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Abstract: A positive effect of flaxseed mucilage (FSM) addition (at concentrations of 0.1, 0.2, and 0.4%)
to MRS and milk whey nutrient medium on the survival, auto-aggregation, hydrophobicity, adhesive,
and antioxidant properties of L. bulgaricus, L. fermentum AG8, and L. plantarum AG9 was shown. It was
found that the AG 8 strain became less sensitive to 7% NaCl concentrations (the cell survival rate in the
experiment with 0.4% flaxseed mucilage increased by 10% compared to the control). Cultivation in the
presence of FSM led to an increase in auto-aggregation, especially in the case of AG8 (from 60 to 85%)
and AG9 (from 50 to 80%) strains, and an increase in hydrophobicity was seen: for L. fermentum AG8,
it was from 30% to 62–72%, for L. fermentum AG9 from 30% to 35–42%, and for L. bulgaricus from
20% to 30%. The adhesive properties of the L. fermentum AG8 and L. plantarum AG9 cells increased
from 0.472 to 1 nN (nanonewton) and from 0.630 to 2.5 nN, respectively. The presence of flaxseed
mucilage increased the total phenolic content in cell-free supernatants after 48 h of cultivation. The
concentration of 0.1–0.2% FSM increased the OH-scavenging activity of milk whey nutrient medium
cell-free supernatants of strains AG8 and AG9 by 7–10%. Flaxseed mucilage can serve as a promising
bioactive additive that elevates antioxidant activity, increases the resistance and survival of Lactobacillus
cells in the gastrointestinal tract, and leads to the synthesis of lipase and α-glucosidase inhibitors. The
co-culture of these lactic acid bacteria in the presence of FSM and milk components in the form of whey
leads to the synthesis of lipase and α-glucosidase inhibitors more than the culturing on de Man, Rogosa,
and Sharpe broth.

Keywords: lactic acid bacteria; flaxseed mucilage; antioxidant properties; starter cultures; probiotics

1. Introduction

The popularity of lactic acid bacteria (LAB) and products containing these microorgan-
isms has been growing progressively due to the expanding evidence of the health benefits
associated with their use. Many strains with probiotic properties have been identified
among Lactobacillus; these LABs improve the function of the gastrointestinal tract through a
beneficial effect on the intestinal microflora, they normalize metabolism, and are charac-
terized by antioxidant properties and resistance to antibiotic agents [1–3]. To impart their
benefits, probiotics must survive food processing and storage, as well as withstand the
stress conditions in the gastrointestinal tract environment to reach the small intestine and
colonize the host. However, studies show that lactic acid bacteria are unstable to various
unfavorable environmental conditions. The number of viable probiotic microorganisms
decreases during storage; additionally, during the process of passage through the sgas-
trointestinal tract, a significant number of lactobacilli die due to nonresistance to bile and
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acid, which eventually leads to a decrease in the activity of microorganisms [4]. The use
of different approaches to enhance probiotic survival through the gastrointestinal tract
has been extensively studied [5,6]. However, few data are available to describe the effects
of individual components and their underlying mechanisms of action for enhancing the
survival of lactobacilli [7].

Recently, there has been a particular interest in determining the prebiotic potential
(i.e., fermentability of the intestinal microflora) of plant seed mucilages. Although the
current knowledge of the interaction between the gut microbiome and plant seed mucilage
is rather limited, several studies have been conducted to determine the ability of plant seed
mucus to stimulate the growth of probiotic cells (Lactobacillus and Bifidobacterium) and/or
maintain their biological activity under normal and cytotoxic conditions [8–13].

In nature, there are various plants that produce mucus, e.g., seeds of a number of fam-
ilies of angiosperms (Asteraceae, Cabbage, Acanthaceae, Clearwort, Malva, Plantain, etc.),
as well as some seeds of desert plants. Flax seeds hold the record for the production of easily
extractable mucilages, producing a substance enriched in complex branched polysaccha-
rides based on xylan and rhamnogalacturonan units [14–18]. In addition to polysaccharides,
flaxseeds are also rich in lignans, bioactive peptides, minerals (predominantly phosphorus,
magnesium, and calcium), and vitamins (mainly γ-tocopherol) [19,20]. Among bioactive
molecules in flaxseed mucilage, phenolic compounds (lignans) are especially plentiful and
valuable [21]. The flaxseed lignans contain secoisolaricirezinol (SECO) and the diglucoside
secoisolaricirezinol (SDG), which are very strong antioxidants and phyto-estrogens [18].
SECO and SDG as well as gerbacin (8-hydroxycaempferol) are referred to as the natural
plant flavonoids that have antidiabetic properties, protect the cardiovascular system, lower
blood cholesterol, slow the progression of tumor growths that are associated with hormonal
failure (breast cancer), and aid kidney function in patients with nephritis [22,23]. It is also
known that carbohydrates contained in the flaxseed gum have a special biological activity.
These components have a positive effect on the growth of probiotic Bifidobacterium microor-
ganisms; they normalize the gastrointestinal tract, protect the liver (regulate cholesterol
in the blood), have anti-tumor, anti-aging, and anti-oxidant properties, reduce the risk
of cardiovascular diseases [24], have prebiotic properties, and are considered as promis-
ing probiotic encapsulating agents [13]. The encapsulation of Bifidobacterium infantis and
Lactobacillus plantarum, by spray drying with mixtures of maltodextrin combined with
mucilage and soluble protein extracted from chia seed and flaxseed, displayed high pro-
biotic cell survival, and enhanced the microorganisms’ resistance to the simulated gastric
juice and bile solution; thus, they exhibited high viability after 45 days of refrigerated stor-
age [13]. The supplementation of kefir samples with pure flaxseed mucilage significantly
enhanced the viability of LAB at the end of the storage period [23]. The addition of flaxseed
mucilage and gum arabic has been shown to increase the survival of probiotic cultures
Lactobacillus acidophilus and Bifidobacterium lactis in kefir and change the physicochemical
properties of the product, in particular, increasing its viscosity [25,26]. In general, adding
seed gum, mucilage, powder, or guar to fermented dairy foods, particularly yogurt, sig-
nificantly improves the structure and consistency (thickens, emulsifies, and forms a gel),
increases the moisture-holding power, and reduces syneresis [27–33].

