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Summary 

Two literature searches and three experimental studies were conducted in this thesis to evaluate 

the capacity of different mycotoxin binders (MTB) to adsorb mycotoxins and nutrients. In the 

first study, a literature review was conducted to evaluate the capacity of the eight most common 

MTB [activated carbon (AC), bentonite, clinoptilolite, hydrated sodium calcium 

aluminosilicate (HSCAS), montmorillonite (MMT), sepiolite, yeast cell wall (YCW) and 

zeolite] to adsorb 6 major mycotoxins [aflatoxin (AF), deoxynivalenol (DON), fumonisin 

(FUM), ochratoxin (OTA), T-2 toxin and zearalenone (ZEA)] from published in vitro studies. 

The literature search included 68 papers with 1842 data and was analyzed for the overall 

average effect for each MTB and mycotoxin, and their individual combinations with the 

inclusion of the effect of incubation media and pH. The mycotoxin adsorption was the highest 

for AC (83% ± 1.0) and lower for the other MTB (average of 41% adsorption) with no 

difference among them. For mycotoxins, the adsorption of AF was the highest (76% ± 0.6) and 

that of DON the lowest (23% ± 0.5). The pH affected the adsorption capacity of YCW among 

MTB, and the adsorption of OTA and ZEA among mycotoxins. Results are useful as a guide 

to select the appropriate MTB depending on the predominant mycotoxin in feeds. The second 

study consisted on a network meta-analysis to evaluate the efficacy of five MTB [AC, 

bentonite, HSCAS, mixed binders (MIX) and YCW] on aflatoxin M1 (AFM1) indexes in milk 

after an aflatoxin B1 (AFB1) challenge in dairy cows. Twenty-eight papers with 146 data were 

selected. The response variables were: AFM1 milk concentration, AFM1 percentage reduction 

in milk, total AFM1 concentration excreted in milk per day and transfer percentage of aflatoxin 

from feed to AFM1 in milk; and AF concentration in urine and feces. Results of the network 

meta-analysis showed that AFM1 milk concentration (µg/L) decreased for HSCAS and 

bentonite, and tended to decrease for YCW and MIX. The AFM1 percentage reduction (%) 

decreased with all MTB with no difference among them. The excretion of AFM1 in milk (µg/d) 
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was lower in YCW, HSCAS and MIX, and not affected by bentonite compared with control. 

Feed-to-Milk transfer of AFM1 was decreased for HSCAS, bentonite and MIX, but was not 

reduced for YCW. Urine and fecal excretion were only reported for HSCAS and MIX 

treatments, and no effect was observed. The network meta-analysis results showed that 

bentonite had the highest capacity to reduce AFM1 transfer into milk and YCW the lowest.  

Three experiments were conducted to evaluate the capacity of MTB to adsorb nutrients. In the 

first experiment, an in vitro study was conducted to assess the capacity of six MTB (AC, 

bentonite, clinoptilolite, MMT, sepiolite and YCW) to adsorb three amino acids (AA: lysine, 

methionine, and threonine) and four water-soluble vitamins (WSV; B1, B2, B3, and B6). The 

in vitro studies consisted of the preparation of an incubation buffer adapted from Lemke et al. 

(2001). Amino acids and WSV were incubated individually, and all AA or WSV together. 

Threonine was the AA with the highest adsorption (50%), and lysine and methionine the lowest 

(average 41%). The average adsorption of AA when incubated separately was 44% with the 

highest adsorption for clinoptilolite, and the adsorption was reduced to 20% when incubated 

together with the highest adsorption for MMT. This reduction suggests that nutrients compete 

for the binding sites of MTB, and that this competition may be extended also to mycotoxins. 

Vitamin B1 was the WSV with the highest adsorption (66%) and B3 the lowest (5%). The 

adsorption average when incubated separately was 34% with the highest adsorption for MMT, 

and the adsorption increased to 46% when the WSV were incubated together with the highest 

adsorption for MMT. This increase in adsorption suggests that synergies may occur among 

some nutrients. In the second experiment, the same in vitro conditions were used, incubating 

the same MTB with fat-soluble vitamins (A, D and E). The recovery rate of vitamins was high 

for vitamin D and E (Average of 88%), but low for vitamin A (20%), which limited its use for 

the binding test. When incubated separately, vitamin D was only adsorbed by YCW (20%) 

with an average for all MTB of 4%. Vitamin E adsorption was highest for bentonite (55%) and 
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MMT (46%), and lowest for sepiolite (17%) and AC (19%). When incubated together, vitamin 

D was not adsorbed by any MTB (overall average of 0%), and vitamin E adsorption was highest 

for bentonite (62%) and MMT (51%), and lowest for sepiolite (17%). Results of in vitro studies 

showed that MTB had a high capacity to adsorb some but not all nutrients and that they may 

interact by reducing or enhancing the adsorption. In experiment 3, six multiparous cannulated 

Holstein cows were used in a crossover design with two periods. Treatments were a control 

diet with or without MMT. Vitamins (B1, B6, A, D, and E) were infused individually into the 

abomasum through the ruminal cannula and blood samples were collected to study the 

dynamics of their plasma concentrations. No differences were observed in the basal 

concentration, the time at maximal concentration, the maximal concentration and the area 

under the curve of vitamin A and B6 between control vs. MMT-supplemented cows. Plasma 

concentrations of vitamins D, E and B1 had no concentration peaks, and were not affected by 

MMT supplementation. Results of this study do not show evidence that MMT affected the 

bioavailability of vitamins A and B6 in vivo. In contrast to in vitro studies, in vivo studies do 

not confirm the capacity of MMT to adsorb nutrients. However, it was not clear if the plasma 

vitamin concentrations were adequate markers of bioavailability, and/or the dose of vitamins 

or the length of treatments was sufficient to elicit a response. 
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Resumen 

En esta tesis se realizaron dos búsquedas bibliográficas y tres estudios experimentales para 

evaluar la capacidad de diferentes adsorbentes de micotoxinas (ADM) para adsorber 

micotoxinas y nutrientes. En el primer estudio, se realizó una revisión bibliográfica para 

evaluar la capacidad de ocho ADM [carbón activo (CA), bentonita, clinoptilolita, 

aluminosilicatos de sodio y calcio hidratados (HSCAS), montmorillonita (MMT), sepiolita, 

paredes celulares de levaduras (PCL) y zeolita] para adsorber las 6 principales micotoxinas 

[aflatoxina (AF), deoxinivalenona (DON), fumonisina (FUM), ochratoxina (OTA), toxina T-2 

y zearalenona (ZEA)] con base a estudios experimentales in vitro publicados en la literatura. 

La búsqueda bibliográfica incluyó 68 artículos con 1842 datos y se analizó la media de 

adsorción general para cada ADM y micotoxina, y sus combinaciones individuales con la 

inclusión del efecto de los medios de incubación y el pH. En referencia a la adsorción de 

micotoxinas, la más alta fue para el CA (83% ± 1.0), en comparación a una media del 41% para 

el resto de ADM. Respecto a las micotoxinas, la adsorción de AF fue la más alta (76% ± 0,6) 

y la de DON la más baja (23% ± 0,5). El pH afectó la capacidad de adsorción de PCL entre los 

ADM, y la adsorción de OTA y ZEA entre micotoxinas. Los resultados son útiles como guía 

para seleccionar el ADM apropiado según la micotoxina predominante en los alimentos. El 

segundo estudio consistió en un metaanálisis para evaluar la eficacia de cinco ADM [CA, 

bentonita, HSCAS, mixto de adsorbentes (MIX) y PCL] sobre los índices de aflatoxina M1 

(AFM1) en la leche después de una exposición a la aflatoxina B1 (AFB1) en vacas lecheras. 

Se seleccionaron 28 artículos con 146 datos. Las variables de respuesta fueron: concentración 

de AFM1 en leche, porcentaje de reducción de AFM1 en leche, concentración total de AFM1 

excretada en leche por día, porcentaje de transferencia de aflatoxina del alimento a AFM1 en 

leche; y concentración de AF en orina y heces. Los resultados del metaanálisis mostraron que 

la concentración de leche de AFM1 (µg/L) disminuyó para HSCAS y bentonita, y tendió a 
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disminuir para PCL y MIX. El porcentaje de reducción (%) de AFM1 disminuyó con todos los 

ADM sin diferencia entre ellos. La excreción de AFM1 en la leche (µg/d) fue menor en PCL, 

HSCAS y MIX, y no se vio afectada por la bentonita en comparación con el control. La 

transferencia de AFM1 desde el alimento a la leche se redujo para HSCAS, bentonita y MIX, 

pero no se redujo para PCL. La excreción de AFM1 en orina y AFB1 en heces solo se reportó 

para los tratamientos HSCAS y MIX, y no se observó ningún efecto. Los resultados del 

metaanálisis mostraron que la bentonita tenía la capacidad más alta para reducir la transferencia 

de AFM1 a la leche y PCL la más baja. 

A continuación, se realizaron tres experimentos para evaluar la capacidad de ADM para 

adsorber nutrientes. En el primer experimento, se realizó un estudio in vitro para evaluar la 

capacidad de seis ADM (AC, bentonita, clinoptilolita, MMT, sepiolita y PCL) para adsorber 

tres aminoácidos (AA: lisina, metionina y treonina) y cuatro vitaminas hidrosolubles (VHS: 

B1, B2, B3 y B6). Los estudios in vitro consistieron en la preparación de un buffer de 

incubación adaptado de Lemke et al. (2001). Los AA y VHS se incubaron individualmente, y 

todos los AA o VHS juntos. La treonina fue el AA con la adsorción más alta (50%), y la lisina 

y la metionina las más bajas (41% en promedio). La adsorción promedio de AA cuando se 

incubaron por separado fue del 44% con la adsorción más alta para clinoptilolita, y la adsorción 

se redujo al 20% cuando los AA se incubaron juntos, siendo la adsorción más alta para MMT. 

Esta reducción sugiere que los nutrientes compiten por los sitios de unión de ADM y que esta 

competencia puede extenderse también a las micotoxinas. La vitamina B1 fue la VHS con la 

adsorción más alta (66%) y la B3 la más baja (5%). La adsorción media cuando se incubaron 

por separado fue del 34% con la adsorción más alta para MMT, y la adsorción aumentó al 46% 

cuando las VHS se incubaron juntas con la adsorción más alta para MMT. Este aumento en la 

adsorción sugiere que pueden ocurrir sinergias entre algunos nutrientes. En el segundo 

experimento se utilizaron las mismas condiciones in vitro, incubando la misma ADM con 
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vitaminas liposolubles (A, D y E). La tasa de recuperación de vitaminas fue alta para la 

vitamina D y E (promedio del 88%), pero baja para la vitamina A (20%), lo que limitó su uso 

para la prueba de adsorción.  

Cuando se incubaron por separado, la vitamina D solo fue adsorbida por PCL (20%) con una 

media del 4% para todas las ADM. La adsorción de vitamina E fue más alta para bentonita 

(55%) y MMT (46%), y más baja para sepiolita (17%) y CA (19%). Cuando se incubaron 

juntas, la vitamina D no fue adsorbida por ningún ADM (adsorción media de 0%), y la 

adsorción de vitamina E fue más alta para bentonita (62%) y MMT (51%), y más baja para 

sepiolita (17%). Los resultados de los estudios in vitro mostraron que los ADM tenían una gran 

capacidad para adsorber algunos, pero no todos los nutrientes y que pueden interactuar 

reduciendo o mejorando la adsorción. En el experimento 3 se utilizaron seis vacas Holstein 

multíparas canuladas en un diseño cruzado con dos periodos. Los tratamientos fueron una dieta 

control suplementada o no con MMT. Se realizaron infusiones individuales de 5 vitaminas (B1, 

B6, A, D y E) en el abomaso a través de la cánula ruminal y se recolectaron muestras de sangre 

para estudiar la dinámica de sus concentraciones plasmáticas. No se observaron diferencias en 

la concentración basal, el tiempo en alcanzar la concentración máxima, la concentración 

máxima y el área bajo la curva de la vitamina A y B6 entre las vacas control y las vacas 

suplementadas con MMT. No se observaron picos en las concentraciones plasmáticas de 

vitaminas D, E y B1 ni se vieron afectadas por la suplementación con MMT. Los resultados de 

este estudio no muestran evidencia de que la MMT afectara la biodisponibilidad de las 

vitaminas A y B6 in vivo. A diferencia de los estudios in vitro, los estudios in vivo no confirman 

la capacidad de la MMT para adsorber nutrientes. Sin embargo, no queda claro si las 

concentraciones plasmáticas de vitaminas son marcadores adecuados para medir la 

biodisponibilidad y/o si la dosis de vitaminas, o la duración de los tratamientos fueron 

suficientes para provocar una respuesta. 
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The efficacy of mycotoxin binders to control mycotoxins and the 

potential risk of interaction with nutrients: a review 

 

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, clinoptilolite, hydrated 

sodium calcium aluminosilicate (HSCAS), sepiolite, montmorillonite (MMT) 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 considered significant when P < 0.05 and with tendency when 0.05 < P < 0.1. 

The mycotoxins adsorption capacity was 62% ± 1.0 for bentonite, 52% ± 4.3 for clinoptilolite, 

55% ± 1.9 for HSCAS, 76% ± 3.1 for MMT, 83% ± 1.0 for AC, 44% ± 0.4 for YCW and 52% 
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± 9.1 for sepiolite. For mycotoxins, the adsorption of AF was 76% ± 0.6, for DON was 35% ± 

1.6, for FUM was 50% ± 1.8, for OTA was 42% ± 1.0, for ZEA was 48% ± 1.1, and for T-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.  

 

Keywords: Efficacy, interaction, mycotoxin, mycotoxin binder, review. 

Abbreviations: AC, activated carbon; AF, aflatoxin; DON, deoxynivalenol; FUM, fumonisin; 

GI, gastrointestinal; MMT, montmorillonite; MTB, mycotoxin binder; OTA, ochratoxin; T-2, 

T-2 toxin; YCW, yeast cell wall; ZEA, zearalenone. 

