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showed the highest reduction percentages of 89% and 67% when exposed to AA solutions
of 350 ng/mL and 750 ng/mL, respectively. These findings indicated that different bacterial
strains have different AA reduction abilities. Hence, the AA reduction ability of probiotics
is strain-specific. Similar results were also observed in a previous study [21].

Figure 1. The acrylamide (AA) reduction ability of four single strains of probiotic bacteria: Lacticas-
eibacillus paracasei ATCC25302 (L. Pa.), Lactiplantibacillus plantarum ATCC14917 (L. PL.), Bifidobacterium
longum ATCC15707 (B. L.), and Streptococcus thermophilus ATCC19258 (S. T.), when exposed to (i) 350
ng/mL, (ii) 750 ng/mL, and (iii) 1250 ng/mL AA solutions. Probiotic concentration was 10° CFU/mL.
Incubated at 37 °C for 4 h at pH 6.5-7.0. Expressed as AA reduction percentage. Different characters
in the same panel indicate significant differences, whereas the same character indicates not significant.

In addition, the effect of different AA concentrations on the AA reduction ability of
probiotics was also obtained. All tested probiotic strains showed an ability to reduce AA
and the reduction percentage varied when exposed at different AA concentrations (Figure 1).
The highest AA reduction ability was obtained when exposed to the low AA concentration
of 350 ng/mL. As shown in Figure 1, L. Pa., L. PI., B. L., and S. T. (109 CFU/mL) showed a
significant reduction (p < 0.05) in their abilities to reduce AA when the AA concentration
was increased from 350 ng/mL to 750 ng/mL. Moreover, the AA reduction abilities of
tested strains had significantly (p < 0.05) declined when the AA concentration was further
increased up to 1250 ng/mL.

This result might be explained by the potential reduction mechanism of the probiotic,
namely, the physical binding mechanism of the bacterial cell wall [23]. Peptidoglycan is the
major cell wall mass of LAB. The structure of glycan chains of repeating N-acetylglusamine
and N-acetylmuramic acid residues cross-link via the peptide side chain [26]. This physical
binding mechanism was also applied in other toxic substances, such as polyaromatic
hydrocarbon and mycotoxins, to explain the toxin-removing ability of LAB [27,28]. The
physical binding effect was affected by several factors, including incubation time and
toxin concentration. When the acrylamide concentration increased, the peptidoglycan cell
wall tended to become saturated with AA and showed a decrease in the ability to remove
AA [20]. The current study also demonstrated similar observations that can be explained
by the physical binding mechanism.

When the bacterial cell concentration was adjusted to 108 CFU/mL (Figure 2), L.
Pl. demonstrated the highest AA reduction percentages (43-51%) among the 5 tested
probiotic strains when exposed to different AA concentrations of 350 ng/mL, 750 ng/mL,
and 1250 ng/mL, respectively. As shown in Figure 2, it was seen that upon increasing
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the AA concentration, L. PL. significantly (p < 0.05) decreased its AA reduction abilities.
In general, all selected probiotic strains exhibited AA reduction abilities at different AA
concentrations. Different probiotic strains showed a different AA reduction performance.
This may be explained by different probiotic strains functioning differently with variations
in the contents of carbohydrates and certain amino acids of their bacterial cell wall [19,21].
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Figure 2. The acrylamide (AA) reduction ability of five strains of probiotic bacteria: Lacticaseibacillus
paracasei ATCC25302 (L. Pa.), Lactiplantibacillus plantarum ATCC14917 (L. PL.), Lactobacillus bulgar-
icus ATCC11842 (L. B.), Bifidobacterium longum ATCC15707 (B. L.), and Streptococcus thermophilus
ATCC19258 (S. T.), when exposed to (i) 350 ng/mL, (ii) 750 ng/mL, and (iii) 1250 ng/mL AA solu-
tions. Probiotic concentration was 108 CFU/mL. Incubated at 37 °C for 4 h at pH 6.5-7.0. Expressed
as AA reduction percentage. Different characters in the same panel indicate significant differences,
whereas the same character indicates not significant.

As shown in Figures 1 and 2, the selected Lactobacillus genus exhibited a more efficient
AA reduction ability than two other genera under the testing conditions. L. PI. yielded the
best results, while L. B. and L. Pa. showed similar AA reduction abilities. Some previous
studies indicated that the AA absorption effect was related to the roughness of the cell wall
and the surface hydrophobicity [22], as well as the bonding interaction with the teichoic
acid content of the cell wall [19]. Hence, the difference in the reduction ability of test strains
is due to the difference in their cell wall composition.

In addition, the percentage of AA reduction was increased when the probiotic cell
concentration increased from 108 CFU/mL to 10° CFU/mL. With the 350 ng/mL AA
solution, L. PI. caused a dramatic increase in the AA reduction percentage from 51% to 89%
when the cell concentration was increased from 108 CFU/mL to 10° CFU/mL. Similarly,
with the 750 ng/mL AA solution, L. Pl. increased its AA reduction percentage from 43%
to 67% when the cell concentration was increased from 108 CFU/mL to 10° CFU/mL
(Figures 1 and 2).

