtained
from a fermentation of colonic media with a specific

amount of colonic flora; hence, it is very rich in bacterial
enzymes that are able to degrade prebiotics which were
indigestible in upper parts of gastrointestinal tract. On the
other hand, the unfermented medium was very poor of en-
zyme from colonic flora [57, 58].

To understand the behavior of beads in each media, mac-
roscopic aspects of beads during the gastrointestinal simula-
tion were studied. The images showed that the macroscopic
appearance of beads during gastrointestinal and colonic sim-
ulation is shown in Fig. 4. These images showed that beads
remained intact throughout the duration of gastrointestinal up-
per part simulation. The beads also remained intact for 8 h in
unfermented medium; however, in fermented medium, beads
degraded gradually and disappear after 4 h of incubation. To
elucidate the cause of the degradation of the beads in the
fermented medium, a control experiment was carried out by
incubating the beads in inactivated fermented medium (IFM)
which is merely fermented medium after having undergone a
thermic treatment of 100 °C for 10 min. This control shows
that the beads remain intact in IFM even after 10 h of incuba-
tion. This suggests that the degradation of beads in fermented

Fig. 5 Scanning electronmicrograph (SEM) photographs of beads during colonic digestion at low (× 50), high (× 2700), and very highmagnification (×
9000); a unfermented medium and b fermented medium
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medium is mainly caused by enzymes which are abundantly
present in this media.

Monitoring the Microscopic Appearance of the Beads
During the Digestion

The microstructure of the beads was then investigated using
SEM. Figure 5 shows the microstructure of beads during in-
cubation in fermented or unfermented medium. Low magni-
fication SEM showed that the spherical shape of the beads and
their smooth aspect was preserved during incubation in the
unfermented medium. However, in the fermented medium,
beads begin to deform and become rough after the first hour
of incubation and continue to deteriorate gradually until they
disappear. By zooming on the bead surface at high and very
high magnification, obvious differences were distinguished
between beads of unfermented and fermented medium. In
unfermented medium, beads remained smooth and cottony
with some apparent bacteria on the surface, whereas in
fermented medium, beads were very rigorous that reflect the
degradation of the beads.

Since there is no pH difference between UFM and FM, the
degradation in FM is definitely due to the effect of enzymes
that are abundantly present in FM media in contrast to UFM
media. In this work, the bacterial dynamics inside beads dur-
ing digestion was also investigated.

Monitoring the Distribution of Bacteria
to the Inside the Beads During the Digestion

Figure 6 shows images of bead sections captured at different
steps of digestion. Images were captured after staining bead
sections by fluorescence microscopy with the dead/live kit.
Figure 6a represents the image of the bead sections after di-
gestion in the upper parts of gastrointestinal tract. The images
presented in Fig. 6a shows colored spots scattered uniformly
in the matrix. More than 80% of the spots were green while
the red spots covered less than 20% of the beads. In this part,
green and red spots had a regular circular shape reflecting
aspect of bacteria colony inside matrix; moreover, their distri-
bution in the matrix was very homogeneous.

This result supports the findings observed in Atia et al. [23]
regarding the distribution of bacteria inside the matrix. In co-
lon part (Fig. 6b), the circular aspect of colored spotes has
been replaced by stain diffuse aspect occupying large and
continuous surfaces through the matrix (data not shown).

This change in the aspect of bacterial colony may demon-
strate the growth of this latter in the unfermented colonic me-
dia in contrast to GSF and SIF where appearance of colony
aspect remained static. Another possible cause of this change
is the presence of Hemin (protoporphyrin IX) which is a com-
pound that emits fluorescence in the same wave lengths that
the components of the live/dead test cause interference and
change the appearance of images obtained.

Fig. 6 Monitoring the dynamic bacterial inside the beads during the gastro intestinal simulation by live/dead staining. a In the upper parts of the
gastrointestinal tract. b In colon. FM: fermented Medium, UFM: unfermented medium
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In unfermented medium, the green/red proportions were
between 10/90 and 20/80 and they did not fluctuate signifi-
cantly during the incubation; dead cells (red) usually occupy
deep part of the beads while the living cells (green) set loca-
tion on surface as well as bead core. Such positioning can also
be explained by the growth of living bacteria inside beads
incubated in unfermented medium. In fermented medium
green/red colors, proportions fluctuate and move from 80/20
in beginning of incubation to 10/ 90 at the end, respectively.
This change is mainly due to degradation of beads by the
enzymes abundantly presented in the media and which attacks
the surface of the beads causing the deformation of these latter
losing their spherical and regular character.

These findings give an idea about bead behavior; the co-
lonic media where bacterial strains were released under the
effect of the enzyme which plays a decisive role in the degra-
dation of AI5 matrix.

Conclusion

The conclusions drawn from the current study are as follows:

& The digestion results of AI5 formulation in media simu-
lating the upper part of the gastrointestinal tract showed
that this formulation provided protection to bacterial
strains against acidity and enzymes of the stomach and
also against bile salts at the intestinal level, which support-
ed the results from the previous work [23, 47].

& In unfermented colonic media, beads remained stable
for 8 h, while in the fermented medium, they complete-
ly degraded in less than 4 h. This rapid degradation was
due to enzymes generally present abundantly in
fermented medium. These enzymes have the ability to
metabolize inulin that deteriorates the bead surface as
shown by SEM fluorescence microscopy images, and
thus causes a rapid release of bacteria into the
fermented colonic media.

& The results of bacterial dynamics inside the bead studies
are consistent with of survival and liberation profiles ob-
tained in this work.

& Although colonic conditions (fermented medium) favor the
release of bacteria, their survival rate drastically decreases.
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