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Abstract: The aim of this study was to evaluate the effectiveness of nine different biological com-
pounds to reduce mycotoxins concentrations. The hypothesis of this study was that a static in vitro
gastrointestinal tract model, as an initial screening tool, can be used to simulate the efficacy of
Geotrichum fermentans, Rhodotorula rubra, Kluyveromyce marxiamus yeast cell walls and their polysac-
charides, red and white clay minerals, and walnuts nutshells claiming to detoxify AFB1, ZEA, DON,
and T-2 toxin mycotoxins. Mycotoxin concentrations were analyzed using high-performance liquid
chromatography (HPLC) with fluorescent (FLD) and ultraviolet detectors (UV). The greatest effects
on reducing mycotoxin concentrations were determined as follows: for AFB1, inserted G. fermentans
cell wall polysaccharides and walnut nutshells; for ZEA, inserted R. rubra and G. fermentans cell walls
and red clay minerals; for DON, R. rubra cell wall polysaccharides and red clay minerals; and for
T-2 toxin, R. rubra cell walls, K. marxianus, and G. fermentans cell wall polysaccharides and walnut
nutshells. The present study indicated that selected mycotoxin-detoxifying biological compounds
can be used to decrease mycotoxin concentrations.

Keywords: AFB1; ZEA; DON; T-2 toxin; in vitro; yeasts; polysaccharides; clay; walnut nutshells

Key Contribution: This study investigated the efficacy of selected individual biological compounds,
Geotrichum fermentans, Rhodotorula rubra, Kluyveromyce marxiamus, clay minerals, and walnut nutshells
for the decontamination of AFB1, ZEA, DON, and T-2 toxin.

1. Introduction

Mycotoxins, a class of toxic secondary metabolites naturally produced by various
mold species, pose a significant threat to human and animal health due to their ubiq-
uity and potential for contamination in various food and feed supplies [1]. Aspergillus,
Penicillium, Fusarium, and Alternaria microscopic species fungi are the main mycotoxins
producers [2]. Nowadays, more than 400 potentially toxic mycotoxins produced by more
than 100 species of fungi have been identified. Mycotoxins constitute a structurally diverse
group of low-molecular-weight toxic compounds, which is generally less than 1000 Da, and
mycotoxigenic mold growth is essential for mycotoxin production, but the presence of mold
species does not indicate toxin production [3]. Contamination of feed with mycotoxins in
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the dairy sector can cause serious food and feed safety issues, as well as negative impacts
and significant losses to the ruminant industry [4].

Dairy cattle are often exposed to mycotoxins because of the large proportion of maize
silage in their ration every day [5]. In fact, maize silage is several times more prone to
the contamination of mycotoxins compared to grassland products and can occur before,
during, or after harvest [6,7]. Usually, ensiled forages, maize, and grass silages often
contain multiple mycotoxins, and the main and most frequently detected mycotoxins are
AFB1 (aflatoxin B1), DON (deoxynivalenol), ZEA (zearalenone), and the T-2 toxin [8].
Meanwhile, HT-2 toxin, enniatins (ENN), nivalenol (NIV), fumonisins (FUM), fumaric
acid (FA), and beauvericin (BEA) mycotoxins are determined less often and in smaller
doses [9]. Feed contaminated with these toxins can cause mycotoxicosis in dairy cattle,
characterized by a variety of clinical signs depending on the toxin and its doses [10].
Mycotoxicosis is usually divided into two forms: acute mycotoxicosis resulting from a large
single dose of mycotoxins and chronic mycotoxicosis due to the continuous consumption
of low amounts of mycotoxins over time. The toxic effects of various mycotoxins are
conditioned by their bioaccessibility, bioavailability, and metabolic fate. The bioavailability
of mycotoxins depends on their digestive stability and release from food matrixes, while
bioaccessibility refers to the capability of a toxic compound released from a food matrix
to pass across the intestinal barrier [11]. Usually, in vitro static methods that simulate the
gastrointestinal tract are widely applied to predict the bioaccessibility and bioavailability of
various mycotoxins [12]. The toxic level of mycotoxins causing acute disease in dairy cattle
is 100 µg/kg for AFB1, 400 µg/kg for ZEA, and more than 100 µg/kg for T-2 [13]. However,
chronic aflatoxicosis, caused by small exposure to several mycotoxins over time, is a more
common animal health problem. Generally, in cattle, mycotoxins can cause reduced feed
intake, alter ruminal fermentation and feed utilization, reduce the growth rate, inhibit
protein synthesis, milk production, intestinal barrier integrity, mucin production, and
the immune system, and cause serious reproductive problems [14,15]. In comparison,
ruminants may be less affected by certain mycotoxins compared to monogastric, which is
attributed to microbial activity in the rumen, which can change the chemical structure of
the mycotoxin into less toxic compounds [16]. Mycotoxins can be harmful to animal health,
and specific toxic clinical signs appear depending on the individual mycotoxin, as shown
in Table 1.

