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Naturales, Universidad Nacional de Río Cuarto, Río Cuarto, Córdoba, Argentina

(Received 28 June 2012; final version received 6 March 2013)

The main objective of this study was to evaluate the interference of environment components on the in vitro evaluation of
aflatoxin B1 adsorption capacity of sodium bentonite under simulated gastrointestinal conditions of monogastric and ruminant
animals. Sodium bentonite showed a high aflatoxin B1 affinity with all of the assays. Langmuir or sigmoid isotherms were
found in different assays. Both the affinities and the surface excesses at monolayer saturation were affected by the buffer
components. The specific influence of ions in each buffer solution was investigated. A significant decrease in the surface
excess at monolayer saturation was observed under ionic strength control. A change in the isotherm shape from sigmoidal to
Langmuir was observed with the increase in the sodium chloride concentration. This was attributed to the decrease in the
importance of lateral interaction between adsorbed toxin molecules compared with surface-molecules interactions under a high
salt coverage. The presence of rumen fluid components in the adsorption environment decreased the aflatoxin B1 maximum
adsorption capacity of sodium bentonite. Despite the high affinity of this adsorbent to capture aflatoxin B1, different substances
present in the environment could affect the adsorption capacity, at least at low toxin concentrations that mimic chronic
exposure. The environment of the gastrointestinal tract, in either monogastric or ruminant animals, affect in vivo aflatoxin B1

adsorption by sodium bentonite and should be taken into account when an in vitro performance evaluation is done.

Keywords: aflatoxin B1; sodium bentonite; adsorption; HPLC

Introduction

Aflatoxins (AFs) are secondary metabolites of some
strains of Aspergillus flavus, A. parasiticus and A. nomi-
nus, molds that grow on food and feed crops. Twenty AFs
have already been identified, with aflatoxin B1 (AFB1)
being one of the most common and toxic compounds
present in avian feed (Hussein & Brasel 2001). The toxi-
city of AFs in broilers has been widely investigated for
their carcinogenic, mutagenic, teratogenic and growth
inhibitory effects (Oğuz et al. 2000; Sur & Celik 2003).
Animals that consume AF-contaminated feed develop var-
ious health problems, including growth retardation, reduc-
tion in feed efficiency, and liver and kidney damage
(Bintvihok 2002). Humans are exposed to AFs directly
by the consumption of contaminated food or indirectly by
the consumption of products derived from animals that
have consumed AF-contaminated feed (Bennett & Klich
2003). The presence of AFB1 in rations leads to the
appearance of aflatoxin M1 in milk as a consequence of
a biotransformation process by enzymes associated with
cytochrome P450 in liver (Richard et al. 2003). Also, the
filtering and pasteurisation processes do not remove or
inactivate the toxin (Galvano et al. 1996).

A variety of physical, chemical and biological
approaches used to counteract the mycotoxin problem

have been reported in the literature (Zaki et al. 2012).
However, large-scale, practical and cost-effective methods
for a complete detoxification of mycotoxin-containing
feedstuffs are currently not available. One of the resources
used in the prevention of aflatoxicosis is the incorporation
of dietary non-nutritive substances that effectively prevent
aflatoxicosis in birds (Phillips et al. 1988; Kubena,
Harvey, Huff, et al. 1990; Kubena, Harvey, Phillips,
et al. 1990; Huff et al. 1992; Scheideler 1993; Magnoli,
Monge, et al. 2011; Magnoli, Texeira, et al. 2011) and
cows (Thieu & Pettersson 2008). The effectiveness of
these additives seems to depend on their ability to bind
aflatoxin in the gastrointestinal tract.

