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Abstract

Previously a calcium bentonite clay (CB) has been shown to tightly bind aflatoxins /n vitro,
significantly reduce mortality and morbidity in animals, and decrease molecular biomarkers of
aflatoxin exposure in humans and animals. Extensive studies have shown that CB is safe for
human and animal consumption. In further work, we have investigated a highly active sodium
bentonite (SB) clay (SB-E) with enhanced aflatoxin sorption efficacy compared to CB and other
clays. Computational models and isothermal analyses were used to characterize toxin/clay surface
interactions, predict mechanisms of toxin sorption, and gain insight into: 1) surface capacities and
affinities, and 2) thermodynamics and sites of toxin/surface interactions. We have also used a
toxin-sensitive living organism (Hydra vulgaris) to confirm the safety and predict the efficacy of
SB-E against aflatoxin toxicity. Compared to CB, SB-E had a higher capacity for aflatoxin By
(AfB1) at pH 2 and 6.5. Results from this work suggest that high capacity clays such as SB-E can
be used as effective aflatoxin enterosorbents to decrease short-term exposures in humans and
animals when included in food and/or water during extended droughts and outbreaks of
aflatoxicosis.
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Introduction

Aspergillus flavus and Aspergillus parasiticus are fungi that produce highly toxic and
carcinogenic metabolites known as aflatoxins. The aflatoxins are widespread and can
frequently cause health problems during extended periods of heat and drought. Every year a
significant percentage of the world’s grain and oilseed supply is contaminated with
aflatoxins, and this contamination of the diet can result in disease and death, especially in
vulnerable populations of humans and animals (CAST 1989; Phillips et al. 1995). Dairy
animals can also secrete carcinogenic metabolites in their milk (aflatoxin M;) following the
ingestion of aflatoxin-contaminated feed, resulting in unintended aflatoxin exposures from
milk and dairy products (Allcroft and Carnaghan 1963). Among the naturally occurring
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aflatoxins, aflatoxin By (AfB;) is the most toxic and is commonly detected in diverse food
and feed products (Grant and Phillips 1998). Common symptoms in humans and animals
from AfB4 exposure include growth stunting, weight loss, liver toxicity, immunosuppression
and hepatocellular carcinoma (Murugesan et al. 2015; Wang et al. 2017).

Detection and quantification of aflatoxins in contaminated grains are difficult because of
heterogeneous distribution of mold contamination. The majority of a feed may be below the
action level of 20 ng g~ (CAST 1989), but small portions can contain much higher levels
(hot spots), which can affect the final concentration and toxicological outcome after
processing and mixing. Because of the widespread occurrence of aflatoxins and the potent
carcinogenicity of AfB4, practical and effective detoxification methods are needed.

Innovative enterosorption strategies to significantly diminish the bioavailability of aflatoxins
and reduce human and animal exposures from contaminated food and feed have been
developed. Smectite clays (including bentonites) consist of three-layered molecular sheets
containing two layers of silica that are tetrahedrally coordinated to oxygen and one layer of
alumina that is octahedrally coordinated to oxygen. The sheets are weakly bonded which
allow water and chemicals to enter. They have large surface areas, which result in swelling
and considerable expansion when saturated and shrinkage when drying. These clays are
sticky and plastic when wet and can pose problems with shear and consolidation (USDA
1978; EC 2005). Ca2*/Na*-bentonite with 20% (or more) sodium, behaves qualitatively as a
sodium bentonite clay (SB), whereas bentonite with 90% (or more) calcium in the interlayer
behaves similarly to calcium bentonite (CB) (Thuresson et al. 2017). Previously, our
laboratory has conducted a series of /n vitro studies, which have demonstrated that a CB can
tightly bind AfB4 with high capacity. Its global inclusion into feedstuffs and food has been
reported to protect numerous animal species and to significantly reduce biomarkers of AfBq
exposure in humans (Phillips et al. 2019). The mechanism of protection involves sorption of
AfB4 onto active interlayer surfaces of the bentonite, resulting in a reduced concentration of
unbound toxin in the gastrointestinal tract and decreased bioavailability and toxicity of
AfB;. Results from our earlier work with bentonites have indicated that these clays possess
active sites within their interlamellar regions for aflatoxin sorption. The carbonyl moiety in
the aflatoxin molecule is important for binding. Thermodynamic studies have shown that the
reaction is spontaneous in the forward direction and involves chemisorption of aflatoxins to
bentonite with heats of sorption, or enthapies (AHs) equal to > —40 kJ/mol. Stereochemistry
and planar surfaces of the aflatoxin ring (minus the terminal furan), favor the interaction and
result in tight binding. Other reports have suggested that aflatoxin sorption mechanisms may
include electron donor-acceptor, ion-dipole interactions, coordination between exchange
cations and the carbonyl oxygens, and water bridging (Phillips et al. 2019).