Table 1. Toxic effect of mycotoxins in dairy cattle.

Effect AFB1 ZEA DON T-2/HT-2 Toxin FUM OTA

Carcinogenicity
√ √ √

Immunotoxicity
√ √ √ √ √

Hepatotoxicity
√ √ √ √ √

Nephrotoxicity
√ √

Neurotoxicity
√

Teratogenicity
√

Dermal
toxicity

√

Gastrointestinal
system toxicity

√

Reproductive
system toxicity

√ √

In many countries, mycotoxin concentrations in feed and their products are meticu-
lously regulated by legislation [17]. The specific values of maximum residue limits (MRLs)
can vary by country. However, the European Union regulation on feedstuffs has so far
established aflatoxin concentrations (AFB1, AFB2, AFG1, and AFG2) by Directive 32/2002
(European Communities 2002). Moreover, additional “guidance values” have been pub-
lished by the European Commission for several other compounds such as DON, ZEA,
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fumonisins (FUM), ochratoxin A (OTA) (European Commission 2006), and T-2 and HT-2
toxins (European Commission 2013) [1,7].

One of the key challenges in today’s development to prevent animal exposure to
mycotoxins is to find effective and natural silage additives (mycotoxin detoxifiers). Usually,
they can be divided into two main categories: adsorbing agents (mycotoxin binders) and
bio-transforming agents (mycotoxin modifiers) [18]. So, each subcategory has its own mode
of action: binders absorb mycotoxins in the gastrointestinal tract and prevent mycotoxin ab-
sorption, whereas mycotoxin modifiers transform mycotoxins of microorganisms/enzymes
into non- or less-toxic metabolites [19]. One of the most used binders is clay minerals,
and depending on their structure and physicochemical properties, they can absorb my-
cotoxins in a different way. However, each type of clay has its own specific mycotoxin
binding capacity and efficiency adsorption depending on both the clay and mycotoxin
properties [20]. In addition, there is increasing interest in new and innovative biological
materials that would be ecological, sustainable, and safe for the environment. So, one of
the promising current alternatives of mycotoxin binders is waste residual biomass such
as shells of different nuts, such as walnut nutshells [21]. Among biosorbents, nut shells
have several advantages over other materials because they are not perishable, contain a
large number of polysaccharides, have high porosity, and are of no commercial value [22].
Also, various yeast species and polysaccharides extracted from yeast cell walls can be used
as natural mycotoxin modifiers. The types of yeast used for mycotoxin detoxification are
mainly the Saccharomyces genus and Saccharomyces cerevisiae species [23]. Yeasts and yeast
cell walls showed that their β-D-glucans composition and tridimensional network can
chemically adsorb mycotoxins and transform them into non- or less-toxic metabolites, thus
reducing the absorption of mycotoxins in the small intestine, reducing the accumulation of
mycotoxins in specific organs, increasing their clearance, and protecting vital organs from
the effects of mycotoxins [24,25].

