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Abstract

In this study, Lactobacillus i ~ute : B2 was isolated from the feces of C57BL/6 mice and assessed
on probiotic activity. L. rewm2ri B2 was identified by 16S rDNA sequencing, which the cell
viability in acidic conditios at pH 2.0 was 64% after 2 hours, and in the presents of 0.30% of the
bile salts, after 6h, was 37%. Antimicrobial assay with L. reuteri B2 showed maximum diameters
against Klebsiela oxytoca J7 (12.5 + 0.72mm). We further hypothesized if L. reuteri B2 strain in
the free form can survive all conditions in the gastrointestinal tract (GIT) then the utilization of
the appropriate biomaterials would ameliorate its stability and viability in GIT. L. reuteri B2 was
microencapsulated into sodium alginate-(Na-alg) and different content of Na-alg and sodium
maleate (SM) beads. Characterization materials enveloped their thermal characteristics
(TGA/DTA analysis) and structure using: scanning electron microscopy (SEM), FTIR, and
particle size distribution. The high survival rate of L. reuteri B2 at low pH from 2.0 to 4.0 and in

the presence of the bile salts, at concentrations up to 0.30%, was obtained. L. reuteri B2 showed



strong antimicrobial activity and the best protection microencapsulated with Na-alg+SM in
simulated gastric juices (SGJ).

Keywords: Probiotics, Lactobacills reuteri, alginate, starch maleate, microencapsulation

1. Introduction

The major part of the human gastrointestinal tract (GIT) is inhabited with beneficial
bacteria that belong to lactic acid bacteria (LAB) which are usually ‘'sed as probiotics. The Food
and Agricultural Association of the United Nations (FAO) as well as, the World Health
Organization (WHO) defined probiotics as: “live microorg: nisris which when administered in
adequate amounts confer a health benefit on the ho<” [']. Generally, probiotics from the
intestinal origin should be used for human or animal cor.cumption performing a beneficial effect
on host health and prevention of diverse disorders |?,. Different metabolites that are produced by
these beneficial microbes can inhibit pathoten. by antimicrobial components and in that way
they modulating the immune system reachn. ecquilibrium of the host [3,4].

Lactobacillus genus is the mos. researched bacterial genus with beneficial effects on
human health in recent 40 years. Thaal.s . their beneficial effects these species are classified as
probiotics where Lactobacillus s;ecie. play the main role in the vital physiological processes
including digestion, developm~nu ~f the immunity of the gut, and colonization of the gut against
incoming pathogens. The 1unctional requirements of Lactobacillus strains with probiotic
characteristics includ= *oicv27ce to human gastric juice and bile, exert immune stimulation, as
well as microbial and art’oiotic assays, that also make a selection of these strains that influence
on population in the GIT [5] and have an important rule on microbial diversity. The genus
Lactobacillus consists of a large heterogeneous group of Gram-positive, nonsporulating,
facultative anaerobic bacteria that include Lactobacillus reuteri, Lactobacillus acidophilus,
Lactobacillus fermentum, Lactobacillus plantarum Lactobacillus salivarius, and Lactobacillus
paracasei. The most important role of this genus is in food fermentation, and it should be found
in the different parts of the GI system of humans and animals in variable amounts depending on

the age of the host , species, or position and location within the gut [6].



According to these beneficial effects of the genus Lactobacillus, in this study, L. reuteri
was chosen for assays of probiotic activity because it has multiple beneficial effects on the host
health [7]. L. reuteri has been isolated and characterized in 1962. as heterofermentative species
which grows in anaerobic conditions and colonizing GIT of the humans and animals [8]. This
strain is mostly found in the digestive tract of the host [9] and becomes one of the most assessed
organisms as a potential probiotic in humans. Numerous studies of L. reuteri showed that this
strain obtains benefits and the dose~10° colony-forming units (cfu)/day. Those benefits include
promoting health, reduction of susceptibility to infections, modulating host immune response,
ameliorate feed tolerance, increasing the absorption of vitanns, minerals, and nutrients
[7,10,11]. Survival in a wide different range of pH and the al ility to synthesize antimicrobial
intermediaries, such as reuterin, allows it to inhibit pathogei ic n.icroorganisms [12]. This strain
produces compounds with health-promoting effects in th= 5™ such as reuterin [13,14], histamine
[15], vitamins [16-18], and exopolysaccharides (EPS) [1:!

To maintain all of these benefits, like the v 134i'ity of the cells during the passage through
the cruel environment of the GIT (gastric acid. Jigestive enzymes, and bile salts), it is important
to make biocompatible material that can be “*<ed for the encapsulation of probiotics. Biopolymers
are the most used compounds for the e~capsulation process, because of their physic-chemical
properties and the possibility to mainiain ,eneficial effects of the probiotic cells through the GIT.
Using biopolymers, encapsulatior. nrov:des a lot of advantages for the cells that are encapsulated,
including the maintenance of c~tivity, stability, viability, function at the site, and high volumetric
productivity, as well as red*'«ed <usceptibility to contamination and protection against mechanical
damage. The most w.u~ly 'ced biomaterial for encapsulation is alginate [20]. This biopolymer
possesses all requiremer.s properties to maintain beneficial effects of the cells such as:
simplicity, nontoxicity, acceptance as a supplement for food, biocompatibility [21,22], wide
availability and cheap [23]. Microencapsulated beads with Ca-alginate ameliorate the survival of
the LAB cells under cruel conditions [23-25], as they are in the environment of the GIT. In the
last years, increasing interest in researches in this camp, especially for biocomposite materials
that are used for encapsulation besides alginate, such as: starch, xanthan, chitosan, gelatin, and
cellulose-based materials [26,27]. In the many studies, the increased resistance of viable cells of
L. reuteri species in alginate and alginate-starch microcapsules have been studied in the presence

of the acid, where microencapsulated cells obtain protection from the polymer networks



generated during capsule formation. Likewise, the use of the microcapsule formation of alginate
or alginate plus starch or the materials such as, xanthan or k-carageenan -containing polymers
provide better protection of L. reuteri cells from acid challenge [24,28,29]. Likewise, the use of
the Ca-alginate beads, improves the survival L. reuteri species, in harsh conditions (at low pH
and bile salts treated), reducing an injury to the cell membrane and preserves the probiotic
properties of the cells.

Consequently, in this study, the strain, L. reuteri B2, was isolated from fecal samples of
C57BL/6 mice and systematically assessed for probiotic activity. As a potential probiotic, this
strain has been tested and encapsulated into two different carrier k.. ~composite materials, sodium
alginate (Na-alg) and sodium alginate-starch maleate (Na-alg+3M) They have been tested for

bacterial cell viability in simulated gastrointestinal condition< (SC C).
2. Materials and methods

2.1 Materials
In the supplementary material (subsertio.” 2.1), there are full data of materials used in this

study.

2.2 Laboratory isolation of ricinoleiz 1\

The method is presente 1. Supplementary material (subsection 2.2)

2.3 Laboratory prepar itio.» of starch maleate (SM) monoester

The starch modification with maleic anhydride (MA) was performed applying two
procedures: with and without the use of plasticizer ricinoleic acid (RA). In a typical experiment,
wheat starch (adjusted at ~50% of moisture) and plasticizer RA, were vigorously
grinded/nomogenized at 90 °C for 30 min in a hot mixer (Papenmeier, Germany) at 3000 o/min.
This process was performed to achieve two benefits: appropriate gelatinization degree in the first
period followed by drying which results in plasticized, i.e. easier processable, starch powder.
When the fluffy material was obtained, in the second step the powdered MA was added in five

portions with vigorous mixing at room temperature (RT) for 30 minutes (3000 o/min), after



continued at 80 °C for 30 minutes. In case of the process without the use of the plasticizer, wheat
starch (~14% moisture) was mixed with MA (five portions) at RT for the next 30 minutes (3000
o/min), and then continued at 80 °C for 120 minutes. After synthesis, the obtained material was
transferred to Soxhlet extractor and subjected to continual extraction for 24 h using acetone. The
amount of used reactants and experiment conditions in Table S1. The Exps. 1-4 (Table S1) were
performed to investigate the influence of the MA amount on the degree of starch modification.
The Exps. 5-8 (Table S1) were performed to investigate the influence of the plasticizer at
different amounts of MA on the efficiency of starch modification. Plasticizer was introduced
before MA addition to improving reagent distribution into starcli Jrain interior. The chemical
modification of starch with MA is shown in Fig. S2. Before »f rroduction of alginate-based
carrier for L. reuteri B2 encapsulation, SM was neutralize ! us.ng 0.5 mol dm™ NaOH at the
volume calculated according to the determination of the & tity of introduced carboxylic group
(Table 6). After filtration obtained material was dried . 80 °C for 8 h and 60 °C for 6 h at
reduced pressure (2000 Pa).

2.4 Characterization methods

A description of the methods 1:501 101 the characterization of the tested materials is given

in Supplementary material (subsectic" ..4).

