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Abstract

Heavy metal exposure in humans and animals commonly occurs through the consumption of
metal-contaminated drinking water and food. Although many studies have focused on the
remediation of metals by purification of water using sorbents, limited therapeutic sorbent
strategies have been developed to minimize human and animal exposures to contaminated water
and food. To address this need, a medical grade activated carbon (MAC) and an acid processed
montmorillonite clay (APM) were characterized for their ability to bind heavy metals and
mixtures. Results of screening and adsorption/desorption isotherms showed that binding plots for
arsenic, cadmium and mercury sorption on surfaces of MAC (and lead on APM), fit the Langmuir
model. The highest binding percentage, capacity and affinity were shown in a simulated stomach
model, and the lowest percentage desorption (<18%) was shown in a simulated intestine model.
The safety and protective ability of MAC and APM were confirmed in a living organism (Hyadra
vulgaris) where 0.1% MAC significantly protected the hydra against As, Cd, Hg, and a mixture of
metals by 30-70%. In other studies, APM showed significant reduction (75%) of Pd toxicity,
compared to MAC and heat-collapsed APM, suggesting that the interlayer of APM was important
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for Pb sorption. This is the first report showing that edible sorbents can bind mixtures of heavy
metals in a simulated gastrointestinal tract and prevent their toxicity in a living organism.
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Introduction

Heavy metal contaminants cause important problems due to their mobility in the aqueous
ecosystem, their accumulation in the environment and food chain, their hazards to higher life
forms, and their non-biodegradable nature (Lasheen et al. 2012; Mishara 2014). Diet is the
main route of exposure to metals and significant health risks to humans and animals have
been strongly associated with metal exposure. Arsenic, cadmium, lead and mercury (FDA
2019, 2020) are at the top of the list and have been prioritized as the most hazardous metals
by the Agency for Toxic Substances and Disease Registry (ATSDR 2019).

Arsenic (As) is commonly found in groundwater from natural and industrial processes. It is
the most common cause of acute heavy metal poisoning in adults. Chronic exposure to As
from groundwater can cause skin lesions, cancer, neurological effects, hypertension,
cardiovascular problems, and pulmonary disease (Smith et al. 2000). Inorganic As, the most
common form of As in groundwater, is usually found in two forms, arsenite and arsenate,
referred to as As (I11) and As (V), respectively.

Cadmium (Cd) is commonly present in the diet, and the background exposure of Cd for the
general North American population is approximately 30 ug per day (Satarug et al. 2003).
The sources that are potentially the highest in Cd are mushrooms, shellfish, freshwater fish,
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dried algae, and potable water, among others. Cd exerts damaging effects on the lungs,
kidneys, and bones of humans (Meneguin et al. 2017; Van et al. 2019). WHO and EPA
established a maximum acceptable concentration for Cd in drinking water of 0.003 mg/L
(Siegel et al. 2002).

Dietary intake of Hg is an important source of exposure. Mercury has three forms, including
elemental (liquid) Hg, inorganic Hg, and organic Hg. Methylmercury (MeHg), which is
known to be the most toxic form, is created when inorganic Hg is dissolved in water in the
environment. It is known to accumulate through the ecological food chain, resulting in
human and animal exposures and adverse impacts on health. Between 80% to 90% of
organic mercury in humans is derived from fish and shellfish intake, and 75% to 90% of
organic mercury in fish and shellfish is in the MeHg form (Hong et al. 2012).

Lead (Pb) is especially hazardous for children since they can absorb a higher quantity than
adults (Cruz-Olivares et al. 2016). The principal exposure route for Pb in the general
population is also through the diet (e.g., vegetables, meat, fruits, seafood, and wine). Low
concentrations of Pb in water can be toxic, therefore, the permissible level for Pb in drinking
water is 0.05 mg/L according to the EPA (Bhattacharjee et al. 2003).

Importantly, heavy metals such as As, Cd, Hg and Pb can frequently occur as mixtures since
they are widely distributed in the environment (Anyanwu et al. 2018; Fairbrother et al.
2007). Previous studies have reported that co-exposure to metal mixtures of As, Cd and Pb
has produced severe effects at both high and low dose levels (Wang and Fowler 2008). Also,
studies in cells have suggested that exposure to mixtures of Pb, Cd, As and Hg may evoke a
synergistic effect, even if individual metals are below NOAEL levels (Zhou et al. 2018).
Thus, this present study was designed to investigate the ability of edible carbon and clay
sorbents (and combinations) to bind mixtures of As, Cd, Hg and Pb and prevent their
toxicity in a living organism.