Hence, the current results also demonstrated that the effect of AA reduction by probi-
otic bacteria is strain-, cell concentration-, and AA concentration-dependent.

2.1.2. Acrylamide (AA) Reduction by Probiotic Formulas in Chemical Solution

Based on the results of the AA reduction, five probiotic formulas (108 CFU/mL) were
formed to evaluate the potential synergetic reduction effect on AA. Due to the highest AA
reduction ability, L. Pl. was selected and combined with the other strains. As shown in
Figure 3, the results showed that different probiotic formulas had a significant effect on
AA reduction when exposed to different AA solutions. The probiotic formula of L. PI. + L.
B. showed the highest AA reduction percentage among the selected formulas (Figure 3).
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The result also demonstrated a synergistic reduction effect on AA by this probiotic formula
(L. PL. + L. B.). Before combining with L. PI., L. B. alone showed its AA reduction rate
of 12%, 30%, and 32% at 350 ng/mL, 750 ng/mL, and 1250 ng/mL, respectively. After
combining with L. PI., the AA reduction rate increased to 52%, 41%, and 41% at 350 ng/mL,
750 ng/mL, and 1250 ng/mL, respectively. L. Pl. can hydrolyze asparagine, the precursor
of acrylamide, to generate aspartic acid and ammonia, thereby inhibiting the formation of
acrylamide to a certain extent [21].
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Figure 3. The acrylamide (AA) reduction ability of five formulas of probiotic bacteria: Lactiplan-
tibacillus plantarum ATCC14917 (50%) + Lacticaseibacillus paracasei ATCC25302 (50%) (L. Pl. + L. Pa.),
Lactiplantibacillus plantarum ATCC14917 (50%) + Lactobacillus bulgaricus ATCC11842 (50%) (L. PL. + L.
B.), Lactiplantibacillus plantarum ATCC14917 (50%) + Streptococcus thermophilus ATCC19258 (50%) (L.
PI. + S. T.), Lactiplantibacillus plantarum ATCC14917 (50%) + Bifidobacterium longum ATCC15707 (50%)
(L. PL. + B. L.), and Lacticaseibacillus paracasei ATCC25302 (50%) + Lactobacillus bulgaricus ATCC11842
(50%) (L. Pa. + L. B.), when exposed to (i) 350 ng/mL, (ii) 750 ng/mL, and (iii) 1250 ng/mL AA solu-
tions. Probiotic concentration was 108 CFU/mL. Incubated at 37 °C for 4 h at pH 6.5-7.0. Expressed
as AA reduction percentage. Different characters in the same panel indicate significant differences,
whereas the same character indicates not significant.

The combination of probiotic strains also improved the efficacy on AA reduction. In
the single-strain condition, S. T. showed a weaker reduction ability than B. L. However, a
higher reduction ability was observed when S. T. was combined with L. Pl. when compared
with B. L. combined with L. PI., as shown in Figures 2 and 3. The co-culture concept of
different strains led to a surprising discovery, such as the new metabolites or the metabolism
pathway modulation [29]. The combination of different probiotic single strains also showed
its potential synergistic effect on acrylamide detoxification. However, this synergistic effect
was also strain-dependent.

The synergistic effect of combined probiotics was also reported in another study [30],
which indicated the significant effects of combined probiotics to prevent colon cancer.
According to previous findings [31], probiotics and their cell wall extracts could have
anticancer ability, and the synergistic effect was found when probiotics were combined with
other bio-functional compounds from cranberry juice. Another study [32] also found that
the combination of prebiotics and probiotics had a synergistic effect because it promoted
the growth of existing beneficial bacteria in the colon, and synbiotics also played a role in
improving the survival, implantation, and growth of newly added probiotic strains in rats.
One study showed that the probiotic efficiency of probiotic bacteria may be different if they
were used in different hosts [33].
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2.2. Acrylamide (AA) Reduction by Probiotic Formulas in Food Matrices

In this study, the AA content of the selected food samples, biscuits and potato chips,
were detected as 55.1 ng/g and 217.0 ng/g, respectively. In Figure 4, the AA reduction
ability of two probiotic formulas was investigated under two different food matrices
(biscuits and potato chips). The AA content of the selected food samples was significantly
reduced. The result showed that the percentage of AA reduction in biscuits was higher
than that in potato chips by both probiotic formulas (L. PI. + S. T. and L. PI. + L. B.) at
108 CFU/mL. Similar to the results in chemical solution, the formula L. PL. + L. B. showed
the higher AA reduction ability. The AA reduction percentage by the formula of L. PI. + L.
B. was two times higher than that by L. Pl. + S. T. in both biscuit and potato chip samples.
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Figure 4. The acrylamide (AA) reduction ability of two formulas of probiotic bacteria: Lactiplantibacil-
lus plantarum ATCC14917 (50%) + Streptococcus thermophilus ATCC19258 (50%) (L. PL. + S. T.) and
Lactiplantibacillus plantarum ATCC14917 (50%) + Lactobacillus bulgaricus ATCC11842 (50%) (L. PL. + L.
B.), when exposed to biscuits and potato chips. Probiotic concentration was 103 CFU/mL. Incubated
at 37 °C for 4 h at pH 6.5-7.0. Expressed as AA reduction percentage. Data are the mean of three
replicates.