A variety of aflatoxin mitigants including: natural binders, such as bentonite clay and
chemopreventive agents such as green tea polyphenols (Tang et al. 2008), chlorophyllin
(Egner et al. 2001), oltipraz (Wang et al. 1999) and sulforaphane (Kensler et al. 2005), have
been tested in human studies. The bentonite clay, unlike the chemopreventive agents, can
work rapidly to bind toxins in the stomach and intestines, thus decreasing bioavailability and
toxicity. Due to high affinity, high capacity and a large heat of sorption for aflatoxin onto CB
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surfaces, it can be used therapeutically to prevent mortality and decrease morbidity during
acute outbreaks of aflatoxicosis in the vulnerable. Importantly, CB clay has been reported to
be very cost-effective at $0.73 per person per year (Khlangwiset and Wu, 2010). Unlike CB,
SB clay is known for its higher expansibility (swelling) in water, resulting in more
prominent delamination, less selective sorption and similar, or less, binding capacity than
that of the CB.

A wide range of materials used in aflatoxin sorption studies have shown limited adsorption
capacities, low capacities, or no capacity for toxin binding based on isothermal data and
curve fitting using Langmuir and Freundlich models. The purpose of this study was to
investigate a sodium bentonite sample (SB-E) that was unique to other bentonite samples
(sodium and calcium) based on a combination of expansibility, flocculation rate and
aflatoxin adsorption. Computational models and isothermal analyses were used to delineate
sorption mechanisms and to predict the thermodynamics of aflatoxin binding to active sites
on the clays. Equilibrium isothermal analyses were conducted to derive binding parameters
and to gain insight into: 1) surface capacities and affinities, and 2) thermodynamics of toxin/
surface interactions. We have also used a toxin-sensitive living organism (Hydra vulgaris) to
confirm the safety and predict the efficacy of these sorbents against AfB;.

Materials and Methods

Reagent

AfB; was purchased from Sigma Aldrich (Saint Louis, MO). In this study, CB standard was
obtained from BASF Chemical Company (Lampertheim, Germany) with an average total
surface area as high as 850 m2 g1, an external surface area of approximately 70 m? g=1 and
cation exchange capacity equal to 97 cmol kg1 (Grant and Phillips 1998). SB standard was
a gift from the Source Clay Mineral Repository at the University of Missouri-Columbia with
an estimated cation exchange capacity equal to 75 cmol kgL. The generic formula for these
clays is (Na,Ca)g 3(Al,MQ),Si1019(0OH),-nH,0. Samples of both clays contain some quartz,
mica, calcite, orthoclase feldspars and sanidine as impurities, and mesopores of
approximately 5 nm diameter (Marroquin-Cardona et al. 2011). The novel SB sample (SB-
E) listed as a hydrated sodium calcium aluminosilicate (HSCAS) from Halliburton
(Houston, TX). Diverse important physico-chemical properties of CB, SB and SB-E have
been summarized in Table 1. Ultrapure deionized water (18.2 MQ) was generated in the
laboratory using an Elga™ automated filtration system (Woodridge, IL) and was used in all
experiments.

In order to confirm the importance of an intact interlayer and investigate potential aflatoxin
binding sites, the interlayers of sample sorbents were collapsed by heating at 200°C for 30
min followed by 800°C for 1 hr (Wang et al. 2019).

Coefficient of Linear Expansibility in Water

Sorbent samples were added to the 2 mL mark in graduated cylinders, and then stirred with
20 mL of water. After 24 hr following hydration and swelling, the final sorbent volume was
determined. The ratio that was calculated from the beginning (2 mL of clay) and the final
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volume was indicative of hydration and expansion of the sample. A higher ratio indicates
greater hydration and expansion.