Many treatment techniques are available to reduce heavy metal contamination in water, such
as chemical precipitation, electrolysis, ion exchange, liquid extraction, and membrane
separation. Among these, sorbent filtration and water purification have proven to be the
simplest and most effective techniques (Mckay et al. 1999; Wang et al. 2010; Yang et al.
2013). However, food is also a major source of metal contamination, and very limited work
has been done to remediate metal-contaminated food and feed. Also, no edible sorbent
therapy has been reported that can decrease exposure to mixtures of metals in foods and
drinking water.

The idea of including broad-acting sorbents in the diet to reduce metal exposure is a logical
spinoff of our earlier work in the US and Africa. That work demonstrated that
montmorillonite clay was effective against aflatoxins when ingested in capsules, food or
water and was safe for consumption in humans and animals for up to 3 months of treatment
time. The mechanism involved tight binding of aflatoxins by the sorbent in the stomach and
intestines which resulted in decreased toxin bioavailability and toxicity (Phillips 1999;
Phillips et al. 2019). To develop broad-acting sorbents for environmental toxins and metals,
parent montmorillonite clays were activated with sulfuric acid to enhance porosity and
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surface area. An important physicochemical property of acid processed montmorillonite
(APM) clay was its heterogeneity and structural diversity, including delaminated clay layers
with silica chains and amorphous silica formed by cross-linked SiO,4 (Tyagi et al. 2006).
APM, like carbon, was shown to be broad-acting and has been reported to bind diverse
mixtures of hazardous mycotoxins, pesticides and polychlorinated biphenyls (PCBs)
(Hearon et al. 2020; Wang and Phillips 2019; Wang et al. 2019a, b). Additionally, activated
carbon, which has been commonly used to filter metals from contaminated water streams, is
broad-acting and has been shown to remove inorganic heavy metals in aqueous solution.
Medical grade activated carbon (MAC) used in this study was derived from selected grades
of coconut shell and has been shown to be suitable for drinking water and food applications
(Generalcarbon.com).

This study focused on the application of MAC and APM for the binding of heavy metals and
metal mixtures (As, Cd, Hg and Pb). We have characterized and optimized metal-sorbent
interactions and binding parameters using methods to: 1) prescreen for optimal sorbent/
metal interactions and metal dosimetry, 2) determine equilibrium adsorption and desorption
with isothermal analysis, and 3) investigate optimal sorbent/metal combinations in a
simulated gastrointestinal tract model. Additionally, the hydra assay was used to predict the
safety of sorbent treatment and sorbent ability to prevent the adverse effects of individual
metals and metal mixtures.

Materials and Methods

Reagents and materials

Screening

Certified ACS plus grade hydrochloric acid and trace metal grade nitric acid were purchased
from Fisher Scientific (Waltham, MA). ACS reagent grade cadmium nitrate tetrahydrate,
methylmercury chloride, lead nitrate, sodium metarsenite, sodium arsenate, potassium
permanganate, potassium persulphate, hydroxylamine hydrochloride, stannous chloride, and
Omnitrace Ultra nitric acid (NX0408) were purchased from Sigma Aldrich (Saint Louis,
MO). ICPMS trace metal standard mixture and internal standards were purchased from
Absolute Standards Inc (Hamden, CT). ICPMS spike solution was purchased from Perkin
Elmer (Waltham, MA) and mercury stock standards were purchased from Ricca (Arlington,
TX). Medical grade activated carbon (MAC), purity > 99%, was obtained from General
Carbon Corporation (Paterson, NJ). MAC is a virgin powdered activated carbon derived
from a selected grade of coconut shell with 1100 m#/g surface area, 5% moisture, and pH
8-10 (Generalcarbon.com). APM was synthesized based on a previously described method
(Wang and Phillips 2019) with a surface area equal to 1213 m2/g and a pH of 3. To
investigate the importance of intact interlayers as binding sites for Pb, APM was heated at
200°C for 30 min and 800°C for 1 hr to dehydroxylate the siloxane surface and collapse the
interlayer (Wang et al. 2017). Clays and carbon were sieved at 100 mesh to achieve uniform
particle size equal to, or less than 149 microns (Grant and Phillips 1998; Wang et al. 2019c).

