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Abstract

Mycotoxicosis are a common problem in livestock, where a group of six major mycotoxins represents a high risk for animal health and production
profits. Mycotoxin binders (MTB) can reduce the mycotoxin burden in the gastrointestinal tract of the animal. Mycotoxin binders are classified
in inorganic, as clays and activated carbon (AC), and organic, as yeast cell wall (YCW) and micro-ionized fibers. The adsorption of mycotoxins
into MTB is due to: 1) chemical interactions where the cation exchange capacity involves different types of bounds like ion-dipole, Van der Walls
forces, or hydrogen bonds; and 2) to physical characteristics of MTB like pore size, or mycotoxin structure and shape. The adsorption capacity
of MTB is determined using different in vitro tests that mimic the gastrointestinal tract of the animals. A literature search was conducted to
identify in vitro research where the efficacy of adsorption of MTB was determined. The search was based on 8 MTB [AC, bentonite, clinopti-
lolite, hydrated sodium calcium aluminosilicate (HSCAS), montmorillonite (MMT), sepiolite, YCW and zeolite] and 6 mycotoxins [aflatoxin (AF),
deoxynivalenol (DON), fumonisin (FUM), ochratoxin (OTA), T-2 toxin and zearalenone (ZEA)]. Sixty-eight papers with 1842 data were selected
and analyzed with the PROC MIXED of SAS. The response variable was the percentage mycotoxins adsorption by MTB, and the model included
the fixed effects of MTB, mycotoxins, incubation media, pH and their interactions, and the random effect of the study. Differences were con-
sidered significant when P < 0.05 and with tendency when 0.05 < P < 0.10. The mycotoxins adsorption capacity was 83% =+ 1.0 for AC, 76% =+
3.1 for MMT, 62% =+ 1.0 for bentonite, 55% =+ 1.9 for HSCAS, 52% =+ 9.1 for sepiolite, 52% =+ 4.3 for clinoptilolite and 44% + 0.4 for YCW. For
mycotoxins, the adsorption of AF was 76% =+ 0.6, for FUM was 50% =+ 1.8, for OTA was 42% =+ 1.0, for ZEA was 48% =+ 1.1, for DON was 35%
+ 1.6, and for -2 was 27% =+ 2.8. The pH affected the adsorption capacity of YCW with higher adsorption at low pH, and the adsorption of OTA
and ZEA, where OTA adsorption tended to be lower at intermediate pH, and adsorption of ZEA tended to be higher at the two-steps pH. The
potential adsorption of some essential nutrients, including amino acids and vitamins, should also be considered. Results should be used as a
guide in the selection of the appropriate mycotoxin binder based on the predominant mycotoxin in feeds.

Lay summary

Animal feeds are highly susceptible to mycotoxin contamination during harvest, storage, and processing. Mycotoxin binders represent an effec-
tive strategy to prevent mycotoxicosis in animals when supplemented into the diet. The efficacy of adsorption depends on the type of binder
(inorganic or organic) and the physico-chemical properties of binders and mycotoxins. Data reviewed from the literature indicates that activated
carbon has the highest adsorption capacity among different binders, and aflatoxins is the most adsorbed mycotoxin. However, the unspecific
nature of the binding process results in some essential nutrients being also adsorbed.
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Introduction different types of mycotoxins. A recent report indicated that
more than 88% of feed samples analyzed worldwide in 2019

Mycotoxicoses are the consequence of consuming feeds con- . . :
contained more than one mycotoxin (Gruber-Dorninger et

taminated with mycotoxins, causing acute, chronic, or subclin- - - ¢
ical effects. More than 400 mycotoxins have been identified al., 2019). Mold growth is dependent on climate conditions
and six are classified as highly toxic and frequent in animal where temperature, humidity, and drought influence the type
feeds: aflatoxin (AF), ochratoxin A (OTA), fumonisin (FUM), of mold and, as a consequence, the type of mycotoxins pro-

deoxynivalenol (DON), zearalenone (ZEA) and T-2 toxin duced (Schatzmayr and Str'eit, 2013; Moretti et al., 2019).
(T-2) (Krska et al., 2016; Arroyo-Manzanares et al., 2019). For example, Gruber-Dorninger et al. (2019) reported that
the first contaminant of corn samples was FUM (80%), fol-

lowed by DON (67%) and ZEA (44%). Mycotoxicosis may
reduce feed intake, nutrient digestion, and absorption and

Three major species of molds are responsible for the produc-
tion of these mycotoxins: Fusarium, Aspergillus, and Penicil-
lium (Yiannikouris and Jouany, 2002), each one producing
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metabolism, resulting in a negative impact on milk yield,
average daily gain, growth efficiency, and(or) fertility, among
others (Jouany et al., 2009; Bryden, 2012; Papatsiros et al.,
2021; Xu et al., 2022).

Mycotoxin binders (MTB) are an effective strategy to
sequester mycotoxins into their matrix and avoid their
absorption in the gastrointestinal (GI) tract of animals (Di
Gregorio et al., 2014; Colovi¢ et al., 2019). Mycotoxin bind-
ers are classified as Generally Recognized as Safe by the U.S.
Food and Drug Administration (code of federal regulations,
21 CFR 582.2729). This regulation recognizes that MTB
produce no harm to physiological functions of animals. The
mycotoxin-MTB complex passes through the GI tract of ani-
mals and is eliminated in feces (Gimeno and Martins, 2007).
The European Food Safety Authority (EFSA, 2011) requires
that the efficacy of MTB must be tested by one in vitro and
two in vivo tests where mycotoxins are supplemented at the
minimal mycotoxin toxic level for each species before being
authorized (European Commission EC, 2006). These tests
must prove the capacity of the MTB to adsorb mycotoxins
through a wide pH range to guarantee the stability of the
mycotoxin-MTB complex throughout the GI tract. These
tests should also prove high affinity and rapidity to adsorb
mycotoxins at a low MTB inclusion rate in diets (1-2 kg/t)
to allow a high degree of adsorption before the mycotoxin is
absorbed into the bloodstream. These properties depend on
the physical and chemical properties of MTB and mycotox-
ins as pH, polarity, pores dimension, and shape. Furthermore,
EFSA (2010) required also that MTB do not adsorb essen-
tial nutrients like AA, vitamins, and minerals as was demon-
strated in several studies (Barrientos-Veldzquez et al., 2016;
Kihal et al., 2020).

The objectives of this paper are to review the main char-
acteristics, properties, and mechanisms of action of MTB,
to evaluate the efficacy of MTB to adsorb mycotoxins and
to determine to what extent they can absorb some essential
nutrients.

Classification of Mycotoxin Binders

Mycotoxin binders are classified by their nature into two
major groups: 1) inorganic binders constituted by silicate
minerals and activated carbon (AC) binders, and 2) organic
binders constituted by yeast cell wall (YCW) or micro-ionized
fiber extracted from different plant materials (Figure 1).

Inorganic binders

There is no consensus on the classification of clay binders that
is acceptable to different disciplines such as agriculture, envi-
ronment, or construction applications (Bergaya and Lagaly,
2013). Therefore, we report a classification of inorganic bind-
ers based on their properties to bind mycotoxins as proposed
by Grim (1962) and updated by Murray (2007).