2.5 Probiotic assays

2.5.1 Isolation of fe..' Lo~teria. To isolate pure bacterial colonies from the fecal samples of
C57BL/6 mice, each fer~. sample was aseptically measured up to 100 mg and transferred to a
sterile tube, tenfold diluted with sterile phosphate buffered saline (PBS), and homogenized using
vortex. Serial dilutions in PBS were prepared and inoculated on de Man Rogosa Sharpe (MRS)
agar plates (Torlak, Serbia). These plates were incubated anaerobically at 37°C for 48 h.
Anaerobic conditions were maintained by AnaeroGen anaerobic atmosphere generation bags
(Fluka, St. Louis, MO, USA) in AnaeroJar jars (Fisher, Hampton, NH, USA). The level of
oxygen (<1%) was monitored using anaerobic indicator strips (Fisher, Hampton, NH, USA).

Colonies with particular morphological differences, such as size, color, and shape were selected



and purified by streaking two passages onto MRS plates. The resulting pure strains were grown
in MRS broth with 50% glycerol (Sigma - Aldrich) and stored at —80°C.

2.5.2 APl 50CHL. Using APl 50CHL kit (bioMérieux, France) carbohydrate fermentation

profiles were discovered according to the manufacturer’s recommendations.

2.5.3 Strain identification. Representative isolates were identified using the 16S rDNA
sequencing, using universal primers (UNI116Sfw and UNI16Srev) [30]. Amplification was carried
out in a thermal cycler (Applied biosystems, ThermoFisher Scientific) and DNA fragments were
amplified as follows: initial denaturation at 94 °C for 5 min, follov.c1 by 30 cycles consisting of:
denaturation at 94 °C for 1 min, annealing at 55°C for 1 min, ¢nd | olymerization at 72°C for 1
min, and a final extension at 72°C for 7 min. The expected le \gth was 1549 bp. Aliquots (5 pl) of
the amplified products were subjected to electrophor~-is in 1% agarose gel (ThermoFisher
Scientific) in TAE buffer (40 mM Tris acetate, 1 mM = TA, pH 8.2). Gels were stained with
ethidium bromide (500 ng/mL) and visualized uner UV light (BioDoc Analyze). All amplicons
were eluted and purified using GeneJet PCR Pu, fication Kit (ThermoScientific) by following the
manufacturer’s protocol. The PCR produc.~ *hat we obtained were sequenced by the Macrogen
Sequencing Service (Macrogen, Amste, Yam, The Netherlands) and analyzed by using BLAST
algorithm (http://www.ncbi.nlm.nih.g 2 /1.,dex.html). Selected isolates were identified as follows:
isolate B2 - Lacotbacillus reuteri ‘Sen3ank accession no. CP015408.2 and CP029615.1); isolate
H10 - Lactobacillus murinus (=ei.Bank accession no. EU006153.1 and EU006157.1); isolate J7 -
Klebsiella oxytoca (GenBank ~r.ession no. CP029128.1 and CP033844.1). The most numerous
colonies belong to is.'ate RZ, hence it was chosen for further characterization as a potential

probiotic strain.

2.6 Acid resistance and Bile Salt Tolerance.

The isolate of L. reuteri B2 was grown overnight, in sterile MRS broth at 37°C for 24 h, and was
harvested by centrifugation at 4000 x g for 10 min at 4°C. The cell pellet was washed in (PBS,
pH = 7.2) twice, and then was suspended at the concentration of 10° CFU/mL. 200 pl of cell
suspension were mixed with 1.8 mL of sterile MRS broth which pH was adjusted to 3.0 and 2.5
for acid challenge studies. Then these suspensions were incubated anaerobically at 37°C for the

next 2h. Bacterial viability was evaluated on two time points, t=0h and at the end of the treatment
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(t=2h), onto MRS agar plates, at 37°C for 48h anaerobically. Incubation at pH 6.4 was used as a
control. To evaluate a bile tolerance, overnight MRS cultures of L. reuteri B2 were utilized to
inoculate (10% v/v) bile salts supplemented MRS media, containing 1.5 g/L, and 3.0 g/L bile
salts (Difco™ Oxgall, BD). These cultures and control MRS cultures (without bile salts) were
maintained for 6h at 37°C, then bacterial viability was evaluated onto MRS agar plates, at 37°C
for 48h anaerobically.

2.7 Antimicrobial activity of L. reuteri B2

All pathogen organisms belong to the collection of Torlak, Serbia. Z<cherichia coli ATCC25922,
Klebsiella oxytoca J7, Klebsiella pneumonie sub. pneumonie .\TCCZ 13883, Schigella flexneri
ATCC 12022, Pseudomonas aeruginosa ATCC 2785. Bacillus subtilis ATCC 6633,
Staphylococcus aureus ATCC 6538, Streptococcus preu.oniae ATCC 6301, Enterococcus
faecalis ATCC 29212 were selected pathogens that we t.sed for antimicrobial activities of L.
reuteri B2. The agar disk diffusion method [31, iccording to Raimondi et al., was used to
determinate the antibacterial activity of L. rettte, ' B2, with some modifications. Briefly, cell-free
supernatants from overnight cultures of L. -euteri (~10° CFU/mL) in MRS broth were collected
by centrifugation at 2800 g at 4°C for the next 10 minutes, and adjusted to pH 6.0 with 1M
NaOH, that was filter sterilized (0.2z -rin, pore-size filter). Fifty uL of cell-free supernatant was
spotted on 6-mm-diameter filter c-oer disks, and placed over the surface of Mueller Hinton agar
(MHA) plates (Torlak, Serbic). _~eded with 100 pL of each pathogen species containing 10°
CFU/mL. The incubatior o:. the plates was performed at 37°C for 24 h. The radius of the
inhibition zone was r.cascren at the net of the radius of the disk. The value obtained from this

experiment was reported =; the mean of three different experiments.
2.8 Antibiotic susceptibility

The disk-diffusion method was used to determine the antibiotic susceptibility of L. reuteri
B2. Overnight culture of L. reuteri B2 was inoculated into MRS broth at 37°C. 100 pL of diluted
culture (10® CFU/mL) was spread onto MRS agar plate, and the antibiotic discs were applied
onto the surface of the plate. The concentrations of indicator antibiotics are shown in Table 3.
Plates were incubated at 37°C and evaluated after 24 h. To determinate, the inhibition zones

around the discs a ruler was used and results were recorded in millimeters.



2.9 Optimization of probiotic encapsulation

In order to achieve the highest encapsulation, yield the optimization procedure, according
to RSM methodology, was applied. The experimental design of the L. reuteri B2 encapsulation is
performed using Commercial software Design-Expert, Software Version 9 (Stat-Ease, Inc. 2021
E. Hennepin Ave. Suite 480 Minneapolis, USA). RSM methodology was applied as an empirical
statistical technique for analyzing the simultaneous relationship between a set of experimental
factors (the content of Na-alg and SM) and measuring the effects of such factors on responses
(encapsulation yield) through the minimum number of runs. Ir this study, to investigate the
effects of content Na-alg+SM on encapsulation yield, the D-Cpimel design surface response
methodology was used. Other parameters affecting the proucss are fixed. The proposed D-
Optimal design requires 16 runs for modeling a response <''rfavc (Table 1). The predicted values
of the using model matched well with the output pa~ime srs obtained in the experiments. To
check the adequacy of the model for the responses i the experiment the analysis of variance
(ANOVA) was used [32,33].

Thus, encapsulation of L. reuteri B~ ha; becn done according to Yeung et al. (2016), with
some modifications [20]. Briefly, L. reuteri &2 was routinely taken from glycerol stock where
those were stored at —80 °C. The bactr. 2 w 2re grown in MRS broth (Torlak, Serbia) at 37 °C for
16 h, and cultivated on MRS agar {T01.7, Serbia). Anaerobic conditions were maintained using
AnaeroGen anaerobic atmosphete generation bags (Fluka, St. Louis, MO, USA) in AnaeroJar jars
(Fisher, Hampton, NH, USA,. Overnight cell cultures were harvested by centrifugation
(centrifuge, insert compay) ot 4000 g for 15 min followed by separation from the supernatant,
washed with sterile PBS, . nd concentrated to ~ 108 CFU/mL.

In the subsequent step, a volume of 96 mL of each, sterile Na-alg solution (Sigma -
Aldrich) and neutralized SM solution were mixed (Table 1) and autoclaved. A suspension of L.
reuteri B2 strain was prepared and agitated with each mixture using a magnetic stirrer. The
mixtures were agitated for 5 min to distribute uniformly cells throughout the sterile suspensions.
Each alginate solution were drawn into a 5 mL syringe with 18G needle and dropped manually in
300 mL of 0.1 M CacCl, solution (Sigma - Aldrich) to form the beads. Under continuous agitation
after 1 hour it came to cross-linking, beads were vacuum filtered, and rinsed twice with deionized
water (200 mL), and then filtered again. At Petri dishes at 24-26 °C the resulting samples were
stored aerobically. In the same conditions, unfilled alginate beads were prepared in parallel



exception of not adding L. reuteri B2 to both alginate solutions [20]. The encapsulation yield
(EY), was calculated according to Chavarri et al. (2010):

EY = (N/No) x 100 1)

where N is the number of viable entrapped cells released from the microcapsules, and No is the
number of free cells added to the biopolymer mixtures during the production of the

microcapsules [34].

Table 1.