In Vitro Isothermal Sorption

The AfB4 stock solution was prepared by dissolving pure crystals of AfB; into acetonitrile.
A calculated amount of the stock solution was injected into distilled water at pH 6.5 (the
average pH of human intestine) or pH 2 (the average pH of human stomach) to yield an 8 mg
kg1 (8 ug/mL) AfB; solution that was used for each isothermal study (Fallingborg 1999).
The concentration was confirmed by scanning and reading the absorbance of aflatoxin at
362 nm using the SHIMADZU UV-visible spectrophotometer (UV-1800, SHIMADZU
Corporation, Japan). The maximum AfB; concentration was set at 8 mg kg1 (well below
the solubility range of 11-33 mg kg™ for aflatoxins) so that precipitation of AfB did not
occur in the solutions. Then 100 ug of each sorbent was exposed to an increasing
concentration gradient of AfB4 solution: 0.4, 0.8, 1.6, 2.4, 3.2, 4, 4.8, 6, 6.4, 7.2 and 8 mg
kg™L. The concentration gradients were achieved by adding a calculated amount of aflatoxin
solution along with a complementary volume of distilled water to sterile 17 x 100 mm
polypropylene centrifuge tubes to make a total volume of 5 mL. The 100 pg sorbent
inclusion was achieved by injecting 50 L of a 2 mg mL™1 clay suspension into the reaction
media. Besides testing samples, there were 3 controls consisting of 5 mL each of distilled
water, 8 mg kg1 AfB; solution without sorbent and 100 pg sorbent in distilled water. The
control and test groups were capped and agitated at 1000 rpm for 2 hr at ambient
temperature (26°C) and body temperature (37°C) using the IKA® electric shaker (VIBRAX
VXR basic, Werke, Germany). All samples were then centrifuged at 2000 g for 20 min to
separate the clay/AfB1 complex from solution. The UV-visible spectrophotometer was used
to measure the free AfB; in the supernatant from test and control groups.

Data Calculations and Curve Fitting

The UV-visible absorbance data were used to calculate the concentration of AfBq left in
solution using Beer’s law. The amount of toxin bound by clay at each data point was derived
from the concentration difference between test and control groups and expressed as mol/kg
on the isotherm. Values were calculated by the difference in moles of free toxin in the test
solution versus control groups and is then divided by the mass of the clays included.

These data were then plotted using Table-Curve 2D and a computer program that was
developed with Microsoft Excel to derive values for the variable parameters. The best fit for
the data was a Langmuir model, which was used to plot equilibrium isotherms from
triplicate analysis. The isotherm equation was entered as user-defined functions.

Estimates for the Qmax and Kq were taken from the double-logarithmic plot of the isotherm.
The plot displays a break in the curve. The value on the x axis where the curve breaks is an
estimate of K4 L. The value on the y axis where the curve breaks is an estimate of Qpax
(Grant and Phillips 1998; Abdellaoui et al. 2019). The Qmax Was taken from the fit of the
Langmuir model to the adsorption data. Equations for the calculation of isothermal data are
shown in Table 2.
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Hydra Bioassay

Hyadra vulgaris were obtained from Environment Canada (Montreal, Qc) and maintained at
18°C. The hydra classification method (Wilby et al. 1990) was used with modification to
rate morphology of the adult hydra as an indicator of solution toxicity. In this assay, the
scoring of hydra morphology is objective and repeatable as indicated in our previous
literature. The assay included monitoring times at shorter intervals during the first two days
(0, 4, 20, and 28 hr) and 24 hr intervals for the last three days (44, 68, and 92 hr). Solutions
were not changed during testing. The hydra morphological response was scored and
recorded after exposure to AfB4, with and without, sorbent treatment. Mature and non-
budding hydra in similar sizes were chosen for testing in order to minimize differences
between samples. Controls for this experiment included hydra media consisting of 18.2 MQ
water, 4 mg L™1 ethylenediaminetetraacetic acid (EDTA), 115 mg L1 N-
tris[Hydroxymethyl]methyl-2-aminoethanesulfonic acid (TES), and 147 mg L1 calcium
dichloride (CaCly,) adjusted to pH 6.9-7.0. Sorbent inclusion percentage was chosen based
on previous studies (Phillips et al. 2008). Toxin treatment groups included 20 mg kg™! AfB;
in hydra media based on the minimum effective dose (MED) that caused 100% mortality in
92 hr. All test solutions were prepared by shaking at 1000 rpm for 2 hr and centrifugation at
2000 g for 20 min prior to toxin exposure of hydra in Pyrex dishes (Brown et al 2014). For
each sample, three hydra were included into 4 mL of test media and kept at 18°C. The score
or average toxicity rating was determined by calculating the average score for morphological
changes for a certain group at a specific time point.