Silicate binders

Silicates are the most abundant elements found on earth crust
(Kandel, 2018). Silicate is a mineral combining silicon diox-
ide (SiO,*) with a tetrahedral structure, where the silicon ion
is in the center and surrounded by four oxygen atoms. The
interaction of the positive silicon charges and negative oxygen
charges results in an unbalanced structure. This allows the
free oxygen charges to be bound to other silicon ions forming
a chain of tetrahedral structures in different combinations,
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Figure 1. A diagram representing the classification of different mycotoxin
binders by their source, nature and structural composition.

resulting in chains, sheets, rings, and three-dimensional struc-
tures. The tetrahedral sheet is the basis of silicate binders
where different subgroups of silicate are formed in combina-
tion with other mineral ions in bi or three-dimensional struc-
tures. The two main subclasses of silicates are phyllosilicate
(sheets of silicate) or tectosilicate (framework silicate, Figure
2).

Phyllosilicate binders

Phyllosilicates are bidimensional laminar or tubular struc-
tures characterized by the interaction of the oxygen ions of
the tetrahedral silicate sheet with the hydroxyl ions of a sec-
ond sheet formed by aluminum or magnesium ions located in
the center of 6 hydroxyl ions (Al/MgOH), to give an octahe-
dral sheet (Figure 2, Di Gregorio et al, 2014). The six coordi-
nating hydroxy ions have a potential of six negative charges.
To compensate this charge difference, two AI** ions or three
Mg?* ions are added to the structure. Then, the octahedral
sheets are named trioctahedral or dioctahedral sheets, respec-
tively (Schoonheydt and Johnston, 2011). The structure of
phyllosilicate minerals is formed by piling up tetrahedral and
octahedral sheets in different combinations (Murray, 2007).
There are two main combinations: 1) A 1:1 tetrahedral and
octahedral sheets, represented by the clay group kaolinite-ser-
pentite, and 2) A 2:1 tetrahedral to octahedral sheet in the
middle (sandwich structure) like smectite (Figure 2). In some
cases, silicate Si**, and AI’* ions on the tetrahedral and octahe-
dral sheet can be substituted by Mg?*, Fe?* or Li* ions. These
substitutions lead to negatively charged layers that need to be
balanced with exchangeable cations (Na*, K*, Ca*%, ...). These
cations can be interchangeable and provide the clay with the
swelling and ions exchange capacity responsible for binding
mycotoxins.

Many clays are effective in binding mycotoxins, including
smectite, montmorillonite (MMT), bentonite, and sepiolite.
The smectite is one of the largest classes of phyllosilicate
groups that contains MMT known for its high adsorption
capacity. Bentonite is another clay composed of 80% MMT
and reproduces most of its properties (Grim and Giiven,
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Figure 2. Molecular structure of octahedral and tetrahedral sheets of tectosilicate binders, and an illustration of the contribution of ions to the

adsorption mechanism of mycotoxins.

1978). Sodium MMT is referred to as sodium bentonite and
calcium MMT is referred to as calcium bentonite. These dif-
ferent types of MMT come from exchangeable cations that
substitute the Al** or Mg?* in the octahedral sheet giving the
molecule high cations exchange capacity, electrical conductiv-
ity, and water absorption capacity. For instance, sodium MMT
has an exchange capacity between 80 and 130 meq/100 g
and a surface area between 150 and 200 m?*/g. The interlayer
space varies with the exchangeable cation and the degree of
inter-laminar hydration. A complete dehydration generates a
small space between sheets (0.95-1.0 nm). In contact with
water, the clay swallows, and expands the interlayer space
to tens of nanometers, allowing to increase the adsorption
capacity of bentonites (Sdnchez et al., 2012). In contrast, cal-
cium MMT has a lower exchange capacity (between 40 and
70 meq/100 g) and a smaller interlayer space (Murray, 2007),
which would result in lower adsorption capacity.

Tectosilicate binders

The tectosilicates group is a crystalline aluminosilicate min-
eral with zeolite as the main constituent. It is formed by assem-
bling multiple tetrahedral structures by the union of the apical
oxygen atom in a three-dimensional way. This arrangement
generates different pores of the same dimension occupied by
exchangeable cations and water molecules, giving a ring, or
a cage-like structure. The pores formed by the tridimensional
structure are the basis of the adsorbing capacity where the
in-site potassium and calcium cations interact with myco-
toxins that can get inside the pores depending on their size
(Nadziakiewicza et al., 2019; Samantray et al., 2022). There
are nearly 50 different types of zeolites with different physi-
cal and chemical properties. The classification of the different
types of zeolites is based on the crystal structure and chemical
composition, cations, pore size, and strength of the structure.
Clinoptilolite is the most commonly used zeolite type due to
its strength properties and high resistance at low pH and high

temperatures. Clinoptilolite is known as a molecular sieve for
its pores that represent 50% of the molecular structure with
an approximate size of 3-8 Angstrom (A). The application of
heat treatment or enrichment with different cations (K*, Na*,
or Ca?) may increase its porosity and adsorption capacity
(Eseceli et al., 2017).

Activated carbon

Activated carbon is a non-soluble powder formed by the car-
bonization of almost any organic compound that contains
carbon (wood, bamboo or coal) by a pyrolysis heating pro-
cess at temperatures up to 2000 °C (Galvano et al., 1996).
The resulting powder requires an activation process necessary
to acquire a higher adsorption capacity. Chemical and phys-
ical processes allow the development of a large number of
highly porous structures (Figure 3). The chemical treatment
consists on the impregnation of AC with different chemicals
such as potassium hydroxide, phosphoric acid, or zinc chlo-
ride followed by a temperature exposure of 250-600 °C. The
chemical treatment results in impure and ineffective AC with
a low number of pores and produces chemical residues harm-
ful to the environment (Danish and Ahmed, 2018). The phys-
ical treatment consists on an oxidation process where carbon
passes through a heating chamber at 600-900 °C with an oxy-
gen or carbon dioxide thrust with proper conditions of pres-
sure, temperature, and time (Ma et al., 2021). The treatment
results in a highly microporous carbon that increases the sur-
face area of the AC (500-3000 m?*/g, Ramos and Herndndez,
1996; Galvano et al., 2001). Therefore, the efficiency of AC
is related to the number of microporous available for adsorp-
tion of mycotoxins. Galvano et al. (1997) compared the effi-
cacy of different AC sources (olive residues, peach stone, and
almond shells) to adsorb FUM in vitro. Results showed that
the adsorption capacity ranged from 100% in olive residues
to 35% in peach stone, and was correlated to the availability
of pores among AC sources.
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Figure 3. Structure of macro and micropores of activated carbon for the
adsoprtion of mycotoxins and other nutrients.