A multi-metal stock solution containing 40 ppm As (111, V), 18 ppm Cd (11), 9 ppm Hg (I1),
and 31 ppm Pd (I1) in water was prepared from pure crystals of sodium metarsenite, sodium
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arsenate, cadmium nitrate tetrahydrate, methylmercury chloride, and lead nitrate,
respectively. Serial dilutions of the stock solution at pH 2 resulted in 3 concentrations per
metal. These concentrations were based on previous studies that showed distinguishable
binding (slight, intermediate, and nearly maximum) for the various sorbents. Into 15 mL of
acid-cleaned polypropylene tubes, 5 mL of metal solution was added along with 5 mg
sorbent (1 mg/mL). The tubes were mixed at 1000 rpm and 37°C for 2 hr, centrifuged at
2000 g for 20 min, and 3.5 mL of the supernatant was collected for metal analysis.

Metal analysis

A 1:100 dilution of the resulting supernatants was performed by mixing 100 uL of the
supernatant and 9.9 mL of 1% Omnitrace Ultra nitric acid (stored in Teflon) for Cd, As, and
Pb. To adjust for any matrix effects, calibration standards (7 points) ranging from 0 to 200
ug/L were prepared daily from certified standards in 1% nitric acid. For QA/QC, blanks
containing acid were run with each experiment, and calibration standards were checked after
every 10 samples followed by a blank analysis. Precision of the metal measurement was
determined by analyzing the metal concentration in triplicate for all samples. Samples and
calibration standards were detected by an inductively coupled Plasma-Mass
Spectrophotometer (ICP-MS) Nexlon 300 (PerkinElmer). The interferences of oxide and
doubly-charged species were minimized by means of the optimization procedure, primarily
by the nebulizer gas flow setting. The nebulizer gas flow rate was set at the highest value
that keeps the oxide ratio below 3%. If the other settings are also optimal, then sufficient
intensity (ion count rates) can be obtained at a lower nebulizer gas flow. The optimized
setting should provide the lowest oxide/doubly-charged ratios as possible. To avoid any
carryover, a 2% nitric acid was injected as wash solution between each sample.
Concentrations were determined using isotopes (Cd111, Cd114, As75, Pb207 and Pb208)
for the best sensitivity according to linear calibration curves (r2 greater than 0.99) using
indium, terbium or rhodium as the internal standards for Cd, Pb, or As, respectively. The
possible isobaric interferences were monitored and edited using correction equations
including the most significant empirical set by PerkinElmer. Sample concentrations were
then adjusted to account for the sample dilution factor.

The total Hg concentrations in samples were determined by Cold Vapor Atomic Absorption
Spectrometry (CV-AAS, PerkinElmer) following digestion. In summary, 0.1 mL of the water
sample was added in a 50 mL digestion vessel. The samples in 2 mL of concentrated nitric
acid were heated on a hot block (90-95°C) for 30 min. After removing from the hot block,
the samples were swirled and cooled. Then 10 mL of milli-Q water, 5% potassium
permanganate and 5% potassium persulphate were added. The digestion vessels were tightly
capped and swirled before they were put on a hot block for another 30 min. The vessels were
then cooled before 5 mL of hydroxylamine hydrochloride was added. Finally, volumes were
brought to 40 mL by adding milli-Q water and samples were ready for the analysis. For
QA/QC, blank and laboratory blank spike (LBS) were analyzed with each batch and QC was
checked every 10 samples. Calibration standards were prepared in 5% nitric acid and four
drops of potassium permanganate were added to reduce the evaporation of mercury.
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Adsorption isotherms

A metal solution consisted of an equal final concentration of 20 ppm (ug/mL) As, Cd and
Pb, and 8 ppm Hg that was prepared from pure crystals in pH 2 distilled water, which is the
average stomach pH. The concentrations were set based on the screening results to ensure
the complete saturation of metal binding sites on sorbents, to confirm sorption efficacy, and
to select the best sorbents for metal binding. 1 mg/mL of each sorbent was then added to a
concentration gradient from 5% to 100% of 5 mL metal solution. Controls included 5 mL of
blank solution (pH 2 water), metal solution, and sorbent suspension. All samples were
vibrated at 37°C and 1000 rpm using an IKA® electric shaker (VIBRAX VXR basic,
Werke, Germany) for 2 hr, as 2 hr is the average digestion time in a human stomach. The
sorbent/metal complex was then separated from solution by centrifugation at 2000 g for 20
min and analyzed by ICP-OES for As, Cd and Pb, and AAS for Hg.