 

Introduction 

Mycotoxicoses are the consequence of consuming feeds contaminated with mycotoxins, 

causing acute, chronic or subclinical effects. More than 400 mycotoxins have been identified 

and 6 are classified as highly toxic and frequent in animal feeds: aflatoxin (AF), ochratoxin A 

(OTA), fumonisin (FUM), deoxynivalenol (DON), zearalenone (ZEA) and T-2 toxin (T-2) 

(CAST, 2003; Krska et al., 2016). Three major species of molds are responsible for the 

production of these mycotoxins: Fusarium, Aspergillus, and Penicillium (Yiannikouris and 

Jouany, 2002), each one producing different types of mycotoxins. A recent report indicated 

that more than 88% of feed samples analyzed worldwide in 2019 contained more than one 

mycotoxin (Gruber-Dorninger et al., 2019). Mold growth is dependent on climate conditions 

where temperature, humidity and drought influence the type of mold and, as a consequence, 



Chapter 1  General introduction 

5 

 

the type of mycotoxins produced (Schatzmayr and Streit, 2013; Moretti et al., 2019). For 

example, Gruber-Dorninger et al. (2019) reported that the first contaminant of corn samples 

was FUM (80%), followed by DON (67%) and ZEA (44%). Mycotoxicosis may reduce milk 

yield, growth efficiency, average daily gain, and fertility in dairy cows (Jouany et al., 2009). 

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; Čolović et al., 2019). Mycotoxin binders 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 animals 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 mycotoxins as pH, 

polarity, pores dimension, and shape. Furthermore, EFSA (2010) required also that MTB do 

not adsorb essential nutrients like AA, vitamins, and minerals as was demonstrated in several 

studies (Barrientos-Velázquez et al., 2016; Kihal et al., 2020).  

The objectives of this paper are to review the main characteristics, properties 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. 
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Classification of mycotoxin binders 

Mycotoxin binders are classified by their nature into two major groups: a) inorganic 

binders constituted by silicate minerals and activated carbon (AC) binders, and b) 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, environment, or construction applications (Bergaya and Lagaly, 2013). 

Therefore, we report a classification of inorganic binders 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 dioxide (SiO2
-4) 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, resulting in chains, 

sheets, rings, and three-dimensional structures. The tetrahedral sheet is the basis of silicate binders 

where different subgroups of silicate are formed in combination with other mineral ions in bi or three-

dimensional structures. 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 structures 

characterized by the interaction of the oxygen ions of the tetrahedral silicate sheet with the hydroxyl 

ions of a second sheet formed by aluminum or magnesium ions located in the center of 6 hydroxyl ions 

(Al/MgOH)6 to give an octahedral sheet (Figure 2, Di Gregorio et al, 2014). The six coordinating 

hydroxy ions have a potential of 6 negative charges. To compensate this charge difference, two Al3+ 

ions or three Mg2+ ions are added to the structure. Then, the octahedral sheets are named trioctahedral 

or dioctahedral sheets, respectively (Schoonheydt and Johnston, 2011). The structure of phyllosilicate 
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minerals is formed by piling up tetrahedral and octahedral sheets in different combinations (Murray, 

2007). There are two main combinations: a) A 1:1 tetrahedral and octahedral sheets, represented by the 

clay group kaolinite-serpentite, and b) A 2:1 tetrahedral to octahedral sheet in the middle (sandwich 

structure) like smectite (Figure 2). In some cases, silicate Si4+ and Al3+ ions on the tetrahedral and 

octahedral sheet can be substituted by Mg2+, Fe2+, or Li+ ions. These substitutions lead to negatively 

charged layers that need to be balanced with exchangeable cations (Na+, K+, Ca+2
, …). 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 Güven, 1978). 

Sodium MMT is referred to as sodium bentonite and calcium MMT is referred to as calcium 

bentonite. These different types of MMT come from exchangeable cations that substitute the 

Al3+ or Mg2+ in the octahedral sheet giving the molecule high cations exchange capacity, 

electrical conductivity, and water absorption capacity. For instance, sodium MMT has an 

exchange capacity between 80 and 130 meq/100g and a surface area between 150-200 m2/g. 

The interlayer space varies with the exchangeable cation and the degree of interlaminar 

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 (Sánchez et al., 2012). In contrast, 

calcium MMT has a lower exchange capacity (between 40 and 70 meq/100g) and a smaller 

interlayer space (Murray, 2007), which would result in lower adsorption capacity.  

Tectosilicate binders: The tectosilicates group is a crystalline aluminosilicate mineral with 

zeolite as the main constituent. It is formed by assembling multiple tetrahedral structures by the union 

of the apical oxygen atom in a three-dimensional way. This arrangement generates different pores of 
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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 mycotoxins 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 physical 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 to 8 

Angstrom (Å). The application of heat treatment or enrichment with different cations (K+, Na+, or Ca2+) 

may increase its porosity and adsorption capacity (Eseceli et al., 2017).  

Activated carbon  

Activated carbon is a non-soluble powder formed by the carbonization of almost any organic 

compound that contains carbon (wood, bamboo or coal) by a pyrolysis heating process at temperatures 

up to 2000oC (Galvano et al., 1996). The resulting powder requires an activation process necessary to 

acquire a higher adsorption capacity. Chemical and physical 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 chloride followed 

by temperature exposure of 250-600oC. The chemical treatment results in impure and ineffective AC 

with a low number of pores and produces chemical residues harmful to the environment (Danish and 

Ahmed, 2018). The physical treatment consists on an oxidation process where carbon passes through a 

heating chamber at 600 - 900oC with an oxygen or carbon dioxide thrust with proper conditions of 

pressure, temperature and time (Yu Ma et al., 2021). The treatment results in a highly microporous 

carbon that increases the surface area of the AC (500 - 3000 m2/g, Ramos and Hernández, 1996, Galvano 

et al., 2001). Therefore, the efficiency of AC is related to the number of microporous available for 

adsorption of mycotoxins. Galvano et al. (1997) compared the efficacy of different AC sources (olive 

residues, peach stone and almond shells) to adsorb FUM in vitro. Results showed that the adsorption 
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capacity ranged from 100% in olive residues to 35% in peach stone, and was correlated to the 

availability of pores among AC sources. 

Organic binders 

Yeast cell wall  

The YCW fraction of yeast represents 15 to 30% of the dry weight of yeast cells and is considered 

responsible for mycotoxin adsorption. Cell walls are organized in 2 sheets: the inner sheet provides 

stiffness and determines the morphology of the yeast and it is composed of β-(1,3)-D-glucans helix 

chains organized in a complex 3D structure, and β-(1,6)-D-glucans linear side chains, representing 50 

to 60% of the dry weight of cell walls. The β-D-glucans are firmly attached to the cytoplasm membrane 

by chitins 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 mannoproteins (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 β-D-glucans present in the yeast strain 

increases (Yiannikouris et al., 2004).  

Micro-ionized fiber  

Micro-ionized fibers have emerged as a new MTB that has the ability to bind different 

mycotoxins. Many biomaterials 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 % depending on the binder and the mycotoxin (Avantaggiato 

et al., 2014; Čolović et al., 2019; Fernandes et al., 2019). The adsorption mechanism of micro-ionized 

fibers is similar to that of silicates or AC binders, where physicochemical interactions with lignin, 

cellulose and polyphenol groups with mycotoxins are involved (Greco et al., 2018; Nava-Ramírez 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 

(Čolović et al., 2019). In contrast, the higher fiber content in ruminant diets may help reduce the toxicity 

of mycotoxins in these animals. 



General introduction   Chapter I 

10 

 

Adsorption mechanism of different binders 

Mycotoxin binder properties 

The adsorption mechanism of silicates is directly related to the physicochemical 

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 mycotoxins. 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 situation 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 and expose negative charges increasing the capacity to attract 

cations (Na+, Ca+2, K+, Al2+) 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 (negative charge) is due to weak ion-dipole or Van der Walls interactions. 

When water is present in the interlayer space of the MTB, hydrogen molecules from H2O 

interact with oxygen molecules of the carbonyl groups of mycotoxins and make a complex 

hydrogen-carbonyl oxygen-cation bonds.  
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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 determining factor and is highly correlated to the 

adsorption capacity 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 calcium bentonites affect the adsorption capacity of AF and suggested that the higher 

interlayer space of sodium bentonite allowed higher adsorption compared with calcium 

bentonite. For instance, zeolite has a lower adsorption capacity of AF because its interlayer 

space (4 - 7 Å) is much smaller than the size of AF (10 - 12 Å). In contrast, bentonite has a 

higher adsorption capacity of AF due to its larger interlayer space (15 - 20 Å) 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 adsorption capacity of ZEA (Dacović 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 factors as pore size and surface 

area (Goto et al., 2015). Differently to clay minerals, AC is not a polar molecule and provides 

AC the capacity to bind non-polar mycotoxins rather than polar mycotoxins (Bueno et al., 

2005). The binding mechanism of AC is by hydrophobic interactions and pi-bonds. The 
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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 macropores (> 50 nm). Therefore, the 

diffusion of mycotoxins into the AC can be slowed if the pores size is inadequate to the size of 

mycotoxins that limit the accessibility to the inner surface of the AC.   

The adsorption mechanism of YCW is mainly related to the interaction of β-(1,3)-D-

glucans with mycotoxins. The two bonds involved in this interaction include the Van der Walls 

bonds between the aromatic cycle of mycotoxins and β-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 β-D-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 β-D-glucans helix improves 

the strength of the complex (Yiannikouris et al., 2004). 

Mycotoxin properties  

Physicochemical characteristics of mycotoxins also affect the adsorption capacity of 

MTB (Galvano et al., 1997). Mycotoxins can be classified by their polarity, solubility, and 

chemical structure (Figure 5). The polarity of mycotoxins reflects the charge arrangement 

within the molecule that can be classified as polar or nonpolar molecules. For example, AF and 

FUM are the highest polar mycotoxins, ZEA is nonpolar, and DON, T-2 and OTA have an 

intermediate polarity. Solubility 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 
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mycotoxins the more soluble. The chemical structure, 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 easily 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. However, there are several in vitro methods described in the literature 

(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 

adsorption. 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 39oC (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 39oC for 2 h each. Lemke et al. (2001) modified the method by adding 

enzymes to simulate the gastric and intestinal digestion environments. This two-steps method 

consists on the preparation of 2 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 
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incubated for 2 h at 38oC. 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 

intestinal environment for 2 additional hours. Gallo and Masoero (2010) reported that 

deionized water does not simulate properly 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 physiological 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. Avantaggiato 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 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 experimental 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 

mycotoxin to MTB ratios among different studies, ranging from 1:0.2 to 1:12 mg MTB/µg 

mycotoxin for YCW:DON ratio, and 1:0.00007 to 1:200 mg MTB/µg 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 concentration 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 
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of ZEA by bentonite and AC was higher with increasing doses of MTB. Alternatively, 

increasing concentrations 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 adsorption 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 adsorption 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, 1995). The model simulates the stomach, duodenum, 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 
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capacity of MTB to reduce the absorption of mycotoxins using this model. Results showed that 

the intestinal 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 (Avantaggiato 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 identify experiments reporting the capacity of MTB to adsorb 

mycotoxins in vitro. The research used as keywords the six mycotoxins mentioned previously, 

eight MTB (bentonite; zeolite; 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, a) the MTB was described; 

b) the MTB was tested individually, and c) the incubation 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 following 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 supplemental 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 figures. 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 
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when available, and the type of the incubation medium used. In general, the selected papers 

used the simple concentration model for the incubation 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 to 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: Yijkl = µ + Si + 

MTBj + MTxk + Ml + pHm + MTBj * MTxk + MTBj * MTxk * Ml * pHm+ Sijk + eijklm, where 

Yijkl: is the dependent variable; µ: overall adsorption capacity mean; Si: the random effect of 

the ith study; MTBj: the fixed effect of the jth MTB; MTxk: the fixed effect of the kth mycotoxin; 

Ml: the fixed effect of the method; pHm: the fixed effect of the pH; MTBj * MTxk: the MTB by 

mycotoxin interaction; MTBj * MTxk * Ml * pHm: the method by MTB by mycotoxin by pH 

interaction; Sijk: the random interaction between the ith study, the jth level of MTB and the kth 

level of MTx; and eijklm: 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 comparison test. Differences at a level of P < 0.05 were declared 

significant, and trends were considered at 0.05 < P ≤ 0.10. 
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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 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 represented 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, 

respectively, and clinoptilolite and sepiolite had the lowest number of observations with 2 and 

1% of data, respectively. The adsorption 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 adsorption compared with AC but were similar among them, ranging 

from 32% for zeolite to 48% for HSCAS. The average adsorption 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. 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 
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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 angstrom. 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 adsorption capacity among different types 

of clays. The adsorption mechanism of clays is based on their cation exchange capacity that 

includes different weak ionic interactions. Variations among mycotoxins may be associated 

with the cation exchange capacity and the interlayer space, which varies among and within 

clays depending on their sources (Nuryono 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 matching of structures of β-glucans and mycotoxins (Jouany, 

2007, Yiannikouris et. al, 2013). 

When analyzing results from the mycotoxin adsorption point of view, AF, 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 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 interactions 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 
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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 (n = 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 mycotoxins, β-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 bentonite (32%), YCW 

(30%), and zeolite (26%). For T-2 (average 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. 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 (n = 2). The low adsorption of DON 

could be due to its hydrophobicity, attributed to 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 strategies and climate change that affect the type of mold 

proliferation in certain regions (Moretti et al., 2019). Several studies reported the prevalence 

of different types of mycotoxins worldwide (Streit et al., 2013; Eloska et al., 2019; Gruber-

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 
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(64%) and FUM (63%) were the first contaminants 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 in southern regions. 

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%). 

Surprisingly, the collected data was much lower for T-2 (n = 26) and FUM (n = 105), than for 

AF (n = 669). These results report the importance given to AF in detriment to other mycotoxins 

that also have high prevalence in crops. 

 Effect of the pH on the adsorption capacity of mycotoxin binders  

The pH values of the incubation media were grouped in 4 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). 
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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 molecular size, structural shape, or 

solubility.  