The hypothesis of this study was that Geotrichum fermentans, Rhodotorula rubra,
Kluyveromyce marxiamus, clay minerals, and walnut nutshells can be used as an alternative
to conventional means for the decontamination of mycotoxins. Biological compounds have
been divided into two groups according to their mode of action: (a) mycotoxin modifiers
(Geotrichum fermentans, Rhodotorula rubra, Kluyveromyce marxiamus yeasts, and their cell wall
polysaccharides) and (b) mycotoxin binders (clay minerals and walnut nutshells).

The aim of this study was to evaluate the effectiveness of selected individual biological
compounds for the decrease in AFB1, ZEA, DON, and T-2 toxin concentrations.

2. Results
Analysis of Selected Biological Compounds Effect on the Mycotoxin’s Concentrations Reduction

This work evaluated the effect of selected different biological compounds on the
reduction in AFB1, ZEA, DON, and T-2 toxin mycotoxin concentrations in a static in vitro
model of the gastrointestinal tract. The results of the analysis are expressed as the mycotoxin
reduction at two incubation times and are summarized in Figures 1–4. All tested individual
biological compounds were grouped into two main groups: yeast cell walls and their
polysaccharides (n = 6) and mineral and biological absorbents (n = 3).

While analyzing the effect of individual biological compounds on the reduction in the
mycotoxins’ concentrations, all tested biological absorbents were able to bind to AFB1, and
the binding efficacy of yeast cell walls and their polysaccharides varied from 9.4% to 71.0%,
whereas mineral and biological absorbents varied from 29.1% to 100.0%.

The highest effect of yeast cell walls and their polysaccharides on AFB1 reduction
was determined after 3 and 6 h of incubation by GFCW and GFCWP compared to other
yeast cell walls and their polysaccharides. The lowest effect on mycotoxin reduction at both
incubation times was determined with inserted RRCW. The highest efficiency to bind to
AFB1 was found with inserted GFCWP (71.0%) after 6 h of incubation with a 15.51% higher
efficacy compared to after 3 h of incubation (60.0%).
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Figure 1. Reduction in aflatoxin B1 by biological compounds: (A) yeast cell walls and their polysac-
charides; (B) mineral and biological absorbents. a–f Values within a column without a common su-
perscript letter differ (p < 0.05). RRCW–R. rubra cell walls, RRCWP–R. rubra cell wall polysaccha-
rides, KMCW–K. marxianus cell walls, KMCWP–K. marxianus cell wall polysaccharides, GFCW–G. 
fermentans cell walls, GFCWP–G. fermentans cell wall polysaccharides, RCM–red clay minerals, 
WCM–white clay minerals, WN–walnut nutshells. 