Desorption isotherms

The desorption of metals from the surface of sorbents was tested in a simulated intestine
model. At the end of adsorption experiments, metal-loaded sorbents were separated from the
aqueous solutions and rinsed once with pH 7 water to washout unbound metals and traces of
acid (Yardim et al. 2003; Vacca et al. 2005). The tubes were then filled with 5 mL of pH 7
water solution and agitated at 500 rpm and 37°C for 48 hr. The 48 hr equilibration time was
chosen based on the maximum duration of digestion in human intestines. Then the
suspensions were centrifuged at 2000 g for 20 min, and an aliquot of supernatant was
extracted for analysis. Desorbed metal concentrations were detected at the end of the
desorption experiment and the amount of metals that remained bound on sorbents was
determined as the difference between the initial adsorbed and the desorbed amount. For both
adsorption and desorption, the dry weight of sorbents, before and after, the experiments were
determined for selected concentrations, and no significant change was observed.

Data calculations and curve fitting

Metals detected by ICP-MS and CV-AAS were calculated to determine the free metal
concentrations in solution. In the adsorption study, the quantity of bound metal was
calculated by the concentration difference between control and test groups and expressed as
g/kg on the isotherm plots. The amount of metal that remained bound in the desorption study
was derived from the difference between the initial amount bound in the adsorption and the
dissociated metal in the solution. Table-Curve 2D was used to plot these data and derive
values for the variable parameters. The adsorption and desorption isotherms were plotted by
Langmuir or Freundlich models using mean values from triplicate analyses. The Langmuir
isotherm describes monolayer adsorption onto a surface with a finite number of identical
sites and uniform energies of adsorption. The Langmuir equation was entered as user-
defined functions:

. _ KqCy
Langmuir model q= Qmax(m) @
w
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g = the amount of metal adsorbed (9/kg), Qmax = maximum binding capacity (g9/kg), Kq =
Langmuir distribution constant, C,, = equilibrium concentration of metal (g/L) (Grant and
Phillips 1998).

The Freundlich isotherm is used to describe the adsorption characteristics for a heterogenous
surface. The Freundlich model is represented by the following equation:

Freundlich model ~ q = K;C,,' /n @

K¢ = Freundlich distribution constant, 1/n = degree of heterogenicity (Ji et al. 2010). The
percentage of metal ions desorbed was calculated by the following equation:

dmax

%Desorption = 100 X (1 — )

Qmax

Qmax = maximum capacity in the adsorption study (g/kg), qmax = remaining capacity in the
desorption study (g/kg) (Akpomie et al. 2015).

Hydra assay

Hyadra vulgaris were obtained from Environment Canada (Montreal, Qc) and maintained at
18°C. Using a hydra classification method, morphology of the hydra was rated over time as
an indicator of solution toxicity. The morphological scoring of hydra was classified using a
dissecting microscope based on a 10-0 point scale, where scores were assigned based on
changes that occurred in hydra morphology following exposure to metals. A score of 10
represented normal, healthy hydra and a score of 0 represented disintegrated (dead) hydra
(Brown et al. 2014). Scores between 10 and 8 were classified as minor toxicity. Scores
between 8 and 6 were classified as moderate toxicity, and scores between 6 and 0 were
classified as severe toxicity. The hydra assay has been shown to be objective and repeatable
(Dash et al. 2012). The hydra response was scored after exposure to metal solutions, with
and without, sorbent inclusion. The assay included closely monitoring mature and non-
budding hydra at 0, 4, 20, 28, 44, 68, and 92 hr, without changing solutions during testing.
Hydra media was included as a control. Metal control groups consisted of individual metal
solutions at 8 ppm As, 8 ppm Cd, 0.5 ppm Hg, 15 ppm Pb, and a metal mixture based on 0.2
ppm of each of the above metals dissolved in hydra media. These concentrations of metals
were equivalent to minimum effective doses that resulted in 100% mortality of hydra in 92
hr. Sorbents including MAC, APM, collapsed APM, and an equal mixture of MAC and
APM were individually added to the metal solutions at 0.1% inclusion rate. All solutions
were mixed at 1000 rpm for 2 hr and centrifuged at 2000 g for 20 min before exposure of
hydra in Pyrex dishes. Three hydra colonies in each group were exposed to 4 mL of test
media at 18°C. The average score for each group was used to determine the toxicity rating at
each time point.