Data analysis also showed an effect of pH on the adsorption 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 β-glucans, 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:mycotoxin ratios resulted in a wide range of ratios independently of the type of 

mycotoxin or MTB (1:0.00007 to 1:600 mg/µg, Table 1). Table 1 illustrates the different ranges 

used for each mycotoxin. The AF is the mycotoxin with the widest range of ratios (from 

1:0.00007 to 1:600 mg/µg), while the range was narrower for DON (from 1:0.2 to 1:90 mg/µg) 

and for FUM (from 1:0.2 to 1:25 mg/µg). 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 guidelines of adequate MTB to mycotoxin ratios to be used 

in in vitro tests that reflect filed conditions correctly.  
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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 essential nutrients. Organic compounds like fatty acids, amines, 

AA, vitamins, and aromatic compounds with similar molecular structure, molecular size, or 

surface charges to mycotoxins may also be adsorbed by MTB and have negative effect on 

animal health (Vekiru et al., 2007; Barrientos-Velázquez 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 digestibility 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 vitamins in an in vitro 

simulated GI model. Authors reported a range of adsorption from 27 to 37% for AA, 25 to 58% 

for water-soluble vitamins, and 10 to 29% for fat-soluble vitamins (Table 3). Barrientos-

Velázquez 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-Velázquez 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-Velázquez 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 capacity of 
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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 B8, 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 to 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 to 1% of the diet (Chung et 

al., 1989). In contrast, Afriyie-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 availability of vitamin A, vitamin B2 and manganese in chicks at 0.5 to 1% 

inclusion in the diet (Chung et al., 1989). Sulzberger et al. (2016) and Kihal et al. (2022) 

reported that the supplementation of 1.2 and 2% of MMT in the diet of dairy cows, respectively, 

did not affect the plasma concentration of vitamins A, D, E, B1 and B6. Maki et al. (2016) 

supplemented HSCAS to dairy cows at 1.2% of the diet DM 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.  

 

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 prevalence 

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 
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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 mycotoxins. 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 limitations that have been demonstrated in this review (incubation medium type, 

pH conditions, appropriate MTB to mycotoxin ratio, and nutrient interactions) that result in 

high variation among studies. In vitro tests need to be standardized and to have an objective 

evaluation of the capacity of MTB to adsorb mycotoxins. 
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Figure 1. A diagram representing the classification of different mycotoxin binders by their 

source, nature and structural composition. 
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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. 
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Figure 3. Microscopic view of micropores of activated carbon and how mycotoxin and 

nutrients can be adsorbed inside the pores depending of their molecular size (Adapted from 

Sánchez et al., 2012). 
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Figure 4. The composition of different yeast cell wall sheets and their components (Adapted 

from Talavera et al., 2013). 
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Figure 5. Chemical structure of the major mycotoxins and their molecular weight. 

 

 

 

 

 

 

 

 



General introduction   Chapter I 

42 

 

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 2-steps) on the adsorption percentage of 

different mycotoxin binders. (Bars represent standard error, * P < 0.05). 
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Figure S1. Summary of revised studies included or excluded from the analysis. 
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Table 1. Ranges of ratios of mycotoxins to mycotoxin binder doses (mycotoxin binder per mycotoxin) used in in vitro tests to determine the 

adsorption capacity of different mycotoxins and mycotoxin binders.  

Binders1 
Mycotoxin2 

AFB1 mg: µg DON mg:µg FUM mg:µg OTA mg: µg T-2 mg:µg ZEA mg: µg 

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 
1AC = 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. 
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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). 

Binders1 
Mycotoxin 

Average 
Aflatoxin B1 Deoxynivalenol Fumonisin Ochratoxin T-2 toxin Zearalenone 

AC 93a ± 0.8 
(n = 56) 

69a ± 0.8 
(n = 59) 

83a ± 1.7 
(n = 35) 

88a ± 1.8 
(n = 28) 

53 ± 7.9 
(n = 5) 

93a ± 1.6 
(n = 23) 

81a ± 0.4 
(n =2 06) 

Bentonite 86a,x ± 0.3 
(n = 295) 

18b,y ± 1.4 
(n = 25) 

32b,y ± 4.2 
(n = 8) 

30b,y ± 0.6 
(n = 136) 

22y ± 6.9 
(n = 4) 

29b,y ± 1.1 
(n = 39) 

45b ± 0.2 
(n = 507) 

Clip 
75ab,x ± 1.5 

(n = 26) 
. . . 

29xy ± 16.0 
(n = 2) 

14b,y ± 2.8 
(n = 13) 

32b ± 1.2 
(n = 41) 

HSCAS 83a,x ± 0.8 
(n = 50) 

11b,y ± 1.6 
(n = 26) 

52ab,xy ± 2.8 
(n = 15) 

43ab,xy ± 5.1 
(n = 5) 

32xy ± 12.6 
(n = 2) 

52b,x ± 1.4 
(n = 29) 

48b ± 0.5 
(n = 127) 

MMT 
88a,x ± 1.0 

(n = 51) 
9b,y ± 6.3 

(n = 4) 
42ab,y ± 12.7 

(n = 2) 
26ab,y ±11.9 

(n = 2) 
24y ± 13.1 

(n = 2) 
47b,y ± 1.7 

(n = 33) 
48b ± 0.8 
(n = 94) 

Sepiolite 
95ab ± 8.3 

(n = 4) 
13ab ± 12.6 

(n = 2) 
. . . 

39ab ± 11.3 
(n = 3) 

46b ± 3.9 
(n = 9) 

YCW 49b ± 0.4 
(n = 165) 

20b ± 1.2 
(n = 35) 

30b ± 2.5 
(n = 18) 

43b ± 0.4 
(n = 196) 

28 ± 3.8 
(n = 9) 

48b ± 0.4 
(n = 213) 

34b ± 0.2 
(n = 636) 

Zeolite 
61ab,x ± 1.5 

(n = 22) 
10b,y ± 2.9 

(n = 11) 
26b,x ± 2.3 

(n = 27) 
44ab,x ± 1.3 

(n = 45) 
5x ± 13.5 

(n = 2) 
33b,x ± 2.1 

(n = 19) 
32b ± 0.5 
(n = 126) 

Average  
77x ± 0.1 
(n = 669) 

23z ± 0.5 
(n = 162) 

45yz ± 1.0 
(n = 105) 

47y ± 0.3 
(n = 412) 

31yz ± 2.3 
(n = 26) 

50y ± 0.3 
(n = 372) 

(n = 1,746) 

1AC = activated carbon; Clip = clinoptilolite; HSCAS = Hydrated sodium calcium aluminosilicate; MMT = montmorillonite; YCW = yeast cell 

wall. 

a, b, c Different superscripts in the same column indicate a significant effect between binders (P < 0.05). 

x, y, z Different superscripts in the same row indicate a significant effect between mycotoxins (P < 0.05). 
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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). 

Substrate AA1 WSV2 FSV3 

Bentonite 45ab 49b 25a 

Clinoptilolite 51a 27cd 19ab 

Sepiolite 40bc 33c 13b 

Montmorillonite 47a 56a 25a 

Active carbon 36c 18e 14b 

Yeast cell wall 48 a 22de 25a 

SEM 5.9 6.9 5.9 

Average  45 34 20 
1AA, amino acids: lysine, methionine, and threonine 

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

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

a, b, c, d, e Different superscripts in the same column indicate a significant effect between 

binders (P < 0.05). 
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Table 4. Summary of studies that determine the capacity of different mycotoxin binders 

to adsorb nutrients. 

Binders1 Nutrient interaction effects Observation Reference 

Bentonite High adsorption of vitamins E, 

B1, B2 and B6 and amino 

acids: lysine, methionine and 

threonine 

In vitro simulation of 

gastrointestinal tract 

Kihal et al., 2020; 

2021 

Low adsorption of vitamins A, 

D, and B3 

High adsorption of vitamin B1 

and pepsin  

No adsorption of vitamins D, 

and E 

In vitro gastric fluid 

simulation 

Barrientos-

Velázquez et al., 

2016 

High adsorption of vitamin B12 

and B8 

No adsorption of vitamin B5 

In vitro gastric fluid 

simulation and real 

gastric fluid 

Vekiru et al., 2007 

High adsorption of vitamin B6 

Adsorption of Zn and Co 

No adsorption of Cu and Mn 

In vitro in aqueous 

solution 

Tomasevic-Canovic 

et al., 2000 

Adsorption of vitamin B2 In vitro in aqueous 

solution 

Mortland and 

Lawless, 1983 

No adsorption of vitamin A In vivo in chicks Pimpukdee et al., 

2004  

No adsorption of vitamin A In vivo in chicks Afriyie-Gyawu., 

2004  

MMT1 High adsorption of vitamins E, 

B1, B2, and B6 and amino 

acids: lysine, methionine, and 

threonine 

In vitro simulation of 

gastrointestinal tract 

Kihal et al., 2020; 

2021 

Low adsorption of vitamins A, 

D and B3 

Adsorption of vitamin B1 In vitro gastric fluid 

simulation 

Ghanshyam et al., 

2009 

Adsorption of protein, urea, and 

antibiotics 

In vitro in agar 

culture 

Pinck, 1941 

No adsorption of vitamins A, 

D, E, B1, and B6 

In vivo in dairy cows Kihal et al., 2022 

Ca MMT 
No adsorption of vitamins A 

and B1  

In vivo in dairy cows Maki et al., 2016 

AC2 High adsorption of vitamins E, 

B1, B2 and B6 and amino 

acids: lysine, methionine and 

threonine 

In vitro simulation of 

gastrointestinal tract 

Kihal et al., 2020; 

2021 

Low adsorption of vitamins A, 

D and B3 
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Adsorption of vitamins B8 and 

B12 

In vitro simulation of 

gastric fluid and real 

gastric fluid 

Vekiru et al., 2007 

Clinoptilolite High adsorption of vitamins E, 

B1, B2, and B6 and amino 

acids: lysine, methionine and 

threonine 

In vitro simulation of 

gastrointestinal tract 

Kihal et al., 2020; 

2021 

No adsorption of vitamins A, 

D, and B3 

No adsorption of amino acids: 

tryptophan; Phenilanaline and 

vitamins: A, D, and E 

In vitro in aqueous 

solution 

Tomasevic-Canovic 

et al., 2000 

HSCAS3 No adsorption of vitamins A, 

B1, and minerals Zn, Mn In vivo in chicks Chung et al., 1998 

Sepiolite High adsorption of vitamins E, 

B1, B2, and B6 and amino 

acids: lysine, methionine, and 

threonine 

In vitro simulation of 

gastrointestinal tract 

Kihal et al., 2020; 

2021 

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 

In vitro simulation of 

gastrointestinal tract 

Kihal et al., 2020; 

2021 

Low adsorption of vitamins A, 

D, and B3 
1MMT = montmorillonite. 

2AC = activated carbon. 

3HSCAS = Hydrated sodium calcium aluminosilicate. 
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This thesis was carried out to investigate the effectiveness of different mycotoxin 

binders as a strategy to control mycotoxin contamination and their possibility to interact 

with nutrients present in the same environment with mycotoxins under different 

experimental studies. 

To achieve the main goal, five studies were carried out, two literature reviews and 

three experimental studies. 

1- First literature review study (chapter I): 

• A literature review of in vitro experiments representing the average percentage of 

adsorption capacity of the most common mycotoxin binders to adsorb the group 

of six major mycotoxins. 

• Evaluation and comparison of the in vitro protocols used in the included studies 

and evaluate their effect on adsorption capacity results of mycotoxin binders. 

2- Second literature review study (chapter III): 

• A literature review of data from in vivo experiments showing the effect of 

different mycotoxin binders effect on reducing aflatoxin M1 in milk after 

aflatoxin B1 challenge in dairy cows. 

• Evaluate and compare the results of different mycotoxin binders from in vivo 

experiments with results obtained from in vitro experiments. 

3- Experiment 1 (chapter IV): 

• Assessment of the capacity of different mycotoxin binders to adsorb different 

nutrients (AA and water-soluble vitamins) in vitro. 

4- Experiment 2 (chapter V): 

• Assessment of the capacity of different mycotoxin binders to adsorb different fat-

soluble vitamins in vitro. 



Objectives  Chapter 1I 

54 

 

• Evaluate the possible denaturation of vitamins during the in vitro incubation and 

the possible limitation of the in vitro tests. 

5- Experiment 3 (chapter VI): 

• Determine the effect of montmorillonite, a mycotoxin binder with the highest 

capacity to adsorb nutrients in vitro, supplemented in the diet of dairy cows on the 

bioavailability of vitamins A, D, E, B1 and B6. 

• Evaluate and compare adsorption results between in vitro and in vivo studies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Chapter III: Network meta-analysis 

A network meta-analysis on the efficacy of different 

mycotoxin binders to reduce aflatoxin M1 in milk after 

aflatoxin B1 challenge in dairy cows 

A. Kihal, M. Rodríguez-Prado, and S. Calsamiglia 

To be submitted to the Journal of Dairy Science
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A network meta-analysis on the efficacy of different mycotoxin 

binders to reduce aflatoxin M1 in milk after aflatoxin B1 

challenge in dairy cows 

 

Abstract 

The objective of this network meta-analysis was to determine the efficacy of different 

mycotoxin binders (MTB) to reduce aflatoxin M1 (AFM1) in milk. A literature search 

was conducted to identify in vivo research papers from different databases. Inclusion 

criteria were: in vivo, dairy cows, description of the MTB used, doses of MTB, aflatoxin 

inclusion in the diet and concentration of AFM1 in milk. Twenty-eight papers with 143 

data were selected. Binders used in the studies were: hydrated sodium calcium 

aluminosilicate (HSCAS), yeast cell wall (YCW), bentonite and mixes of several MTB 

(MIX). The response variables were: AFM1 concentration (µg/L); AFM1 reduction in 

milk (%), total AFM1 excreted in milk (µg/d) and transfer of aflatoxin from feed to AFM1 

in milk (%); and AFM1 concentration in urine (µg/L) and AFB1 concentration in feces 

(µg/kg). Data were analyzed with CINeMA web application and GLIMMIX procedures 

with the WEIGHT statement of SAS (SAS Inst. Inc., Cary, NC). The AFM1 concentration 

in milk (µg/L) decreased for HSCAS (0.4 ± 0.09) and bentonite (0.4 ± 0.08, P < 0.05), 

and tended to decrease for YCW and MIX with similar concentration (0.5 ± 0.12, P < 

0.07), compared with control (0.7 ± 0.12). The percentage reduction of AFM1 in milk 

was similar for all MTB and different from control (P < 0.05) with a range of reduction 

from 24.5 for YCW to 45.9% for AC. The excretion of AFM1 in milk (µg/d) was lower 

in YCW (5.4 ± 1.05), HSCAS (14.8 ± 3.48) and MIX (15.1 ± 3.72, P < 0.05), and not 

affected by bentonite (16.8 ± 3.99; P = 0.62) compared with control (19.9 ± 4.69). The 
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transfer of AFB1 from feed into AFM1 in milk was lowest in bentonite (0.8% ± 0.16), 

MIX (0.9% ± 0.22) and HSCAS (1.2% ± 0.24; P < 0.05), and not affected in YCW (1.4% 

± 0.24, P = 0.32), compared with control (1.9% ± 0.41). Urine and fecal concentration 

were only reported for HSCAS and MIX treatments and were not affected by treatments. 