2.10 Enumeration of viable cells

In the following way, the viable counts of encepsulated bacteria were determined.
Alginate beads of 0.1 g were re-suspended in 9.9 mL o 10% sodium citrate dehydrate solution
(Sigma - Aldrich) followed by vortexing for 10 mrautes at RT. The plate count technique on
MRS agar was used to determine the number ~f reieased cells. Dissolved beads were serially
diluted (10 - 10®) and plated on Petri dihes in duplicate, and incubated at 37 °C for the next
48h anaerobically. Before the bead foimation, the initial cell count was determined by plating
serial dilutions (10°-10"®) in duplicz e 07 the beginning alginate-based carrier-bacteria mixtures
before gelation on MRS agar. Tk incubation of these cells at 37° C for 48 h under anaerobic
conditions, was followed by ren. enumeration. The spread plate count technique on MRS agar
was used for the determinau~n of survival of free cells. In 50 mL sterile distilled water cell
pellets were re-susper.2a¢. anv, vortexed. Finally, the enumeration of the serial dilutions (10° -
10°% of the cell suspersion was sampled in triplicate and incubated at 37 °C for 48 h

anaerobically [20].
2.11 Survival of free cells of L. reuteri B2 in simulated gastric juices (SGJ).

Determination of viable cells in SGJ was studied in a simulation model with some
modifications, Huang et. al., 2015. SGJ was prepared with 3 g/L of pepsin (Merck) in saline
solution (0.15M NacCl) and was adjusted to pH 2.5 with 1 M HCI [24]. Overnight samples were
harvested by centrifugation (7,500 x g, 5 min, 4°C) and washed with PBS twice, then a 1.0 mL of
suspension was centrifuged (7,500 x g, 5 min, 4°C), supernatants were discarded. Samples (400



mL) of L. reuteri B2 (~10% that were microencapsulated with Na-alg and Na-alg+SM, were
mixed with 20 mL of SGJ and incubated for 5, 60 and 120 min at 37 °C with constant agitation at
50 rpm in an orbital shaker. For the free L. reutei B2, for all of the time points one flask was
used; 10 pL of the homogenized sample was taken at each time point. The colonies were counted
after each time point and expressed as CFU/mL (or log10 of CFU) [35].

2.12 Statistical analysis

Microsoft Excel® was used to enter and collect data on measured test powder sizes as
well as antimicrobial inhibition zones. Data were then exportea 2 \.on-commercial Computer
software JASP version 0.13.1 was employed for statistical ~..c'vais [JASP Team (2020). JASP
(Version 0.13.1 )] [36], for further analysis. Various grag's a.u tables were extracted from this
data and presented as mean + SD of three replicates. 2 1ditional explanation on applied statistics

is given in Supplementary material (Section 2.12).

3. Results

3.1 Isolation and identification of L. :oute~i B2

After isolation of the p're .nlonies from the feces of C57 BL/6 mice, the size, color,
shape, and number of colonies ~f assessed strain were criteria on which observed strain was
chosen to be tested on pruhiotic activity. The strain morphology was follow: rod-shaped,
facultative anaerobic anu Sram-positive organism. APl 50 CHL was used as biochemical tests,
where this strain utilized 97% of the carbohydrates known to be used as a profile that is
distinctive for Lactobacillus species. This strain was sequenced and identified as L. reuteri B2
using 16SrDNA sequencing with universal primers (UNI16Sfw and UNI16Srev) [30].

Survival to acidic conditions and bile salts tolerance of L. reuteri B2
The resistance under extreme conditions (low pH, high concentration of the bile salts) was

performed and tested further for its sensitivity to acid and bile salts. In Table 2, is shown acid

resistance of L. reuteri B2 strain was evaluated by measuring the survival rate after 2 h treatment



at different pH values, in the range of 2.0- 3.5 with 0.5 holds, and at 6.4. Incubation at pH 6.4
was used as a control since at this pH value the strain did not present any significant loss in
viability, 8.05 log CFU/mL, or 100% percentage viability. The viability of L. reuteri B2 was
assessed at pH 3.5 and 3.0 after 2 hours of incubation, where the bacterial count did not change
significantly, while at pH 2.5 the viability of L. reuteri B2 decreased slowly, 6.22 log CFU/mL
(78%), to final pH during the same incubation time. At pH 2 the L. reuteri B2 showed the lowest
viability 5.16 log CFU/mL (64%).

Table 2.

Therefore, in the presence of the bile salts the evalua ion f the viability of L. reuteri B2,
and as target concentrations, we used 0.15% and 0.30% ~t ile salts after 6 hours of incubation.
After exposure on 0.15% MRS supplemented with bile >2!s, the viability of L. reuteri B2 cells
decrease to 3.97 (48%) while a reduction trend c:11 counts on increasing bile salt concentration
obtained the lowest viability of L. reuteri B2 ai.1 was, 3.04 (37%) on 0.30% MRS supplemented

with bile salts. Incubation at MRS, pH 6.4 . it"out bile salts was used as control.

3.3 Antimicrobial activity of L. reut>ri t.2

The antagonistic effect agoinst pathogens was the main probiotic trait for the evaluation of
the potential probiotic oroar.~m. There have been already established that LAB are probiotic
strains that generally :.ave ar.ibacterial effects because these strains have the ability to produce
several metabolic compotrds (short-chain fatty acids, H,O,, and bacteriocins) that were found in
the supernatants of these cultures [37]. The antibacterial activity, in the present study, was
measured as the diameter zone of the transparent inhibition zone against different pathogens. Our
results indicated that L. reuteri B2 can inhibit 6 of 9 pathogens, including Escherichia coli
ATCC25922 (9.5 + 0.71mm), Klebsiella oxytoca J7 (12.5 £ 0.71mm), Klebsiella pneumonie sub.
pneumonie ATCC 13883 (5.5 + 0.71mm), Schigella flexneri ATCC 12022 (10.5 = 0.71mm),
Pseudomonas aeruginosa ATCC 27853 (8 + 2.83mm) and Staphylococcus aureus ATCC 6538
(11 £ 1.41mm). While, Bacillus subtilis ATCC 6633 (0.3 £ 0.43mm), Streptococcus pneumoniae
ATCC 6301 (0.15 £ 0.22mm), Enterococcus faecalis ATCC 29212 (0.1 £ 0.14mm) were not



significantly inhibited by the cell-free supernatant of L. reuteri B2. Table 3. Likewise, it is
important to mention that L. reuteri B2 obtained the highest inhibition activity against K. oxytoca
J7 (12.5 £ 0.71mm), the pathogen, isolated from the same source as itself. The results obtained
from this assay revealed that cell-free supernatant of L. reuteri B2 can inhibit the tested
pathogens significantly with exception of Bacillus subtilis ATCC 6633, Streptococcus
pneumoniae ATCC 6301, and Enterococcus faecalis ATCC 29212.

Inhibition zone measurements by three assessors for each microorganism were analyzed using
one-way ANOVA. As significant, P-value < 0.05 was considered. The results are shown in Fig.
S3 and Table 3. The mean values of the inhibition zones dependiny 2n the evaluator are given in
Fig. S3.

Table 3.

Subjectivity in measuring the size of the inhilitior. zone by the person performing the
measurement was examined by comparing the *w. e aluators using the Paired Samples T-Test.
The setting of the null hypothesis Xy is th7.. tw 0 evaluators give equal measurement results. The
values (Table 4) at the 0.05 level of the popui.tion mean that they are significantly different from
the test mean that the null hypothesis ‘C rejocted, ie there are differences in the results during the

measurement.
Table 4.

Other statistical values ar: gi.'en in the Supplement - subsection 3.3 antimicrobial activity (Table
S3).

3.4 Antibiotic susceptibility of L. reuteri B2

Susceptibility of L. reuteri B2 strain to 5 generally used antibiotics was determined by
disc diffusion method and presented in Table 5. After this assay, L. reuteri B2 was displayed
intermediate resistance to tetracycline (30 pg) and amoxicillin and clavulanic acid (20 pg), while
it was highly susceptible to ampicillin (10 pg) and cephalothin (30 pg). Vancomycin [38] was
used as a negative control, as a general antibiotic of which lactobacilli have high natural

resistance.



Tabel 5.

3.5 Results of SM characterization

In order to produce alginate-based bio-carrier with appropriate addition of SM it was
necessary to characterize synthesized materials and further to perform a series of experiments to
obtain beads with the best encapsulation efficiency. The results of degree of substitution (DS;
Equation S1), viscosity, reaction efficiency (RE; Equation S3), sv..'ling capacity (SC; Equation
S4), and moisture adsorption (MAd; Equation S6) of pure starc.» an'l synthesized starch maleate

are given in Table 6.

Table 6.

The calculated DS values (Table 6) shov.>d uiat the esterification of starch by MA (Figure
S2) is highly limited because of the prescnce of the intermolecular hydrogen bonding between
starches macromolecule. To increase, v e extent of starch macromolecules modification reactive
RA plasticizer was used. Effectiveness . the starch granule gelatinization/structure development
and thus plasticization, i.e. inserior and distribution between the polymer chains, is highly
affected by plasticizer structure, rroperties and thus overall intensity change of inter-molecular
interactions which influence .nat'i1x softening [39]. The process applied helped in the distribution
of low size RA and M.A nolecules into starch granules interior by forming ester linkage. In that
manner, both modifiers oc :upy intermolecular spaces between polymer chains contributing to the
increase of starch macromolecules flexibility. Thus, the introduction of both structural segments:
RA and MA cause an increase in the free volume due to molecular mobility and appropriate
compatibility, and thus increase of segmental motion is a consequence [40]. Due to this,
significant improvement in modification efficiency was obtained (RE for exps. 5-8; Table 6).
According to ester and acid values determination it was estimated that MA unit/~5.6 AGU and
RA unit/~228 AGU (m/l = 41; Fig. S2) are introduced into SM obtained according to exp. 7
(Table 6). Plasticizers and water break out the hydrogen bonding between starch macromolecules
helping in improvement modification efficiency, and due to RA and MA structure/properties



slightly increase the hydrophobicity of the product obtained. The result obtained indicates that
modification degree increases cause lowering SC and MA of the produced SM [41]. Also, SEM
micrographs of SM, given at Fig. S4, show irregularly shaped SM granule in comparison to

regular one obtained for native starch [42].