It was shown that there are differences in the viability and probiotic properties between
LAB species and strains [33,34]. In our previous studies, novel EPS-producing LAB strains
(L. fermentum AG8 and L. plantarum AG9 [2,35]) with probiotic properties have been isolated
from the clover silage. The strains have demonstrated a high acidification rate and pronounced
antibacterial activity against bio-film-embedded pathogens as well as exhibited appropriate
milk-fermenting properties. In this work, the effect of flaxseed mucilage on the antioxi-
dant, probiotic, and structural-mechanical properties of Limosilactobacillus fermentum AG8,
Lactiplantibacillus plantarum AG9, and Lactobacillus delbrueckii subs. bulgaricus, and the ability
of flaxseed mucilage to support lactobacilli under aggressive conditions were investigated.
In the perspective of using these strains in the food industry and in veterinary practice, we
investigated changes in the probiotic properties of LABs cells, and the antioxidant properties
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of metabolic products when cultured on de Man, Rogosa, and Sharpe broth and milk whey
nutrient medium (MWNM).

2. Materials and Methods
2.1. Strains, Mediums, Flaxseed Mucilage

Limosilactobacillus fermentum AG8 and Lactiplantibacillus plantarum AG9 have been
isolated from the silage. These strains provide a high milk acidification rate and exhibit
potential probiotic properties [2]. Lactobacillus delbrueckii subs. bulgaricus (“Lactosynthesis”,
Moscow, Russia) served as a commercial strain for food products. LABs were stored in de
Man, Rogosa, and Sharpe (MRS) broth (Himedia, India) with 50% glycerol at −80 ◦C. For
culture activation, a 100 µL aliquot of each culture was individually transferred into MRS
broth or milk whey broth and incubated at 37 ◦C for 24 h. The milk whey nutrient medium
(MWNM) was prepared using whey powder (Evolution, Russia): 10% whey powder was
dissolved in distilled water, boiled for 5 min, and filtered through a cloth filter. Then, 1%
glucose was added to the filtered whey and autoclaved at 1 atm for 15 min.

Flaxseed mucilage was obtained with water extraction by mechanical shaking (180 rpm;
flaxseed to deionized water ratio of 1:8 (w/v)) at room temperature for 18 h with subsequent
vacuum filtration over a nylon mesh. The extracted flaxseed mucilage was freeze-dried by
lyophilization and ground in a mortar to a powder. The obtained flaxseed mucilage was
added to the MRS and MWNM at concentrations of 0.1, 0.2, and 0.4% before autoclaving.

2.2. Incubation of LAB with Flaxseed Mucilage, LAB Enumeration, and Preparation of the
Cell-Free Supernatants

The preparation of the cell suspension was as follows: Lactobacillus were inoculated
into MRS broth or MWNM with or without flaxseed mucilage (0.1, 0.2 and 0.4%) at 2%
inoculum and cultured at 37 ◦C for 24 h. After centrifugation at 6000 r/min for 10 min,
the obtained cell-free supernatants were prepared by directly filtering the supernatants
using sterile 0.22 µM syringe filters (Minisart®, Sartorius, Gottingen, Germany). Cells were
resuspended in a sterile 0.85% NaCl solution and suspensions were used for probiotic (re-
sistance tests) property analysis. Cell-free supernatants (MRS and MWNM) were collected
and stored frozen at −30 ◦C. Before antioxidant and enzyme inhibition assays, cell-free
supernatants were unfrozen at +4 ◦C.

The number of LAB was determined using the streak plate method with MRS agar
(Himedia, India). To measure the amount of LAB, each sample (100µL) was serially diluted
with 0.85% NaCl solution (900 µL). After spreading the diluted solution (100µL) onto MRS
agar plates, they were cultured at 37 ◦C for 48–72 h. The total number of viable cells was
expressed as a log value.

2.3. General Probiotic Properties In Vitro
2.3.1. Cell Resistance to 3 and 7% NaCl, Acid, Bile Salts

Cell suspensions (described 2.2) were used for all resistance tests. Initial cell contentra-
tion was in the range of 107–108 CFU/mL Tested strains were inoculated in the tubes with
the MRS broth, with 3 and 7% NaCl. MRS without NaCl was used as a control.

MRS broth for resistance to acid was acidified with hydrochloric acid to pH 2. The
tested strains were inoculated in the tubes with the acidified MRS broth. MRS was used as
a control.

The resistance to bile salts method proposed by Bao et al. (2010) [36] was used to
estimate strain tolerance to bile salts. MRS broth tubes supplemented with 0.3% (w/v) bile
salts (Russia) were inoculated with the tested strains. MRS without bile salts was used as
a control.