Molecular Models

The molecular model for bentonite was drawn in ISIS Draw 2.0 (MDL Information Systems,
Inc., Hayward, California) and then imported into HyperChem 8.0. The aflatoxin structure
was energy-minimized using the semiempirical quantum mechanical AM1 method. The
model was constructed using the unit cell coordinates of muscovite (Richardson and
Richardson 1982). These coordinates were then converted to orthogonal coordinates in an
Excel spreadsheet that was constructed from a public domain C program. The unit cells were
replicated in three-dimensional space by applying the symmetry operations for a C2/c space
group (Donnay 1952). The dgg1 spacing of the model was then set to the corresponding
dimensions of the bentonite (18 A) based on the report of Greenland and Quirk (1960). The
model was constructed in a 56 A water box and aflatoxin was added to the interlayer and on
the external basal surface (Slade et al. 1978), to illustrate proposed sites of aflatoxin
sorption, based on isothermal data.

Statistical Analysis

A two way t-test was used to calculate statistical significance. Each experiment was
independently triplicated to derive an average and standard deviation. In the t-test, the
average COLE ratio from COLE experiments, Qmax from equilibrium isothermal analyses
and toxicity scores from the hydra assay were included to calculate D = control-test groups
and D2. Then the t-value was calculated using the following equation (N = 3):
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(N=DN

The t-value and degrees of freedom were compared in a p-value table to determine the
statistical significance. Results were considered significant at p < 0.05.

The COLE (Coefficient of Linear Expansibility) ratio indicates the expansibility of sorbents
in water. COLE is equal to the expansion volume of clay divided by the original volume of
clay. The higher the ratio, the more expansion and hydration of the sample. The accuracy of
this method was confirmed by the COLE values for CB and SB clays, which showed limited
swelling for CB compared to both SB clays (Figure 1). The COLE ratio for the test bentonite
clay (SB-E) was equal to 5.85, indicating sodium predominance in its interlamellar region
and the ability to swell upon hydration.

The isotherm in Figure 2A shows AfB sorption at pH 6.5 onto the surface of SB-E
compared to standard samples of CB and SB clays. For all isotherms, the r2 values (or
coefficients of determination) were above 0.8, indicating that the raw data strongly fit the
Langmuir model and that AfB; was bound tightly onto the clay surfaces and did not
dissociate easily. Sample SB-E showed the highest Qmax for AfB1 with 0.42 moles of toxin
bound per kg of clay. The Ky values (or binding affinities) for all sorbents were similar. In
Figure 2B, isothermal plots at pH 2 indicated that the sorption of AfB; onto the surfaces of
SB-E was significantly increased (Qmax equal to 0.6 mol/kg) compared to the plots at pH
6.5. To calculate the binding enthalpy of sample SB-E for AfB,, isotherms were run at 2
different temperatures, i.e., 26°C (T1) and 37°C (T5). Calculated enthalpies (AH) for sample
SB-E were equal to —61.7 kJ mol~ at pH 6.5 and —46.6 kJ mol~1 at pH 2, which were
similar to the standard CB (-89.2 kJ mol~1 and —36.8 kJ mol~1, respectively) (Figure 3).
After the interlayers of SB-E were heat-collapsed, the AfB4 sorption was dramatically
decreased (Figure 4). A summary of sorption parameters for AfB; onto active surfaces of
standard CB and SB, and SB-E is shown in Table 3.

In order to establish the amount of sorbent needed to mitigate different levels of aflatoxin in
a contaminated diet, % toxin sorption can be plotted against sorbent inclusion level ([S]) to
derive the dose of sorbent needed to achieve the regulatory level. We exposed AfB; at twice
the 20 ng g2 threshold level (or 40 ng g~1) to an increasing dose of sorbent ranging from
0.0001% to 0.002%. Based on our dosimetry results (Figure 5), to reduce 50% aflatoxin
exposure and thus achieve below the action level, the predicted sorbent inclusion rate ([S])
for SB-E would be equal to 0.01%, which was 8 times less than the predicted dose for
standard CB (i.e. 0.08%).