 
Figure 2. Reduction in zearalenone by biological compounds. (A) Yeast cell walls and their polysac-
charides; (B) mineral and biological absorbents. a–f Values within a column without a common su-
perscript letter differ (p < 0.05). RRCW–R. rubra cell walls, RRCWP–R. rubra cell wall polysaccha-
rides, KMCW–K. marxianus cell walls, KMCWP–K. marxianus cell wall polysaccharides, GFCW–G. 
fermentans cell walls, GFCWP–G. fermentans cell wall polysaccharides, RCM–red clay minerals, 
WCM–white clay minerals, WN–walnut nutshells. 
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Figure 1. Reduction in aflatoxin B1 by biological compounds: (A) yeast cell walls and their polysac-
charides; (B) mineral and biological absorbents. a–f Values within a column without a common
superscript letter differ (p < 0.05). RRCW–R. rubra cell walls, RRCWP–R. rubra cell wall polysaccha-
rides, KMCW–K. marxianus cell walls, KMCWP–K. marxianus cell wall polysaccharides, GFCW–G.
fermentans cell walls, GFCWP–G. fermentans cell wall polysaccharides, RCM–red clay minerals, WCM–
white clay minerals, WN–walnut nutshells.
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Figure 2. Reduction in zearalenone by biological compounds. (A) Yeast cell walls and their polysac-
charides; (B) mineral and biological absorbents. a–f Values within a column without a common
superscript letter differ (p < 0.05). RRCW–R. rubra cell walls, RRCWP–R. rubra cell wall polysaccha-
rides, KMCW–K. marxianus cell walls, KMCWP–K. marxianus cell wall polysaccharides, GFCW–G.
fermentans cell walls, GFCWP–G. fermentans cell wall polysaccharides, RCM–red clay minerals, WCM–
white clay minerals, WN–walnut nutshells.
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Figure 3. Reduction in deoxynivalenol by biological compounds. (A) Yeast cell walls and their
polysaccharides; (B) mineral and biological absorbents. a–f Values within a column without a
common superscript letter differ (p < 0.05). RRCW–R. rubra cell walls, RRCWP–R. rubra cell wall
polysaccharides, KMCW–K. marxianus cell walls, KMCWP–K. marxianus cell wall polysaccharides,
GFCW–G. fermentans cell walls, GFCWP–G. fermentans cell wall polysaccharides, RCM–red clay
minerals, WCM–white clay minerals, WN–walnut nutshells.
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Figure 4. Reduction in T-2 toxin by biological compounds. (A) Yeast cell walls and their polysac-
charides; (B) mineral and biological absorbents. a–f Values within a column without a common
superscript letter differ (p < 0.05). RRCW–R. rubra cell walls, RRCWP–R. rubra cell wall polysaccha-
rides, KMCW–K. marxianus cell walls, KMCWP–K. marxianus cell wall polysaccharides, GFCW–G.
fermentans cell walls, GFCWP–G. fermentans cell wall polysaccharides, RCM–red clay minerals, WCM–
white clay minerals, WN–walnut nutshells.

The sequestration rates of AFB1 by mineral and biological absorbents were higher
using RCM and WN than those with WCM at both incubation times. RCM and WN were
able to bind to AFB1 with the highest efficacy after 6 h of incubation (>90.05%).
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After evaluating the effect of ZEA reduction, all tested biological compounds showed
the highest efficiency after 6 h of incubation (>69.96%).

The best results for the reduction in ZEA by yeast cell wall and their polysaccharides
after 3 and 6 h of incubation were obtained with inserted RRCW and GFCW, rather than
with KMCWP, which showed the lowest reduction effect of all the tested compounds. RCW
and GCW have the highest efficiency in binding to ZEA, which was equal to 100.0% after
6 h of incubation.

It was determined that the reduction in ZEA by mineral and biological absorbents
was greater by RCM and WCM compared to WN at both incubation times. After 6 h of
incubation, they were able to bind to ZEA with 18.34% higher efficacy (>94.0%) than after
3 h of incubation (>79.0%).

The reduction in DON by RRCWP and GFCWP was the highest (p < 0.05) of all tested
yeast cell walls and their polysaccharides. After 6 h of incubation, they were able to bind to
ZEA with a higher efficacy (>69.0%) compared to after 3 h of incubation (>49.0%). RRCWP
has the highest efficiency able to bind to DON, which was equal to 100.0% after 6 h of
incubation. However, RRCW, KMCW, and GFCWP did not effectively sequester DON.

All tested mineral and biological adsorbents were able to bind to DON with a very
high efficacy (>69.18%). DON reduction was highest in RCM and equal to 100.0% after
both incubation times (p < 0.05) compared to WCM and WN. However, WCM and WN
were able to bind DON 30.82% and 19.68% after 3 h of incubation and 10.0% and 5.0% after
6 h of incubation, respectively.

The reduction in the T-2 toxin by yeast cell walls and their polysaccharides was highest
with inserted RRCW and KMCWP (p < 0.05) compared to GFCW. RRCW and KMCWP
obtained similar results after 3 and 6 h of incubation; they were able to bind to the T-2 toxin
with a higher efficacy (>76.31%). The lowest reduction in mycotoxins was determined with
inserted GFCW after 3 h of incubation.