Particularly, several authors have demonstrated the
effectiveness of sodium bentonite (NaB) to adsorb AFB1

(Deng et al. 2010, and reference therein). Bentonites are
smectite clays with a 2:1 layered structure with an inner
aluminium octahedral layer that shares oxygen atoms
with two outer silicon tetrahedral sheets. The substitution
of Si4+ by Al3+ in the tetrahedral sheets and the substitu-
tion of trivalent by divalent cations in the octahedral
sheets give rise to a negative charge in the clay frame-
work. This charge is counterbalanced by monovalent and
divalent cations, such as Na+, K+, Ca2+ and Mg2+, located
in the interlamellar space. These ions are easily
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exchangeable and are responsible for the cation exchange
ability of the clays. Organic substances can be adsorbed in
the clay, not only in the external basal surfaces and edges
but also in the interlayer spaces (Dakovic et al. 2008).

An inert, stable and insoluble complex between NaB and
AFB1 was assumed to be responsible for preventing toxin
absorption in the intestine (Chiacchiera et al. 2000; Miazzo
et al. 2000; Rosa et al. 2001; Miazzo et al. 2005). Different
mechanisms have been proposed to explain the adsorption.
Grant and Phillips (1998) proposed for a hydrate of sodium
aluminium silicate a mechanism involving electron donor-
acceptor interactions between AFB1 molecules with optimal
planar orientations and the interlayer surface. These authors
demonstrated a good correlation between the magnitude of
the partial positive charges on carbons C1 and C11 of the β-
dicarbonyl system and the strength of adsorption of planar
analogues and derivatives of AFB1. This evidence supported
the electron donor-acceptor-binding mechanism assumption
that involves the sharing of electrons from the negative
surface of the clay with atoms in the absorbed molecule
that are electron deficient. Other potential mechanisms may
involve the chelation of transition metal counterions at the
interlayer, or interaction of AFB1 with positive-edge metal
sites in the clay structure (Deng et al. 2010). The knowledge
of the binding interactions and the way they are affected by
the experimental conditions allow improving the efficiency
of the adsorbent utilisation.

In vitro assays are the best and cheaper way to perform
an easy pre-selection of adsorbents. Although expensive,
laborious and time-consuming, in vivo trials with poten-
tially useful adsorbents have to be performed prior to the
ultimate adsorbent proposal. Different factors, such as pH,
feed composition and additives, can affect the mycotoxin
binding during digestion. In fact, recent studies have shown
the influence of the coccidiostat monensin upon the detox-
ification potential of an Argentinean NaB (Magnoli, Monge,
et al. 2011; Magnoli, Texeira, et al. 2011).

The awareness of potential interference in the detox-
ification procedure allows us to take decisions about the
prevention protocol and also about the need to develop
new adsorbents. To elucidate the intrinsic nature of the
adsorption and the way it is affected by experimental
conditions, a deep systematic study of the adsorption
process has to be conducted. Therefore, the main objective
of this study was to evaluate the influence of pH, ionic
strength and ruminal fluid on the adsorption capacity of
AFB1 by NaB under simulated gastrointestinal conditions
of monogastric and ruminant animals.

Materials and methods

Reagents

A previously characterised NaB from a mine in the pro-
vince of Mendoza-Argentina, mainly composed of sodium

montmorillonites, was used for the assays (Magnoli et al.
2008). The adsorbent was activated for 24 h at 110°C in a
vacuum oven (Vacuum over Yamato ADP-31).

Production and purification of AFB1

AFs for in vitro assays were produced via the fermentation of
milled corn by A. parasiticus NRRL 3000. The sterile sub-
strate placed in Erlenmeyer flasks was inoculated with 2 mL
of the mold’s aqueous suspension containing 106 spores/mL.
Cultures were allowed to grow for 7 days at 25°C in darkness.
At the seventh day, Erlenmeyer flasks were autoclaved and
culture material dried at 40°C in a forced-air oven for 48 h.
AFs were extracted with chloroform and purified by
flash chromatography following the procedure described in
AOAC (1994). Spectrophotometric determinations of the
content of total AFs in the purified extract of the culture
were carried out by UV-Vis spectroscopy, assuming that the
molar absorptivities ofAFB1 andAFG1 are not very different,
which was corroborated by HPLC according to Trucksess
et al. (1994) and AOAC (1994).