3.6 Optimization of microencapsulation of L. reuteri B2

Obtained SM materials, results of characterization given in subsection 3.5, were used in
preliminary encapsulation experiments. The significantly better e~ca <ulation capability showed
SM materials were obtained by experiments 5-9 (Tables 6 anc S.} znd among them, we selected
SM material from exp. 7 to be used in an optimization stud-/. Cr=phical presentation of the results
of the optimization of the encapsulation with the cutp.t variable, i.e. encapsulation yield,
concerning the amount of Na-alg and SM solution (ir %, s given in Fig. 1. Regions that meet
critical properties are colored intensely red, while *¢ r:gions without optimization criteria are cut
off from the graphical area. Using point pr.ai *tic.™ through the software based on the factors or
components included in the model are obtan.~d more precise optimization conditions. Based on
the prediction equation displayed at the ANIOVA output (Table S4) are calculated the expected
responses and associated trust irter /a’s. Additional results from the optimization of the
encapsulation of L. reuteri B2 irto ~lginate-based beads are given in the Supplementary material
(subsection 3.6).

Fig. 1.

According to the results the initial concentration of 2% Na-alg and 3% SM was selected
to provide an optimal condition for the production of alginate-based beads 1% Na-alg — 1.5% SM
(Na-alg+SM) with the highest encapsulation yield of L. reuteri B2 (Fig. 1 and S5).

In order to estimate the effect of SM contribution in Na-alg+SM, concerning Na-alg, the
effect on the viability of the probiotic bacteria microencapsulated with these biobased carriers is
presented in Table 4. In the case of Na-alg microencapsulated beads with L. reuteri B2, the
average of the initial viable count of 7.96 log CFU/mL was reduced to 7.80 log CFU/mL after

encapsulation. While the average of the initial viable count of 7.94 log CFU/mL was reduced to



7.88 log CFU/mL with Na-alg+SM beads with L. reuteri B2 cells. The encapsulated yield of
microencapsulated bacteria, Table 7., in these biomaterials were 70.2% and 88.4%, respectively.
Therefore, these results confirm that the SM as a natural component improves higher viability of
L. reuteri B2 cells as well as the yield of this biomaterial than biomaterial with Na-alg. The
stability of beads with starch maleate indicates that the viability of the probiotic culture remains
stable after microencapsulation.

Table 7.

Additionally, the comparative experiment was perforined according to the literature
method [43], at a 1:3:1 molar ratio of anhydroglucose unit:NMA:<odium hydroxide. The obtained
material was used in the production of alginate-based L reu:=ri B2 carrier with somewhat lower
success (encapsulation yield of 81.8%). Following that .-~sented method of SM production, i.e.
dry blending method, offer a better alternative for :n.ansulation of L. reuteri B2.

3.7 Size distribution of alginate beads in Acir.ic conditions

The size determination of alg’nz:» r.eads of two different materials has been prepared in
acidic conditions, at pH 2.5 for 2 'ou*s. Herein, we obtained results where the Na-alg beads had
the same diameter reduction as “he uiameter of Na-alg+SM beads after incubation of 2 hours at
pH 2.5, while the initial size ~f Nw-alg beads was higher than in the Na-alg+SM beads. Similarly,
the weight loss of these tv 0 i aterials was the same.

Descriptive statisti >s of the results obtained by measuring the grain sizes of the material
before and after exposure to acidic conditions obtained using JASP software are given in Table 8.
Statistical examination of the frequencies of normality was performed using the Shapiro-Wilk
test. Many consider this test to be the best test of normalcy. Normal population distribution is the
null hypothesis of our test. Thus, the null hypothesis is rejected if the p-value is less than the
chosen alpha level, and there is evidence tested data are not normally distributed. On the other
hand, the null hypothesis cannot be rejected if the p-value is greater than the chosen alpha level,
(the data came from a normally distributed population). According to the results in Table 8, the
null hypothesis can be rejected, i.e. we do not have a normal distribution. If the sample size is

large enough, this test can detect even a trivial deviation from the null hypothesis, like most tests



of the statistical significance, then the additional study of the effect is typically recommended,
e.g. Q-Q plot (Figs. S6 and S7) [44], and plot of density versus diameter (Figs. S8 and S9).

Table 8

The Q-Q plot (quantile-quantile plot) is one of the best ways to compare the distribution
of sample x with some theoretical distribution. In this way, we can sense the distribution of the
sample. On the diagram (Fig. S6 and S7) we notice that at all points -values of our data the
distribution follows the line x=y which indicates that the distribu»:~n is normal. Other graphics,
the density distribution of grains size, the density distribution of rains mass, scatter plots of
grain size ratio before and after exposure to acidic conditicns a1d scatter plots are the ratio of

grain size to grain mass, are given in Fig. S8 and S9, and Ta.le 8.

3.8 FTIR analysis

FTIR spectra of four different ma.~ri-us, Na-alg, starch, SM, and Na-alg+SM, used for
microencapsulation of L. reuteri B2 are nresented in Fig. 2. The broad peak at 3250 cm™ in the
spectra of all analyzed materials rerz2nts the stretching vibration of the intra-molecularly
bonded primary and secondary h:.dro.'yl groups. As a result of starch modification with MA it
would be expected appearance th¢ bands related to =C—H and C=C stretching vibrations at >3000
and ~1620 cm™, respectively. !istead, high overlapping was noticed. The peaks, observed at
~2928 cm™ and ~285C ¢, relate to asymmetric and symmetric —-CH and —CH, stretching
vibrations in all studied ™ aterials, respectively.

The new peaks observed at 1715 cm™, present in SM spectrum, originate from the C=0O
stretching vibration of the carboxyl and ester C=0O group. These two peaks confirm successful
starch hydroxyl group esterification with MA and ricinoleic acid. A small shift of this peak to
1711 cm™ was observed in the spectrum of Na-alg+SM beads.

The two peaks, observed at 1593 and 1417 cm™, are assigned to the asymmetric and
symmetric stretching vibration of carboxylate anion, respectively, in the spectrum of Na-alg.
Analogous assignment of the peaks at 1599 cm™ and 1417 cm™, in the spectrum of Na-alg+SM

beads, were done. The band at 1610 cm™, assigned to the -OH bending vibration of hydroxyl
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groups in cellulose and residual water, was observed in the spectra of starch and SM. This band,
considering spectrum of Na-alg+SM beads, is strongly overlapped with asymmetric carboxylate
vibration from Na-alg. In order to resolve contribution of of —OH bending, C=C stretching and
COONa asymmetric stretching vibration deconvolution of Na-Alg+SM spectrum in the region
from 1540 to 1800 cm™ was applied (Fig. S10). The deconvoluted region indicates the presence
of carbonyl from the carboxylic and ester group at 1705 and 1734 cm™, respectively. Also, the
C=C stretching vibration from maleic anhydride and ricinoleic acid residues at 1650 cm™ and
asymmetric carboxylate vibration at 1598 cm™ was observed. Additionally, the band at 1147 cm™
represents the asymmetric C—O-C stretching vibration which .dicated that the glycosidic
linkages among molecules were unchanged after modification | 15,45]. Following peaks at 1011
cm™, 929 cm™, and 860 cm™ are associated with the C-H ¢rou) in all materials, that has been

already shown in previous researches [47,48].
Fig. 2.

3.9 Optical and SEM microscopy

The images that we obtained from otical microscopy of unfilled and field beads with two
different materials were presented ..> Figure 3 for comparison. In both materials, unfilled beads
did not have any visible microctgar.=ms, while the pictures of the filled beads obtained the cells
of the probiotic that can be rleai 3’ seen. Probiotics trapped in the alginate beads obtained similar
cell morphology. SEM also showed the presence of probiotic cells that were in the range from 2
to 5 um in length in filleu Alginate beads (Fig. 4.). Dimensions of the probiotic bacteria trapped in
the Na-alg beads were between 1 to 2 um in length that was also confirmed by optical and
electron microscopy images. These results are consistent with a previous microstructural study on
encapsulated bacteria [49]. For a comparison SEM micrograph of Na-alg + SM beads with L.

reuteri B2 cells at 10kx magnification is given on Fig. S11.
Fig. 3

Fig. 4.
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3.10 Thermogravimetry analysis (TGA) of alginate-based beads

Further material characterization was carried out by thermogravimetry (TGA).
Investigation of the terminal stability of the polymeric systems is performed by a suitable TGA
method. The range of processing temperature applied should be based on the knowledge of the
decomposition pattern of the material subjected to heating [50]. The TGA curves for the alginate-
based beads, given in Fig. 5, show a dehydration process in the initial stage, and subsequent
decomposition consisted of two overlapping steps under nitrogen. This result is in agreement
with DTG data. Soares et al. [51] were also observed a similar be..2vior of the alginic acid, and
the product obtained at ~400 °C was defined as a carbonac=ous¢ product [52]. The similar
behavior indicates similar structural characteristics, i.e. thxrmel properties, of both materials

used.