While analyzing the mycotoxin reduction using mineral compounds, we determined
very similar results for RCM and WCM at both incubation times; RCM was able to bind T-2
by more than 59.0%, while WCM was able to bind more than 49.0%. The best results of T-2
toxin reduction were determined with inserted WN after 6 h of incubation, which was able
to bind to the T-2 toxin with a 14.71% higher efficacy (>69.0%) than after 3 h of incubation
(>59.0%).

3. Discussion

The current study shows that G. fermentans, R. rubra, K. marxiamus, clay minerals, and
walnut nutshells can reduce the concentrations of mycotoxins.

Recently, there has been an increase in the number of sustainable, innovative, and
bio-acceptable materials that can be used instead of chemical fungicides to reduce the
concentration of mycotoxins, thus improving dairy cattle feed quality [26,27]. The main
goal of the use of biological compounds is to reduce the toxicity of a certain compound by
absorbing or transforming it into less toxic compounds [28]. Thus, the main objective of
our study was to select and investigate other innovative and biologically active substances
such as yeasts and their polysaccharides, mineral compounds, and walnut nutshells. The
obtained research results confirm that our investigated biological compounds have statis-
tically reliable decontamination ability against various mycotoxins and can improve the
quality of silage produced in Lithuania. Based on the literature, AFB1 is not considered
a major problem in many European countries, but ZEA and DON have been identified
increasingly and in larger quantities in ensiled feed [29].

So, we started our research with the assumption that if mycotoxin adsorption did
not occur in vitro, it was highly unlikely that it would occur in vivo. In our study, a static
gastrointestinal model in vitro has been successfully used as an initial screening tool to
evaluate the efficacy of selected mycotoxin-detoxifying compounds in reducing mycotoxin
concentrations, which is essential for simulating the physiological conditions of dairy cattle
rumen [30]. To evaluate the mycotoxin concentration variations over time, the selected
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biological compounds were tested at two incubation times. Also, pH 6.8 was selected in
the study to simulate physiological pH in the rumen of cattle.

The results of our research are the first study of its kind in Lithuania, where the effects
of biological compounds on the reduction in mycotoxin concentrations are evaluated using
a static model of the gastrointestinal tract in vitro. As there have not been many studies
performed on this topic, it was very difficult to evaluate and interpret the obtained results.
However, the results of this study showed an effective and reliable reduction in AFB1,
ZEA, DON, and T-2 toxin concentrations in a static gastrointestinal model in vitro by using
selected biological compounds and confirmed the results obtained by other authors. It
should be noted that our research results indicate that selected biological compounds have
different effects on individual mycotoxins and no single biological compound has been
identified that would effectively reduce the concentrations of all tested mycotoxins at both
incubation times.

Previous research has shown that yeast can be used to remove mycotoxins by using
living cells, cell walls, or their polysaccharides. It was determined that yeasts and the
structure of their polysaccharides are dynamic and can adapt to various physiological
and morphological changes. Moreover, for mycotoxin binding, β-D-glucan and mannan
oligosaccharide are responsible, which bind to mycotoxins via hydrogen bonding and van
der Waal forces [31,32]. Also, previous studies analyzed the adsorption capacity of different
yeasts against mycotoxins, but these studies mainly focused on S. cerevisiae yeast [33,34].
For this reason, in our research, we were searching for a new species of yeast, isolated
from various substrates, that may have a similar effectiveness in reducing mycotoxins. So,
it was found that R. rubra, K. marxianus, and G. fermentans can statistically and reliably
(p < 0.05) reduce the concentrations of AFB1, ZEA, DON, and the T-2 toxin. Similar results
were determined by Kawtharani et al. [35], who also established that a Geotrichum candidum
strain could effectively reduce mycotoxin concentrations, especially the T-2 toxin. Malinee
Intanoo et al. [36] found that the K. marxianus species can effectively detoxify AFB1 and
AFM1, while according to Jakopović et al. [37], K. marxianus can be used to bind AFB1,
OTA, and ZEA. According to our study results, the best results for AFB1 concentration
reductions were established with inserted G. fermentans cell walls and their polysaccharides;
the best results for ZEA were achieved with R. rubra cell walls and G. fermentans cell wall
polysaccharides; the best results for DON were achieved with R. rubra and G. fermentans
cell wall polysaccharides; and the best results for the T-2 toxin were achieved with R. rubra
cell walls and K. marxiamus cell wall polysaccharides. The results we obtained were similar
to Ran Xu et al.’s [38] research results, who also determined that yeast cell walls and their
polysaccharides have high efficiency regarding binding to a wider range of mycotoxins
such as AFB1, ZEA, DON, or OTA, thereby reducing the negative impact of mycotoxins.