Detection and quantification of AFB1

Detection and quantification of AFB1 were performed on a
diode array spectrophotometer (Hewlett Packard model
8453, Waldbronn, Germany) and an HPLC equipment with
a Gilson pump (Model 302) and detector of fluorescence
(fluorometer Gilson model 121). The excitation range and
emission wavelength ranges were 305–395 and 430–470 nm,
respectively. A C18 Luna Phenomenex column (150 mm × 4.
6 mm, 5 µm) with the corresponding pre-column was used.
The mobile phase was methanol/acetonitrile/water (1:1:4 v/v)
at a flow rate of 1.0mL/min and precolumn derivatisation. For
derivatisation, aliquots (200 μL) were allowed to react with
700 μL of acetic acid/trifluoroacetic acid/water (20:10:70)
solution. The tube was allowed to stand for 9 min at 65°C in
the dark (AOAC 1994). The AFs in the extract were mainly
AFB1 and AFG1. The calibration curve was made with a
mixture of solutions of AFB1, AFG1, AFG2 and AFB2

(purity >99%, Sigma Chemical Co., Louis, MO, USA), with
concentrations 2.06, 1.99, 0.520 and 0.508 μg/mL, respec-
tively. The concentrations of chromatographic standards were
5, 10 and 15 ng/mL of AFB1. Standard solutions for the
calibration curves were prepared daily.

Adsorption experiments

Different AFB1 working solutions with concentrations
ranging from 0.18 × 10−5 to 3.5 × 10−5 M were prepared
at the corresponding experimental conditions. Aliquots of
40 µL of a pH-stabilised NaB suspension (1 mg/mL) were
added to 4 mL of each AFB1 working solution. The
solutions were incubated in an orbital shaker for 1 h at
39.5 ± 0.5°C to simulate the gastrointestinal tract
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conditions. After incubation, the solutions were centri-
fuged for 15 min at 16,000 g and the supernatant was
carefully decanted into a clean tube. Controls of AFB1 and
blanks with the NaB were also included for comparison in
each isothermal assay. The adsorbed AFB1 was calculated
from the depletion of the toxin in the supernatant after
incubation. Adsorptions experiments at each toxin concen-
tration were performed in triplicate.

Buffer at pH 2 was prepared by mixing 62.5 mL of
0.2 M sodium chloride with 16.25 mL of 0.2 M hydro-
chloric acid. The final pH value was adjusted to make up
the volume to 250 mL. Buffer at pH 4 was prepared
following the same general procedure but mixing
125 mL of potassium hydrogen phthalate (0.1 M) with
0.1 mL solution of hydrochloric acid (0.1 M). Buffer at
pH 6 was prepared by mixing 125 mL of potassium
dibasic phosphate (0.1 M) with 14 mL of sodium hydro-
xide (0.1 M) following the procedure described above.

Assays carried in water brought to pH 2, 4 and 6 were
performed by using as solvent distilled water carried to
corresponding pHs by the addition of a proper amount of a
HCl and NaOH solution. In the experiment carried under
controlled ionic strength, a NaCl (0.15 M) solution in
buffer at pH 2 was used as solvent.

The ruminal fluid was collected from a good health
female adult cow from experimental fields (Facultad de
Agronomia y Veterinaria, Universidad Nacional de Rio
Cuarto). The extraction was performed by trained person-
nel following strict hygienic procedures. The material
remained for 1 h at room temperature, was filtered three
times through sterile gauze and further centrifuged for
5 min at 16,000 g to discard solids. Fresh supernatant
was used for the isotherm assay.

Curve fitting and data processing

Curves representing the amount of bounded AFB1 as a
function of the concentration of the free toxin in equili-
brium after adsorption were plotted. Two theoretical mod-
els – Langmuir (L) and Frumkin-Fowler-Guggenheim
(FFG) – were selected from the literature to fit the iso-
therms (Giles, D’Silva, et al. 1974; Giles, Smith,
et al.1974; Hans Jürgen et al. 2003). The selection was
made following the criteria suggested by Hinz (2001).
Mathematical expressions and parameters of each model
are shown in Table 1. The surface excess of AFB1 (ΓAFB1

)
in moles of AFB1/kg of adsorbent was determined as
follows:

ΓAFB1 ¼
AFB1½ �0� AFB1½ �;eq

� �
�V

h i

m

where [AFB1]0 and [AFB1]eq are the initial and the equili-
brium concentrations (mol/L), respectively, V is the

volume of solution (L) and “m” is the amount of adsorbent
(kg). A nonlinear least squares method, with a tolerance
limit of 0.05, was used for curve fitting.