The survival percentage was calculated using the following equation: Survival% = log
CFU MRS (NaCl, pH 2 or bile salt)/log CFU MRS × 100, where log CFUMRS stress agents
represents the total viable cells after treatment with stress agents, and log CFU MRS means
the total number of viable cells in the control.
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2.3.2. Cell Resistance to Simulated Gastrointestinal Tract (GIT) Conditions

The strain’s resistance to simulated gastric and intestinal juice was carried out according
to Qin et al. (2022) [37]. Cell suspensions (described 2.2) were used for all resistance tests.
Initial cell contentration was in the range of 107–108 CFU/mL. Briefly, pellets of active bacterial
cultures were resuspended in artificial gastric juice (0.5% NaCl, 3 g/L pepsin, pH 3.0 was
adjusted with 1 M HCl), and then in artificial intestinal fluid (0.5% NaCl, 1 g/L trypsin, 1 g/L
bile salt, pH 8 was adjusted with 1 M NaOH) with incubations at 37 ◦C for 2 h every step. The
survival percentage was calculated using the following equation: Survival% = log CFUf/log
CFU0 × 100, where log CFUf represents the total viable cells after treatment and log CFU0
represents the starting number of microorganisms.

2.3.3. Antibiotic Resistance

The antibiotic susceptibility of the LAB isolates was determined by the disc diffusion
method, as described earlier [38]. Briefly, bacteria were grown in MRS broth without or
with flaxseed mucilage (0.1, 0.2 and 0.4%) for 24 h at 37 ◦C, and then 0.1 mL suspension
was pour-plated on MRS agar plates. Then, antibiotic discs (Scientific Research Center of
Pharmacotherapy, Russia) were placed onto the surface of inoculated plates. All isolates were
screened for their susceptibility to ceftriaxone (30 µg), amoxicillin (25 µg), clindamycin (2 µg),
erythromycin (15 µg), cefoxitin (30 µg), and streptomycin (300 µg). After 48 h of incubation in
anaerobic conditions at 37 ◦C, the diameter of the inhibition zone was measured.

2.4. Bacterial Surface Properties

The bacterial surface properties were studied following the methodology described by
Maldonado et al. (2012) [39]. The hydrophobicity and and auto-aggregation were tested
only after MRS cultivation. MWNM was not used in the tests because it contains increased
amounts of residual casein and whey proteins. These proteins make the nutrient medium
turbid. In this case, there is no possibility of gentle separation of bacterial cells from protein
particles; methodologically, it is impossible to perform a correct test for autoaggregation
and hydrophobicity.

The hydrophobicity percentage (% H) was calculated using the following equation:
% H = [(A0 –Af)/A0] × 100. A0 and Af are the optical density (OD) at 600 nm before
(initial OD600 nm = 0.9 ± 0.1) and after extraction within hexadecane, respectively. For the
bacterial autoaggregation, the results were expressed as a percentage of autoaggregation
(%A) = [(A0 − Af)/A0] × 100. A0 and Af are the OD at 600 nm before and after 2 and
24 h. The scores of hydrophobicity and auto-aggregation were ranged as high (60–100%),
medium (30–60%), and low (0–30%).

2.5. Titratable Acidity and Total Phenolic Compounds (TPCs)

Titratable acidity (TA) was determined for all groups (broths MRS and MWNM)
without or with flaxseed mucilage (0.1, 0.2, and 0.4%) through titration until the pH
reached 8.3 using distilled water (5 mL of broth in 10 mL of distilled water). Next, 0.1 N
NaOH was used to estimate the amount of lactic acid (%) using the following equation:

LA% = (10 × VNaOH × 0.009 × 0.1)/W × 100, (1)

where 10—dilution factor; W—weight of sample (g) for titration; VNaOH—volume of NaOH
used to neutralize the lactic acid; 0.1—normality of NaOH.

Total phenolic compounds (TPCs) in cell-free supernatants were determined using
Folin–Ciocalteu reagent. For that, 250 µL of the sample solution was added to 250 µL of
Folin–Ciocalteu reagent; then, 1.25 mL of sodium carbonate solution (5%) and 0.75 mL of
pure water were added after 10 min and mixed. Then, the mixture was incubated for 1 h in
the dark and the absorbance was measured at 750 nm on a Spectrophotometer SF-2000 (OKB
Spektr, St. Petersburg, Russia). The results were expressed in tyrosine equivalents, µg/mL.
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2.6. Antioxidant Activity of Cell-Free Supernatants of MRS and MWNM
2.6.1. Evaluation of Radical-Scavenging Ability (RSA) by 2,2-Di-phenyl-1-picrylhydrazyl
(DPPH) Assay

The radical scavenging capacity was analyzed according to [40], with modifications.
Briefly, 1 mL of sample (5-fold diluted cell-free supernatant) (broths MRS and MWNM
without or with flaxseed mucilage (0.1, 0.2 and 0.4%) was mixed with 1 mL of freshly
prepared DPPH solution (0.12 mM ethanol) and incubated at 25 ◦C in the dark for 30 min.
The reaction mixture was centrifuged for 2 min at 10,000 rpm, and the absorbance was
measured at 517 nm using a Spectrophotometer SF-2000 (Russia). As a reference for the
control absorbance DPPH solution, 0.12 mM ethanol has been used. The radical-scavenging
activity was calculated as follows:

DPPH* scavenging activity % = [(control absorbance − extract absorbance)/(control absorbance)] × 100.

2.6.2. Ferric-Reducing Antioxidant Power Assay (FRAP)

The ferric-reducing antioxidant power (FRAP) assay was carried out following the
procedure described by [41], with modifications. Cell-free supernatants (broths MRS and
MWNM without or with flaxseed mucilage (0.1, 0.2 and 0.4%) were 2-fold pre-diluted for
analysis. Briefly, 1 mL of the sample was mixed with 1 mL of 0.2 M potassium sodium
phosphate buffer (pH 6.5) and 1 mL of 1% potassium ferricyanide. The reaction mixture
was incubated for 20 min at 50 ◦C, cooled, and 1 mL of 10% trichloroacetic acid was added.
The mixture was centrifuged at 2000 rpm for 10 min at 25 ◦C; the supernatant was diluted
twice with water (2 mL + 2 mL) and 400 µL of 0.1% FeCl3. For reference, a buffer was
added instead of the potassium ferricyanide. The absorbance was measured at 700 nm
(Spectrophotometer SF-2000) and expressed as reducing force, which was expressed as
absorbance at 700 nm relative to the control.