Organic binders
Yeast cell wall

The YCW fraction of yeast represents 15-30% of the dry
weight of yeast cells and is considered responsible for
mycotoxin adsorption. Cell walls are organized in two
sheets: the inner sheet provides stiffness and determines
the morphology of the yeast and it is composed of 3-(1,3)-
D-glucans helix chains organized in a complex 3D struc-
ture, and $-(1,6)-p-glucans linear side chains, representing
50-60% of the dry weight of cell walls. The S-p-glucans
are firmly attached to the cytoplasm membrane by chi-
tins that provide the cell wall with their insolubility and
plasticity. When the chitin proportion is higher in the cell
wall it may decrease its flexibility and reduce the affinity
to bind mycotoxins (Jouany et al., 2005). The outer layer
of the cell wall is constituted by glucomannans and man-
noproteins (40%, Figure 4, Kogan and Kocher, 2007) that
determine the superficial properties of the cell wall. The
adsorption capacity of yeast increases as the proportion of
B-D-glucans present in the yeast strain increases (Yiannik-
ouris et al., 2004).

Micro-ionized fiber

Micro-ionized fibers have emerged as a new MTB that has
the ability to bind different mycotoxins. Many biomateri-
als have been identified with a mycotoxin binding potential
in several in vitro and in vivo studies as grape pomace,
grape stem, olive pomace, alfalfa hay, and wheat straw,
with a binding capacity ranging from 27 to 90% depend-
ing on the binder and the mycotoxin (Avantaggiato et al.,
2014; Colovié et al., 2019; Fernandes et al., 2019). The
adsorption mechanism of micro-ionized fibers is similar
to that of silicates or AC binders, where physico-chemical
interactions with lignin, cellulose, and polyphenol groups
with mycotoxins are involved (Greco et al., 2018; Nava-
Ramirez et al., 2021). The main limitation of micro-ionized
fibers to be used as MTB is that they should be fed at a
high inclusion rate (20 kg/t) to be effective in vivo, which
may not be adequate in monogastric animals (Colovié et
al., 2019). In contrast, the higher fiber content in ruminant
diets may help reduce the toxicity of mycotoxins in these
animals.
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components (adapted from Talavera et al., 2013).

Adsorption Mechanism of Different Binders

Mycotoxin binder properties

The adsorption mechanism of silicates is directly related to
the physico-chemical properties of the binder and indirectly
to mycotoxin properties. Cation exchange capacity and total
net charges of the surface determine the capacity of silicate
binders to adsorb mycotoxins. By definition, the cation
exchange capacity is the capacity of the binder to exchange
cations present on the surface with other molecules like myco-
toxins. However, this exchange capacity is highly dependent
on the pH of the binder, which varies among mine sources.
In fact, each binder has its own pH, named pH at point zero
charges, where the surface of the binder has equal positive
and negative charges. For instance, MMT extracted from a
Greece mine had a pH of 9.4 while another extracted from a
Bosnia mine had a pH of 7.7 (Ismadji et al., 2015). If the pH
of the medium is lower than the pH of the binder, hydrogen
ions are bound to the binder that loses its charge. This situa-
tion is similar to the gastric environment where the low pH
reduces the ionization capacity of cations and the adsorption
of those MTB will be lower (De Mil et al., 2015). However, if
the pH of the medium is higher than the pH of the binder, the
binder will release hydrogen ions andexpose negative charges,
increasing the capacity to attract cations (Na*, Ca?", K+, Al**)
within the interlayer space of sheets and in the edges of the
clay responsible for the interaction with the carbonyl oxygen
group of many mycotoxins. The adsorption capacity increases
as the cation exchange capacity of the binder increases (Diaz
et al., 2004; Ismadji et al., 2015). The interaction of cations
(positive charge) and the carbonyl group of mycotoxins (neg-
ative charge) is due to weak ion-dipole or Van der Walls inter-
actions. When water is present in the interlayer space of the
MTB, hydrogen molecules from H,O interact with oxygen
molecules of the carbonyl groups of mycotoxins and make a
complex hydrogen-carbonyl oxygen-cation bonds.

In addition to the external cation binding, the capacity of
adsorption is also related to the interlayer space of MTB,
which is dependent on the size of the interlayer space and
the size of mycotoxins. The interlayer space is a determin-
ing factor and is highly correlated to the adsorption capac-
ity of MTB (De Mil et al., 2015). The interlayer space varies
among MTB. Mortland and Lawless (1983) reported that
differences in the interlayer space between sodium and
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calcium bentonites affect the adsorption capacity of AF and
suggested that the higher interlayer space of sodium bentonite
allowed higher adsorption compared with calcium benton-
ite. For instance, zeolite has a lower adsorption capacity of
AF because its interlayer space (4=7 A) is much smaller than
the size of AF (10-12 A). In contrast, bentonite has a higher
adsorption capacity of AF due to its larger interlayer space
(15-20 A) that allows the AF to get inside the interlayer space
(Vekiru et al., 2014).

New silicate binders can be developed by the structural
modification of the original silicates. Chemical processes
allow the addition of organic molecules in the sheets of silicate
and mineral binders to increase the positive charge of layers.
Jaynes and Zartman (2011) reported that MMT treated with
choline and carnitine increased by four the adsorption of AF
compared with the untreated clays and suggested that lysine,
methionine, or phenylalanine treatment may also increase
the adsorption capacity of clays. The modification of zeolite
mineral with octadecyl-dimethyl benzyl ammonium can also
increase the surface hydrophobicity and enhanced the adsorp-
tion capacity of ZEA (Dacovi¢ et al., 2005). Tomasevic et al.
(2003) also reported that the adsorption capacity of zeolite
treated with organic compounds increased the adsorption
capacity of ZEA from 5 to 94%.

The adsorption mechanism of AC depends on different fac-
tors as pore size and surface area (Goto et al., 20135). Differently
to clay minerals, AC is not a polar molecule, and provides AC the
capacity to bind non-polar mycotoxins rather than polar myco-
toxins (Bueno et al., 2004). The binding mechanism of AC is by
hydrophobic interactions and pi-bonds. The activation process
of AC increases the surface oxygen complexes in the surface of
AC like carboxyl or phenol groups, which increases the polarity
and the hydrophilic properties of AC. Therefore, the AC acquires
the capacity to also adsorb polar compounds such as AF and
FUM (Moreno-Castilla et al., 2003). The pore size and their
distribution within the AC are also important to determine the
efficacy of adsorption. Pore dimensions are categorized in three
types: micropores (<2 nm), mesopores (2-50 nm) and macropo-
res (>50 nm). Therefore, the diffusion of mycotoxins into the AC
can be slowed if the pore size is inadequate to the size of myco-
toxins that limit the accessibility to the inner surface of the AC.

The adsorption mechanism of YCW is mainly related to
the interaction of f$-(1,3)-p-glucans with mycotoxins. The
two bonds involved in this interaction include the Van der
Walls bonds between the aromatic cycle of mycotoxins and
B-D-glucopyranose ring of the YCW), and the hydrogen bonds
between hydroxyl, ketone, and lactone groups of mycotoxins
and the hydroxyl group of glucose units of 8-p-glucans in
YCW (Jouany et al., 2005). The geometrical structure also
plays an important role in the binding mechanism of YCW,
where the match between the three-dimensional structure
of the mycotoxin and the f3-D-glucans helix improves the
strength of the complex (Yiannikouris et al., 2004).