Different food compositions in food matrices may affect the effect of probiotics. Previ-
ous findings [22] suggested that increasing the roughness of cell walls and increasing the
surface hydrophobicity of cells enhanced the adsorption ability of AA. Furthermore, the
C-O, C=0, and N-H groups, which were related to the protein and peptidoglycan contents
of the cell wall, were evidently involved in AA adsorption.

Therefore, different AA reduction percentages by probiotic formulas were obtained in
different food models.

2.3. Acrylamide (AA) Reduction by Probiotic Formulas in Food Matrices under In Vitro Digestion

In Figure 5, the AA reduction ability of two probiotic formulas was further investi-
gated in two different food matrices (biscuits and potato chips) under a simulated digestion
model. Similar trends were obtained in food matrices with or without digestive condi-
tions. The result showed that both probiotic formulas: L. PI. + S. T. and L. Pl. + L. B.
(108 CFU/mL), caused a higher AA reduction percentage in the biscuit food model under
the digestive condition when compared with that in potato chips. To compare the efficacy
of the probiotic formulas, L. PI. + L. B. showed a higher AA reduction ability than L. Pl. + S.
T. Based on the data, the AA reduction ability of probiotic formulas in food matrices was
significantly increased under the in vitro digestion condition. In the potato chips model,
the AA reduction percentage by L. Pl. + L. B. was increased from 14% to 38% under the
in vitro digestion condition (Figures 4 and 5).
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Figure 5. The acrylamide (AA) reduction ability of two formulas of probiotic bacteria: Lactiplantibacil-
lus plantarum ATCC14917 (50%) + Streptococcus thermophilus ATCC19258 (50%) (L. Pl. + S. T.) and
Lactiplantibacillus plantarum ATCC14917 (50%) + Lactobacillus bulgaricus ATCC11842 (50%) (L. PL. + L.
B.), when exposed to biscuits and potato chips under in vitro digestion. Probiotic concentration was
108 CFU/mL. Data are the mean of three replicates.

The use of in vitro simulated digestion model could be considered as a useful tool to
estimate the bioavailability of acrylamide under testing conditions. It considered not only
the influence of food intrinsic factors (structure, composition, nutrients’ interactions, etc.)
but also extrinsic factors associated with the physiological process (gastric and intestinal
pH, transit time, enzymatic activities, etc.) [25]. The current study may indicate the ability
of probiotic formulas to reduce the bio-accessibility of food toxicants under digestive
conditions. Previous studies also reported a similar toxin removal capacity of probiotic
bacteria under a simulated digestion condition [34-36].

3. Materials and Methods
3.1. Probiotic Strains and Culture Preparation

Lactobacillus delbrueckii subsp. bulgaricus (ATCC® 11842™) (L. B.), Lacticaseibacillus
paracasei subsp. paracasei (ATCC®25302™) (L. Pa.), Lactiplantibacillus plantarum subsp.
plantarum (ATCC®14917™) (L. PL), Streptococcus thermophilus (ATCC®19258™) (S. T.), and
Bifidobacterium longum subsp. longum (ATCC®15707™) (B. L.) were used. S. T. was activated
in Brain Heart Infusion (BHI) (MEKESSON, Irving, USA) by aerobic cultivation, while the
other four strains were activated by de Man Rogosa Sharpe (MRS) broth (Thermo Fisher
Scientific Inc., Waltham, MA, USA) under anerobic cultivation. All the tubes were put
into the anaerobic jar with an anaerobic atmosphere generation bag. The bacteria were
activated in the incubator at 37 °C for at least 24 h to reach maximum growth. Subsequently,
subcultures were performed prior to the experiment. For each subculture, an aliquot from
the last subculture was added to 100 mL of sterile MRS broth and incubated at 37 °C for at
least 24 h to achieve maximum growth. Optical density (OD600) of bacterial strains was
measured by a UV-vis single-beam spectrophotometer to obtain the growth curves, and
the pour plating method was used to determine the cell concentration (CFU value). All
agar plates were incubated under 37 °C for 48 h. The number of colonies was counted for
CFU determination.

The bacteria were collected by centrifugation at 2100 g for 10 min and washed twice
with sterile phosphate buffer saline (PBS) (Sigma-Aldrich, St. Louis, MO, USA). The pellets
were re-suspended in sterile PBS to obtain the primary working cultures (10° CFU/mL).
All prepared working cultures were temporarily stored at 4 °C prior to analysis [37].