Fig. 5.

3.11 Survival of microencapsulated and 1.=: L. reuteri B2 cells in SGJ

Encapsulated probiotic bacter.a aiu free form of L. reuteri B2 were exposed to in vitro
SGJ conditions. The data of surv vals of bacterial cells in microcapsules and in the free form
obtained are presented in Fig. 2. The survival of probiotics in the free form was lower in gastric
juice and decreased beyonr as *h: incubation period increased than in the microcapsules. After 60
min, free L. reuteri E., ni..~ruencapsulated L. reuteri B2 with Na-alg, and microencapsulated L.
reuteri B2 in Na-alg+SM, showed that their viability decreased slowly, while in the second hour
their viability decreased abruptly. Therefore, microcapsules of L. reuteri B2 with Na-alg+SM
decreased from 9.36 log CFU/mL to 8.88 log CFU/mL, while the microcapsules of L. reuteri B2
with Na-alg decreased from 9.36 log CFU/mL to 8.76. Free cells of L. reuteri B2 after 120 min,
decreased to 7.72 log CFU/mL. However, the cell number microencapsulated and non-
microencapsulated cells of L. reuteri B2 decreased to 8.88, 8.76, and 7.72 log CFU/mL
respectively after 120 min (Figure 6). In the case of L. reuteri B2, irrespective of the material

used for microencapsulation the survival of microencapsulated cells of L. reuteri B2 was better
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than the cells in the free form. Comparison of the viability of microencapsulated L. reuteri B2
revealed better protection by Na-alg+SM calcium cross-linked beads.

Fig. 6.

4.0 Discussions

In the last few decades, the increasing interest in probiotics is significant because of the
increasing health problems, as well as, in both developed and ¢ 2veloping countries. The most
investigated microorganisms that obtained probiotic characterist:.c ai2 LAB and Bifidobacteria
where the genus Lactobacillus, in particular, is commercialiy suiu as a probiotic with health-
promoting properties [53]. Specifically, probiotics may boencially affect inhibiting the growth
of pathogens, augmenting the intestinal microbial pogtilatin of the host, thereby surviving the
environment in GIT [54]. and inhibiting the growth +f pawogens [54]. Hence, the isolation of
novel bacterial strains that obtained probiotic ac‘«vity and producing antibacterial substances
become a very important step for potential “ndt stricl application.

The suitability of the strain L. reuteri =7 as potential probiotic were assessed including all
probiotic characteristics, as well as rec:ctance to artificial gastric juice and bile acid, antibacterial
activity, and antibiotic susceptibili*, S.~all amounts of microorganisms can survive the strongly
acidic conditions of the stomach [55} In this current study, we investigated the probiotic activity
of the wild strain L. reuteri B2, °nd its stability and viability in the GIT. L. reuteri B2 exhibited
obtained resistance to art’ficic | acidic conditions with the viability of 64%, while the viability in
the presence of bile salts vas 37%. Hong et al., 2018., demonstrated that Lactobacillus curvatus
PA40 [56] strain has the high survival rates (97.8%) at pH 2.5 while the viability was (99.1%)
after assay at 24h in the presence of the bile salts. Similar results have been presented previously
for Lactobacillus casei, Lactobacillus acidophilus, Lactobacillus reuteri, Lactobacillus salivarius
Lactobacillus rhamnosus, Lactobacillus bulgaricus, Lactococcus lactis, and Streptococcus
thermophilus, all of which grow well in the presence artificial gastric juice and bile acid [57].
According to these results, it should be concluded that differences between Lactobacillus species
of viability in the acidic conditions and the presence of the bile salts are strain dependent.

Likewise, to provide beneficial effects for human or animal health, LABs as probiotics,

must be resistant to various antibiotics. [58]. L. reuteri B2 displayed intermediate resistance to
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antibiotics, including amoxicillin and clavulanic acid, and tetracycline, in contrast, it proved
highly susceptible to antibiotics, including ampicillin and cephalothin, while it was resistant to
vancomycin [38]. Results that we obtained are in accordance with Hyacinta et al. [59], where
they detected susceptibility in lactobacilli to antibiotics. Furthermore, there has been investigated
the antimicrobial activity of L. reuteri B2 strain with nine pathogens. It is shown that L. reuteri
B2 obtained high antimicrobial activity against K. oxytoca J7, S. flexneri ATCC 12022, and S.
aureus ATCC 6538 strains. L. reuteri B2 obtained the highest antimicrobial activity versus K.
oxytoca J7, the strain that was isolated from the same source as L. reuteri B2. Beneficial effects
of L. reuteri strain have been noted previously, also by Mu et . 2018., and showed that L.
reuteri producing different antimicrobial molecules (ethano reuterin, and organic acids)
increases its antimicrobial activity [7] inhibiting pathogens.

Furthermore, the encapsulation process imnreves the survival of  probiotic
microorganisms during passage through the specific env:.-onment of the GIT [24,60]. Hence, in
the presence of simulated gastric acid and bile s7.ts, the important protective effects of the
encapsulation of probiotics with alginate h='‘e ~een reported previously [61]. The viability of
bacterial cells varies depending on the enc~rsulation method, biomaterials that have been used
for microencapsulation bacterial cells, a~d probiotic strains that were used. We investigated the
probiotic activity of the wild strain L. reuweri B2, and its stability and viability in the SGJ, in the
presence of two different bioma:>riai.: Na-alg and Na-alg+SM after microencapsulation. Our
hypothesis was if free cells ~t [ reuteri B2, can survive all conditions in the GIT (acidic
conditions, presence of bile sa'te, SGJ) and in that way to improve the gut function, then the use
of appropriate bioma.c-ia.> for microencapsulation would improve its stability and viability in
SGJ. Consequently, mir~.oencapsulation using different polymers such as alginate, gums,
carrageenan, and starch is an attractive area of researches to make the most suitable biomaterial
that can maintain the stability and viability of probiotics cells. Results obtained from this study
showed that the encapsulation process with Na-alg+SM is the most effective for obtaining viable
L. reuteri B2 cells.

Alginate alone as a biomaterial for encapsulation of the Lactobacillus species is
competent to encapsulate different Lactobacillus species by cross-linking via calcium ions,
although the beads formed typically have a relatively low mechanical stability. Then, these beads
are sensitive to chelating compounds such as citrate, lactate, EDTA, and phosphate, or anti-
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gelling cations such as Na* and Mg* [62]. Modifying alginate with different polymers is an
important way to ameliorate the encapsulation process and survival in the gastric environment.
Hence, material characterization has been done by analyzing: beads size, optical microscopy,
SEM, FTIR, and TGA. Dimensions of probiotic bacteria cells of about 1 to 2 um in length that
were trapped in Na-alg beads were confirmed using optical and electron microscopy images. The
results obtained in our study are in agreement with previous studies where the importance of
bacterial cell encapsulation has already been showed [63]. The size of the beads did not present a
difference between the loaded beads with probiotic and unloaded beads by Na-alg and Na-
alg+tSM. FTIR and SEM analysis confirmed that the stabili.’ of Na-alg+SM beads as
carbonaceous material higher than Na-alg beads. The viability of ).. reuteri B2 in Na-alg+SM
after the microencapsulation process was 7.88 log CFU/mL_ or :ncapsulation yield was 88.4%,
while in the Na-alg was 7.80 log CFU/mL, or encaps='au~n yield was 70.2%. Likewise, the
highest viability obtained after exposure in gastric juice. cnvironment for 120 min, was in Na-
alg+SM microcapsules with L. reuteri B2 and ~7s confirmed. Require of the results, the
viability of L. reuteri B2, microencapsulated ‘wi.h Na-alg+SM was higher in SGJ than in Na-alg
beads. The finding of Lee et al. in 2004, "Viere the strain Lactobacillus bulgaricus KFRI 673
ensured greater survival in the gastr,> environment microencapsulated by chitosan-coated
calcium alginate is in agreement wit.: uu. study [64]. Likewise, Mokarram et al. 2009, showed
that L. acidophilus and L. rhamn:sus iad higher viability exposed to SGJ without pepsin when
they are encapsulated in calcium c'ginate with double coating Na-alg [65]. They showed that the
distribution of gastric juice n. t'ie membrane with double-layer and the reduction of pore size
leads to limitation of .nterardon between cells with the gastric juice. According to our study

microcapsules coated witr Na-alg+SM provide the best protection in SGJ.

Conclusion

The present study showed that microencapsulation of L. reuteri B2 in Na-alg+SM resulted in
better survival in SGJ of cells in adverse conditions as compared to free cells. Likewise, the
survival of the bacterial cells in the gastrointestinal environment is significantly improved and
allows viable cells are enabled to achieve beneficial effects as a probiotic. Therefore, for the
delivery of probiotic cultures in simulated human gastrointestinal juices, the approach from this
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study could be used in the future. In this research, the best protection of the cells in the presence
of the gastric juice provided Na-alg+SM, from the two types of microcapsules that were assessed.
The development of new equipment that could be used in large commercial processes, both in the
food industry and in the pharmaceutical processing industry, presents the challenge for
researchers in this field, as well as related researches into assessing the efficiency of

microencapsulation of GIT using an animal model.