2.6.3. HO Free Radical Scavenging Ability

HO free radical scavenging ability was carried out following the procedure described
by Qin et al., 2022 [37], with modification. Cell-free supernatants (broths MRS and MWNM
without or with flaxseed mucilage (0.1, 0.2 and 0.4%) were 5-fold pre-diluted for analysis.
Then, we added 0.5 mL of a 5 mM/L ferrous sulfate (FeSO4) solution, 0.5 mL of a 5 mM/L
salicylic acid ethanol solution, and 0.5 mL of a 3 mM/L hydrogen peroxide solution to
0.5 mL of cell-free extract, which was then mixed and incubated at 37 ◦C for 30 min at
9000 r/min, and centrifugated for 5 min. The supernatant OD measured at 510 nm was
considered as B1, and OD at 510 nm as B0; ddH2O was used to replace the cell suspension
in the case of cell-free extract as the control group.

OH* scavenging activity (inhibition)% = (B0 − B1)/B0 × 100.

2.6.4. Fe-Chelating Activity

The FIC activity assay was carried out following the procedure described by
Muniandy et al., 2016 [42], with modifications. Cell-free supernatants were 2-fold pre-
diluted for analysis (broths MRS and MWNM without or with flaxseed mucilage (0.1, 0.2
and 0.4%)). The iron(II) chloride (FeCl2) solution (2 mM) and ferrozine solution (5 mM)
were both diluted 20 times prior to use in the assay. A diluted FeSO4 x H2O solution (1 mL)
was added to cell-free supernatants and mixed well. A diluted ferrozine solution (1 mL)
was then added to the mixture, followed by incubation for 10 min at room temperature.
Absorbance at 562 nm was measured against distilled water as a blank (Spectrophotometer
SF-2000). The control was a mixture of FeCl2 x H2O solution (1 mL), ferrozine solution
(1 mL), and distilled water (1 mL). The FIC ability of samples was calculated using the
above-mentioned equation.

FIC (inhibition)% = (B0 − B1)/B0 × 100.
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2.7. In Vitro Lipase Inhibition Assay

The lipase inhibition activity in cell-free supernatants was determined by a method
in Al-Yousef et al., 2021 [43]. In this method, the lipase activity was measured using
p-nitrophenyl butyrate (NPB) as a substrate. Lipase solution (100µg/mL) was prepared
in a 0.1 mM potassium phosphate buffer (pH 6.0). The sample (20 µL) (MRS and MWNM
with 0.1, 0.2, 0.4% and without FSM) and 580 µL potassium phosphate buffer (pH 6.0) were
mixed, and the mixture was preincubated with lipase solution (0.6 mL) for 10 min at 37 ◦C.
The reaction was then started by adding 100 µL NPB substrate. After incubation at 37 ◦C
for 15 min, the amount of p-nitrophenol released in the reaction was measured at 405 nm
(Spectrophotometer SF-2000). The results were expressed as percentage inhibition, which
was calculated using the formula:

Lipase inhibition % = (Ac − As)/Ac × 100.

where (Ac) is the absorbance of the control and (As) is the absorbance in the presence of the
test substance.

2.8. In Vitro α-Glucosidase Inhibition Assay

The in vitro α-glucosidase inhibitory activity was determined according to the method
described by Tao et al. [44]. The α-glucosidase inhibitory effect of the cell-free supernatants
(MRS and MWNM with 0.1, 0.2, 0.4% and without FSM) was evaluated by using p-nitro-
phenyl-a-D-glucopyranoside (p-NPG) substrate solution (0.5 mg/mL in 0.1 M potassium
phosphate buffer, pH 6.8). The sample (20 µL), 0.1 M potassium phosphate buffer (180 µL),
and α-glucosidase solution (400 µL) were mixed. After pre-incubation at 37 ◦C for 10 min,
1000 µL pNPG was added as the substrate, and an enzymatic reaction was performed
at 37 ◦C for 60 min. α-Glucosidase activity was determined by measuring the release of
p-nitrophenol from pNPG at 410 nm (Spectrophotometer SF-2000). A solution without the
cell-free supernatant was used as a control. A solution without the substrate was used as a
blank. The inhibition percentage was calculated as follows:

Glucosidase inhibition % = (Ac − As)/Ac × 100,

where (Ac) is the absorbance of the control and (As) is the absorbance in the presence of the
test substance.

2.9. Scanning Probe Microscopy (SPM)

SPM was used to study the effect of flaxseed mucilage on the cell surface, adhesion, and
deformation. Images of cells were obtained by SPM using a Dimension FAstScan scanning
probe microscope (Bruker Nano Surfaces, Santa Barbara, CA, USA). For microscopy, LABs
cells were obtained by culturing with and without 0.4% FSM (described in 2.2). Cell samples
were fixed with 2.5% glutaraldehyde for 4–5 h, subsequently washed three times with 0.2 M
Na-K phosphate buffer (pH 7.0), and then dehydrated using 30%, 40%, 50%, 60%, 70%, and
80% (twice for each concentration) ethanol at 15 min, and 95% ethanol three times at 30 min.
A drop of the bacterial suspension was deposited on the quartz glass and allowed to dry for
15–20 min. The set-up was placed on the sample stage of a Dimension FastScan SPM with
a Nanoscope V controller (Bruker, Billerica, MA, USA). Bruker ScanAssyst probes with a
radius of curvature of 2 nm were used for the nanomechanical mapping of the samples.
Topographic and mechanical data were collected simultaneously.