The meta-analysis results indicate that all MTB reduced the AFM1 transfer into milk, 

where bentonite had the highest capacity and YCW the lowest.  

Keywords:  mycotoxin binders, aflatoxin M1, adsorption, in vivo. 

Abbreviations: AC, activated carbon; AF, aflatoxin; CINeMA, confidence in network 

meta-analysis web application; CTR, control; FDA, federal drug administration; MTB, 

mycotoxin binder; HSCAS, hydrated sodium calcium aluminosilicate; MIX; mixed 

binders; NMA, network meta-analysis; RoB, risk of bias; YCW, yeast cell wall. 

 

Introduction 

Aflatoxins (AF) are secondary metabolites produced mainly by Aspergillus flavus 

and Aspergillus parasiticus developed during harvest, transport or storage due to 

unfavorable environmental conditions. Aflatoxin occurrence is reported to be higher in 

hot and humid climate regions (Streit et al., 2013; Gruber-Dorninger et al., 2019). 

Aflatoxin represents a high risk for animals and humans. Aflatoxin B1 (AFB1) is 

recognized to be the highly toxic type compared to AFB2, G1 and G2, and it is hydrolyzed 

in the liver of dairy cows into aflatoxin M1 (AFM1) shortly after AFB1 ingestion (5 min), 

with an estimated time of 6 h to be excreted in milk (Battacone et al., 2003; Gallo et al., 

2008). Veldman et al. (1992) reported that AFM1 transfer to milk was highly correlated 

to milk production with a range from 1 to 6% of the AFB1 intake. Aflatoxin B1 and 

AFM1 are highly toxic and represent the first carcinogenic molecule for humans (IARC, 

2002). The Federal Drug Administration (FDA) and the European Commission 
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established maximal residual levels of these two molecules in feeds and milk at 20 and 

0.5 µg/kg by the FDA, and 5 and 0.05 µg/kg by the European Commission, respectively 

(FDA, 2000; EC, 2006). In addition to milk contamination in dairy cows, AF induces 

liver inflammation and reduces immunity, DMI, and reproductive and production 

performance when diets are contaminated with concentrations above 100 µg/kg of AFB1 

(Whitlow and Hagler, 2005; Xiong et al., 2015). 

To reduce the negative effect of AF contamination in animals and animal products, 

different strategies have been explored. Physical and chemical methods were developed 

to be used post-harvest to reduce the mycotoxin burden in crops (Peng et al., 2019). 

However, the application of these methods is limited because they are expensive, reduce 

the nutritive value of raw materials and may release chemical residues into the 

environment. Mycotoxin binders (MTB) have been shown to be effective in binding 

mycotoxins from contaminated diets (Galvano et al., 2001). Mycotoxin binders are 

classified as Generally Recognized as Safe (code of federal regulations, 21 CFR 

582.2729) by the FDA and present no harm when supplied to animals. Mycotoxin binders 

have the capacity to adsorb mycotoxins into their matrix by physical and chemical 

interactions, and decrease the absorption of mycotoxins in the gastrointestinal tract of 

animals (Di Gregorio et al., 2014; Čolović et al., 2019).  

The adsorption capacity of different MTB is reported to be high for AF from in 

vitro tests (Kihal et al., 2022). However, in vitro methods have not been validated and, 

therefore, it is important to test the efficacy of MTB in vivo (Diaz et al., 2004). For dairy 

cows, MTB are supplemented into the diet to reduce the AFM1 content in milk through 

the adsorption of AFB1 present in contaminated feeds (Sulzberger et al., 2017; Xiong et 

al., 2018). The objective of this study was to use data from published papers to evaluate 

the efficacy of MTB to reduce AFM1 in milk.    
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Material and methods 

Paper selection, exclusion criteria and data extraction 

A comprehensive search of the literature was conducted using PubMed, Google 

Scholar and Science Direct engines to identify experiments conducted on dairy cows that 

report the capacity of MTB to reduce AFM1 from milk after an AF challenge. The 

research used a set of keywords:  MTB, AFB1, AFM1, and dairy cows. The inclusion 

criteria for the study were: a) a description of the MTB type and the supplemental 

concentration dose used; b) a description of the AF challenge protocol, and c) the use of 

dairy cows. The PRISMA diagram in Figure 1 (Moher et al., 2009) represents the flow of 

paper selection procedure for the network meta-analysis (NMA). After the initial search, 

a total of 933 papers were identified, from which 81 were assessed for eligibility. From 

these papers, 53 were excluded for the following reasons: 32 were not carried out on dairy 

cows and 16 did not report the AFM1 results in milk, and 5 where the type of MTB were 

reported only once. The final analysis included 28 papers with 143 treatments and 1322 

cows. Table 1 reports all studies included in the NMA. The outcome variables of interest 

for the NMA were required to be reported as least squares means, and their standard error 

of the mean or standard deviation stated. The main outcome variables were: AFM1 

concentration (µg/L), percentage reduction (%); excretion (µg/d), and transfer (%) into 

milk; and AFM1 concentration in urine (µg/L) and AFB1 concentration in feces (µg/kg). 

Data on animal performance (DMI, milk yield and milk composition) were also recorded. 

Data were extracted from text, tables, and figures. Adsorption values in figures were 

obtained using an extraction data program (Origin-Lab 2019, OriginLab Corp, 

Massachusetts, USA).  
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Statistical analysis 

A classical meta-analysis was not possible because of the identification of more 

than one treatment (MTB) were identified for all variables. Therefore, a NMA was 

conducted to compare different treatments for each variable from direct and indirect 

evidence as a random effect using the confidence in network meta-analysis web 

application (CINeMA; Papakonstantinou et al., 2016; Nikolakopoulou et al., 2020). The 

CINeMA tool expresses 6 domains of analysis that affect the level of confidence in NMA: 

within-study bias, reporting bias, indirectness, imprecision, heterogeneity and 

incoherence, and assigns judgments at 3 levels (no concerns, some concerns, or major 

concerns). Statistical analysis was conducted using the GLIMMIX procedure with the 

WEIGHT statement of SAS (version 9.4; SAS Institute Inc., Cary, NC) using the inverse 

of the square of the variance (1/SEM2), following Madden et al. (2016) procedure that 

allows direct (Control vs. treatment) and indirect (treatment vs. treatment) comparisons 

of different treatments, with the study as a random effect, using the following model:  

Yij = µ + Si + MTBj+ Sijk + eijk, 

where Yij: is the dependent variable; µ: the outcome variable; Si: the random effect of the 

ith study; MTBj: the fixed effect of the jth MTB; Sijk: the random interaction between the 

ith study and the jth level of MTB; eijklm: the residual errors. Differences among treatments 

were declared at P < 0.05, and tendencies at 0.05 < P < 0.10.  

 

Results and discussion 

Data description 

Results of the literature search resulted in the detection of nine different treatments: 

control (CTR), hydrated sodium calcium aluminosilicate (HSCAS), yeast cell wall 

(YCW), bentonite; a mix of different MTB (MIX), activated carbon (AC), 
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montmorillonite, bacteria and chlorophyll. However, the last three treatments were not 

retained for the NMA, and AC was only retained for the outcome variable AFM1 

percentage reduction, because of the low number of observations. 

Risk of bias, heterogeneity and inconsistency assessment 

Before conducting the analysis with CINeMA, the risk of bias (RoB) of each study 

was assessed and resulted in: 13 papers with low RoB, 9 with unclear RoB, and 5 with 

high RoB. The main reason of unclear RoB was related to insufficient detail to reproduce 

the experiment, and the main reason for high RoB was unrandomized treatments, risk of 

attrition and missing data. The RoB was assessed for each study and treatment 

comparison by CINeMA and illustrated in Figure 2 for each direct and indirect 

comparison. The RoB by comparisons showed that the high percentage of low RoB was 

reported for CTR:HSCAS, bentonite:HSCAS and YCW:HSCAS comparisons. However, 

the CTR:bentonite comparison had a high percentage of unclear RoB.   

For the heterogeneity test, the I² and τ2 statistics describe the percentage of variation 

across studies and between-study variance, respectively, that is due to heterogeneity 

rather than chance (Higgins et al., 2003). In CINeMA, heterogeneity refers to 

disagreement between estimates within the same comparison (Salanti et al., 2014). The 

assessment of heterogeneity by CINeMA resulted in different ranges of judgments 

depending on the comparison and the outcome variable (Table 2). The judgment can be 

no concern, some concern or major concern. This judgment is assessed after an 

examination between the confidence interval and the prediction interval of each 

comparison, and whether they result in the same conclusions or not.  

For AFM1 concentration, the heterogeneity test resulted in high number of major 

concerns judgment for treatment comparison. The comparisons for AFM1 concentration 

CTR:bentonite; HSCAS:YCW; bentonite:HSCAS and bentonite:YCW were evaluated as 
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no concern. The AFM1 percentage reduction index included AC as a fifth treatment. 

However, the low number of observations led to major concern of heterogeneity for all 

comparisons of AC with the other treatments. In addition, the comparison of CTR with 

HSCAS and YCW also were reported as major concern. For AFM1 excretion, the 

heterogeneity assessment revealed no concern in the majority of comparisons except for 

CTR:bentonite and CTR:MIX that had a major concerns. For AFM1 transfer, the 

heterogeneity assessment showed that half of the comparisons had no concern. Urine 

AFM1 outcome had no concern for all comparison, and fecal AFB1 concentration had 

only the comparison of CTR:MIX with major concern. When heterogeneity is high, as it 

was in the current paper the use of a random model, is strongly recommended. 

The inconsistency in NMA is due to a disagreement between direct and indirect 

evidence which results in a biased treatment effect estimate (Freeman et al., 2019). 

Similarly to heterogeneity, the inconsistency approach is evaluated by assigning 

judgments at three levels (no concern, some concern, or major concern). Inconsistency 

can only be estimated when direct and indirect evidence of comparisons are available to 

the analysis and then is calculated by a confidence interval by differences between them. 

The inconsistency results were also assessed by treatment comparison and outcome. The 

inconsistency is an important domain to evaluate the data of the NMA: it reports the 

relationship between the direct and indirect evidence of the NMA. For AFM1 

concentration outcome, all comparisons that included bentonite were considered a major 

concern. However, for AFM1 reduction percentage, all the comparisons had major 

concerns except for the comparison of bentonite with YCW and AC, that had no concern. 

For AFM1 excretion, the HSCAS:MIX was the only comparison with major concern. For 

AFM1 transfer, the HSCAS:MIX and HSCAS:YCW comparisons were considered a 

major concern. For urine AFM1 and fecal AFB1 concentrations outcomes, all 
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comparisons were considered a major concern. Data that reported AFM1 concentration 

in urine and feces were few and only 4 papers studied these effects. However, despite the 

lack of data on urine and feces, it was still useful to analyze them to understand the overall 

effect of different MTB in milk, urine and feces, although results should be interpreted 

with caution. 

Mycotoxin binders effect on AFM1 indexes 

The objective of this NMA was to assess the efficacy of the supplementation of 

different MTB types into the diet of dairy cows to reduce AF contamination. The 

effectiveness of MTB is based on binding AF in the gastrointestinal tract of the animal 

and decreasing its absorption in the gut. The main effect of aflatoxin contamination in 

dairy cows is the production of AFM1 (Kuilman et al., 2000). The metabolized AFM1 

can be excreted in milk or urine. Four AFM1 indexes were evaluated in milk: AFM1 

concentration (µg/L), AFM1 percentage reduction (%); AFM1 excretion (µg/d), and 

AFM1 transfer into milk (%). The AFM1 concentration is obtained by the direct 

laboratory analysis of the AFM1. The AFM1 excretion represents the total amount of 

AFM1 excreted by the cow and is calculated by multiplying the AFM1 concentration in 

milk by the daily milk yield. These two indexes are highly dependent on the AF dosed in 

the experiment. The AFM1 transfer represents the percentage amount of ingested AFB1 

by the cow that is transferred into milk. This index is calculated as the amount of AFM1 

excreted in milk divided by the AFB1 intake and multiplied by 100. The effectiveness of 

MTB supplied in the diet is related to the reduction of these indexes.  

Results of AFM1 concentration in milk among MTB showed that HSCAS and 

bentonite were different from control (P < 0.05) and YCW and MIX tended to be different 

(P = 0.06 and 0.07, respectively, Figure 2). The comparison of the AFM1 concentration 
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reduction among binders showed no differences among them, suggesting that all the MTB 

had a similar ability on reducing AFM1 concentration in milk (Table 3). 

Data of AFM1 percentage reduction were calculated from AFM1 milk 

concentration for each study. Additional data were included in the dataset from 2 studies 

that only reported data of the percentage reduction of AFM1. These data included AC as 

an additional binder. Results showed that all binders reduced (P < 0.05) the AFM1 in milk 

compared with CTR, with a range of reduction between 24.6% for YCW to 45.9% for 

AC, but with no significant difference when compared to each other. 

All MTB decreased the excretion of AFM1 ranging from 5.4 to 15.1 µg/d compared 

with CTR (19.9 µg/d ± 4.69, Figure 2), except for bentonite, that was not different (16.8 

µg/d, P = 0.60). The comparison of AFM1 excretion among MTB showed that YCW had 

the lowest AFM1 excretion, and the excretion among the other MTB was not different. 