Mycotoxin properties

Physico-chemical characteristics of mycotoxins also affect the
adsorption capacity of MTB (Galvano et al., 1997). Myco-
toxins can be classified by their polarity, solubility, and chem-
ical structure (Figure 5). The polarity of mycotoxins reflects
the charge arrangement within the molecule that can be clas-
sified as polar or non-polar molecules. For example, AF and
FUM are the highest polar mycotoxins, ZEA is non-polar,
and DON, T-2 and OTA have an intermediate polarity. Sol-

ubility of mycotoxins in the medium is important for their
adsorption. Most mycotoxins are soluble in different organic
solvents such as methanol, acetonitrile, or acetone. However,
their solubility in water depends on their polarity, being the
more polar mycotoxins the more soluble. The chemical struc-
ture, size, and shape of the molecule are another important
characteristic of mycotoxins that affect their adsorption. For
instance, AF is a flat shape and small molecule that can eas-
ily get into the interlayer space of binders and be adsorbed.
In contrast, the large branched structure of FUM makes the
entrance of the mycotoxin into the interlayer space of MTB
difficult, which reduces its adsorption (Galvano et al., 1996).

Methods to Determine the Adsorption
Capacity of Mycotoxin Binders

In vitro tests are commonly used as a screening method to
determine the capacity of MTB to adsorb mycotoxins. How-
ever, there are several in vitro methods described in the liter-
ature (Galvano et al., 1996; Lemke et al., 2001; Gallo and
Masoero, 2010).

Single in vitro test

The single concentration test consists on the use of in vitro
models that mimic the GI tract to test the interaction between
MTB and mycotoxins in an artificial incubation medium.
The method consists on a single concentration of mycotoxin
incubated with a defined concentration of MTB. Results of
this test are expressed as percentage of mycotoxin adsorp-
tion. The simplest model consists of using distilled water as
an incubation medium where substrates are incubated in one-
step at pH = 7 and ambient temperature for 24 h (Lemke et
al., 2001) or incubated for 2 h at 39 °C (Gallo and Maseoro,
2010). To better simulate the differences of pH in the GI tract,
a two-steps method was proposed by Dawson et al. (2001).
In this model, substrates are incubated first in a citrate buffer
at pH 3.0 and then in a phosphate buffer at pH 6.0 at 39 °C
for 2 h each. Lemke et al. (2001) modified the method by
adding enzymes to simulate the gastric and intestinal diges-
tion environments. This two-steps method consists on the
preparation of two distinct buffers containing pepsin enzyme,
citric acid, malic acid, acetic acid, and lactic acid adjusted to
pH 3.0 to simulate the gastric environment and incubated for
2 h at 38 °C. Then, the pH of the first medium is increased to
7.0 with sodium bicarbonate and mixed with a second buffer
containing pancreatin and bile salts to simulate the intesti-
nal environment for 2 additional hours. Gallo and Masoero
(2010) reported that deionized water does not simulate prop-
erly the adsorption capacity of MTB when they compared the
adsorption of AF by clinoptilolite using water or a buffer that
simulates the GI digestion model, with an adsorption of 48 vs.
97%, respectively. Authors suggested that the GI model was
more appropriate because it simulated closer the physiologi-
cal conditions. However, no method has been validated. The
pH is an important factor for the adsorption of mycotoxins
and the determination of MTB adsorption capacity. Avantag-
giato et al. (2005) reported that the adsorption capacity of
zeolite at pH 3 was higher than at pH 8.0 for FUM (59 vs.
6%) and ZEA (54 vs. 17%). Similarly for YCW, Dawson et
al. (2001) reported that the optimal pH of AF adsorption was
4.0. In contrast, the AC adsorption of OTA and ZEA was not
affected by pH (Rotter et al., 1989; Bueno et al., 2004). Gallo
and Masoero (2010) later proposed to use sterilized ruminal
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Figure 5. Chemical structure of the major mycotoxins and their molecular weight.

contents followed by the two-steps method of Lemke et al.
(2001) to simulate cattle conditions.

This in vitro method is subjected to variation due to exper-
imental conditions. One factor that has not been defined is
the effect of the mycotoxin to MTB ratio on the adsorption
capacity. A revision of the methodology of different in vitro
studies showed a high variability in the MTB to mycotoxin
ratios among different studies, ranging from 1:0.2 to 1:12 mg
MTB/pg mycotoxin for YCW:DON ratio, and 1:0.00007 to
1:200 mg MTB/pg mycotoxin for bentonite:AF ratio (Table
1). The adsorption capacity of MTB is dose-dependent
because the adsorption mechanism is limited by the available
sites in the binder. A small dose of mycotoxin with a high con-
centration of MTB will result in a higher adsorption capacity.
In contrast, a high concentration of mycotoxin will saturate
the adsorption sites of the MTB resulting in lower adsorption.
Bueno et al. (2004) and Avantaggiato et al. (2005) confirmed
that the adsorption of ZEA by bentonite and AC was higher
with increasing doses of MTB. Alternatively, increasing con-
centrations of ZEA with the same amount of YCW reduced
the adsorption rate of the toxin (Joannis-Cassan et al., 2011).
Therefore, there is an urgent need to define the adequate MTB
to mycotoxin ratio for a fair evaluation of the MTB adsorp-
tion capacity.

Adsorption isotherm test

The adsorption isotherm test consists on the evaluation of
the adsorption capacity of MTB by the assessment of the
amount of mycotoxin adsorbed per unit of weight of MTB.
The model is based on the incubation of increasing doses
of a mycotoxin with a constant concentration of a MTB
in a phosphate medium at a fixed temperature and pH for
1 h in a continuous shaking water-bath (Lau et al., 2016).
The free mycotoxin concentration left at each concentration
gradient after the incubation is analyzed to fit the isotherm
equations model (Kinniburgh, 1986). The application of the
adsorption isotherm test to the adsorption of mycotoxins by
MTB was described by Grant and Phillips (1998). However,
there are also some shortcomings. The method assumes that
the adsorption mechanism is specific for mycotoxins and no
other molecules can be adsorbed or compete with the adsorp-
tion sites on MTB, and it is limited to a fixed pH, which fails
to simulate the GI tract environment.

Dynamic gastrointestinal models

The TNO GI model was designed to mimic the conditions of
the stomach and small intestine lumen continuously, and was
validated as a good system to simulate the GI tract (Minekus
et al., 1995). The model simulates the stomach, duodenum,
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Table 1. Ranges of ratios of mycotoxin binder to mycotoxins doses used in in vitro tests to determine the mycotoxin adsorption capacity of different
mycotoxin binders
Binders! Mycotoxin?