The minimum effective dose (MED) for AfB in the hydra bioassay has been established
earlier as 20 mg kg2, which results in 100% hydra mortality in 92 hr (Wang et al. 2019). All
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sorbents at the inclusion rate at 0.5% showed no adverse effects in hydra (Figure 6A). When
SB-E was included at a very low clay inclusion rate of 0.02% in the presence of 20 mg kg™t
AfB4, complete protection of hydra against AfB; was achieved compared to the hydra media
control (Figure 6B). Based on the evidence from isothermal and hydra studies, a molecular
model representing aflatoxin binding interactions on active surfaces within the interlamellar
region of SB-E is shown in Figure 7. The molecular models of CB and SB have been
previously published along with XRD analysis (Marroquin-Cardona et al. 2011a, 2011b;
Zychowski 2014). There are no major differences in the unit cell formulas for SB and SB-E.

Discussion

Based on our previous /1 vitro work and extensive animal interventions and human clinical
trials, CB clay was an effective aflatoxin enterosorbent and was safe for consumption by
humans and animals (Phillips et al. 2019). The interlayers of SB are more accessible than
CB, but may be less preferential than CB. The high expansibility and dispersion in water for
SB was confirmed by its COLE ratio equal to 8.33, whereas CB was shown to have limited
swelling as indicated by its COLE ratio of 2.02 (Figure 1). The stronger swelling tendency
of SB is related to the increased hydration energy of sodium ions versus calcium ions. This
facilitates the hydration and desorption of sodium from interlamellar regions following the
addition of water and swelling. Sample SB-E showed a high COLE value, indicating a
predominance of sodium in the structure. SB-E also showed the ability to quickly flocculate
and precipitate after 24 hr of equilibrium. Thus, we suspect that the unusual combination of
a high COLE value (like SB) and a high flocculation ability (like CB) could be associated
with the sodium adsorption ratio and contribute to the higher aflatoxin sorption capacity of
SB-E. Further work (/n vitroand in vivo) will elucidate this mechanism and investigate the
enhanced ability of SB-E to protect against aflatoxicosis in animals and humans.

CB and SB are commonly used as general sorbents for toxin binding (Abdellaoui et al.
2019). To investigate the binding effectiveness for AfB4, equilibrium isotherms were
generated by Table-Curve 2D and a computer program was developed in our laboratory
using Microsoft Excel. This program was used to derive affinities (Ky), capacities (Qmax)
and the enthalpy of sorption (AH) for toxin-surface interactions. Based on r2 values (r2 >
0.8) and randomness of the residuals, the best fit for the data was a Langmuir model, which
was used to plot equilibrium isotherms from triplicate analyses. Each point represents the
values calculated for AfB; bound to clay (mol/kg) and AfB; left in solution (mol/L) for the
corresponding dilutions. Although the expansibility of SB standard in water was larger than
CB standard, its binding capacity was typically lower, as shown in Figure 2A. When
isotherms were run at pH 6.5, simulating the pH of the intestine, SB-E showed the highest
Qmax, Which was equal to 0.42 mol/kg for AfBq sorption. This value was higher than that of
CB (i.e. 0.35 mol/kg). Further work is ongoing to delineate reasons for a uniformly higher
binding capacity of SB-E vs CB. At pH 2, SB-E showed increased Qmax and decreased Ky
values, compared to pH 6.5 (Figure 2B). This resulted in a significantly increased Qmax for
SB-E vs CB. Since the pHpz¢ (pH for zero point of charge) of bentonite is 2-3, a possible
mechanism for this effect in SB-E may involve acidic solution providing protons that can
neutralize the overall negative charge at active surfaces in the interlamellar region and
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decrease binding affinity leading to increased Qmax. SB-E was a very efficient clay binder
for AfB; at pH 2, and this pH will be the first encountered by clay and the toxin in the diet
of humans and monogastric animals.