The AFM1 excretion values are calculated in basis of milk production of cows. For the 

same values of AFM1 concentration per liter of milk, if average milk production among 

treatments group is different, the AFM1 milk excretion will be different also. Therefore, 

this index values are relative and may not reflect the real effect of the MTB on AFM1 

reduction in milk. In addition, the AFM1 excretion for YCW was reported only from three 

studies that had a low excretion in comparison to other studies that had higher excretion, 

but data were excluded because the standard deviation was not provided. 

Milk AFM1 transfer decreased for HSCAS (1.2% ± 0.24), bentonite (0.8% ± 0.16), 

and MIX (0.9% ± 0.22), but not for YCW (1.4% ± 0.05) compared with control (1.9% ± 

0.41, Figure 2). The comparison of AFM1 transfer among MTB showed that bentonite 

had the lowest transfer of AFB1 from feed to milk, and the transfer from the other MTB 

tended to be higher for MIX when compared with HSCAS and YCW (P = 0.09 and 0.06, 

respectively). 
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The AFM1 concentration in urine (µg/L) and AFB1 concentration in feces (µg/kg) 

were only reported for HSCAS and MIX MTB. Results showed that urine and fecal 

concentrations were not affected by HSCAS and MIX supplementation to dairy cows. 

Rodrigues et al. (2018) reported that the lack of effect can be explained by the higher 

amount of AFM1 and AFB1 excreted via urine and feces, respectively, making small 

differences less significant, in comparison to concentrations of AFM1 in milk. Overall, 

results indicate that the range of AFM1 concentration in milk from AFB1 challenged 

dairy cows ranged from 0.01 to 2.78 µg/kg and that in urine ranged from 1.78 to 14.2 

µg/L. The higher concentration in urine may be explained by a physiological response of 

the body to eliminate the aflatoxin as a defense mechanism rather than being excreted via 

milk. 

The efficacy of MTB to decrease aflatoxin might be subject to different factors that 

can affect the results. Among the 28 studies included in the NMA, the experimental 

protocols used were different. The use of more exclusion criteria in the NMA would 

reduce the number of studies and will not give a sufficient number of observations to 

summarize the effect of each MTB. The inclusion rate of MTB in the diet is of high 

importance as an increase in MTB concentration results in a higher reduction of 

mycotoxins (Maki et al., 2016; Sulzberger et al., 2017). The adsorption mechanism of 

MTB is saturable, and the presence of more binder molecules in the gastrointestinal tract 

of cows with the same amount of AF will lead to higher adsorption. The ratio of 

MTB:mycotoxin concentration used in the included studies in the NMA ranged from 

0.003 to 2.64. Therefore, comparison among treatments may be biased by this ratio, and 

standardization of the methodology is required for a fair comparison among MTB. In fact, 

EFSA (2017) considers that clay minerals (bentonite) are not toxic and the safety limit is 

high (20kg/t of complete feed) for their use. Besides, the practical concentration of AFB1 
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in field conditions could be variable depending on the contamination level of feeds. 

Therefore, the experimental protocols should use the maximal limits of mycotoxins in 

feeds established by the FDA (2000) or the European Union (EC, 2006). Whitlow and 

Hagler (2005) reported that feeding AFB1 at doses above 100 µg/kg can affect production 

performance of cows and is sufficient to reach the minimal toxic level in milk (0.5 µg/L, 

FDA, 2000) if it is assumed an AF transfer of 1%. The analysis of the adsorption capacity 

of MTB based on the MTB:Micotoxin ratio may be a good tool to evaluate their true 

effectiveness. For this purpose, a regression analysis was conducted on the reduction 

percentage and transfer outcome classified by the ratio MTB to AFB1 doses factor. We 

selected papers (n = 9) where the AFB1 concentration was around 100 µg/kg DMI (range 

from 100 to 168 µg/kg) to evaluate the impact of the MTB dose (g/d) on AFM1 

percentage reduction and AFM1 transfer in milk. This selection resulted in the utilization 

of a wide range of MTB doses from 6 to 227 g/d used for similar mycotoxin 

concentrations. This ratio was regressed on the percent reduction of AFM1 in milk and 

the transfer ratio of feed AFB1 to milk AFM1. However, there was no clear relationship 

(data not shown) between the increase of MTB dose and the reduction percentage or 

transfer of AFM1 into milk. The AF challenge procedure can also contribute to different 

results even if the dose is the same. The utilization of naturally contaminated diets may 

result in other types of AF rather than B1 as B2, G1 or G2. The presence of different types 

of AF together may result in additional toxic effects on the cows because of their synergy, 

in comparison with cows receiving AF challenge with pure AFB1 (Applebaum et al., 

1982; Queiroz et al., 2012). Furthermore, in vivo there is the potential for interaction with 

other mycotoxins and(or) nutrients that compete with binding sites, where vitamins and 

amino acids may interfere with AF adsorption (Kihal et al. 2020; 2021). 
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A comparison of the adsorption capacity of MTB between in vitro and in vivo 

studies may show some differences. Kihal et al. (2022) summarized the efficacy of 

different MTB to adsorb different mycotoxins from 68 papers and reported that the 

adsorption of AF among binders in vitro was the highest with clay minerals and AC (range 

of 61 to 93%) and was the lowest with YCW (49%). The herein results of percentage 

reduction did not show any difference among MTB, although the AC reduction was 

numerically higher (45%) and YCW was lower (24%). Another effect that was observed 

by Kihal et al. (2022) is that the adsorption of YCW is pH dependent and the adsorption 

is the highest at low pH values (2 to 4) than at higher pH. This finding is important for 

the in vivo application of the binder because even if the adsorption of YCW may be high 

in the abomasum at low pH a desorption may occur at the higher pH of the small intestine, 

decreasing the overall adsorption of the toxin.  

The performance indexes were also evaluated during the AF challenge. Results of 

the application of AF challenge and MTB treatment did not show any effect on production 

performance, in contrast to what was reported in other reviews (Veldman et al., 1992; 

Fink-Gremmels, 2008). This result may be attributed to the dose of AFB1 that may have 

not been enough to trigger a toxic effect in dairy cows and/or to the short experimental 

periods that, in most cases, the AF challenge lasted for no more than one week. 

Some of the studies also evaluated the liver functionality indicator of inflammation 

with the objective to evaluate the effect of MTB on reducing the inflammation caused by 

the AF challenge. Only 3 studies reported this effect and, therefore, it was not possible to 

proceed with a statistical analysis. Sulzberger et al. (2017) and Xiong et al. (2015) 

reported that plasma Glutamate dehydrogenase and alanine aminotransferase were not 

affected by the AF challenge in contrast of what was observed by Pate et al. (2018). These 

contradictory results are attributed to the differences in the experimental protocol among 
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studies, where the AF challenge period and dose may have not been sufficiently high to 

trigger the inflammatory process in the liver. 

 

Conclusions 

Aflatoxins represent a big concern for dairy cows production because of their high 

toxicity and the transfer risk into milk in the form of AFM1.  The MTB evaluated are 

effective in reducing the AFM1 indexes in milk. Bentonite was the binder with the most 

important effect on reducing AFM1 transfer, and YCW was the binder with the lowest 

effect. However, the interpretation of in vivo studies is highly dependent on the AF/MTB 

ratio and suggests the need to develop a standard method to evaluate the efficacy of MTB 

in vivo. 
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Figure 1. Prisma diagram representing the inclusion summary of papers for the network 

meta-analysis.  
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Figure 2. Risk of bias reported for the network meta-analysis for all the possible direct 

and indirect comparisons (Green: low risk of bias; yellow: moderate risk of bias; red: high 

risk of bias)  
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Figure 3. Forest plot of the six outcomes reporting the AFM1 parameters in milk, urine 

and feces. Data are reported as mean ± 95% CI (LCl: low confidence interval and UCl: 

upper confidence interval) of each treatment compared with control (vertical line for each 

outcome variable). Treatments are: HSCAS: hydrated sodium calcium aluminosilicate; 

YCW: yeast cell wall; bentonite; MIX: mixed binders and AC: activated carbon. 
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Table 1.  The included studies for the NMA indicating the nature of each binder type with the respective commercial name and the dose inclusion 

of the binder and aflatoxin. 

Nº Reference Breed Design1 MTB type2 MTB®3 Cow (n) MTB g/d AFB1 µg/kg 

1 Rodrigues et al., 2018 Holstein CRBD Clay + YCW Toxy-Nil 8 100 107.6 

1 Rodrigues et al., 2018 Holstein CRBD Clay + YCW Unike + 8 100 102.5 

2 Weatherly et al., 2018 Holstein CRBD Bentonite + YCW . 16 30 100 

2 Weatherly et al., 2018 Holstein CRBD Bentonite + YCW . 16 60 100 

2 Weatherly et al., 2018 Holstein CRBD Prototype . 16 60 100 

3 Moschini et al., 2008 Holstein CRBD 
Bentonite + Sepiolite + 

AC 
Atox 6 50 134 

3 Moschini et al., 2008 Holstein CRBD YCW Mycosorb 6 50 108 

3 Moschini et al., 2008 Holstein CRBD HSCAS Novasil+ 6 150 138.1 

4 Kutz et al., 2009 . LSD HSCAS Solis 12 140 112.2 

4 Kutz et al., 2009 . LSD HSCAS Novasil+ 12 140 112.2 

4 Kutz et al., 2009 . LSD YCW + HSCAS MTB-100 12 140 112.2 

5 Maki et al., 2016 . LSD HSCAS Novasil+ 15 12.1 121 

5 Maki et al., 2016 . LSD HSCAS Novasil+ 15 6 121 

6 Jiang et al., 2018 Holstein LSD Na Bent Astr-Ben20 24 200 63.4 

6 Jiang et al., 2018 Holstein LSD Na Bentonite + YCW 19gnutriTek 24 235 63.4 

7 Pate et al., 2018 Holstein LSD HSCAS FloMatrix 16 113 100 

7 Pate et al., 2018 Holstein LSD HSCAS FloMatrix 16 227 100 

8 Queiroz et al., 2012 Holstein LSD MMT Calibrin 8 46 75 

8 Queiroz et al., 2012 Holstein LSD MMT Calibrin 8 230 75 

9 Xiong et al., 2018 Holstein FD Na MMT + YCW Solis Mos 10 6.0 20 

10 Cha et al., 2021 Holstein CRBD MMT + Dialomite . 10 15 168 
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10 Cha et al., 2021 Holstein CRBD 
MMT + Dialomite + 

YCW 
. 10 15 168 

11 Gonçalves et al., 2016 Holstein CRBD Cell wall ICC Brazil 2 20 480 

11 Gonçalves et al., 2016 Holstein CRBD Autolyzed yeast ICC Brazil 2 20 480 

11 Gonçalves et al., 2016 Holstein CRBD Dried yeast ICC Brazil 2 20 480 

11 Gonçalves et al., 2016 Holstein CRBD Brewery yeast ICC Brazil 2 20 480 

12 Mojtahedi et al., 2013 Holstein CRBD Ester.Glucomanan . 12 18 4.6 

12 Mojtahedi et al., 2013 Holstein CRBD Ester.Glucomanan . 12 27 4.6 

12 Mojtahedi et al., 2013 Holstein CRBD Ester.Glucomanan . 12 36 4.6 

13 Diaz et al., 2004 Holstein CRBD Bentonite Astr-Ben20 32 1.20% 55 

13 Diaz et al., 2004 Holstein CRBD Bentonite Flow Guard 32 1.20% 55 

13 Diaz et al., 2004 Holstein CRBD Bentonite Mycosorb 32 1.20% 55 

13 Diaz et al., 2004 Holstein CRBD AC AC-A 4 0.25% 55 

13 Diaz et al., 2004 Holstein CRBD Bentonite AB-20 4 1.20% 55 

13 Diaz et al., 2004 Holstein CRBD YCW MTB-100 4 0.05% 55 

13 Diaz et al., 2004 
Holstein CRBD Bentonite 

Red Crown 

Bentonite 
4 1.20% 55 

14 Masoero et al., 2009 . CRBD Mg-Smectite Atox 4 22.2 7.47 

15 Sulzberger et al., 2017 Holstein CRBD Mixed clay . 10 10.91 100 

15 Sulzberger et al.,2017 Holstein CRBD Mixed clay . 10 22.34 100 

15 Sulzberger et al., 2017 Holstein CRBD Mixed clay . 10 42.86 100 

16 Guo et al., 2019 Holstein CRBD Bacillus.subtilis . 8 38 63 

17 Ogunade et al., 2016 Holstein I-Crossover Chlorophyll . 12 20 75 

17 Ogunade et al., 2016 Holstein I-Crossover Chlorophyll . 12 20 75 

17 Ogunade et al., 2016 Holstein I-Crossover Combined Na- Bentonite . 12 20 75 

18 Intanoo et al.,2020 Holstein CRBD Yeast CPY1 4 2 22.28 

18 Intanoo et al.,2020 Holstein CRBD Yeast RSY5 4 2 22.29 

18 Intanoo et al.,2020 Holstein CRBD Yeast YSY2 4 2 22.29 
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19 Allen et al.,2019 Holstein CRBD Bentonite . 6 50 300 

20 Maki et al.,2017 Holstein CRBD HSCAS Novasil+ 15 4.185 50 

20 Maki et al.,2017 Holstein CRBD HSCAS Novasil+ 15 8.615 50 

21 Sumantri et al.,2012 Crossbred CRBD Bentonite . 4 2.84 30.81 

21 Sumantri et al.,2012 Crossbred CRBD Bentonite . 4 22.84 30.65 

22 Rojo et al., 2014 Holstein CRBD HSCAS . 12 44 40 

22 Rojo et al., 2014 Holstein CRBD HSCAS . 12 44 40 

22 Rojo et al., 2014 Holstein CRBD YCW . 12 16.5 40 

22 Rojo et al., 2014 Holstein CRBD HSCAS . 4 44 40 

22 Rojo et al., 2014 Holstein CRBD HSCAS . 4 44 40 

22 Rojo et al., 2014 Holstein CRBD YCW . 4 16.5 40 

23 Kissell et al., 2012 Holstein CRBD Glucomanan + HSCAS Lallemand 12 100 3.70 

23 
Kissell et al., 2012 

Holstein CRBD Glucomanan 
MTB-

100_2004 
12 10 3.97 

23 
Kissell et al., 2012 

Holstein CRBD Glucomanan 
MTB-

100_2006 
12 10 3.93 

23 Kissell et al., 2012 Holstein CRBD Glucomanan Prototype 12 10 3.97 

23 
Kissell et al., 2012 

Holstein CRBD Glucomanan 
MTB-

100_2006 
5 50 3.72 

23 Kissell et al., 2012 Holstein CRBD Ca Bentonite Astr-Ben20 5 227 3.44 

24 Harvey et al., 1991 Holstein Reversal.D HSCAS . 3 60 200 

24 Harvey et al., 1991 Holstein Reversal.D HSCAS . 3 120 100 

25 Hajmohammadi et al., 2021 Holstein CRBD Bent . 4 129.5 41 

25 Hajmohammadi et al., 2021 Holstein CRBD 
Clay + YCW + AC + 

Algae 
B.I.O. Tox 4 119.5 41 

26 Moran et al., 2013 Ayrshire Crossover YCW Mycosorb 4 10 5 

26 Moran et al., 2013 Ayrshire Crossover YCW Mycosorb 4 50 5 

27 Stroud, 2007 Holstein CRBD YCW MTB-100 6 100 171 
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27 Stroud, 2007 Holstein CRBD YCW UltraSorb 6 100 171 

27 Stroud, 2007 Holstein CRBD HSCAS Mexil 6 100 171 

27 Stroud, 2007 Holstein CRBD HSCAS Novasil+ 6 100 171 

27 Stroud, 2007 Holstein CRBD YCW Toxynil+ 6 100 171 

27 Stroud, 2007 Holstein CRBD Smectite Condition Ade 6 100 171 

27 Stroud, 2007 Holstein CRBD Bentonite Astra Ben 6 100 171 

27 Stroud, 2007 Holstein CRBD HSCAS Milbond-TX 6 100 171 

28 Galvano et al., 1996 Holstein Reversal.D HSCAS . 4 500 56.4 

28 Galvano et al., 1996 Holstein Reversal.D AC . 4 500 56.4 

28 Galvano et al., 1996 Holstein Reversal.D AC . 4 500 56.4 
1CRBD: complete randomized block design; LSD: Latin square design; FD: factorial design; I-crossover: inverse crossover design; Reversal.D: 

reversal design. 