Recently, many mycotoxin binders of different origins have been widely used. So,
in the next phase of the experiment, we chose two mineral absorbents—red and white
clay— as reliable materials to reduce the concentration of mycotoxins and a new, innovative,
ecological, and waste-free bio absorbent—walnut nutshells. The most widespread class
of mycotoxin adsorbents is aluminum silicate minerals due to their clear mechanism
of action. As they are the most used and researched, they have been widely used to
improve the quality of feed [39]. Currently, a promising alternative is biosorbents, which
are obtained by processing various fruits or vegetables, because they promote waste-free
consumption [40,41]. So, this was one of the first studies to use walnut nutshells to reduce
the concentration of mycotoxin in Europe. Also, very little research has been performed on
this topic worldwide. Walnut nutshells have several advantages over other biosorbents
because they are widely available, have a high content of polysaccharides and great porosity,
and are of no commercial value. A considerable amount of byproduct is formed when
nuts are processed, of which the largest part is shells (67% of the total weight of the nuts),
so these properties have led us to use nutshells as an ecological, effective, sustainable,
innovative, and cost-effective biosorbent [42,43]. Our research results, which were similar
to other authors’ results, confirmed that walnut nutshells can be effectively used to reduce
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the concentrations of mycotoxins, like other minerals. It was established that red clay
minerals statistically and reliably reduce AFB1, ZEA, DON, and T-2 toxin (p < 0.05), while
white clay minerals only had the same result for ZEA (p < 0.05) at both incubation times.
Meanwhile, positive results were also found with walnut nutshells, as they statistically and
reliably reduced AFB1, DON, and the T-2 toxin at both incubation times.

4. Conclusions

The results of our study showed the high efficacy of the selected biological compounds
in reducing mycotoxin concentrations. A static in vitro model of the gastrointestinal tract
was applied as an initial screening tool aiming to evaluate the efficacy of these compounds.
This model allows for easy customization according to the products tested (e.g., yeasts and
their cell wall polysaccharides, clay minerals, and walnut nutshells). This study revealed
that all tested biological compounds absorbed AFB1, ZEA, DON, and the T-2 toxin to
a certain extent, except the DON concentration by Rhodotorula rubra and Kluyveromyce
marxianus cell walls after 3 h of incubation. The highest effect on the reduction in mycotoxin
concentrations was determined with inserted Geotrichum fermentans, Rhodotorula rubra, and
Kluyveromyce marxiamus cell walls and their polysaccharides, red clay minerals, and walnut
nutshells (p < 0.05). Additionally, further detailed studies are necessary using different
selected biological compound compositions to investigate their mechanisms of action.

5. Materials and Methods
5.1. Biological Materials

Three yeast strains isolated from various substrates (corn, vegetables, and fruits) grown
in Lithuania, coded as Kluyveromyces marxianus, Geotrichum fermentans, and Rhodotorula
rubra, were investigated. The strains were obtained from the Biodeterioration Research
Laboratory culture collection belonging to the Institute of Botany of Nature Research
Centre (Vilnius, Lithuania). All strains were maintained as active in YPD broth before the
experiment and preserved at 4 ◦C.