2.10. Statistical Analysis

All experiments were carried out in triplicate. Significance was established at p < 0.05.
The results were analyzed for statistical significance with a two-way ANOVA by GraphPad
Prism software v.6.0 at a significance level of p < 0.05.
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3. Results
3.1. Hydrophobicity and Auto-Aggregation of LABs Cells

The adhesion of LAB to epithelial and intestinal mucosal cells is considered to be
an important factor for the modulation of the immune system [45], and for antagonistic
activity against enteropathogens [46]. It is associated with the hydrophobicity of LABs and
their ability to auto-aggregate. These properties are associated with the ability of LABs to
colonize the mucosal surfaces of the gastrointestinal tract and attach to them. Therefore, the
level of auto-aggregation can be used for the preliminary screening of potentially probiotic
bacteria suitable for the colonization of the human intestinal tract.

This study revealed that the commercial strain L. bulgaricus has a low level of hy-
drophobicity (approximately 10–20%), which decreases when exposed to low mucilage
concentrations (up to 0.2%), but grows up 30% when the mucilage con-centration is in-
creased to 0.4% (Figure 1A). L. fermentum AG8 and L. plantarum AG9 strains had 30%
hydrophobicity in the control, and the addition of FMS increased hy-drophobicity to
62–72% for AG8 and 35–42% for AG9. According to the obtained data, the hydrophobic-
ity of LABs does not correlate with their au-to-aggregation properties. This corresponds
with the results reported for bifidobacte-ria, for which hydrophobicity levels showed con-
siderable variability and did not cor-relate with the degree of cell adhesion to intestinal
mucus [47,48].

Figure 1. Hydrophobicity (A) and auto-aggregation (B) of LABs cells after cultivation on MRS
medium with addition of flaxseed mucilage in different concentrations. Asterisks show significant
difference at p < 0.05.

High auto-aggregation of probiotic strains is a useful property because it leads to an
increase in the number of probiotic organisms in the macroorganism. In the control groups,
L. bulgaricus had high auto-aggregation (68.7%), while the AG8 (63%) and AG9 (51.3%)
strains had significantly lower auto-aggregation (Figure 1B). Cultivation in the presence of
flaxseed mucilage led to an increase in LAB’s ability to auto-aggregate, especially in the
case of AG8 and AG9 strains.

3.2. Characteristics of Probiotic Properties of LAB at Cultuvation on a MRS

In light of the potential use of the FSM in fermented dairy products, it is crucial
to assess the impact of its components on the survival of lactic acid bacteria. Figure 2
shows the cell survival of different LAB species after cultivation on MRS medium with
FSM. All three strains tested became more sensitive to 3% NaCl after cultivation with FSM.
The situation changed when tested with 7% NaCl. L. bulgaricus cells became even more
sensitive; the survival rate decreased by 10% compared to the control. The survival rate
of strain AG9 did not change regardless of the FSM concentration. On the contrary, the
AG 8 strain became less sensitive to high salt concentrations; the cell survival rate in the
experiment with 0.4% FSM increased by 10% compared to the control.
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Figure 2. Probiotic properties of LABs after cultivation on MRS medium with addition of flaxseed
mucilage in different concentrations (3%—resistance to 3 NaCl; 7%—resistance to 7% NaCl;
pH 2—resistance to acid conditions, 0.3% bile—resistance to 0.3% bile salts; gastric—resistance
to simulated gastrointestinal tract (GIT) conditions). Means with standard deviation were shown.

A number of factors in the upper gastrointestinal tract (high acidity, digestive enzymes,
and bile salts) can reduce the survival of probiotic lactic acid bacteria [49]. Acid resistance
is important for the ability of LAB cells to survive in the stomach and further migrate to
the intestine. The differentiation of the cell survival of commercial L. bulgaricus strains
and potentially probiotic strains L. fermentum AG8 and L. plantarum AG9 from silage was
detected when they were exposed to pH 2. The cultivation of AG8 and AG9 in the presence
of FSM increased cell survival in an acidic medium, while L. bulgaricus became more
sensitive to acid.

The results obtained in the bile acid test in the case of strains L. fermentum AG8 and
L. plantarum AG9 repeat the pattern of acid resistance. L. bulgaricus cells became less
sensitive to bile acids if they were grown in the presence of 0.4% FSM.

L. fermentum AG8 and L. plantarum AG9 cells, under gastrointestinal simulation condi-
tions, had a higher survival rate when grown in the presence of FSM, whereas L. bulgaricus
cells had a lower survival rate. These data correlate with the trend obtained when testing
at pH 2.

3.3. Characteristics of Probiotic Properties of LAB during Cultuvation on a Milk Whey Broth

In addition to MRS, a milk whey-based nutrient medium with the addition of glucose
was used to simulate fermented milk product conditions, and the joint effect of milk proteins
and FMS on LABs cell survival. The use of MWNM for cultivation led to increased cell
resistance to 3% NaCl, especially in combination with FSM, but the concentration of FSM
with the highest survival in strains differed: L. bulgaricus—0.4%, L. fermentum AG8—0.4%, and
L. plantarum AG9—0.1% (Figure 3). As expected, increasing the salt concentration to 7%
resulted in a decrease in survival. However, FSM had a protective effect on L. fermentum AG8
and L. plantarum AG9 cells, especially at concentrations of 0.2 and 0.4%. As in the case of MRS
on whey nutritional medium, L. bulgaricus cells became more sensitive to high concentrations
of salt.
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Figure 3. Probiotic properties of LAB after cultivation on whey medium in the presence of differ-
ent concentrations of flaxseed mucilage. (3%—resistance to 3 NaCl; 7%—resistance to 7% NaCl;
pH 2—resistance to acid conditions, 0.3% bile—resistance to 0.3% bile salts; gastric—resistance to
simulated gastrointestinal tract (GIT) conditions). Means with standard deviation were shown.