2MTB: mycotoxin binder; AC: Activated carbon; MMT: montmorillonite; YCW: yeast cell wall; HSCAS: hydrated sodium calcium silicate. 

3Commercial name of each MTB type 
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Table 2. Heterogeneity values and the respective judgment for each treatment comparison sorted by AFM1 indexes. 

Comparison1 Estimate I2 τ2 
95% Confidence 

interval 

95% Prediction 

interval 

Heterogeneity 

judgment 

AFM1 concentration, µg/L  

     CTR:HSCAS  0.24 91.1 0.006 (0.160,0.316) (-0.033,0.508) Major concern 

     CTR:YCW  0.26 94.5 0.008 (0.188,0.335) (-0.001,0.530) Major concern 

     CTR:Bentonite -0.36 99.6 0.051 (-0.447,-0.262) (-0.630,-0.080) No concern 

     CTR: MIX  0.11 87.2 0.003 (0.038,0.173) (-0.162,0.373) Major concern 

     HSCAS:YCW  0.02 75.0 0.018 (-0.078,0.125) (-0.255,0.302) No concern 

     HSCAS:Bentonite -0.12 NA NA (-0.238,0.004) (-0.403,0.169) No concern 

     HSCAS: MIX -0.13 96.3 0.357 (-0.233,-0.032) (-0.410,0.146) Major concern 

     YCW:MIX  0.16 NA NA (0.058,0.253) (-0.121,0.433) Major concern 

     YCW:Bentonite -0.09 NA NA (-0.211,0.024) (-0.379,0.192) No concern 

     Bentonite:MIX -0.25 0.0 0.000 (-0.357,-0.142) (-0.530,-0.032) Major concern 

AFM percentage reduction, % 

     CTR:HSCAS -35.54 97.5 256.073 (-44.175,-26.904) (-70.295,-0.784) No concern 

     CTR:YCW -27.80 94.2 82.477 (-35.626,-19.974) (-62.357,6.756) Major concern 

     CTR:Bentonite 37.14 99.3 313.652 (27.156,47.133) (2.015,72.274) No concern 

     CTR: MIX -26.82 98.8 321.105 (-35.296,-18.340) (-61.533,7.898) Major concern 

     CTR:AC 6.05 100 272.839 (-9.819,21.930) (-31.251,43.362) No concern 

     HSCAS:YCW 7.74 82.5 535.937 (-2.866,18.345) (27.577,43.056) No concern 

     HSCAS: MIX 8.72 76.9 612.193 (-3.034,20.478) (-26.970,44.413) No concern 

     HSCAS:Bentonite 1.61 NA NA (-11.192,14.401) (-34.456,37.665) No concern 

     HSCAS:AC -29.48 NA NA (-47.290,-11.678) (-67.683,8.715) Major concern 

     YCW:Bentonite 9.34 98.9 2855.676 (-2.372,21.061) (26.334,45.022) No concern 

     YCW:MIX -0.98 NA NA (-12.267,10.302) (-36.516,34.551) No concern 

     YCW:AC -21.745 0 0.000 (-38.253,-5.236) (-59.335,15.846) Major concern 

     Bentonite:MIX 10.33 0.0 0.000 (-2.086,22.739) (-25.595,46.247) No concern 

     Bentonite:AC -31.01 99.2 546.567 (-48.044,-14.133) (-68.885,6.707) Major concern 
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     MIX:AC -20.76 NA NA (-38.572,-2.952) (-58.963,17.439) Major concern 

AFM1 Excretion, µg/d 

     CTR:HSCAS  1.21 70.0 0.46 (0.592,1.837) (-0.696,3.125) No concern 

     CTR:YCW  0.42 55.5 0.528 (-0.214,1.048) (-1.496,2.330) No concern 

     CTR:Bentonite -0.95 66.8 0.965 (-1.855,-0.530) (-2.978,1.070) Major concern 

     CTR:MIX  0.88 81.9 1.065 (0.396,1.364) (-0.988,2.747) Major concern 

     HSCAS:YCW -0.80 NA NA (-1.661,0.067) (-2.804,1.210) No concern 

     HSCAS:Bentonite  0.26 NA NA (-0.829,1.350) (-1.859,2.380) No concern 

     HSCAS: MIX -0.34 0.0 0.000 (-1.094,0.425) (-2.296,1.627) No concern 

     YCW:MIX -0.46 NA NA (-1.244,0.319) (-2.434,1.508) No concern 

     Bentonite:YCW -0.54 NA NA (-1.634,0.561) (-2.661,1.587) No concern 

     Bentonite:MIX -0.07 18.7 0.084 (-1.034,0.886) (-2.127,1.979) No concern 

AFM1 Transfer, % 

     CTR:HSCAS   0.71 95.7 0.163 (0.271,1.143) (-0.795,2.209) Major concern 

     CTR:YCW   1.48 99.9 6.956 (1.137,1.829) (0.005,2.961) No concern 

     CTR:Bentonite -0.67 99.8 0.128 (-1.124,-0.212) (-2.176,0.841) Major concern 

     CTR:MIX   0.45 98.3 0.132 (0.112,0.790) (-1.025,1.927) Major concern 

     HSCAS:YCW   0.78 NA NA (0.230,1.322) (-0.763,2.316) Major concern 

     HSCAS:Bentonite   0.04 NA NA (-0.589,0.667) (-1.533,1.611) No concern 

     HSCAS: MIX -0.26 77.6 0.091 (-0.785,0.273) (-1.789,1.278) No concern 

     YCW:Bentonite   0.82 NA NA (0.244,1.387) (-0.734,2.365) Major concern 

     YCW:MIX   1.03 NA NA (0.555,1.508) (-0.483,2.547) Major concern 

     Bentonite: MIX -0.22 0.0 0.000 (-0.757,0.323) (-1.754,1.321) No concern 

AFM1 Urine concentration, µg/L  

     CTR:HSCAS   0.36 0.0 0.000 (-0.385,1.102)     (-0.946,1.663) No concern 

     CTR: MIX   0.27 54.1 0.217 (-0.146,0.678)     (-0.803,1.335) No concern 

     HSCAS:MIX -0.09 NA NA (-0.943,0.757)     (-1.488,1.303) No concern 

AFB1 Fecal concentration, µg/kg 

     CTR:HSCAS   1.38 0.0 0.000 (-0.170,2.920)     (-1.670,4.420) No concern 

     CTR: MIX   1.72 73.1 1.501 (0.771,2.668)     (-0.947,4.386) Major concern 
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     HSCAS:MIX   0.35 NA NA (-1.468,2.158)     (-2.909,3.598) No concern 
1CTR: control; MIX: mixed binders; HSCAS: hydrated sodium calcium aluminosilicate; YCW: yeast cell wall. 
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Table 3. Indirect comparison analysis for each AFM1 outcome for milk, urine, and feces. 

Indirect comparison1 Estimate SD LCL UCL P value Inconsistency 

AFM1 concentration, µg/L  
     HSCAS vs. YCW -0.05 0.104 -0.270 0.151 0.57 No concerns 

     HSCAS vs. Bentonite  0.03 0.084 -0.138 0.200 0.71 Major concern 

     HSCAS vs. MIX -0.08 0.110 -0.305 0.139 0.45 No concerns 

     YCW vs. Bentonite  0.09 0.106 -0.123 0.304 0.39 Major concern 

     YCW vs. MIX -0.02 0.123 -0.271 0.224 0.84 No concerns 

     Bentonite vs. MIX -0.11 0.101 -0.319 0.090 0.26 Major concern 

AFM1 % reduction, %  
     HSCAS vs. YCW  1.76 11.592 -21.521 25.047 0.87 Major concern 

     HSCAS vs. Bentonite -9.56 15.945 -41.589 22.464 0.55 Major concern 

     HSCAS vs. MIX -9.79 10.236 -30.355 10.764 0.34 Major concern 

     HSCAS vs. AC  -19.23 19.748 -58.904 20.427 0.33 Major concern 

     YCW vs. Bentonite  -11.32 15.381 -42.220 19.570 0.46 No concerns 

     YCW vs. MIX  -11.55   8.241 -28.112   4.995 0.17 Major concern 

     YCW vs. AC  -21.00 19.354 -59.876 17.873 0.28 Major concern 

     Bentonite vs. MIX -0.23 14.281 -28.917 28.451 0.98 Major concern 

     Bentonite vs. AC -9.67 22.999 -55.872 36.519 0.67 No concerns 

     MIX vs. AC -9.44 17.793 -45.182 26.295 0.59 Major concern 

AFM1 excretion, µg/d  
     HSCAS vs. YCW  9.37  2.443    4.383 14.366    >0.05 No concerns 

     HSCAS vs. Bentonite -1.98  5.150 -12.510   8.541      0.70 No concerns 

     HSCAS vs. MIX -0.33 0.487   -1.330   0.662      0.49 Major concern 

     YCW vs. Bentonite  -11.35   4.74 -19.679 -3.038    >0.05 No concerns 

     YCW vs. MIX    -9.70    2.69 -15.203 -4.213    >0.05 No concerns 

     Bentonite vs. MIX  1.65  5.308   -9.190 12.491      0.31 No concerns 

AFM1 transfer, %  
     HSCAS vs. YCW -0.24 0.250   -0.751 0.267      0.34 Major concern 

     HSCAS vs. Bentonite  0.38 0.126    0.130 0.647    >0.05 No concerns 

     HSCAS vs. MIX  0.21 0.121   -0.035 0.459      0.09 Major concern 

     YCW vs. Bentonite  0.63 0.175    0.272 0.988    >0.05 No concerns 

     YCW vs. MIX  0.45 0.234   -0.023 0.931      0.06 No concerns 

     Bentonite vs. MIX    -0.17 0.065   -0.310 -0.042    >0.05 No concerns 

Urine AFM1 concentration, µg/L  
     HSCAS vs. MIX -4.21 1.787   -8.811 0.377      0.06 Major concern 

Fecal AFB1 concentration, µg/kg  
     HSCAS vs. MIX -0.82 1.625   -5.002 3.355      0.63 Major concern 

MIX: mixed binders; HSCAS: hydrated sodium calcium aluminosilicate; YCW: yeast cell wall. 
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Short Communication: Quantification of the effect of mycotoxin 

binders on the bioavailability of fat-soluble vitamins in vitro 
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 Chapter VI : Third experiment 

Effect of diet supplementation with the mycotoxin binder 

montmorillonite on the bioavailability of vitamins in dairy cows 
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General discussion 

The utilization of mycotoxin binders (MTB) is recognized as an effective strategy to 

control mycotoxins in contaminated animals (Galvano et al., 2001). Mycotoxin binders are 

active in the gastrointestinal tract of animals where mycotoxins are fixed to the matrix of MTB 

by different physicochemical interactions. There are different types of MTB, with the most 

common being clay minerals, activated carbon (AC) and yeast cell wall (YCW) which 

interlayer space, pores, and β-glucans represent their key binding factors, respectively (Jouany, 

2007). The efficacy of MTB to adsorb mycotoxins is assessed mainly by in vitro tests that allow 

screening of a wide number of MTB with the advantage of being rapid and cheap tests 

compared to in vivo tests. A review of adsorption data from in vitro tests published in the 

literature showed a high interest in many types of MTB [AC, bentonite, clinoptilolite, hydrated 

sodium calcium aluminosilicate (HSCAS), montmorillonite (MMT), sepiolite, YCW, and 

zeolite] on adsorbing the most common mycotoxins [aflatoxin (AF), deoxynivalenol (DON), 

fumonisin, ochratoxin, T-2 toxin and zearalenone]. Data illustrated that AF had the greatest 

number of data (38%) among all mycotoxins in contrast to fumonisin (6%) and T-2 toxin (1%) 

that had the lowest number of data. These results do not reflect the actual situation of mycotoxin 

prevalence worldwide. Gruber-Dorninger et al. (2019) reported that the first contaminant of 

corn samples was fumonisin (80%), followed by DON (67%) and zearalenone (44%). In 

contrast, AF is not among the mycotoxins with the highest prevalence. In addition, many 

emerging mycotoxins are more prevalent in animal feeds but with fewer studies on the 

adsorption efficacy of MTB (Gruber-Dorninger et al., 2017). From MTB side, YCW (36%) 

and bentonite (29%) had the greatest number of adsorption data among the eight studied MTB. 