Red clay (bentonite) and white clay (montmorillonite) were purchased from the com-
pany “Biocos” (Alsace, France). The clay minerals were 100% natural, raw, organic, natu-
rally sun-dried, and mechanically ground into microparticles.

Walnut nutshells used in the experiments were collected in Lithuania, mechanically
ground, and sieved to obtain particles with sizes between 1 and 2 mm. The nutshell material
was washed abundantly with room-temperature water (22 ◦C) and dried in a muffle at
35 ± 2 ◦C for 48 h.

5.2. Preparation of Yeast Cell Wall Polysaccharides

Yeast cell wall polysaccharides were extracted from the yeast cell cultures maintained
in YEP media using the glass bead breaking method (“micro method”) with some modi-
fications. Cells were collected in the early exponential phase, considering that yeast cells
were not exposed to limiting nutritional conditions during this growth phase. Primar-
ily, yeast strain cells were propagated at 30 ± 2 ◦C for 2 days in falcon centrifuge tubes
at normal oxygen conditions containing 10 mL of YPD broth (1% yeast extract, 2% pep-
tone, and 2% glucose). The optical densities (ODs) of the samples were determined at
600 nm and adjusted to 2.0 with sterile distilled water using the Specord Plus UV/Vis
Spectrophotometer (Analytik Jena, Jena, Germany). After incubation, monocultures of
analyzed yeast strains were centrifuged at a relative centrifugal force (RCF) of 3468× g for
10 min (ECOspin III, Oberhausen, Germany) and the supernatants were washed three times
with PBS buffer to remove any contents of residual culture medium. Yeast cell pellets were
then disrupted in glass tubes with 0.5 mL of Tris-Cl 10 mm at pH 8 with 0.5 g of glass beads
(0.45–0.55 mm in diameter) via mixing for four cycles of 1 min each at 1 min intervals on ice
using a digital vortex mixer (Biosan Bio Vortex V1, Riga, Latvia). The cycles were stopped
when more than 95% of cells were broken. Then, the surface yeast cell suspension was
collected, and the glass beads were washed with 1 mL of cold Tris-Cl buffer. The collected
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supernatant and glass beads were centrifuged again under the same conditions. OD was
determined at 600 nm and adjusted to 2.0 with sterile distilled water. The clear yeast cell
wall polysaccharide supernatant was collected and stored at −20 ◦C until the experiment.

5.3. Preparation of the Static Gastrointestinal Model In Vitro

A static gastrointestinal model in vitro was created using a previous method with
some modifications, as described by Keller et al. [44]. The gastric simulation solution was
composed of saline and enzymes: 125 mM NaCl, 7 mM KCl, 45 mM NaHCO3, and 3 g/L
pepsin (porcine gastric mucosa, 800–2500 V/mg) at pH 3. The spiking solution consisted of
5 µg/mL of AFB1, 500 µg/mL of ZEA, 5000 µg/mL of DON, and 250 µg/mL of the T-2 toxin,
dissolved in an ethanol/H2O mixture (50/50, v/v). All reaction solutions were prepared
immediately before the experiment. The biological compounds used in the experiment
were divided into two main groups according to biological compound materials.

The following biological compounds were used:

1. RRCW—Rhodotorula rubra cell walls.
2. RRCWP—Rhodotorula rubra cell wall polysaccharides.
3. KMCW—Kluyveromyce marxianus cell walls.
4. KMCWP—Kluyveromyce marxianus cell wall polysaccharides.
5. GFCW—Geotrichum fermentans cell walls.
6. GFCWP—Geotrichum fermentans cell wall polysaccharides.
7. RCM—red clay minerals.
8. WCM—white clay minerals.
9. WN—walnut nutshells.