AFB1 mg:pg DON mg:pg FUM mg:pg OTA mg:pg T-2 mg:pg ZEA mg:pg
AC 1:0.008-1:461 1:0.2-1:90 1:0.92-1:25 1:0.025-1:125 1:0.1 1:0.05-1:20
Bentonite 1:0.00007-1:200 1:0.2-1:12 1:2-1:20 1:0.002-1:12.5 1:0.1-1:0.2 1:0.1-1:20
Clinoptilolite 1:0.02-1:40 1:1.2 . 1:2 . 1:0.05-1:12
HSCAS 1:0.002-1:600 1:0.4-1:12 1:2-1:20 1:0.025-1:10 1:0.1 1:0.001-1:20
MMT 1:0.0002-1:20 1:0.5-1:12 1:2.5 1:0.025 1:0.1 1:0.05-1:1
Sepiolite 1:1.6-1:10 1:2-1:12 1:2 1:10 . 1:0.05
YCW 1:0.001-1:461 1:0.2-1:12 1:2-1:20 1:0.001-1:10 1:0.1 1:0.001-1:20
Zeolite 1:0.002-1:20 1:0.2-1:10 1:0.2-1:20 1:0.016-1:5 1:0.2 1:0.05-1:20

'AC, activated carbon; HSCAS, hydrated sodium calcium aluminosilicate; MMT, montmorillonite; YCW, yeast cell wall.
2AFB1, aflatoxin B1; DON, deoxynivalenol; FUM, Fumonisin; OTA, ochratoxin; T-2, T-2 toxin; ZEA, zearalenone.

jejunum, and ileum at the same time, where the different
compartments are connected by peristaltic pumps that ensure
the chyme transfer at the required passage rate. The system is
adapted to reproduce many physiological conditions of the
GI tract as meal transit, peristaltic movements, pH, gastric,
and intestinal secretions, absorption of digested products,
and water in each segment, and the removal of undigested
compounds. Avantaggiato et al. (2003, 2004, 2005, 2007)
evaluated the capacity of MTB to reduce the absorption of
mycotoxins using this model. Results showed that the intesti-
nal absorption of DON (51%) and nivalenol (21%) occurred
mainly in the jejunum and ileum, and the addition of 2% of
AC decreased the intestinal absorption of DON by 21% and
that of nivalenol by 45% in comparison to the control (Avan-
taggiato et al., 2004).

Efficacy of Mycotoxin Binder to Adsorb
Mycotoxins in In Vitro Studies

Materials and methods
Inclusion criteria and data extraction

A comprehensive literature search was conducted using
PubMed, Google Scholar, and Science Direct engines to iden-
tify experiments reporting the capacity of MTB to adsorb
mycotoxins in vitro. The research used as keywords the six
mycotoxins mentioned previously, eight MTB (bentonite; zeo-
lite; clinoptilolite; sepiolite; MMT; hydrated sodium calcium
aluminosilicate (HSCAS); AC and YCW), adsorption capacity
and in vitro. After the initial search, a total of 97 papers were
identified. Papers were retained if, 1) the MTB was described;
2) the single, well described MTB was tested; and 3) the incu-
bation medium of the experiment and the method used for
the determination of the adsorption capacity was described.
From the initial search, 29 papers were excluded for the fol-
lowing reasons: 23 papers did not describe the incubation
medium used; 3 papers did not report data of adsorption;
2 papers did not report the MTB tested in the study; and 1
paper was not used for animal purposes. The summary of the
procedure used to select papers is shown in the Supplemen-
tary Figure S1. The final analysis included 68 papers with
1843 data for the adsorption capacity of different MTB and
mycotoxins. Data were extracted from text, tables, or fig-
ures. Adsorption values in figures were extracted using an

extraction data program (Origin-Lab 2019, OriginLab Corp,
Massachusetts, USA). The collected data included the main
predictor variables, the mycotoxin, and the MTB, the doses
used, the MTB:mycotoxin ratio, the pH of the medium, the
time and temperature of incubation when available, and the
type of the incubation medium used. In general, the selected
papers used the simple concentration model for the incuba-
tion procedure carried on with one- or two-step methods with
different incubation media. For the one-step method, buffers
were water, water with methanol or water with hydrochloric
acid. For the two-step method, buffers were used to mimic the
GI tract pH using phosphate buffer at high pH (pH > 7.0), or
low (pH < 4), acetate buffer for intermediate pH (pH 4-6), or
citrate buffer for low pH (pH < 4), and data were obtained at
each pH point separately. Other media were also identified to
simulate the GI digestion using digestive enzymes (pepsin, bile
salts, and pancreatin), rumen fluid, or gastric juice.

Statistical analysis

The response variable of percentage adsorption was analyzed
using the PROC MIXED of SAS (version 9.4; SAS Institute
Inc., Cary, NC). The mixed model was: Y ;4 + 8 + MTB
+ MTX +M, +pH + MTB, * MTx, + MTB MTX
“pH, + S, + e where Y ;s the dependent Varlable,
overall adsorptlon capacity rnean S: the random effect of
the ith study; MTB: the fixed effect of the jth MTB; MTx,:
the fixed effect of the kth mycotoxin; M;: the fixed effect of the
method; pH_ : the fixed effect of the pH MTB] MTX the
MTB by mycotoxin interaction; MTB, * MTx, * * pH
the method by MTB by mycotoxin by pH mteractlon S
the random interaction between the ith study, the jth level of
MTB and the kth level of MTx; and €.t the residual error.
The adsorption capacity results are presented as least squares
of means. When a significant effect was detected, differences
among means were tested using the Tukey’s multiple compar-
ison test. Differences at a level of P < 0.05 were declared sig-
nificant, and trends were considered at 0.05 < P < 0.10.

l

Results and Discussion

Effect of incubation media on the MTB adsorption
capacity

In vitro studies are used to evaluate the adsorption capacity of
MTB, but results may be affected by the incubation conditions
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that can affect the interaction between MTB and mycotoxins.
The two-step method represented 69% of the overall data.
Media of water and simulated GI tract represented 10% of the
data each, gastric juice media 6%, hydrochloric acid:water 3%,
and methanol:water 2%. Analysis of the effect of the media on
the adsorption capacity showed that gastric juice was the only
method that differed from the other two-step methods (P <
0.05) and, because results were affected by this method and rep-
resented only 6% of data, they were removed from the dataset.

The overall adsorption capacity of different
mycotoxin binders

Table 2 shows the MTB binding capacity results for each
mycotoxin. Within MTB, YCW, and bentonite had the highest
number of observations with 36 and 29% of total data, respec-
tively, and clinoptilolite and sepiolite had the lowest number of
observations with 2 and 1% of data, respectively. The adsorp-
tion capacity was the highest for AC (average of 81%) and
was not different among mycotoxins (ranged from 53% with
T-2 toxin to 93% with AF). The other MTB had lower adsorp-
tion compared with AC but were similar among them, ranging
from 32% for zeolite to 48% for HSCAS. The average adsorp-
tion of HSCAS (48%) was the highest for AF and ZEA, and
the lowest for DON. The average adsorption of MMT (48%)
and bentonite (45%) was the highest for AF and the lowest for
the other mycotoxins. The average adsorption of sepiolite (46%)
and YCW (34%) was similar among mycotoxins ranging from
13 and 20% for DON to 95 and 49% for AF, respectively. No
adsorption data were reported for sepiolite for FUM, OTA, and
T-2. The average adsorption of clinoptilolite (32%) was the
highest for AF and the lowest for ZEA, with no reported data for
DON, FUM, and OTA. The adsorption of zeolite (32%) was the
highest for AF and the lowest for DON. The average adsorption
of bentonite (45 %) was the highest for AF and the lowest in the
other mycotoxins.