These data reflect the importance given to these two molecules in reducing mycotoxins. 

Overall, AC was the best MTB to adsorb different mycotoxins (average of 81%), and clay 

minerals and YCW had lower adsorption capacity but no differences among them were 
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detected (ranging from 32% for zeolite to 48% for MMT). Lack of differences is likely 

associated with the high variability due to differences in methodology, that will be discussed 

later. Moreover, the numerical differences among mycotoxins and MTB suggest that future 

recommendations will have to assign different MTB and doses depending on the mycotoxin 

profile of the contaminated feed. 

One of the major problems of in vitro protocols to assess the efficacy of MTB is their diversity 

and the lack of a validated standard. These protocols were developed over time with the 

increased expansion of the use of MTB, starting from a simple test with distilled water and 

incubation at room temperature (Lemke et al., 2001) to more complex methods that simulate 

the gastrointestinal tract content of animals using different pH and including gastrointestinal 

enzymes, or with the utilization of gastric juice as an incubation medium (Avantaggiato et al., 

2004; Gallo and Masoero, 2010). Unfortunately, this variation in the experimental protocol has 

resulted in a high variability in MTB adsorption capacity results. For instance, our first review 

study on the efficacy of different MTB to adsorb mycotoxins in vitro (Kihal et a., 2022; Chapter 

II) demonstrated a difference (P < 0.05) between in vitro tests based on artificial buffer media 

and in vitro tests based on real gastrointestinal juice media. This difference was illustrated by 

the reduction of MTB adsorption capacity, probably related to the interaction of MTB with the 

gastrointestinal content. Furthermore, MTB adsorption capacity within in vitro tests using 

artificial buffers at different ranges of pH also showed a significant difference in pH depending 

on the types of MTB and mycotoxin. Faucet-Marquis et al. (2014) also reported a high 

adsorption capacity of YCW at low pH, and suggested that β-glucans are more stable at low 

pH which results in higher binding capacity. The interpretation of the review results showed a 

high discrepancy in the adsorption capacity of MTB mainly related to the MTB and mycotoxins 

properties that change from one type to another. The adsorption capacity results showed that 

the highest adsorption was observed in AF (77% ± 0.1) and the lowest was observed in DON 
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(23% ± 0.5). These results can easily be understood when analyzing the mycotoxin properties. 

For instance, AF has a small and flat chemical structure which allows the mycotoxin to enter 

the interlayer space of clays and AC, and due to its high polarity, the mycotoxin molecule is 

fixed inside the interlayer space by ionic interactions. However, these properties are different 

from other types of mycotoxins such as fumonisin [molecular weight (MW) = 721 g/mol] and 

T-2 toxin (MW = 466 g/mol), where the chemical structure is bigger than that of AF (MW = 

312 g/mol) and with many ramifications. This structure precludes the entrance of the 

mycotoxin to the interlayer space of MTB and consequently, decreases its adsorption capacity. 

In contrast, however, the MW of DON (296 g/mol) is smaller than that of AF, the adsorption 

of DON was smaller than AF (77 vs. 23%). It may be suggested that the low adsorption capacity 

of DON is not related to the high MW or structural size, but to the chemical properties like the 

low polarity or the high number of stereocenters atoms (2 vs. 7, for AF and DON, respectively) 

that represent the double bonds included into the chemical structure of the mycotoxin and may 

affect bond interactions with MTB cations. Likewise, the interlayer space of clay binders or 

pores of AC dimensions are a determinant factor to increase the adsorption capacity of 

mycotoxins. Clay minerals with low interlayer space like calcium bentonite (Diaz et al., 2004) 

were demonstrated to have a lower adsorption capacity of AF, in contrast to sodium bentonite 

which has a higher adsorption capacity due to the swelling property provided by sodium cations 

that lead to a higher interlayer space. In addition, cation exchange capacity, swelling capacity 

and the interlayer space diameter were demonstrated to be positively correlated to increase the 

adsorption capacity of AF by bentonite (D’Ascanio et al., 2019). Activated carbon is 

recognized as a highly unselective binder, and the adsorption of different mycotoxins is often 

high. These results are related to the presence of different pore dimensions on the AC matrix 

(mega pores, mesopores, and micropores). Subsequently, AC has the ability to adsorb 

mycotoxins with different chemical structures, sizes and shapes with a range of adsorption from 
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53 to 93%. Yeast cell wall exhibit another type of binding mechanism that is not based on the 

interlayer space or pores, but rather on the structural combination of β-glucan and the shape of 

mycotoxins, and the stability of the interactions of aromatic cycles of β-glucan and carboxyl 

groups of mycotoxins (Jouany et al., 2005).  

As a continuation of the first study, a second review study was conducted as a network 

meta-analysis on papers studying the efficacy of MTB to reduce AFM1 concentration and 

transfer from feed to milk after challenging dairy cows with AFB1. The key finding in this 

study was the effectiveness of different sources of MTB [AC, bentonite, HSCAS, MMT, YCW 

and mixed binders (MIX)] significantly reduced the percentage of AFM1 in milk in comparison 

to control. These results confirm the efficacy of MTB to adsorb AF from in vitro tests, although, 

the adsorption percentage in vivo was smaller. Moreover, the reduction percentage among 

different MTB in vivo was not different, which demonstrates a similar effect among MTB. It 

is important to state that the in vivo studies included in the network meta-analysis were fewer 

than those included in the in vitro review (28 vs. 68 papers). This difference may affect the 

variability of the results leading to high inconsistency among treatment comparisons. In vivo 

studies, in contrast to in vitro tests, are complicated, expensive and difficult to apply, because 

of the required biosecurity protocols to manipulate mycotoxins at farm level and the required 

facilities are not available in most research centers. Similar to in vitro tests, the application of 

in vivo studies should follow some experimental conditions to avoid misleading results. For 

instance, the ratio MTB:mycotoxin issue is a common problem in in vitro and in vivo studies 

where inadequate ratios may favor or disfavor the adsorption of mycotoxin in the 

gastrointestinal tract of dairy cows. The AFB1 challenge application is also a key factor in 

reproducing the challenge for the cows. The supplementation of naturally contaminated feeds 

may affect results in comparison to the supplementation of pure AFB1 directly to the rumen of 

the cow. This is because the naturally contaminated feed may contain different types of AF 
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(B2, G1, or G2) or other mycotoxins which result in synergic or competition effects for binding 

among them. In addition, the raw material used for mold development is very important as 

molds use nutrients from the contaminated grain for their growth and the utilization of different 

types of grain may also affect mold development and mycotoxin production. Still, in vivo 

experiments are the best method to test the efficacy of MTB and allow to have a deeper 

understanding of the functioning of the products in the living animals. The comparison between 

the in vitro and in vivo review may allow confirming that the results of MTB adsorption 

capacity on AF in vitro were similar to in vivo experiments, where different MTB (AC, 

bentonite and hydrated sodium calcium silicate) successfully decreased AFM1 concentration 

in milk in a range from 26 to 45%. Furthermore, YCW had the lowest adsorption capacity in 

in vitro tests, which agrees with the in vivo test where YCW was the least effective binder to 

reduce AFM1 transfer into milk. Yet, the use of MTB in vivo had a lower adsorption capacity 

compared to in vitro results, with more than 50% decrease for AC, bentonite and YCW, and a 

67% decrease for HSCAS. It is suggested that in the in vivo conditions, the content of the 

gastrointestinal tract (enzymes, nutrients, bacteria) interfere and compete with mycotoxins for 

the adsorption sites of MTB, leading to a decrease in the overall capacity, in contrast to in vitro 

conditions where the incubation media contain less organic molecules. 

We demonstrated that the adsorption capacity of MTB is affected by the type of MTB 

and mycotoxin, and the incubation media characteristics. Furthermore, the adsorption capacity 

of MTB could be altered by the interaction with nutrients presented in the same environment 

with mycotoxins in vivo and in vitro. The adsorption mechanism of MTB is not selective to 

adsorb only mycotoxins, but other molecules present in the gastrointestinal tract of the animal 

as nutrients could also be adsorbed. This capacity of MTB to adsorb nutrients is attributed to 

the similarities of physicochemical properties of the molecules with mycotoxin that allow their 

interaction. The in vitro studies carried out in this thesis evaluated the capacity of different 
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MTB types (clays, AC, and YCW) to adsorb different nutrients like AA and vitamins. The 

protocol was adapted from the in vitro test of Lemcke et al. (2001) used for mycotoxin 

adsorption tests and consisted of incubation in an artificial buffer with pepsin, bile salts and 

pancreatin to simulate the gastric and intestinal digestion at pH 2 and 7, and for 2 hours each 

at 37oC. Results of the 2 experiments showed that the adsorption capacity changed depending 

on the type of MTB and the nutrient. For instance, the adsorption capacity of AA was the 

highest with clinoptilolite (51%), YCW (48%), and MMT (47%). However, the adsorption of 

water-soluble vitamins was the highest with MMT (56%). Moreover, the highest adsorption 

capacity among nutrients was observed with vitamin B1 (65%), B6 (55%), and vitamin E 

(34%). However, the adsorption of vitamin B3 (5%) and D (3%) was the lowest among the 

other nutrients for all MTB. This variation in the adsorption capacity from one nutrient to 

another was the same observed within different types of mycotoxins in the review of in vitro 

tests. Similarly, these results were mainly attributed to the physicochemical properties of each 

nutrient. The adsorption capacity of water-soluble vitamins was greater due to their small 

molecular weight and the presence of more than one hydroxyl or carbonyl group that ensures 

a stable binding with the MTB. The adsorption of vitamin D was the lowest with different types 

of MTB as well as fumonisin or T-2 toxin did, because of the larger molecular weight and the 

presence of different ramifications that precludes its entrance into the adsorption sites on MTB. 

Despite of these results, the in vitro test showed some analytical issues due to the sensibility of 

nutrients to environmental factors that affected the interpretation of results. Initially, it was 

observed that vitamin A disappeared from the incubation medium after 4 hours of incubation. 

Our first thought was that its adsorption was 100% by different MTB, but the fact was that 

vitamin A was highly sensitive to light and temperature which denatures the vitamin. This 

suggestion was proved by the degradation kinetic test performed on vitamins A, D, and E under 

the same in vitro conditions within four hours. Results showed a high degradation of vitamin 
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A after five min of the start of the incubation, and at four hours only 20% of the initial amount 

was left. In contrast, vitamins D and E were more stable during the degradation kinetics and 

showed more than 90% stability.  

Diaz et al. (2004) suggested that in vitro test results should not be considered as final 

results and suggested that in vivo studies must be carried out to have more reliable results.  As 

a continuation of the first two in vitro studies, a third experiment was conducted in vivo with 

the objective of comparing the in vitro results on binding nutrients. The experiment was carried 

out on cannulated dairy cows to observe the plasma kinetic of water and fat-soluble vitamins 

after MMT supplementation in the diet. The hypothesis of the experiment was that an infusion 

of vitamins directly into the abomasum through the cannula would allow us to observe the 

effect of MMT on plasma vitamin concentrations. In this experiment, MMT was chosen to be 

supplied to dairy cows due to its high adsorption capacity of vitamins from the previous in vitro 

tests. The expected results from this experiment were to have a high adsorption capacity as 

observed in the in vitro test. However, the results were against the expectations and we 

concluded that there was no evidence that MMT decreases the adsorption of different water 

and fat-soluble vitamins. These results may suggest that the in vitro test results are not reliable 

and we should be very conservative when we refer to such results. However, the in vivo 

experiment may also have some limiting factors. The in vivo experiment was based on the 

detection of vitamins in blood after a direct infusion into the abomasum to avoid any interaction 

of the vitamins with rumen bacteria that would decrease their bioavailability in blood. It is true 

that the experimental design was not common for MTB studies and was adapted from AA 

studies to evaluate their bioavailability in blood (Kihal et al., 2021). To guarantee a sufficient 

vitamin response in blood with defined peaks, it was estimated that the infusion of 8 times the 

required levels of vitamins (NRC, 2001) may be enough to trigger vitamins level in blood. 

These levels of concentration were also considered to maintain a practical ratio of 
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MTB:vitamins. Other similar studies infused much higher doses of vitamins (above 60-75 

times the required doses, Hymøller and Jensen, 2010; Ghaffari et al., 2019) which may lead to 

an unbalanced MTB:vitamins ratio and affect the adsorption capacity of MTB. Furthermore, 

the infusion of vitamins in the abomasum was conducted after one week of adaptation to MMT 

to ensure a steady-state concentration throughout the gastrointestinal tract at the moment of 

vitamins infusion. However, another form of MTB supplementation could be implemented, 

where MTB can be infused directly into the abomasum together with the vitamins. This method 

may guarantee the presence of MTB at the moment of vitamins infusion because it considers 

the abomasum as an incubation medium for MTB and vitamins in real conditions similar to the 

protocol carried out in in vitro tests.  

Because of such conflict in results, the potential misleading interpretation and the very 

limited data available, it is important to standardize an in vitro method to test MTB to adsorb 

either mycotoxins or nutrients in vitro, and validate results against in vivo tests. The actual in 

vitro protocols used to test MTB are designed as a screening method for MTB used mostly 

during product development because it gives rapid and inexpensive information about the 

efficacy of the products. However, this information is limited, unreliable, and does not allow 

further interpretation due to the high variability among methods and laboratories. The present 

challenge of MTB testing is to come out with a new validated method that provides reliable 

results for different MTB and mycotoxins. A validated method can also be used as a refinement 

procedure to replace in vivo studies known to be expensive and complicated to apply due to 

biosecurity reasons that must be applied. 

In addition to the factors that limit the specific interaction between MTB and mycotoxins, 

the MTB adsorption mechanism is saturable and dependent on the number of binding sites 

available for mycotoxins on the matrix. For this reason, a ratio of MTB:mycotoxin is a limiting 

factor of in vitro tests where the adsorption capacity is highly related and can be easily 
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manipulated. To clarify, the incubation of a high concentration of MTB with a low 

concentration of mycotoxins will definitely lead to a higher adsorption capacity of the tested 

binders because there are more available adsorption sites than mycotoxins present in the media. 