Results and discussion

Previous adsorption studies carried out with NaB from
different geological sources demonstrated that the adsorp-
tion capacity of AFB1 seemed to be related to both the
isomorphic substitution and the surface charges of the
montmorillonite component of the mineral (Magnoli
et al. 2008). The results of the comparative adsorption
study showed that the particular NaB used in the present
assay had the best performance as AFB1 binder and there-
fore was selected to conduct further in vitro studies.

Figure 1 shows the effect of buffer (pH 2, 4 and 6) on
AFB1 adsorption isotherms on NaB. The isotherms at pH 2
and pH 6 were both S type while at pH 4 a Langmuir
behaviour was observed. Langmuir and FFG models are
appropriate to explain L- and S-type isotherms, respectively.
The mathematical expressions and the fitting parameters for
each model are shown in Table 1. The fitting curves are
shown as solid lines superposed to the corresponding iso-
therm graphs, and the fitting parameters are collected in

Table 1. Theoretical adsorption models, mathematical equations
and adjusting parameters.

Models Mathematical expression Parameters

Langmuir β ¼ Γ
Γmax�Γð Þ AFB1½ � Γmax, β

FFG β ¼ Γ
ðΓmax�ΓÞ AFB1½ �
h i

expð�2aΓ=ΓmaxÞ Γmax, β, a

Notes. Γ is AFB1 surface excess per kilogram of NaB, [AFB1] is the
residual toxin at equilibrium, Γmax is the surface excess at saturation per
kilogram of adsorbent, β is the Langmuir adsorption constant (L) or the
extrapolated adsorption constant at low coverage in the case of FFG and a
is the FFG parameter that measures the interaction between adsorbed
AFB1 molecules.
AFB1, aflatoxin B1; FFG, Frumkin-Fowler-Guggenheim.
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Figure 1. AFB1 adsorption isotherms obtained at different pHs.
Note: AFB1, aflatoxin B1.
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Table 2. The high values of the adsorption constant (β)
showed an elevated in vitro affinity between the adsorbent
and the toxin at all of the assayed pHs. Higher AFB1

affinities were observed at pH 4 and 6. Positive values of
the FFG parameters a at pH 2 and 6 (1.5 ± 0.2 and
1.3 ± 0.3, respectively) suggest a cooperative adsorption
mechanism. A value of FFG parameter a close to zero was
obtained at pH 4, demonstrating the equivalence of the
adsorption sites on the adsorbent surface and the suitability
of the Langmuir model to perform the data fitting.

As can be observed in Table 2, the highest surface
excess at monolayer coverage (Γmax) was observed in
buffer at pH 2 (1.07 ± 0.02 mol/kg) while the lowest
value was observed in buffer at pH 4. An intermediate
value for the monolayer saturation was observed at pH 6,
although an increase after the plateau was observed in this
case. The completion of a second layer adsorbed on top of
the first was not achieved at least within the assayed
concentration range. Summarising, the surface excess
was affected by different buffers. A similar behaviour
was reported by Thieu and Pettersson (2008), although
the reports in the literature are controversial because
Dakovic et al. (2008) and Diaz et al. (2003) reported
that the adsorption capacity of AFB1 did not change
with the pH. Phillips et al. (1988) found no differences
in AFB1 binding at pH 2, 7, and 10 with a related hydrated
sodium calcium aluminosilicate.