The highest adsorption capacity of AC may be related to
its adsorption mechanism discussed previously. The sizes of
the pores in AC are measured in nanometers and are larger
than the interlayer space of clay minerals measured in ang-
strom. Thus, mycotoxins with complex chemical structures
can get easily into AC pores and not in the interlayer space of
clays. Additionally, the activation of AC improves the binding
capacity of polar and non-polar mycotoxins which makes it
less selective and adsorbs different types of mycotoxins. Clay
adsorbents were less effective than AC, with similar adsorp-
tion capacity among different types of clays. The adsorption
mechanism of clays is based on their cation exchange capac-
ity that includes different weak ionic interactions. Varia-
tions among mycotoxins may be associated with the cation
exchange capacity and the interlayer space, which varies
among and within clays depending on their sources (Nury-
ono et al., 2012; De Mil et al., 2015). The average adsorption
capacity of YCW was similar to clay minerals, although the
adsorption mechanism is different and based on the match-
ing of structures of B-glucans and mycotoxins (Jouany, 2007;
Yiannikouris et al. 2013).

When analyzing results from the mycotoxin adsorption
point of view, AE, OTA and ZEA had the highest number of
observations with 38, 24, and 21% of total data, respectively,
and DON, FUM, and T-2 had the lowest observations with 9,
6 and 1% of total data, respectively. The average adsorption
was the highest for AF (77%) among all mycotoxins, being the
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highest in AC (93%), bentonite (86%) and MMT (88%), and
the lowest in YCW (49%). Two main characteristics allow a
high adsorption of AF: the small and flat structure that favors
its entrance into the interlayer space and pores of clays and
AC, and the high polarity that facilitates the ionic interac-
tions with MTB. In contrast, these properties do not facilitate
the adsorption of AF by YCW. In addition to AF, ZEA (50%)
and OTA (47%) had a similar average adsorption. For ZEA,
adsorption was the highest in AC (93%) and the lowest in
the other MTB (average of 38%), except for sepiolite that
was not different (39%) probably due to the small number of
treatments reported (7 = 3). Similarly, OTA adsorption was
the highest in AC (88%), and the lowest in YCW (43%) and
bentonite (22%). Joannis-Cassan et al. (2011) reported that
the high potential of YCW to adsorb OTA is due to the high
correlation of mannoprotein in YCW that represents the key
factor in the adsorption of OTA. In contrast, for other myco-
toxins, B-glucans are the main adsorbing factor. Fumonisin
and T-2 were the mycotoxins with fewer observations, 6 and
1%, respectively. For FUM (average of 45%), the adsorption
capacity was the highest in AC (83%), and the lowest in ben-
tonite (32%), YCW (30%), and zeolite (26%). For T-2 (aver-
age of 31%) the adsorption was not different among MTB
(ranged from 5.3% with zeolite to 53% with AC). There is
limited research available on the T-2 binding capacity, likely
due to the fact that it is a controlled biological substance dif-
ficult to conduct research with. Carson and Smith (1983) and
Bratich et al. (1990) reported that T-2 adsorption is MTB
dose-dependent and suggested that MTB dose must be 10
times higher than the usual dose used for the AF binding.
Deoxynivalenol had the lowest average adsorption (23%)
with the highest adsorption with AC (69%) and the lowest
with YCW (20%), bentonite (18%), HSCAS (11%), zeolite
(10%) and MMT (9%), but the adsorption of sepiolite (13 %)
was not different due to the low number of observations (7 =
2). The low adsorption of DON could be due to its hydropho-
bicity, attributed to the aromatic cycles that limit its binding
to MTB with hydrophilic characteristics.

Although AF has been the most prevalent mycotoxin in
feeds, AF occurrence has changed due to drastic control strat-
egies and climate change that affect the type of mold pro-
liferation in certain regions (Moretti et al., 2019). Several
studies reported the prevalence of different types of mycotox-
ins worldwide (Streit et al., 2013; Eloska et al., 2019; Gru-
ber-Dorninger et al., 2019). Results of sample analysis were
coherent among studies. Streit et al. (2013) reported data on
mycotoxins prevalence between 2004 and 2011, and showed
that DON (64%) and FUM (63%) were the first contami-
nants of feeds. However, AF occurrence was only important
in South East of Asia that increased from 33% in 2004 to
70% in 2011. The authors attributed the high incidence of
AF in this region to the hot climate. Later, Gruber-Dorninger
et al. (2019) reported data on mycotoxin occurrence between
2008 and 2017, and results also showed a high incidence
of DON (64%) and FUM (60%), and lower occurrence of
AF (23%). Eskola et al. (2019) compared the prevalence of
mycotoxins from datasets of EFSA that were obtained after
information access request (EFSA Ref. 17238686; PAD 2017
017), and of Biomin (Kovalsky et al., 2016), and results
showed similar incidences between the two datasets with the
highest incidence for ZEA (80%) and DON (60%). Surpris-
ingly, the collected data was much lower for T-2 (7 = 26) and
FUM (7 = 105) than for AF (12 = 669). These results report the

€20z fenuep €0 Uo Jasn ss992y JaquIB|\ SYSY A Z/Z4S/9/92E98%S/ L L/00 | /olonie/sel/woo dnooiuepese//:sdyy woJj papeojumo(



Kihal et al. 9
Table 2. The adsorption efficacy of different mycotoxin binders against most common mycotoxins measured with in vitro methods (average adsorption
+ SEM; number of samples in parenthesis)
Binders! Mycotoxin Average
Aflatoxin B1 Deoxynivalenol Fumonisin Ochratoxin T-2 toxin Zearalenone
AC 93*+ 0.8 697+ 0.8 83+ 1.7 882+ 1.8 53«79 93+ 1.6 81°+ 0.4
(n=56) (n=159) (n=35) (1 =28) (n=35) (n=23) (n=206)
Bentonite 864+ 0.3 187+ 1.4 32bv £ 4.2 30" = 0.6 22V £ 6.9 295y =+ 1.1 45+ 0.2
(n=295) (n=25) (n=8) (n=136) (n=4) (n=39) (n=507)
Clip 75®% + 1.5 29% + 16.0 14>y + 2.8 32b+1.2
(n =26) (n=2) (n=13) (n=41)
HSCAS 83+ (.8 115+ 1.6 52+ 2.8 432bxv + 5.1 32% x 12.6 52bx+ 1.4 48>+ 0.5
(n =50) (n =26) (n=15) (n=35) (m=2) (n=29) (n=127)
MMT 88+ + 1.0 9y + 6.3 4220y + 12.7 262y +11.9 24+ 13.1 475y + 1.7 48>+ 0.8
(n=51) (n=4) (n=2) (n=2) (m=2) (n=33) (n =94)
Sepiolite 95 + 8.3 13+ 12.6 39% +11.3 46>+ 3.9
(n=4) (n=2) (n=3) (m=9)
YCW 49+ 0.4 20b+ 1.2 30>« 2.5 43b+ 0.4 28 + 3.8 48+ 0.4 34b+ 0.2
(n=165) (n=35) (m=18) (n=196) (m=9) (n=213) (n=636)
Zeolite 61>+ 1.5 10b7 + 2.9 26P*+2.3 442bx £ 1.3 5*+13.5 33+ 2.1 32b+ 0.5
(n=22) (m=11) (n=27) (n=45) (n=2) (n=19) (n=126)
Average 77%x 0.1 232+ 0.5 45+ 1.0 47 = 0.3 31+ 2.3 50"+ 0.3 (n=1,746)
(n=669) (n=162) (n=105) (n=412) (n =26) (n=372)

'AC, activated carbon; Clip, clinoptilolite; HSCAS, hydrated sodium calcium aluminosilicate; MMT, montmorillonite; YCW, yeast cell wall.
ab<Different superscripts in the same column indicate a significant effect between binders (P < 0.05).
x»*Different superscripts in the same row indicate a significant effect between mycotoxins (P < 0.05).

importance given to AF in detriment to other mycotoxins that
also have high prevalence in crops. It is likely that the occur-
rence of mycotoxins and the changes in the prevalence of spe-
cific mycotoxins will increase in the future due to the impact
of climate change, where higher average temperature across
the world are expected (Yu et al., 2022)

Effect of the pH on the adsorption capacity of
mycotoxin binders

The pH values of the incubation media were grouped in four
ranges: low (pH from 1 to 4, 42% of data); intermediate
(from 5 to 6, 17% of data); high (from 7 to 9, 33% of data)
and the two-step methods from low to high pH recording
only the final adsorption values of the incubation procedure.