Acknowledgments

“This work was financially supported by the Ministry of Educatiu.. Science and Technological
Development of the Republic of Serbia (Grants No. 451-03-9/2.\21- .4/200026, 451-03-68/2020-
14/200177 and 451-03-9/2021-14/200135).”

Conflict of interest statement
The authors declare no conflict of interest.

22



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

Hill C, Guarner F, Reid G, Gibson GR, Meren.tein DJ, Pot B, et al. Expert consensus
document: The International Scientific Ascaciation for Probiotics and Prebiotics consensus
statement on the scope and appropria:= Jse of the term probiotic. Nat Rev Gastroenterol
Hepatol 2014;11:506-14. https://u~i.org/10.1038/nrgastro.2014.66.

Borriello SP, Hammes WP, Hc.zap ¢l W, Marteau P, Schrezenmeir J, Vaara M, et al.
Safety of Probiotics That C:ntaii Lactobacilli or Bifidobacteria. Clin Infect Dis
2003;36:775-80. https:/'du. 2rg/10.1086/368080.

B. de La Serre C. G''t nYir,0biome-Brain Communications Regulate Host Physiology and
Behavior. J Nua He2! "ood Sci 2015;3. https://doi.org/10.15226/jnhfs.2015.00141.
Composition M, F'actions IB, Serre CBD La. Beneficial E ff ects of Non-Encapsulated or
Encapsulated Probiotic Supplementation on Fat Fed Rats n.d.:1-17.

Sarao LK, Arora M. Probiotics , prebiotics , and microencapsulation : A review
2017;8398. https://doi.org/10.1080/10408398.2014.887055.

Duar RM, Lin XB, Zheng J, Elisa P, Martino E, Michael G, et al. Lifestyles in transition :
evolution and natural history of the genus Lactobacillus 2017:1-22.
https://doi.org/10.1093/femsre/fux030.

Mu Q, Tavella VVJ, Luo XM. Role of Lactobacillus reuteri in human health and diseases.
Front Microbiol 2018;9:1-17. https://doi.org/10.3389/fmich.2018.00757.

23



[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Kandler O, Stetter K-O, Kohl R. Lactobacillus reuteri sp. nov., a New Species of
Heterofermentative Lactobacilli. Zentralblatt Flr Bakteriol I Abt Orig C Allg Angew Und
Okologische Mikrobiol 1980;1:264-9. https://doi.org/10.1016/s0172-5564(80)80007-8.
Frese SA, MacKenzie DA, Peterson DA, Schmaltz R, Fangman T, Zhou Y, et al.
Molecular Characterization of Host-Specific Biofilm Formation in a Vertebrate Gut
Symbiont. PLoS Genet 2013;9. https://doi.org/10.1371/journal.pgen.1004057.

Spinler JK, Taweechotipatr M, Rognerud CL, Ou CN, Tumwasorn S, Versalovic J.
Human-derived probiotic Lactobacillus reuteri demonstrate antimicrobial activities
targeting diverse enteric bacterial pathogens. Anaerobe 200€,24:166—71.
https://doi.org/10.1016/j.anaerobe.2008.02.001.

Hou C, Zeng X, Yang F, Liu H, Qiao S. Study and use of t.e probiotic Lactobacillus
reuteri in pigs: A review. J Anim Sci Biotechnol 2215,:1-8.
https://doi.org/10.1186/s40104-015-0014-3.

Comblain C, Argembeau AD, Linden M Ven 'ser, Unit CP, Psychopathology C.
Experimental Aging Research : An Int~ru.ional Journal Devoted to the Scientific Study of
the Aging Process PHENOMENAL CHARACTERISTICS OF AUTOBIOGRAPHICAL
MEMORIES FOR EMOTIONAL AND NEUTRAL EVENTS IN OLDER AND. Aging
(Albany NY) 2007;70:173-89. h'(p-.//doi.org/10.1128/AEM.70.2.1176.

Greifova G, M4jekova H, C -eit G, Body P, Greifova M, Dubni¢kova M. Analysis of
antimicrobial and immu~noi.2odulatory substances produced by heterofermentative
Lactobacillus reuteri F ‘iz Microbiol (Praha) 2017;62:515-24.

https://doi.org/.C 1017.512223-017-0524-9.

Jones SE, Versalcyic J. Probiotic Lactobacillus reuteri biofilms produce antimicrobial and
anti-inflammatory factors. BMC Microbiol 2009;9:1-9. https://doi.org/10.1186/1471-
2180-9-35.

Thomas CM, Saulnier DMA, Spinler JK, Hemarajata P, Gao C, Jones SE, et al. FolC2-
mediated folate metabolism contributes to suppression of inflammation by probiotic
Lactobacillus reuteri. Microbiologyopen 2016;5:802-18.
https://doi.org/10.1002/mbo3.371.

Morita H, Hidehiro TOH, Fukuda S, Horikawa H, Oshima K, Suzuki T, et al. Comparative

genome analysis of Lactobacillus renteri and Lactobacillus fermentum reveal a genomic

24



[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Island for reuterin and cobalamin production. DNA Res 2008;15:151-61.
https://doi.org/10.1093/dnares/dsn009.

Santos F, Vera JL, van der Heijden R, Valdez G, de Vos WM, Sesma F, et al. The
complete coenzyme B12 biosynthesis gene cluster of Lactobacillus reuteri CRL 1098.
Microbiology 2008;154:81-93. https://doi.org/10.1099/mic.0.2007/011569-0.

Santos F, Wegkamp A, De Vos WM, Smid EJ, Hugenholtz J. High-level folate production
in fermented foods by the B12 producer Lactobacillus reuteri JCM1112. Appl Environ
Microbiol 2008;74:3291-4. https://doi.org/10.1128/AEM.02719-07.

Salas-Jara M, llabaca A, Vega M, Garcia A. Biofilm Forminy !'.actobacillus: New
Challenges for the Development of Probiotics. Microorga. ism ; 2016;4:35.
https://doi.org/10.3390/microorganisms4030035.

Yeung TW, Arroyo-Maya IJ, McClements DJ, Se'z L, Microencapsulation of probiotics
in hydrogel particles: Enhancing: Lactococcus lacu= subsp. cremoris LM0230 viability
using calcium alginate beads. Food Funct 2/11,;7:1797-804.
https://doi.org/10.1039/c5fo00801h.

Shilpa A, Agrawal SS, Ray AR. Con. ced delivery of drugs from alginate matrix. J
Macromol Sci - Polym Rev 2003,.:3:187-221. https://doi.org/10.1081/MC-120020160.
Sachan N, Pushkar S, Jha A, B.agdt.arya A. Sodium alginate: the wonder polymer for
controlled drug delivery. J 7 hari.: Res 2009;2:1191-9.

Quignard F, Valentin R, D\ Renzo F. Aerogel materials from marine polysaccharides. New
J Chem 2008;32:13nN0—20 https://doi.org/10.1039/b808218a.

Huang HY, Ta'wg Y. ¥ing VAE, Chou JW, Tsen JH. Properties of Lactobacillus reuteri
chitosan-calcium-='ginate encapsulation under simulated gastrointestinal conditions. Int
Microbiol 2015;18:61-9. https://doi.org/10.2436/20.1501.01.235.

Mahbubani KT, Slater NKH, Edwards AD. Protection of dried probiotic bacteria from bile
using bile adsorbent resins. N Biotechnol 2014;31:69-72.
https://doi.org/10.1016/j.nbt.2013.09.001.

Sultana K, Godward G, Reynolds N, Arumugaswamy R, Peiris P, Kailasapathy K.
Encapsulation of probiotic bacteria with alginate-starch and evaluation of survival in
simulated gastrointestinal conditions and in yoghurt. Int J Food Microbiol 2000;62:47-55.
https://doi.org/10.1016/S0168-1605(00)00380-9.

25



[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Luan Q, Zhou W, Zhang H, Bao Y, Zheng M, Shi J, et al. Cellulose-based composite
macrogels from cellulose fiber and cellulose nanofiber as intestine delivery vehicles for
probiotics Cellulose-based composite macrogels from cellulose fiber and cellulose
nanofiber as intestine delivery vehicles for probiotics 2017.
https://doi.org/10.1021/acs.jafc.7b04754.

Zhao Q, Lee SJ, Mutukumira AN, Maddox I, Shu Q. Viability and delivery of immobilised
Lactobacillus reuteri DPC16 within calcium alginate gel systems during sequential passage
through simulated gastrointestinal fluids. Benef Microbes 2011;2:129-38.
https://doi.org/10.3920/BM2011.0007.

Muthukumarasamy P, Allan-Wojtas P, Holley RA. Stabili‘v 0y Lactobacillus reuteri in
different types of microcapsules. J Food Sci 2006;71:27-4. https://doi.org/10.1111/j.1365-
2621.2006.th12395.x.

Jovcic B, Begovic J, Lozo J, Topisirovic L, Kojic 1.". Dynamics of sodium dodecyl sulfate
utilization andantibiotic susceptibility of str ur Pseudomonas sp. ATCC19151. Arch Biol
Sci 2009;61:159-64. https://doi.org/10 22 28/abs0902159j.

Raimondi S, Popovic M, Amaretti A, ™« Gioia D, Rossi M. Anti-Listeria starters: in vitro
selection and production plant eva!'iation. J Food Prot 2014;77:837—42.
https://doi.org/10.4315/0362-0..8 X 5~P-13-297.