In contrast, the incubation of a low dose of MTB with a high dose of mycotoxins will lead to a 

lower adsorption capacity because of the saturation of the available adsorption sites on the 

binders (Sulzberger et al., 2017). Using the data selected for the analysis of MTB effectiveness 

from the first review, the MTB:mycotoxin ratios resulted in a wide range of ratios 

independently of the type of mycotoxin or MTB (1:0.00007 to 1:600 mg/µg). Therefore, it will 

be relevant to establish a standardized ratio of MTB:mycotoxin to be used for in vitro tests in 

order to make fair comparisons. The EFSA (2017) considers that MTB are safe and established 

high safety limit doses (20 kg/t of feed). Currently recommended doses of MTB are generally 

established by MTB selling companies that carry out in vitro tests using different inclusion 

doses of binders to evaluate the best dose to adsorb mycotoxins. This required dose differs by 

the MTB type where the chemical properties change with the chemical composition and the 

nature of the MTB. However, it should be possible to recommend a range of ratios that should 

be followed during in vitro experiments. To standardize an in vitro protocol, we propose to use 

a MTB:mycotoxin ratio close to that found in field conditions. With this objective, the daily 

intake of MTB and mycotoxin should be determined. The practical dose of MTB should be 

considered on that demonstrated to be effective to bind mycotoxins. Diaz et al. (2004) reported 

that a concentration of 1.2% of DMI of MTB was effective in binding mycotoxins in vivo 

which is equivalent to 300 g/day/cow. On the other hand, the daily intake of mycotoxins is 

highly variable and dependent on the type of mycotoxin. It is reasonable to propose an adequate 

dose related to the minimal toxic levels of each mycotoxin assessed by the European 

Commission (EC, 2006 on raw materials, Table 1). Because mycotoxicosis occurs in animals 

at high levels of mycotoxins concentration, we propose to use the minimal toxic concentration 
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for each mycotoxin multiplied by 10 for the in vitro test. Then, the daily intake will be 10 times 

the minimal toxic limits considering an average consumption of 22 kg DM. This 

MTB:mycotoxin (mg/µg) ratio may provide the possibility to assess the capacity of MTB to 

adsorb toxic levels of mycotoxins in an adequate ratio (Table 1). A standardized procedure 

should also consider other issues, like incubation media characteristics and volume, duration 

and pH, among others. Finally, as any in vitro test, a validation would be necessary. However, 

it is very difficult to conduct in vivo test to provide sufficient data of each MTB and each 

mycotoxin for the validation process, which increases the difficulty of developing a reliable 

test. 

Table 1: Mycotoxin dose limits for the major six mycotoxins and the corresponding ratio 

mycotoxin binder:mycotoxin (mg/µg) for a concentration of mycotoxin binders at 1.2% DMI. 

Mycotoxin 1EU limits µg/kg 2Daily intake Ratio mg/µg 

Aflatoxin B1 20 4,400 1:0.015 

Deoxynivalenol 1000 220,000 1:0.733 

Fumonisin B1 2500 550,000 1:1.833 

Ochratoxin 50 11,000 1:0.037 

T-2 toxin 100 22,000 1:0.073 

Zearalenone 250 55,000 1:0.183 
         1EU: European Union.        

         2Daily intake: the EU mycotoxin limits were multiplied by 10 times and by 22 kg DMI for each mycotoxin to calculate  

        the MTB:mycotoxin ratio.  

 

 

 

 



General discussion   Chapter VII 

134 

 

References 

Avantaggiato, G., R. Havenaar, and A. Visconti. 2004. Evaluation of the intestinal absorption 

of deoxynivalenol and nivalenol by an in vitro gastrointestinal model, and the binding 

efficacy of activated carbon and other adsorbent materials. Food Chem. Toxicol. 

42:817-24. https://doi.org/10.1016/j.fct.2004.01.004 

D’Ascanio, V., D. Greco, E. Menicagli, E. Santovito, L. Catucci, A. F. Logrieco, and G. 

Avantaggiato. 2019. The role of geological origin of smectites and of their physico-

chemical properties on aflatoxin adsorption. App. Clay Sci. 181:105209. 

https://doi.org/10.1016/j.clay.2019.105209 

Diaz, D. E., W. M. Hagler, J. T. Jr. Blackwelder, J. A. Eve, B. A. Hopkins, K. L. Anderson, F. 

T. Jones, and L. W. Whitlow. 2004. Aflatoxin binders II: Reduction of aflatoxin M1 in 

milk by sequestering agents of cows consuming aflatoxin in feed. Mycopathol. 

157:233-241.  https://doi.org/10.1023/B:MYCO.0000020587.93872.59 

European Commission (EC), 2006. EC regulation No 401/2006. Laying down the methods of 

sampling and analysis for the official control of the levels of mycotoxins in foodstuffs. 

Off. J. Europ. Comm. 70:12-34. 

European Food Safety Authority (EFSA). 2017. Safety and efficacy of bentonite as a feed 

additive for all animal species. EFSA J. 15:5096. 

https://doi.org/10.2903/j.efsa.2017.5096  

Faucet-Marquis, V., C. Joannis-Cassan, K. Hadjeba-Medjdoub, N. Ballet, A. Pfohl-

Leszkowicz. 2014. Development of an in vitro method for the prediction of mycotoxin 

binding on yeast-based products: case of aflatoxin B1, zearalenone and ochratoxin A. 

https://doi.org/10.1016/j.fct.2004.01.004
https://doi.org/10.1023/B:MYCO.0000020587.93872.59


Chapter VII  General discussion 

135 

 

Appl. Microbiol. Biotechnol. 98:7583-7596. https://doi.org/10.1007/s00253-014-5917-

y 

Gallo, A., and F. Masoero. 2010. In vitro models to evaluate the capacity of different 

sequestering agents to adsorb aflatoxins. Ital. J. Anim Sci. 9:e21. 

https://doi.org/10.4081/ijas.2010.e21 

Galvano, F., A. Pietri, E. Bertuzzi, G. Fusconi, M. Galvano, A. Piva, and G. Piva. 1996. 

Reduction of carryover of aflatoxin from cow feed to milk by addition of activated 

carbons. J. Food Protec. 59:551-554. 

Ghaffari, M. H., K. Bernhöft, S. Etheve, I. Immig, M. Hölker, H. Sauerwein. 2019. Technical 

note: Rapid field test for the quantification of vitamin E, β-carotene, and vitamin A in 

whole blood and plasma of dairy cattle. J. Dairy Sci. 102:11744-11750. 

https://doi.org/10.3168/jds.2019-16755 

Gruber-Dorninger, C., B. Novak, V. Nagl, and F. Berthiller. 2017. Emerging mycotoxins: 

beyond traditionally determined food contaminants. J. Agric. Food Chem. 65:7052-

7070. https://doi.org/10.1021/acs.jafc.6b03413 

Hymøller, L., and S. K. Jensen. 2010. Stability in the rumen and effect on plasma status of 

single oral doses of vitamin D and vitamin E in high-yielding dairy cows. J. Dairy Sci. 

93:5748-5757. https://doi.org/10.3168/jds.2010-3338 

Jouany, J. P. 2007. Methods for preventing, decontaminating and minimizing the toxicity of 

mycotoxins in feeds. Anim. Feed. Sci. Technol. 137:342-362. 

https://doi.org/10.1016/j.anifeedsci.2007.06.009 

https://doi.org/10.3168/jds.2019-16755
https://doi.org/10.1021/acs.jafc.6b03413


General discussion   Chapter VII 

136 

 

Jouany, J. P., A. Yiannikouris, and G. Bertin. 2005. How yeast cell wall components can 

alleviate mycotoxicosis in animal production and improve the safety of edible animal 

products. J. Anim. Sci. 14:171-190. https://doi.org/10.22358/jafs/70361/2005 

Kihal, A., M. E. Rodríguez-Prado, and S. Calsamiglia. 2022. The efficacy of mycotoxin binders 

to control mycotoxins in feeds and the potential risk of interactions with nutrient: a 

review. Virtual presentation at the American Dairy Science Association congress. 

Kansas, 2022. 

Kihal, A., M. E. Rodríguez-Prado, and S. Calsamiglia. 2022. Relative bioavailability of 3 

rumen-undegradable methionine sources in dairy cows using the area under the curve 

technique. J. Dairy Sci. Comm. 2:182–185. https://doi.org/10.3168/jdsc.2020-0045 

Lemke, S. L., S. E. Ottinger, K. Mayura, C. L. Ake, K. Pimpukdee, N. Wang, and T. D. Phillips. 

2001. Development of a multi-tiered approach to the in vitro pre-screening of clay-

based enterosorbents. Anim. Feed Sci. Technol. 93:17-29. 

https://doi.org/10.1016/S0377-8401(01)00272-3 

NRC. 2001. Nutrient Requirements of Dairy Cattle. National Academy Press: Washington, 

DC, USA. 

Sulzberger, S. A., S. Melnichenko, and F. Cardoso. 2017. Effects of clay after an aflatoxin 

challenge on aflatoxin clearance, milk production, and metabolism of Holstein cows. J. 

Dairy Sci. 100:1856-1869. https://doi.org/10.3168/jds.2016-11612 

 

 

 

 

https://doi.org/10.22358/jafs/70361/2005
https://doi.org/10.3168/jdsc.2020-0045
https://doi.org/10.1016/S0377-8401(01)00272-3


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 Chapter VIII: General conclusions 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



General conclusions  Chapter VIII 

140 

 

General conclusions 

The results of this thesis allowed us to conclude several important key points on the 

capacity of mycotoxin binders to adsorb mycotoxins and nutrients. The adsorption mechanism 

of mycotoxin binders is non-selective and many factors can interfere with their adsorption 

efficacy as outlined in this thesis. From the studies carried out during the thesis, we concluded 

the following: 

- The adsorption capacity of activated carbon is higher for the six major mycotoxins 

among different mycotoxin binders in vitro. 

- Aflatoxin is the mycotoxin with the highest adsorption index and deoxynivalenol the 

lowest. 

- The adsorption capacity of mycotoxins is affected by the nature of the incubation media 

when tested in vitro. 

- The media pH affects the adsorption capacity of yeast cell wall, and the adsorption of 

ochratoxin and zearalenone. 

- Bentonite, hydrated sodium calcium aluminosilicate and mixed binders were the most 

effective binders to reduce aflatoxin M1 in milk, and yeast cell wall was the least 

effective. 

- Results from in vivo studies agreed with in vitro tests on the adsorption capacity of 

aflatoxin. 

- In vitro tests demonstrated that mycotoxin binders adsorb amino acids (methionine, 

lysine and threonine), and vitamins (B1, B2, B6 and E), but showed low adsorption of 

vitamins B3 and D3. 

- Vitamin A is not recommended to be tested in vitro due to the low recovery rate because 

of its low stability in the in vitro media. 
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- Montmorillonite showed no evidence of adsorption of vitamins B1, B6, A, E and D in 

vivo. 

- There is an urgent need to develop a standardized and validated method to test the 

efficacy of MTB under both in vitro and in vivo conditions. 
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he aim of this thesis was to evaluate the capacity of different mycotoxin binders to adsorb 

mycotoxins and nutrients among different methodologies. Two literature reviews were conducted 

during the thesis to evaluate the adsorption efficacy of different mycotoxin binders (MTB) to 

adsorb mycotoxins. In the first review, 68 papers of in vitro experiments were included from the literature 

to evaluate the capacity of eight MTB to adsorb the 6 major mycotoxins. Results showed that the mycotoxin 

adsorption capacity was the highest for activated carbon and lowest for the other binders. For mycotoxins, 

the adsorption of aflatoxin was the highest and that of deoxynivalenol the lowest. Results also showed that 

pH affected the adsorption capacity of yeast cell wall among MTB, and the adsorption of ochratoxin and 

zearalenone among mycotoxins. The second review, consisted on a network meta-analysis that included 28 

papers evaluating the efficacy of MTB to reduce aflatoxin M1 (AFM1) indexes in milk after an aflatoxin 

B1 (AFB1) challenge in dairy cows. Results showed that bentonite had the highest capacity to reduce AFM1 

milk indexes and yeast cell wall the lowest.  

 In continuation, three experiments were conducted to evaluate the capacity of MTB to adsorb 

nutrients. In experiment 1 and 2, in vitro tests were conducted to assess the capacity of 6 MTB to adsorb 3 

amino acids, 4 water-soluble and 3 fat-soluble vitamins. The in vitro studies consisted of the preparation of 

an incubation buffer adapted from Lemke et al. (2001) where substrates were incubated separately and 

together. The average adsorption of AA when incubated separately was 44% with the highest adsorption 

for clinoptilolite, and the adsorption was reduced to 20% when incubated together with the highest 

adsorption for montmorillonite. The adsorption average of vitamins when incubated separately was the 

highest adsorption for montmorillonite (35%), and the adsorption increased to 46% when vitamins were 

incubated together with the highest adsorption for montmorillonite. The recovery rate of fat-soluble 

vitamins was high for vitamin D and E, but low for vitamin A which limited its use for the binding test. 

When fat-soluble vitamins were incubated separately, vitamin D was only adsorbed by YCW. Vitamin E 

adsorption was highest for bentonite and montmorillonite, and lowest for sepiolite and activated carbon. 

When incubated together, vitamin D was not adsorbed by any MTB, and vitamin E adsorption was highest 

for bentonite and montmorillonite, and lowest for sepiolite. In experiment 3, six cannulated Holstein cows 

were used in a crossover design with two treatments, a control diet with or without montmorillonite. Water-

soluble vitamins were infused individually into the abomasum through the ruminal cannula and blood 

samples were collected to study the dynamics of their plasma concentrations. No differences were observed 

in the basal concentration, the time at maximal concentration, the maximal concentration and the area 

under the curve of vitamin A and B6. Plasma concentrations of vitamins D, E and B1 had no concentration 

peaks, and were not affected by montmorillonite supplementation. Results of this study do not show 

evidence that montmorillonite affected the bioavailability of vitamins A and B6 in vivo.  

 In contrast to in vitro studies, in vivo studies do not confirm the capacity of montmorillonite to adsorb 

nutrients. However, it was not clear if the plasma vitamin concentrations were an adequate marker of 

bioavailability, and/or the dose of vitamins or the length of treatments was sufficient to elicit a response. 
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