Desheng et al. (2005) demonstrated that the maximum
amount of adsorbed AFB1 was obtained from aqueous
solution at pH 2 using a calcium montmorillonite as
adsorbent. Komadel (2003) suggested that at pH ≤3.0,
the hydroxyl groups of the bentonite octahedral layer
were attacked by protons’ penetration in the phase and
the layer started to redissolve. This fact could explain at
least partially the observed results.

The higher adsorption capacity (Γmax) was obtained
at a pH close to the zeta potential of the NaB, that is, 6.2
(Magnoli et al. 2008). The significant decrease in the
number of sites in the monolayer at pH 4 could hardly
be attributed to a unique effect of pH. The competitive
adsorption of the buffers ions, whose concentration was
three orders of magnitude higher than that of AFB1,

could be affecting the toxin-adsorbent interaction.
Therefore, as both the pH and the buffer ions could be
responsible for modifying the bentonite surface charges,
the sites availability and/or the aggregation state of the
adsorbent, the influence of specific buffer ions was
investigated.

To check the influence of buffer ions on the toxin
adsorption at pH 4, the isotherm obtained in buffer solu-
tion was compared with one obtained under external pH
control (Figure 2). Langmuir isotherms were observed in
both cases; solid lines on top of the experimental data
show the fitting curves. The adjusting parameters are
collected in Table 2. The Langmuir behaviour indicates a
finite number of equivalent adsorption sites in a mono-
layer arrangement on the absorbent surface. A decrease in
both β and Γmax was observed in the presence of buffer
ions. This can be attributed to the competition between the
phthalate ions, mainly hydrogen phthalate, and AFB1

molecules for the surface adsorption sites. Phthalate ions
are planar and have two carbonyls that are able to interact
through the electron donor acceptor complex with the

Table 2. Adjustment parameters.

10−4 β (M−1) Γmax (mol/kg) a R2 N

Buffer pH 2 2.2 ± 0.4 1.07 ± 0.02 1.5 ± 0.2 0.98 10
Buffer pH 4 93 ± 11 0.17 ± 0.01 0 0.99 6
Buffer pH 6 43 ± 16 0.39 ± 0.01 1.3 ± 0.3 0.97 13
Water brought to pH 4 48 ± 6 0.12 ± 0.01 0 0.99 7
Water brought to pH 6 13 ± 2 0.14 ± 0.01 0.6 ± 0.2 0.98 20
NaCl 0.15 M, buffer pH 2 13 ± 4 0.37 ± 0.04 0 0.97 7
Rumen fluid 13 ± 3 0.051 ± 0.001 1.04 ± 0.2 0.95 8
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Figure 2. Effect of phthalate ions on the adsorption of AFB1 on
NaB.
Note: AFB1, aflatoxin B1.
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surface in a similar way as proposed by Grant and Phillips
(1998) for AFB1 adsorption.

In a similar way, Figure 3 shows the effect of phos-
phate ions present in pH 6 buffer solution on AFB1

adsorption isotherms. The isotherms are both S shaped
and were fitted with the FFG equation. The fitting parameters
are shown in Table 2. Both the surface excess at the saturation
(Γmax) and the adsorption constant (β) were higher in the
presence of phosphate ions. Taking into account the positive
values of the FFG parameter a (1.3 ± 0.3 and 0.6 ± 0.2,
respectively), a cooperative adsorption mechanism might be
operating. The species in the buffer solution at pH 6 are
mainly hydrogen phosphate and dihydrogen phosphate
ions. It is known that phosphate ions strongly interact with
montmorillonites, yielding an increase in the edge charge
density that affects the coagulation (Lagaly & Ziesmer
2003). Therefore, the presence of these ions could decrease
the clay aggregation, making it more accessible for toxin
adsorption at the interlayer surface.