The survival of AG8 and AG9 at pH 2 after cultivation in whey medium increased
when the FSM concentration rose. These results repeat the trend shown on MRS but at a
lower absolute level. The survival of L. bulgaricus decreased to the control level when the
strain was grown in medium with 0.2 and 0.4% FSM. Cultivation in the presence of FSM on
milk whey led to a decrease in the resistance to the bile of L. bulgaricus, had no significant
effect on L. fermentum AG8, and increased the bile resistance of L. plantarum AG9. Depending
on the strain, FSM had different effects on survival under gastric juice conditions. FSM
increased the survival of AG9 and had no effect on the survival of the L. bulgaricus and
L. fermentum AG8 strains.

Thus, changing the MRS cultivation medium to milk whey medium led to an increase
in the probiotic properties of the commercial L. bulgaricus strain. The probiotic properties
of non-starter strains AG8 and AG9 practically did not change, or they deteriorated a little
when the cultivation medium was changed. However, the addition of FSM to the cultivation
medium with milk whey resulted in a significant increase in the cell resistance of non-starter
strains AG8 and AG9. Different polysaccharides can increase the resistance of the probiotic
bacteria Lactobacillus casei 01 strain to gastric juice [50]. Previously, prebiotic properties have
been described for flaxseed mucilage, which contained a mixture of rhamnogalacturonan I
and arabinoxylan [16,51,52].

The antibiotic resistance of lactic acid bacteria is a particularly important indicator
of probiotic strains. The cultivation of L. bulgaricus with different concentrations of FSM
resulted in no statistically significant changes in antibiotic resistance (Table 1). AG8 testing
showed increased resistance to cefoxitin when the strain was grown with FSM at a con-
centration of 0.1–0.2%, while increasing the FSM concentration resulted in an increased
sensitivity of cells to cefoxitin. The strain L. plantarum AG9 became resistant to cefoxitin
after cultivation with FSM; no statistically significant changes were found in other cases.
Thus, the co-cultivation of the studied lactic acid bacteria with FSM does not increase their
sensitivity to antibiotics of different classes.
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Table 1. Antibiotic resistance of LABs cells after cultivation on MRS in the presence of different
concentrations of flaxseed mucilage (mean values ± SD, n = 3).

Antibiotic FSM
Concentration, %

Ceftriaxone Cefoxitin Amoxicillin Clindamycin Erythromycin Streptomycin

Strains 30 mcg 30 mcg 25 mcg 2 mcg 15 mcg 300 mcg

L. bulgarucus

0 9.5 ± 1.3 6 ± 1.8 14.8 ± 1.3 10.5 ± 2.4 8.8 ± 2.1 1.9 ± 0.6

0.1 7.5 ± 1 4 ± 0 13.5 ± 1.3 10.5 ± 1.3 9 ± 2.4 1.9 ± 1

0.2 7.3 ± 1 5 ± 0 11.8 ± 1.3 9.8 ± 2.2 9 ± 1.8 1.5 ± 0.9

0.4 9.3 ± 2.2 5 ± 0 9.8 ± 0.5 11.3 ± 3.3 8.5 ± 1.7 1.4 ± 0.8

L. fermentum AG8

0 11 ± 2.9 4 ± 0 10 ± 1.2 13.5 ± 2.4 11 ± 1.8 2.3 ± 1

0.1 9.7 ± 2.8 5.5 ± 0.7 * 10.8 ± 1 12.3 ± 1.5 8.8 ± 3.9 2.9 ± 1

0.2 8.8 ± 1.5 7.5 ± 0.7 * 11 ± 1.8 11.3 ± 0.5 12 ± 1.8 3.5 ± 0.6

0.4 9 ± 1.2 2.5 ± 0.7 11.5 ± 2.4 12.3 ± 2.2 11 ± 1.4 2.5 ± 1.3

L. plantarum AG9

0 8 ± 0.8 2.1 ± 0.1 12 ± 1.8 7.8 ± 1.7 12.5 ± 1.3 1.6 ± 0.5

0.1 6.5 ± 1.3 0.1 ± 0.1 * 11 ± 1.8 6 ± 2.2 12 ± 0.8 1 ± 0.7

0.2 6 ± 2.2 0.1 ± 0.1 * 11.8 ± 0.5 4 ± 1.6 12.5 ± 1.7 1.1 ± 0.6

0.4 7 ± 1.4 0.1 ± 0.1 * 14.3 ± 1.7 7 ± 2.9 13.5 ± 2.4 1.3 ± 0.5

* show a significant difference at p < 0.05.

3.4. Scanning Probe Microscopy (SPM)

The use of SPM made it possible to visualize the appearance of the cells as well as
determine the adhesive (adhesion is the tendency of surfaces to cling to each other; in
our case, surfaces are the tip and bacterial cell wall) and deformational properties of the
lactobacilli cells (Figure 4). The adhesive properties of the different species differ greatly.
L. bulgaricus cells showed an adhesion strength of 3.34 nN, while AG8 and AG9 cells showed
only 0.472 nN and 0.630 nN. The adhesive properties of the cells changed in the presence of
FSM, and the effects detected varied with the species of lactobacilli.