Igbal M, Igbal N, Bhatti 1A, Ahiiad N, Zahid M. Response surface methodology
application in optimizat:on ~f cadmium adsorption by shoe waste: A good option of waste
mitigation by waste Fco! =ng 2016;88:265-75.

https://doi.org/”.C 1cF.j.ecoleng.2015.12.041.

Karanac M, Doli¢ * 1, Velickovi¢ Z, Kapidzi¢ A, Ivanovski V, Mitri¢ M, et al. Efficient
multistep arsenate removal onto magnetite modified fly ash. J Environ Manage
2018;224:263-76. https://doi.org/10.1016/j.jenvman.2018.07.051.

Chéavarri M, Marafién I, Ares R, Ibafiez FC, Marzo F, Villaran M del C.
Microencapsulation of a probiotic and prebiotic in alginate-chitosan capsules improves
survival in simulated gastro-intestinal conditions. Int J Food Microbiol 2010;142:185-9.
https://doi.org/10.1016/j.ijfoodmicro.2010.06.022.

Huang R, Tao X, Wan C, Li S, Xu H, Xu F, et al. In vitro probiotic characteristics of
Lactobacillus plantarum ZDY 2013 and its modulatory effect on gut microbiota of mice. J

26



[36]
[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Dairy Sci 2015;98:5850-61. https://doi.org/10.3168/jds.2014-9153.

JASP Team. JASP (Version 0.13.1)[Computer software] 2020.

Tan Q, Xu H, Aguilar ZP, Peng S, Dong S, Wang B, et al. Safety Assessment and
Probiotic Evaluation of Enterococcus Faecium YF5 Isolated from Sourdough. J Food Sci
2013;78. https://doi.org/10.1111/1750-3841.12079.

Bernardeau M, Vernoux JP, Henri-Dubernet S, Guéguen M. Safety assessment of dairy
microorganisms: The Lactobacillus genus. Int J Food Microbiol 2008;126:278-85.
https://doi.org/10.1016/j.ijfoodmicro.2007.08.015.

Faria-Machado AF, Da Silva MA, Vieira MGA, Beppu MM. Zooxidation of modified
natural plasticizer obtained from rice fatty acids and appli-atio 1 on polyvinylchloride
films. J Appl Polym Sci 2013;127:3543-9. https://doi..'rg/10.1002/app.37671.

Vieira MGA, Da Silva MA, Dos Santos LO, Bepp= M. Natural-based plasticizers and
biopolymer films: A review. Eur Polym J 2011;47.2%54-63.
https://doi.org/10.1016/j.eurpolym;j.2010.12.0".1

Sanyang ML, Sapuan SM, Jawaid M, '“ha.- MR, Sahari J. Effect of plasticizer type and
concentration on physical properties >f biodegradable films based on sugar palm (arenga
pinnata) starch for food packaginy. J Food Sci Technol 2016;53:326-36.
https://doi.org/10.1007/s13197 015-2009-7.

Marinkovi¢ AD, Vuksanov.* M..1, Kari¢ N, Doki¢ V, Popovi¢ M, Jan¢i¢ Heinemann R, et
al. The effect of natural mcifiers for starch hydrophobization on performance of
composite based on 2th,'ene acrylic acid copolymer. Polym Compos 2020:1-13.
https://doi.org/..C 112, pc.25903.

Tay SH, Pang SC. ~_hin SF. Facile synthesis of starch-maleate monoesters from native
sago starch. Carbohydr Polym 2012;88:1195-200.
https://doi.org/10.1016/j.carbpol.2012.01.079.

Razali NM, Wah YB. Power comparisons of Shapiro-Wilk , Kolmogorov-Smirnov,
Lilliefors and Anderson-Darling tests. J Stat Model Anal 2011;2:21-33.
https://doi.org/doi:10.1515/bile-2015-0008.

Voo WP, Lee BB, Idris A, Islam A, Tey BT, Chan ES. Production of ultra-high
concentration calcium alginate beads with prolonged dissolution profile. RSC Adv
2015;5:36687-95. https://doi.org/10.1039/c5ra03862f.

27



[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Pang SC, Tay SH, Chin SF. Facile Synthesis of Curcumin-Loaded Starch-Maleate
Nanoparticles 2014;2014.

Xiao Q, Gu X, Tan S. Drying process of sodium alginate films studied by two-dimensional
correlation ATR-FTIR spectroscopy. Food Chem 2014;164:179-84.
https://doi.org/10.1016/j.foodchem.2014.05.044.

Abd El-Ghaffar MA, Hashem MS, El-Awady MK, Rabie AM. PH-sensitive sodium
alginate hydrogels for riboflavin controlled release. Carbohydr Polym 2012;89:667—75.
https://doi.org/10.1016/j.carbpol.2012.03.074.

Hansen LT, Allan-Wojtas PM, Jin YL, Paulson AT. Surviva. >f Ca-alginate
microencapsulated Bifidobacterium spp. in milk and simu atec gastrointestinal conditions.
Food Microbiol 2002;19:35-45. https://doi.org/10.100 3/fm ¢.2001.0452.

Mano JF, Koniarova D, Reis RL, Azure C De, Guz!*ai © De. Thermal properties of
thermoplastic starch / synthetic polymer blends wi.~ potential biomedical applicability
n.d.;4:127-35.

Soares JP, Santos JE, Chierice GO, C~'+ai ~iro ETG. Thermal behavior of alginic acid and
its sodium salt 2004;29:53-6.

Fontes GC, Maria V, Calado A, holena M. Characterization of Antibiotic-Loaded
Alginate-Osa Starch Microbeac.s Pivduced by lonotropic Pregelation 2013;2013.

van Baarlen P, Wells JM, ¥ 'eercezem M. Regulation of intestinal homeostasis and
immunity with probiotic lactobacilli. Trends Immunol 2013;34:208-15.
https://doi.org/10.1016,; i+.2013.01.005.

Atrih A, Rekhi? X, Al iere JB, Lefebvre G. Detection and characterization of a
bacteriocin produr=d by Lactobacillus plantarum C19. Can J Microbiol 1993;39:1173-9.
https://doi.org/10.1139/m93-178.

Fernandez MF, Boris S, Barbés C. Probiotic properties of human lactobacilli strains to be
used in the gastrointestinal tract. J Appl Microbiol 2003;94:449-55.
https://doi.org/10.1046/j.1365-2672.2003.01850.x.

Hong SW, Kim JH, Bae HJ, Ham JS, Yoo JG, Chung KS, et al. Selection and
characterization of broad-spectrum antibacterial substance-producing Lactobacillus
curvatus PA40 as a potential probiotic for feed additives. Anim Sci J 2018;89:1459-67.
https://doi.org/10.1111/asj.13047.

28



[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

Vinderola CG, Reinheimer JA. Lactic acid starter and probiotic bacteria: A comparative
“in vitro” study of probiotic characteristics and biological barrier resistance. Food Res Int
2003;36:895-904. https://doi.org/10.1016/S0963-9969(03)00098-X.

Zhou JS, Pillidge CJ, Gopal PK, Gill HS. Antibiotic susceptibility profiles of new
probiotic Lactobacillus and Bifidobacterium strains. Int J Food Microbiol 2005;98:211-7.
https://doi.org/10.1016/j.ijfoodmicro.2004.05.011.

Hyacinta M, Hana KS, Andrea B, Barbora C. Bile tolerance and its effect on antibiotic
susceptibility of probiotic Lactobacillus candidates. Folia Microbiol (Praha) 2015;60:253—
7. https://doi.org/10.1007/s12223-014-0365-8.

Picot A, Lacroix C. Encapsulation of bifidobacteria in wh.v p) otein-based microcapsules
and survival in simulated gastrointestinal conditions ar 1 in yoghurt. Int Dairy J
2004;14:505-15. https://doi.org/10.1016/j.idairyj.2?0..10.008.

Lee KY, Heo TR. Survival of Bifidobacterium lony ::\n immobilized in calcium alginate
beads in simulated gastric juices and bile sa’t colution. Appl Environ Microbiol
2000;66:869-73. https://doi.org/10.11°%/» EM.66.2.869-873.2000.

Willaert RG, Brissel B-. GEL ENTRAMENT AND MICRO-ENCAPSULATION :
METHODS , APPLICATIONS AMND ENGINEERING PRINCIPLES Gino V . Baron
Vrije Universiteit Brussel Depert.n:.it of Chemical Engineering n.d.

Fareez IM, Lim SM, Mishr: RK, Ramasamy K. Chitosan coated alginate-xanthan gum
bead enhanced pH and thei.motolerance of Lactobacillus plantarum LAB12. Int J Biol
Macromol 2015;72:14.2-28. https://doi.org/10.1016/j.ijbiomac.2014.10.054.

Lee JS, Cha DS, Pa.'” *1J. Survival of freeze-dried Lactobacillus bulgaricus KFRI 673 in
chitosan-coated c~!.ium alginate microparticles. J Agric Food Chem 2004;52:7300-5.
https://doi.org/10.1021/jf040235k.

Mokarram RR, Mortazavi SA, Najafi MBH, Shahidi F. The influence of multi stage
alginate coating on survivability of potential probiotic bacteria in simulated gastric and
intestinal juice. Food Res Int 2009;42:1040-5.
https://doi.org/10.1016/j.foodres.2009.04.023.