As part of this study, it was important to gain insight into AfB, binding mechanisms and the
thermodynamics of toxin/surface interactions. The enthalpy (heat) of sorption (AH) can be
calculated from K values of isotherms run at different temperatures. It is directly relevant to
the tightness of toxin/clay interactions and can help with the derivation of mechanistic
information (Fischer and Peters 1970; Stumm et al. 1992). In particular, the sorption of
compounds to a surface can be categorized as either physisorption or chemisorption on the
basis of AH (Gatta 1985). Physisorption involves weak associations, which include Van der
Waals attraction, dipole—dipole interactions, induced dipole interactions, and hydrogen
bonding. Chemisorption implies a chemical reaction or sharing of electrons between the
adsorbent and the adsorbate. Physisorption is described as having an enthalpy of < 20 kJ mol
=1, while chemisorption is generally > 20 k] mol~1 (Gu et al. 1994). Sorption enthalpy (AH)
for clay interactions with AfB; were calculated by the Van’t Hoff equation from isotherms at
2 different temperatures, i.e., 26°C (T1) and 37°C (T,). Derived AH values for sample SB-E
(-61.7 kI mol~ and —46.6 k] mol~1, at pH 6.5 and 2, respectively) were similar to CB
(-89.2 kJ mol~ and —36.8 kJ mol 1, respectively) (Figure 3). These high enthalpy absolute
values indicate that AfB is chemisorbed tightly to the clay surfaces and is consistent with a
Langmuir model for the isothermal interaction. Following heating, the interlayers of CB and
sample SB-E were dehydroxylated and collapsed. Figure 4 showed that binding capacities of
collapsed CB and collapsed SB-E were significantly reduced. This dramatic decrease of
AfB; suggests (indirectly) that a large amount of the AfB4 binds within the negatively
charged interlayer of these clays and only minor amounts bind on the edges and basal
surfaces. A summary of sorption parameters for AfB4 onto surfaces of CB, SB, and SB-E is
shown in Table 3.

Besides isotherms, enhanced binding efficacy of SB-E was also shown in our dosimetry
study that delineated the amount of clays required to maintain a regulatory threshold
concentration of AfB; (20 ng g~1). Based on our results (Figure 5), for 40 ng g71, the
predicted concentration of sorbent ([S]) for CB and was equal to 0.08% inclusion in the diet,
which is equivalent to 2.4 g clay/day based on a 3 kg daily intake in the U.S. for humans.
This level is in agreement with our earlier mass balance study with CB in animals, where
0.1% inclusion in the diet significantly decreased exposures from 80 and 40 ng g1 of 14C-
AfB labeled aflatoxin. For SB-E, [S] was equal to 0.01% or 0.3 g clay/kg of diet based on a
daily intake of 3 kg for U.S. adults. This level of SB-E clay (if approved for human
consumption) could be easily delivered as three 0.2 g doses before each meal.

The protective roles of CB, SB, and SB-E were confirmed /n vivo using the adult hydra
assay. As indicated in Figure 6A, the clays were not toxic to the hydra and were comparable
to the hydra media control (morphological score of 10). In further studies, 20 mg kg™ AfB;
resulted in 100% mortality of hydra within 92 hr. Importantly, SB-E at a 0.02% inclusion in
hydra media showed complete (100%) protection against 20 mg kg™t AfB; (Figure 6B).
Because this work was focused on characterizing a high capacity binder for aflatoxin, we

Food Addit Contam Part A Chem Anal Control Expo Risk Assess. Author manuscript; available in PMC 2021 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 9

included levels of clays (0.02%) in the hydra bioassay that were less than the common
inclusion level in animal feed (0.2%). Our findings /n7 vivo are consistent with our /n vitro
isothermal results.

Based on /n vitroand in vivoresults, a suggested model for AfB, sorption to SB-E surfaces
is shown in Figure 6. Sample SB-E showed the highest binding capacity for aflatoxin at pH
6.5 and pH 2 with high enthalpy (AH) and was very effective as a binder for high doses of
aflatoxins. Heat-collapsed CB and SB-E indicated that the major binding sites for AfB; were
on surfaces within the interlayer (Figure 7). The hydra bioassay also confirmed the safety of
SB-E and its ability to protect against aflatoxin at low rates of clay inclusion. SB deposits
are widespread, and this material, which is highly effective for aflatoxin binding, should be
applicable for use in animal feed. SB binders (like SB-E) could be delivered through
capsules, nutritional supplements, snacks, flavored liquids and complete feeds during
emergencies and outbreaks of acute aflatoxicosis.
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Figure 1.
Coefficient of linear expansibility for sorbents in water. The COLE value for CB confirmed

its limited expansibility, whereas COLE values for SB and SB-E were significantly
increased.
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Figure 2.
Langmuir adsorption isotherm - plots of AfB; on SB, CB and SB-E showing the observed

and predicted Qx Values at 26°C (T1), pH 6.5 (A) and pH 2 (B) (* p < 0.05, ™ p < 0.01).
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Food Addit Contam Part A Chem Anal Control Expo Risk Assess. Author manuscript; available in PMC 2021 February 01.