An experiment with ionic strength control was carried
out in buffer at pH 2. Figure 4 shows the effect of 0.15 M
of NaCl on the AFB1 adsorption. The isotherm in the
presence of NaCl was L-shaped and could be fitted
according to the Langmuir model, while, as previously
shown, the isotherm in buffer pH 2 was S-shaped. The
adjustment parameters are included in Table 2. A signifi-
cant decrease in Γmax along with an increase in β was
observed in the presence of an excess of NaCl. Therefore,
NaCl strongly competes with the toxin for adsorption
sites, and therefore decreases the probability of lateral
interactions between toxin molecules that occupy neigh-
bour sites in the surface. The competence of such lateral
interactions between adsorbed neighbour molecules with
the interactions between these molecules and the surface is

responsible for the cooperative binding mechanism. These
lateral interactions are responsible for the dependence
of the desorption activation energy on the degree of
coverage.

In ruminant it is known that the residence time of feed
in the rumen is greater than in other digestive organs;
therefore, rumen is the place where AFB1 adsorption
could take place (Adin et al. 2009; Gookin et al. 2009).
Figure 5 shows the effect of rumen fluid on AFB1 adsorp-
tion isotherm. Rumen pH is either neutral or slightly acidic
(6–7), and their environment and physiology are variable
according to health status, age and animal feed. The iso-
therm obtained in water brought to pH 6 was also included
in the graph for the sake of comparison. Slightly sigmoidal
isotherms were obtained in both cases and therefore were
adjusted by the FFG equation. The adjustment parameters
are shown in Table 2. The maximum adsorption capacity at
monolayer coverage was influenced by the rumen fluid, and
a decrease in the surface excess at monolayer saturation
(Γmax = 0.051 ± 0.001 mol/kg) was observed. However,
strong adsorbent affinities for AFB1, denoted by a high
β value, were observed. Unlike what was observed in
Figure 4, no changes in adsorption mechanism were pro-
moted by rumen fluid components. The cooperative
mechanism characteristic of pH 6 remains operating in a
rumen environment, as shown for positive FFG parameters
a. As can be observed, the presence of rumen fluid compo-
nents decreased about 74% the maximum adsorption capa-
city at monolayer coverage NaB. Similar results were
previously reported by Spotti et al. (2005). Thieu and
Pettersson (2008) also found that the adsorption of AFB1

on a bentonite changed in the presence of gastrointestinal
fluid. As can be observed in Figure 5, for the study in
rumen fluid, an inflection point appears on the top of the
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Figure 3. Effect of phosphate ions on the adsorption of AFB1

on NaB.
Note: AFB1, aflatoxin B1.
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Figure 4. Adsorption of AFB1 at pH 2 under ionic strength
control.
Note: AFB1, aflatoxin B1.
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first monolayer with a fast increase in the adsorption as the
toxin concentration increases.

Previous in vitro studies have also shown that mon-
ensin, an antibiotic agent used in poultry industry as a
prophylactic therapy against coccidian, competes with
AFB1 for the adsorption sites on the NaB. Liver histo-
pathology demonstrated the interfering of monensin with
the ability of NaB to prevent chronic aflatoxicosis
(Magnoli, Monge, et al. 2011; Magnoli, Texeira, et al.
2011). These results suggested that the presence of differ-
ent substances, such as coccidiostats, vitamins, minerals,
amino acids or other dietary components, could affect the
ability of the adsorbent to bind low levels of AFB1. This
behaviour is particularly important at low concentrations
of the toxin because when the toxin concentration
increases, the monensin displacement by the toxin was
observed.

Differences in the behaviour of clay adsorbents even
of the same nature could be explained by chemical and
structural differences that could affect the AFB1 binding
ability. The composition of the clays may vary with the
mine source and within a mine with clay location
(Magnoli et al. 2008). During digestion, pH, feed compo-
sition and the presence of specific ions or molecules can
affect the mycotoxin binding to the bentonite.

The assayed NaB showed that no matter the high affi-
nity of NaB to adsorb AFB1, different substances present in
the environment could affect the adsorption capacity to
bind AFB1, at least at low toxin concentration that mimics
chronic exposure. The environment present in the gastro-
intestinal tract, either monogastric or ruminant, could affect
in vivo AFB1 adsorption by the bentonite. Therefore, care
should be taken to select the best conditions to perform in

vitro studies under physiological simulated conditions to
perform a good in vitro evaluation of the adsorbent.
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