29



Tables

Table 1. D-optimal design for the experiment for tnhe dependence of Encapsulation yield from

Na- alg and SM concentration.

Factor_l E: ;tg:czh Response Predicted
A: Na—_alglnate r“alc;te solution Encgpsulation Enc_apsulation

RUN solution (%) (%) yield (%) yield (%)
1 1.125 42 57.2 55.53
2 2.5 2.0 55.1 54.66
3 1.125 6.0 52.3 52.48
4 0R 4.8 49 48.60
5 )5 2.0 54 52.64
6 1.7325 3.0 70.2 69.47
7 1.625 3.0 70.2 69.47
8 1.875 5.1 65.2 67.76
9 0.625 3.0 50.1 53.13
10 1.125 6.0 52.3 52.48
11 2.5 3.6 60.2 61.34
12 2.5 6.0 56 54.98
13 1.375 2.0 58.8 69.60
14 1.375 2.0 58.8 59.60
15 0.5 4.8 49 48.60
16 1.625 3.0 70.2 69.47




Table 2. Acid resistance and bile salts tolerance of L. rei*~n 22 cells

y o 'ggf},_‘ﬁ”“t _ Log CFU/mL* *\iable
P J | Vg - t=2h percentages, %
Acid 6.4 ° (< +0.04 8.05 + 0.04 100
resis‘;;nce 35 8 J5 + 0.01 7.30 £0.03 91
3.0 ¢ 04 +0.01 7.28 +0.01 90
25 8.02 +0.01 6.22 +0.06 78
2.0 ~8.03£0.01 5.16 + 0.06 64
MRS + Oxagill | "(‘:'Ef‘J' /‘rfﬂst _ Log CFU/mL* *Viable
(MRSC g oh T t=6h percentages, %
Bile salts MRS 8.29 + 0.01 8.29 + 0.01 100
WRS 0.15% 8.29 +0.01 3.97 +0.01 48
V"3 0.30% 8.23 +0.01 3.04 + 0.03 37

*Values are the means of triplicate measurements
“Data are expressed as % survival
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Table 3. ANOVA one way descriptive statistics

Assessor 1 £.5€. 50T 2 Assessor 3
P
E. Coli ATCC25922 9.66 0.57 0.3333 9.c 057 0.3333 103 0.57 0.3333
67 74 67 74 33 74
K. oxytoca J7 123 057 <3333 123 057 03333 126 057 0.3333
33 74 33 74 67 74
K. pneumonie sub. 533 057 04333 533 057 0.3333 6 1 0.5774
pneumonie 33 ! 33 74
ATCC 13883
S. flexneri ATCC 1 1 0.5774 11 1 0.5774 106 0.57 0.3333
12022 67 74
P. aeruginosa 8 2 1.1547 8 2 1.1547 8.66 1.15 0.6667
ATCC 27853 67 47
B. subtilis ATCC 043 037 0.2185 043 0.37 0.2185 0.33 0.28 0.1666
6633 333 859 8 333 859 8 333 868 7
S. aureus ATCC 11 1 05774 11 1 0.5774 10.6 0.57 0.3333
6538 67 74
S. pneumoniae 026 025 01453 0.26 0.25 0.1453 0.16 0.28 0.1667
ATCC 6301 67 16 67 16 67 87
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E. faecalis ATCC 023 025 0.1453 0.23 025 0.1453 0.13 0.23

29212 33 16 33 16 33 09
Negative control 0.06 0.11 0.0667 006 0.11 0.0667 0.2 0.2
67 55 67 55

0.1333

0.1155

Table 4. Paired Samplez T- Tast

Measure 1 Measure 2 p value
Assessor 1 Assessor “. 0.153
Assessor 1 ASsessn 3 0.27
ASSessor 2 ASLEeSLIr o 0.92
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Tabel 5. Antibiotic susceptibility of L. reuteri B2 strain

Antibiotics Concentration, ug/mL  Diameter, mm  Sensitivity*
Ampicillin 10 22.3+0.58 S
Amoxicillin and clavulanic
acid 2 16.3 £ 0.63 I
Cephalotin “0 23.5+0.81 S
Vancomycin 30 0.51+£0.58 R
Tetracycline 30 15.7 + 0.64 I

Diameters of inhibition zones are expres.~a in millimeters; the diameter of the disc was 6 mm. Data are
arithmetical means of three measurrmcnts. *S — sensitive, | — intermediate, R — resistant
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Table 6. DS, viscosity, RE, SC, and MA of pure starch =1 siarch maleate

Experiment DS  Viscosity, Pa - s RE (%), SC (g/g) MAd, %

0 - 1.063+0.084" 11.80+0.45 71.427
1 0.078 1.138+ 0.072 5.9 4,82+ 0.12 34.26
2 0.062 1.122+ 0.062 6.3 5.12+0.15 38.19
3 0.054 1.106% 0.060 8.2 5.66+ 0.20 43.22
4 0.041 1.092+ 0.091 8.3 6.02+ 0.22 46.56
5 0.228 1.386% 0.06C 17.2 3.88+0.14 32.29
6 0.202 1.371+ 0 Vel 20.4 4,96+ 0.17 34.29

7 0.194  1.342+1034 29.3 4,78+ 0.19 37.44
8 0.172 1.326.-0.051 26.3 4.36x£ 0.17 36.21
9 0.190 1.357+ 0.038 28.6 3.51+0.12 25.41

" unmodified starch; ” [37]; “7eC an.' S was difficult to determine for a mostly soluble fraction of SM neutralized

with sodium hydroxide; “" SM =riu **>.ue: 62 mg KOH/g
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Table 7. Encapsulation yield and viability of L. reuteri P2 i, Na-alg and Na-alg+SM beads.

Microsphere type Encapsulation yie.™ (%) Viability (log CFU/mL)
Na —alg with
+ +
L reuteri B2 70.2 +2.36 7.80+0.93
Na —alg+SM with £3.4+ 154 7.88 % 0.96
L. reuteri B2
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Table 8. Results of descriptive statistics of bead size (d’an.~ter - d and mass - m) obtained by the

statistical program JASP. Size and mass of the Na-alr; and Na-alg+SM beads at pH 2.5 after 2

hours
Na-alg - Ne- Na-
q for92 Na- alg+SM Na-alg - ] alg+SM
Na-alg - algto™M  dfor2 Na-alg- mfor2h m for 2
h pH alg+SM
d (mm) -a h pH m(mg) pH25 h pH
2.5 , m (mg)
(mm) NullD) 25 (mg) 2.5
(mm) (mg)
Minimum 3 2.55 2.1 1.7 11.7 10.58 7.35 7
Maximum 35 3 2.45 2.05 13.65 12.45 8.57 8
Mean 3.246 2791 2.271 1.878 12.671 11.587 7.95 7.546
. Emor o058 0024 002 0018 0108 0098 007 0062
of Mean
Median 3.25 2.8 2.25 1.9 12.65 11.6 79 7.5
Mode 3.25 2.7 2.3 1.9 11.7 11.2 8.05 7.65
Std'. ) 0.146 0.123 0.104 0.091 0.559 0.51 0.365 0.324
Deviation
Variance 0.021 0.015 0.011 0.008 0.312 0.26 0.133 0.105
Shapiro- 096 0958 0956 0963 0968 096 0954  0.938
Wilk o
p-value of
Shapiro- 0.362 0.339 0.291 0.433 0.561 0.369 0.275 0.109
Wilk
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Figures

Design-Expert® Software

Encapsulation yield (%)

B: Starch maleate (%)

Figure 1. Contour diagram representing Encapsulation yield vs. concentration of Na-alg and
starch maleate (SM) solution (%)
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Figure 2. FTIR spectra of the Na-alg, <*2rc.> SM and Na-alg+SM materials
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Figure 3. Optical micrograph ¢.: 1y Na-alg, b) Na-alg + SM, ¢) Na-alg + L. reuteri B2,
d) Na-alg + SM + L. reute,” Bz (100x magnification).
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SEM HV: 5.0 kV WD: 8.02 mm | | | MIRA3 TESCAN SEM HV: 5.0 kV WD: 8.15 mm
View field: 2.17 mm Det: SE 500 pm View field: 21.7 pm Det: SE
SEM MAG: 100 x  Date(m/dly): 04/25/19 SEM MAG: 10.0 kx Date(m/dly): 04/25/19

SEM HV: 5.0 kV WD: 8.57 mm L1l 0 WD: 8.14 mm

View field: 2.17 mm Det: SE 500 um Det: SE
SEM MAG: 100 X Date(m/dly): 04/25/19

Figure 4. SEM micrograph »f: &’ unfilled Na-alg beads, b) filled Na-alg beads with L. reuteri B2
cells, ¢) unfilled Na-alg + S beads, d) filled Na-alg + SM beads with L. reuteri B2 cells
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Figure 6. Survival of L. reute:: Bz cells in the free and encapsulated form in simulated gastric

juices over time. Counts cre i.ased on samples plated on MRS and incubated at 37 °C

anaerobically. Error bars epresent the mean + standard deviation of replicate samples.
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Highlights:
e Probiotic activity and characterization of L. reuteri B2 strain
e Characterization and microencapsulation of probiotic cells of L. reuteri B2 with Na-alg
and Na-alg+SM

e Viability of L. reuteri B2 in microencapsulated and free form in SGJ
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