2.5E-5



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wang et al.

Page 15

0.5
045 ¢
04

= collapsed CB
~collapsed SB-E

T =26°C,pH 6.5

0.35

mol’kg)

(
O

0.25
0.2

0.15

0.1

Aflatoxin bound to clay

¥
0.05 15

0 — —

00E+0 50E-6 1.0E-5

'_ll L_— - T
15E-5 20E-5 25E-5 30E-5

Aflatoxin left in solution (molL)

Figure 4.

Langmuir adsorption isotherm - plots of AfB; on collapsed CB and collapsed SB-E at 26°C

and pH 6.5.
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Figureb.
Extrapolation of sorbent dosimetry for aflatoxin exposure at 40 ng g1.
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Hydra bioassay of bentonite samples at a 0.5% inclusion rate (A), and protection at a 0.02%
inclusion rate of SB-E are shown in the presence of 20 mg kg~ AfB; (B). Hydra media and
toxin controls are included for comparison. No toxicity was shown by the hydra media and

all clay treatment groups (* p < 0.05, ™ p < 0.01).
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Table 1.

Important physico-chemical properties of CB, SB and SB-E

Page 19

CB

SB

SB-E

Appearance
Bulk density (loose)
Moisture

Screen analysis

Chemical analysis by X-ray fractionation (XRF) spectroscopy

(weight %)

Off-white to grayish-green powder
640.74 kg/m3

9%

5% +100 mesh

18% +200 mesh

60% —325 mesh

%Ca0 3.2-4.8

%MgO 4.0-5.4
%Fe,03 5.4-6.5
9%K,0 0.50-0.90
%Na,0 0.10-0.30
%MnO 0.01-0.03
%Al,0; 14.8-18.2
%Si0, 62.4-73.5

Off-white powder
593 kg/m?

8%

80% —200 mesh
80% —200 mesh

%Ca0 1.68

%MgO 0.05
%Fe,05 3.35
%K,0 0.53
%Na,0 1.53
%MnO 0.006
%Al,05 19.6
%Si0, 62.9

Blue, gray powder
849 kg/m?

9-12%

0-5% + 60 mesh
15-25% +100 mesh
70-80% —200 mesh
%Ca0 2.64

%MgO 1.83
%Fe,03 3.72
%K,0 0.6
%Na,0 2.51
%MnO 0.08
%Al,03 17.6
%Si0, 59.9

(Data collected from product information sheets and clays.org)
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Table 2.

Equations for the calculation of isothermal data

Beer’s law

Absorbance=€ L ¢
Eis the molar extinction coefficient (€ for AfB; = 21,865 cm~mol), L is the path length of the cell holder = 1 cm.

Langmuir model

chw
7= Qmax(W)
w
g = AfB; sorbed (mol/kg), @ax = maximum capacity (mol/kg), K= distribution constant, C,, = equilibrium concentration
of AfBl

K=— 9
T (Omax —9)C

max w
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Table 3.

Summary table of sorption parameters for CB, SB and SB-E.

Sorbents pH 65T, pH2 T, pH65T, PpH2T, Collapsed

SB Qmax=0.31 Qnax=0.32 N/A N/A N/A
Ky=12E6 Kg=7.5E5

cB Qmax=035 Quax=03  Qmx=0.32 OQumax=0.35 Qmax =0.03
Kgq =9.0E5 Kq=1.5E5 Kg=28E5 Kg=1.2E5 Kq =4.2E19

SB-E Qmax =042  Quax=0.62 Quax=043 Quax=0.68 Ky=15E2
Ky=14E6 Ky=14E5 Kyq=5.8E5 Ky=7.2E4

Page 21

(SB, sodium montmorillonite; CB, calcium montmorillonite; SB-E, sample E; T1 = 26°C; T2 = 37°C; Qmax = maximum capacity; K¢ = affinity

constant; N/A, not applicable)
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