To prepare a static gastrointestinal tract model in vitro, in a 50 mL incubation flask,
we mixed 2.5 mL of each selected biological compound, 40 µL of the spiking mycotoxin
solution, and 25 mL of the gastric simulation solution. Throughout the experiment, the
pH of all reaction solutions was 6.8, adjustable as needed with 6 M of HCl (to simulate the
physiological pH of the rumen). All samples throughout the experiment were incubated in
a shaking incubator (150 rpm) in triplicate at 39 ± 2 ◦C. Then, solutions were centrifuged
at 10,000× g for 10 min and 0 h, 3 h, and 6 h. Less than 1 mL of the collected supernatants
was used for AFB1, ZEA, DON, and T-2 toxin determination via HPLC-FLD and HPLC-
UV methodologies.

5.4. Determination of Mycotoxin Concentrations

The concentrations of AFB1, ZEA, and the T-2 toxin were tested using high-performance
liquid chromatography (HPLC) with a fluorescent detector (FLD) (Model LCMS-8060
Shimadzu Corporation, Kyoto, Japan), and the concentration of DON was determined using
HPLC with an ultraviolet detector (UV) (Model Sciex API 5000, McKinley Scientific, Sparta
Township, NJ, USA). Samples were extracted in distilled water for DON, in methanol–water
(75:25 v/v) for AFB1 and ZEA, and in methanol–water (60:40 v/v) for the T-2 toxin at
constant mixing on a mechanical shaker (Phoenix Instrument RS-OS 20, Inc., Garbsen,
Germany) for 60 min at 23 ◦C. After extraction, the samples were centrifuged at a relative
centrifugal force (RCF) of 3468× g for 10 min (Centrifuge MPW-251, MPW, Warsaw, Poland).
Later, the supernatants were filtered using PTFE syringe filters with pore diameters of
0.22 µm (Millex-GS, Millipore, Billerica, MA, USA) and diluted in phosphate-buffered
saline (PBS). In the sample purification step, the extracts were passed through a multi-
mycotoxin immunoaffinity column 11 + Myco MS-PREP® (R-Biopharm AG, Darmstadt,
Germany) according to the manufacturer’s recommendations. The prepared samples were
subjected to high-performance liquid chromatography analysis, the parameters of which
are given in Table 2. Chromatographic separation of mycotoxins was performed using a
LiChrospher® 100 RP-18 (Merck KGaA, Darmstadt, Germany), LiChroCART 250–4 column
(250 mm × 4.0 mm, 5 µm; Supelco Park, Bellefonte, PA, USA). Mycotoxin concentrations
were determined by comparing the maximum retention times using standard solutions.
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Mycotoxin concentrations were determined by correlating the peak area of the samples
with the standard curves obtained using HPLC analysis of standard solutions.

Table 2. HPLC analysis parameters for mycotoxin detection.

Parameters
Mycotoxins

AFB1 DON T-2 Toxin ZEA

Column temperature 30 ◦C 30 ◦C 40 ◦C 30 ◦C

Mobile phase H2O/ACN/MeOH
(60:20:30)

H2O/ACN/MeOH
(94:3:3)

H2O/ACN
(40:60)

H2O/ACN/MeOH
(46:46:8)

Fluorescent detector,
wavelength λ (nm)

(excitation and emission)
365 and 435 - 381 and 470 274 and 418

UV detector λ (nm) - 218 - -
Flow rate (mL/min) 1 1 1 1

Injection volume (µL) 100 100 100 100
Limit of detection (LOD)

(µg/kg) 0.2 20 1.4 3

UV—ultraviolet rays; H2O—water; ACN—Acetonitrile; MeOH—Methanol.

5.5. Statistical Analysis

Statistical data analysis was performed using the qualitative analysis package IBM
Statistics SPSS, version no. 25 (IBM, Chicago, IL, USA). To evaluate the effect of selected
biological compounds on AFB1, ZEA, DON, and T-2 toxin mycotoxin concentrations, the
data were analyzed using descriptive statistics and a one-way ANOVA. The differences in
the test properties of the compared groups were expressed as mean values and the standard
error of the mean (SEM), and differences between the compared groups were assessed
using Fisher’s LSD test (α = 5%). The obtained results were statistically significant when
p < 0.05.
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