The analysis of data showed that pH affected the adsorption
of OTA and ZEA (Figure 6, P < 0.08). The adsorption of OTA
was the highest with the two-steps pH (58%), and the lowest
with the low (53%) and intermediate (32%) pH. Similarly,
the adsorption of ZEA was the highest with the two-steps pH
(58%), and the lowest with the low (47%), intermediate (49 %)
and high (45%) pH. Results showed that the adsorption of OTA
and ZEA was more efficient when the two-steps pH method
was used. Faucet-Marquis et al. (2014) reported that alkaline
pH resulted in the desorption of mycotoxins from adsorption
sites of MTB. It is reasonable to think that pH affects more the
adsorption of polar molecules (Thieu and Pettersson, 2008).
However, FUM and AF are the highest polar mycotoxins and
their adsorption was not affected by pH. In contrast, ZEA is the
lowest polar mycotoxins and was affected by pH. In fact, other
factors could influence the adsorption of mycotoxins as molecu-
lar size, structural shape, or solubility.

Data analysis also showed an effect of pH on the adsorp-
tion capacity of MTB (Figure 7). Among different MTB, the

adsorption capacity of YCW was affected by pH (P < 0.05),
and was higher with the low pH (43%) and lower with the
high pH (35%). Results are consistent with Faucet-Marquis et
al. (2014) that reported that the adsorption capacity of YCW
was higher at low or neutral pH where the stability of f-glu-
cans, responsible of YCW adsorption capacity, was improved.
The pH of the media did not affect the other inorganic MTB.

Effect of the dose ratio MTB:mycotoxin on the
adsorption capacity of mycotoxins

The mechanism of adsorption is a saturable process (Bueno et
al., 2004; Avantaggiato et al., 2005). Therefore, the ratio MTB
to mycotoxin may have a relevant effect on absorption results.
Using the data selected for the analysis of the effectiveness of
MTB, the MTB to mycotoxin ratios resulted in a wide range
of ratios independently of the type of mycotoxin or MTB
(1:0.00007-1:600 mg/ug, Table 1). Table 1 illustrates the differ-
ent ranges used for each mycotoxin. The AF is the mycotoxin
with the widest range of ratios (from 1:0.00007 to 1:600 mg/pg),
while the range was narrower for DON (from 1:0.2 to 1:90 mg/
pg) and FUM (from 1:0.2 to 1:25 mg/pg). However, in all cases,
the range was very wide and, to the best of our knowledge, there
are no established recommendations. This may justify the large
variability in results observed in literature for the adsorption of
mycotoxins and MTB. Therefore, it is important to set up guide-
lines for the in in vitro tests where the ratio MTB to mycotoxin
is close to physiological conditions.

The Capacity of Mycotoxin Binders to Adsorb
Nutrients

The non-selective mechanism of adsorption of MTB to
adsorb mycotoxins allows a possible interaction with other
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Table 3. The capacity of 6 mycotoxin binders to adsorb amino acids and
water-soluble and fat-soluble vitamins in vitro (percentage adsorption)
(adapted from Kihal et al. 2020, 2021).

10
I 1 ow-pH
[ intermediate-pH
High-pH
507 E—]2-steps
NES
70 N= e *
B = =
o 60 I o
= =] t :
g T H] =\
§ 50 4 = = & B
g NE 2 E N=
= 40 NE| \ NS NE|
& 5 3 N N
=il = N . B
w) 3 =
= ko= N \
< 20 = N N= =
. T % Y
N=| NE NE N=|
10 W i = =
L= N W= =
0l [ | N
AFBI DON FUM OTA I-2 ZEA
Mycotoxins

Figure 6. Effect of pH (low, intermediate, high, and two-steps) on the
adsorption percentage of different mycotoxins. (Bars represent standard
error, *P < 0.08).
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Figure 7. Effect of pH (low, intermediate, high, and two-steps) on the
adsorption percentage of different mycotoxin binders. (Bars represent
standard error, *P < 0.05).

essential nutrients. Organic compounds like fatty acids,
amines, AA, vitamins, and aromatic compounds with sim-
ilar molecular structure, molecular size, or surface charges
to mycotoxins may also be adsorbed by MTB, and have
negative effects on animal health (Vekiru et al., 2007; Barri-
entos-Veldzquez et al., 2016; Kihal et al., 2020, 2021). The
EFSA (2010) established guidelines for the assessment of
feed additives that reduce mycotoxin feed contamination,
requiring that MTB do not affect the apparent digestibil-
ity of crude protein and the bioavailability of vitamins B1,
B6, A, and E when supplemented to animal diets. In fact,
the EFSA (2011) warned against the use of bentonites at
doses higher than 0.5% of diets because of its potential
to reduce nutrient availability in the GI tract of animals.
The MTB capacity to adsorb nutrients has been studied
using in vitro models. Kihal et al. (2020, 2021) studied
the interaction of six different MTB with AA and vita-
mins in an in vitro simulated GI model. Authors reported a
range of adsorption from 27 to 37% for AA, 25-58% for

Substrate AA! WSsv? FSV?3
Bentonite 45 49b 25°
Clinoptilolite 512 27¢d 192
Sepiolite 40b¢ 33¢ 130
Montmorillonite 472 56° 252
Active carbon 36¢ 18¢ 14>
Yeast cell wall 48 224 250
SEM 5.9 6.9 5.9
Average 45 34 20

'AA, amino acids: lysine, methionine, and threonine.

2WSV, water-soluble vitamins: B1, B2, B3, and B6.