Figure 4. SPM microscopy of Lactobacillus cells after cultivation on MRS or MRS in the presence of
flaxseed mucilage (0.4%).
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In the case of L. bulgaricus with FSM, the adhesion became 0.3 nN, which is 10 times
less than in the control. In the case of L. fermentum AG8 and L. plantarum AG9, the adhesion
increased to 1 and 2.5 nN, respectively. Thus, the cells of non-starter strains removed from
silage under the influence of 0.4% FSM become more adhesive; probably, these changes allow
AG8 and AG9 cells to be more hydrophobic in the presence of FSM (Supplementary File).

Deformation measurement showed that the bacterial cells became less hard in the pres-
ence of FSM: L. bulgarucus—5.4 nm (control) and 7.6 nm (FSM); L. fermentum AG8—0.36 nm
(control) and 2.0 nm (FSM); and L. plantarum AG9—2.4 nm (control) and 2.76 nm (FSM).
The greatest increase in hardness (5.5-fold) was detected for the strain L. fermentum AG8
(Supplementary File). The effect of FSM on the adhesive and deformational properties of
lactic acid bacteria cells, which affect the probiotic properties, in particular hydrophobic
autoaggregation, is undeniable.

3.5. Effect of FSM on Lactic Acid Synthesis and Antioxidant Properties

Lactic acid synthesis is an important indicator showing that the metabolic functions of
lactic acid bacteria have been preserved. A significant decrease in lactic acid production
will affect the health properties of the bacteria. FSM at concentrations of 0.1–0.2% did
not inhibit lactic acid synthesis in any strains with MRS incubation. A decrease in lactic
acid production in strains AG8 and AG9 with an FSM concentration of 0.4% was detected.
The level of synthesized acids of strains AG8 and AG9 on the medium with whey was
higher than that of L. bulgaricus. The addition of FSM to the whey medium intensified
acid production by 0.15–0.17% relative to the control (Figure 5). The tendency to reduce
acid production was revealed when the FSM level was increased to 0.4%. The optimal FSM
concentration for lactic acid production in the whey medium is 0.2%.

Figure 5. Effect of flaxseed mucilage on the lactic acid concentration of cell-free supernatants after
48 h of LAB cultivation on MRS or MWB (whey).

Considering that flax mucus contains lignans, a source of phenolic compounds, the
amount of total phenolic content (TPC) was determined in cell-free supernatants after 48 h
of MRS or MWB (whey) cultivation (Figure 6). The amount of phenolic compounds released
into cell-free supernatants during metabolism differed between strains. The AG9 strain in
the MRS control accumulates the most low-molecular-weight phenolic compounds, while
the AG8 strain accumulates the least. Adding 0.2% FSM to the MRS medium increased
TPC, especially in the case of AG8. Interestingly, AG9 and AG8 accumulated less TPC when
the MSF concentration was increased to 0.4%. L. bugaricus accumulated the greatest amount
of TPC in the case of 0.4% FSM.

When whey broth was used, the amount of TPC increased linearly for all strains
as the FSM concentration increased. Interestingly, when 0.4% FSM was added, strain
AG9 accumulated more TPC compared to the other strains. Considering that the initial
concentration of the mucilage is the same, we can assume the effect of flaxseed mucilage on
metabolic processes, and on the activation of proteolysis with the release of free aromatic
amino acids from whey proteins. In addition, we can assume that FSM modifications are
accompanied by the release of phenolic compounds.
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Figure 6. Effect of flaxseed mucilage on total phenolic content (TPC) of cell-free supernatants after
48 h of LAB cultivation on MRS or MWB (whey).

Lactic acid bacteria have a great potential to synthesize a complex of agents with
antioxidant properties [37–40]. Due to the co-culture of LAB with FSM, it is important to
identify the effect of mucus on the antioxidant properties of the metabolic products. The
antioxidant capacities (DPPH) of MRS or whey medium with FSM are shown in Figure 7.
Flaxseed mucilage increased the DPPH values significantly in the case of MRS. DPPH in
the case of AG8 and AG9 (with FSM) was approximately 75%, while for L. bugaricus it was
lower (about 65%). The lower RSA was also observed when all strains were grown on
MWNM, but, in this case, RSA also increased when FSM was added (especially at 0.4%).

Figure 7. Effect of flaxseed mucilage on radical scavenging activity (RSA) of cell-free supernatants
after 24 h of LAB cultivation on MRS or MWB (whey).

The addition of FSM increased the OH scavenging activity of the tested strains
(Figure 8). The concentration of 0.1–0.2% FSM increased the OH scavenging activity
of MWNM cell-free supernatants of strains AG8 and AG9 by 7–10% (Figure 8, OH whey).

Figure 8. Effect of flaxseed mucilage on hydroxyl scavenging activity of cell-free supernatants after
24 h of LAB cultivation on MRS or MWB (whey).
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A statistically significant effect of FSM in different concentrations on the Fe-chelating
activity of cell-free supernatants was not found (Figure 9).

Figure 9. Effect of flaxseed mucilage on Fe-chelating activity of cell-free supernatants after 24 h of
LAB cultivation on MRS or MWB (whey).

3.6. Effect of FSM on Enzyme Activity

Lactic acid bacteria and the products of their metabolism can inhibit lipase in vitro [53].
We did not find an increase in lipase inhibiting capacity when LABs were grown on MRS
medium (Figure 10). Lipase inhibition increased in the presence of FSM when the culture
medium was changed to MWNM. The AG9 strain showed the greatest ability to inhibit lipase.

Figure 10. Effect of cell-free supernatants on inhibition of lipase and glucosidase.

Thus, co-cultivation of the studied lactic acid bacteria in the presence of FSM and milk
components in the form of whey leads to the synthesis of lipase and α-glucosidase inhibitors.