3ESV, fat-soluble vitamins: D and E.

sbedeDifferent superscripts in the same column indicate a significant effect
between binders (P < 0.05).

water-soluble vitamins, and 10-29 % for fat-soluble vitamins
(Table 3). Barrientos-Veldazquez et al. (2016) and Vekiru et
al. (2007) also studied the capacity of bentonite and AC to
adsorb vitamins B1, B8, and B12 in an in vitro simulated
GI model. Vekiru et al. (2007) reported that AC adsorbed a
large proportion of vitamin B8 (78%) and B12 (99%), while
bentonite had lower adsorption of vitamin B12 (47%).
Barrientos-Veldzquez et al. (2016) reported that bentonite
adsorbed 34% of vitamin B1 and the adsorption of AF was
reduced by 34%, indicating a direct competition of other
nutrients for the adsorption sites. Mortland et al. (1983)
reported that smectite has the capacity to adsorb vitamin
B2 (50%). Bentonite and MMT have been also reported to
adsorb protein in an in vitro simulated GI model (Ralla et
al., 2010; Barrientos-Velazquez et al., 2016). The capacity
of MTB to adsorb minerals was also investigated in vitro by
Tomasevic-Canovic et al. (2001) that reported a high capac-
ity of bentonite to adsorb copper (56%) and cobalt (73%),
but the adsorption of zinc (12%) and manganese (12%) was
relatively low. In contrast, vitamins A, D, B3, B5, and BS,
and AA tryptophan and phenylalanine were not adsorbed
by bentonite and zeolite (Tomasevic-Canovic et al., 2001;
Vekiru et al., 2007; Kihal et al., 2020). This difference in the
adsorption capacity among nutrients is most likely related to
the shape, size, and charges of the different micronutrients.

Vitamin availability was also studied in vivo. Briggs and
Fox (1956) supplemented chick diets with 2-3% of bentonite
and reported a vitamin A deficiency. The Zinc content was
also decreased in chick bones after HSCAS was supplemented
at 0.5-1% of the diet (Chung et al., 1990). In contrast, Afri-
yie-Gyawu (2004) and Pimpukdee et al. (2004) reported that
the inclusion of 0.5% bentonite did not affect liver vitamin
A concentration. Similarly, HSCAS did not affect the avail-
ability of vitamin A, vitamin B2, and manganese in chicks at
0.5-1% inclusion in the diet (Chung et al., 1990). Sulzberger
et al. (2016) and Kihal et al. (2022) reported that the supple-
mentation of 1.2 and 2% of MMT in the diet of dairy cows,
respectively, did not affect the plasma concentration of vita-
mins A, D, E, B1, and B6. Maki et al. (2016) supplemented
HSCAS to dairy cows at 1.2% of the diet DM and reported
no effects on the bioavailability of vitamins A and B2 in milk.
Table 4 summarizes the available literature on the interaction
of MTB with nutrients.

€20z Aenuer ¢ UO Jasn SS800Yy Jaquis|\ SYSY Ad 2/27S/9/82E28YS/ 1 L/00 | /a1one/sel/wod dno-oiwapese//:sdiy WwoJj papeojumo(]



Kihal et al.

Table 4. Summary of studies that determine the capacity of different mycotoxin binders to adsorb nutrients

1

Binders! Nutrient interaction effects Observation References
Benton- High adsorption of vitamins E, B1, B2, and B6 In vitro simulation of gas- Kihal et al. (2020,
ite and amino acids: lysine, methionine and threonine trointestinal tract 2021)

Low adsorption of vitamins A, D, and B3

High adsorption of vitamin B1 and pepsin
No adsorption of vitamins D, and E

High adsorption of vitamin B12 and B8
No adsorption of vitamin BS

High adsorption of vitamin B6
Adsorption of Zn and Co
No adsorption of Cu and Mn

Adsorption of vitamin B2
No adsorption of vitamin A
No adsorption of vitamin A
MMT! High adsorption of vitamins E, B1, B2, and B6
and amino acids: lysine, methionine, and threonine

Low adsorption of vitamins A, D and B3

Adsorption of vitamin B1

Adsorption of protein, urea, and antibiotics
No adsorption of vitamins A, D, E, B1, and B6

Ca No adsorption of vitamins A and B1
MMT
AC? High adsorption of vitamins E, B1, B2 and B6 and

amino acids: lysine, methionine and threonine
Low adsorption of vitamins A, D and B3

Adsorption of vitamins B8 and B12

Clinop- High adsorption of vitamins E, B1, B2, and B6
tilolite and amino acids: lysine, methionine and threonine

No adsorption of vitamins A, D, and B3

No adsorption of amino acids: tryptophan; Phe-
nilanaline and vitamins: A, D, and E

HSCAS? No adsorption of vitamins A, B1, and minerals
Zn, Mn
Sepiolite High adsorption of vitamins E, B1, B2, and B6

and amino acids: lysine, methionine, and threonine
Low adsorption of vitamins A, D, and B3

Zeolite High adsorption of vitamins E, B1, B2, and B6
and amino acids: lysine, methionine, and threonine

Low adsorption of vitamins A, D, and B3

In vitro gastric fluid simu-
lation

In vitro gastric fluid simula-
tion and real gastric fluid

In vitro in aqueous solution

In vitro in aqueous solution

In vivo in chicks

In vivo in chicks

In vitro simulation of gas-
trointestinal tract

In vitro gastric fluid simu-
lation

In vitro in agar culture
In vivo in dairy cows

In vivo in dairy cows

In vitro simulation of gas-
trointestinal tract

In vitro simulation of gastric
fluid and real gastric fluid

In vitro simulation of gas-
trointestinal tract

In vitro in aqueous solution
In vivo in chicks

In vitro simulation of gas-
trointestinal tract

In vitro simulation of gas-
trointestinal tract

Barrientos-Velazquez
et al. (2016)

Vekiru et al. (2007)

Tomasevic-Canovic
et al. (2000)

Mortland and Law-
less (1983)

Pimpukdee et al.
(2004)

Afriyie-Gyawu
(2004)

Kihal et al. (2020,
2021)

Ghanshyam et al.
(2009)

Pinck (1962)
Kihal et al. (2022)
Maki et al. (2016)

Kihal et al. (2020,
2021)

Vekiru et al. (2007)

Kihal et al. (2020,
2021)

Tomasevic-Canovic
et al. (2000)

Chung et al. (1990)

Kihal et al. (2020,
2021)

Kihal et al. (2020,
2021)

"MMT, montmorillonite.
2AC, activated carbon.
SHSCAS, hydrated sodium calcium aluminosilicate.

Conclusions

The presence of mycotoxins in feeds is a relevant problem
in the animal feed industry. The presence of mycotoxins in
raw materials is affected by many factors and their preva-
lence may change in favor of some mycotoxins over others.
The adsorption of mycotoxins by MTB in in vitro tests is
variable, with the highest adsorption capacity for AC and
the lowest adsorption for clay adsorbents and YCW. For
mycotoxins, the adsorption of AF was the highest and that
of DON the lowest. The pH of the in vitro media affects the

adsorption capacity of YCW, with the highest adsorption at
low pH. For mycotoxins, pH affected the adsorption of OTA
and ZEA. In general, when MTB are used at recommended
doses are effective in reducing the bioavailability of myco-
toxins. Yet, it is difficult to select the appropriate adsorbent
for each mycotoxin. The in vitro tests that are widely used
to assess the adsorption capacity of MTB have many lim-
itations that have been demonstrated in this review (incu-
bation medium type, pH conditions, appropriate MTB to
mycotoxin ratio and nutrient interactions) that result in high
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variation among studies. In vitro tests need to be standard-
ized to have an objective evaluation of the capacity of MTB
to adsorb mycotoxins.

Supplementary Data

Supplementary data are available at Journal of Animal Science
online.

Figure S1. Summary of revised studies included or excluded
from the analysis.
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