Previously, it was shown that inhibition of α-glucosidase by bacteria leads to a decrease
in glucose production in the intestinal tract, and thus prevents type 2 diabetes mellitus [54].
The starter L. bulgaricus strain showed the highest ability to inhibit α-glucosidase when
grown on MRS, including in the presence of FSM. As in the case of lipase, the addition
of FSM did not affect the synthesis of α-glucosidase inhibitory components in the MRS
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cell-free supernatants. Additionally, in MWNM, the addition of FSM 3-fold increased the
inhibition of α-glucosidase in vitro (Figure 10).

4. Discussion

Many factors, including polysaccharides, can influence the probiotic properties of lactic
acid bacteria. A few authors have described the positive role of chia seed mucus, flaxseed
mucilage [12,13], and alginate [55]. We found that changes in the viability of lactobacilli
depend on the concentration of flaxseed mucilage, the species of lactobacilli, and the
growing medium. The species- and strain-specificity of lactobacilli responses to various
stresses are indicated by a number of authors: L. plantarum [56,57] and L. casei [58,59].

The cultivation of lactobacilli in the presence of milk protein (medium with whey
permeate) and flaxseed mucilage leads to increased survival under conditions of simulated
digestive juices, especially in L. plantarum AG9. Previously, Lavari et al., 2015 [60] showed
that cells of Lactobacillus rhamnosus 64 grown in whey permeate were more resistant to mild
heat stress. It can be assumed that the presence of albumin proteins in milk contributes
to the formation of resistance, which once again proves the possibility of using fermented
dairy products as carriers of probiotic bacteria. Under in vitro conditions, a good survival
rate can be considered to be between 70% [53] and 80% [35]. The presence of flaxseed
mucilage at a concentration of 0.1–0.2% in the cultivation medium increases the survival
rate of Lactobacillus to 80% and higher under simulated gastrointestinal tract conditions.
This is probably due to the fact that lactobacilli cells are encapsulated in their growth in
the presence of FSM, which is confirmed by the changes in their structural and mechanical
properties. It was previously revealed that the encapsulated cells in flaxseed mucilage have
an increased survival rate in simulated gastric juice [12].

The effect of FSM on the antioxidant properties of the cell-free extract is due to
the presence of phenolic compounds. A number of studies have shown that the total
phenolic content can be used as an indicator of antioxidant activity [61–63], although the
total phenolic content does not include all antioxidants. The composition of phenolic
compounds in flaxseed gum includes caffeic acid, p-coumaric acid, epicatechin, ellagic
acid, cinnamic acid, and vanillic acid [64]. These compounds have been extensively studied
because they provide protection, for example, against the damaging effects of oxidative
stress [65]. An increase in radical-scavenging activity was detected when the concentration
of FSM was increased, which indicates the contribution of FSM to the formation of the
antioxidant properties of the cell-free extract after the cultivation of LABs. In addition, FSM
modification by chemical methods leads to an increase in antioxidant activity compared to
the initial mucus [66]. Therefore, it can be assumed that modifications under the influence
of lactic acid bacteria lead to changes in FSM antioxidant properties.

Certainly, the antioxidant properties of free-cell extract are also formed by LAB metabo-
lites. LABs have various biologically active substances such as vitamins, amino acids,
enzymes, exopolysaccharides (EPS), short-chain fatty acids, organic acids, phenolic com-
pounds, bioactive peptides, etc., which have a positive effect on human health [67]. We
previously revealed that exopolysaccharides and the protein-free fraction of fermented
milk obtained after the fermentation of milk with L. fermentum AG8 and L. plantarum AG9
strains possess a spectrum of antioxidant properties [35]; they are capable of binding free
radicals, hydroxyl radicals, superoxide radicals, and iron.

All the obtained results indicate the importance of using flaxseed mucilage for the
formation of increased resistance of LAB cells. These data are consistent with the results
of a study using polysaccharide-alginate to protect probiotic cells [68]. Providing an LAB
survival of at least 106 CFU/mL during passage through the human gastrointestinal tract
is desirable for health benefits [69]. Our results show that in an in vitro system, a high
number of viable bacterial cells can successfully survive under gastrointestinal conditions.
It was found that under conditions of nutrient media, including sweet whey, more bioactive
substances are synthesized in the presence of FSM, which can play a positive role in the gut
(e.g., antioxidant activity) as well as in bioavailability (adsorption in the blood). In addition,
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probiotics were found to increase their functionality, their antioxidant activity, and their
ability to adhere to epithelial cells.

5. Conclusions

The results of this study contribute to the study of the interaction between lactic acid
bacteria and plant polysaccharides, a promising bioactive additive. First of all, a positive
effect of FSM on the survival of L. bulgaricus, L. fermentum AG8, and L. plantarum AG9 in
simulated gastric juice was shown. This effect depended, in particular, on the bacterial
species and culture medium, changes in LAB-cell auto-aggregation, and hydrophobicity after
FSM exposure. It is important to note the species-specificity of the responses of different
lactobacilli to the presence of flaxseed mucilage. This study also presented new results on the
combination of flaxseed mucilage, sweet milk whey, and LABs during fermentation, leading
to the formation of increased antioxidant activity. LAB in the presence of FSM and milk
components in the whey leads to the synthesis of lipase and α-glucosidase inhibitors.

In view of this, a food product that combines high amounts of healthy bacteria and
polyphenols, the source of which can be flaxseed mucilage, can be considered a functional
product. At the same time, low concentrations of 0.1–0.4% flaxseed mucilage already result
in healthy effects, while such low concentrations of FSM limit the effect on the sensory
(taste) properties of the final products. Undoubtedly, further studies are needed, including
(1) studying the effect of flaxseed mucilage on dairy products, including its antioxidant
properties; and (2) revealing the effect of such a dairy product on the mammalian organism.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/fermentation9050486/s1, Supplementary File.
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