Statistical analysis

A two-way t-test was used to determine statistical significance. Each experiment was
independently conducted in triplicate to derive means and standard deviations for the
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average binding percentages from the screening experiments and the toxicity scores from the
hydra assay. These were then used to calculate t-value using a Tukey test and p-value.
Results were considered significant at p < 0.05.

Standard curve and percent recovery

A multipoint standard curve for each metal was constructed using concentrations ranging
from the limit of detection (LOD) to 200 ppb for As, Cd and Pb, and 10 ppb for Hg. LOD
was determined by intensity being one standard deviation higher than ultra-pure water as a
blank. The calibration solutions were prepared daily and verified before running test
samples. The linearity (r2) in all cases was 1 > r2> 0.99 as shown in Table 1. One of the
calibration standards was run as continuing calibration verification standard (CCV) with
every 10 samples and the recoveries were calculated (Table 1). As mercury samples required
digestion, LBS was run with each batch of samples and the recovery for mercury was also
calculated (Table 1).

Screening of sorbents for efficacy of metal binding

The mean binding percentages from triplicate analyses of the data were calculated for 3
concentrations of As, Cd, Hg, and Pb onto surfaces of APM and MAC (shown in Figure 1).
Based on the screening result, MAC proved to be the most effective sorbent for As and Cd
with > 10% binding (Figure 1a, b), and Hg with > 90% binding in solution (Figure 1c).
Although APM showed moderate binding for Cd at approximately 10%, it adsorbed more
than 20% Pb, which was higher than MAC (Figure 1d).

Adsorption analyses

Isothermal data reflecting the sorption of As, Cd, Hg and Pb onto APM and MAC surfaces
were plotted in a Langmuir or Freundlich model based on their highest r values (Figure 2).
The adsorption plots of As, Cd and Hg binding onto MAC are similar in terms of good fit to
the Langmuir model as indicated by good correlation coefficients, curved shape and a
plateau, suggesting the presence of saturable active sites. Specifically, MAC showed the
highest binding capacity and affinity (Qmax = 7.97 g/kg and Ky = 7.28E4) for Hg compared
to other metals, which was consistent with the screening result that MAC delivered the
highest binding percentage for Hg (> 90%) at the same inclusion rate. The binding of As, Cd
and Hg onto APM fit the Freundlich model the best, indicating heterogeneous binding sites
and a partitioning activity onto the APM surfaces. Specifically, the smaller 1/n in the
Freundlich model, the greater the expected heterogeneity (Puttamat and Pavarajarn 2016).
Since 1/n for As, Cd and Hg binding onto APM was smaller than 1 (Table 2), this indicates
the existence of more than one preferred site of binding on APM surfaces. Possible sites
include delaminated clay structure, silica chains on the edge of the clay, cross-linked
amorphous silica and combinations of these. Interestingly, binding of Pb showed a different
activity compared to other metals. The adsorption of Pb to APM fit the Langmuir model
with a Qmax €qual to 5.98 g/kg, indicating homogeneous sites and saturable binding. Pb
binding onto MAC showed a linear correlation between bound Pb and free Pb concentration
in solution indicating a lack of a saturable site. From the adsorption parameters described by
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the Langmuir and Freundlich models summarized in Table 2, the value of 1/n for Pb binding
to MAC was equal to 1.08, indicating relatively low heterogenicity on MAC surfaces for Pb
(Butnariu et al. 2015; Dada et al. 2012; Goldberg 2005). This adsorption isotherm for Pb
agrees with the screening result, where MAC only adsorbed 0-0.64% of Pb from solution.

Desorption analysis

To calculate the percentage of metal desorption and identify optimal binding agents, only
those sorbents that fit the Langmuir model with quantifiable Qmax values were tested. Figure
3 presents the desorption plots of As, Cd, Hg onto MAC, and Pb onto APM. Desorption
parameters were summarized in Table 3, and showed that desorption isotherms for As, Cd,
and Hg on MAC and for Pb on APM, fit the Langmuir model (r2 > 0.85) with lower qyax
values, compared to Qmax from their respective adsorption isotherms. This was due to the
desorption of bound metals from sorbent surfaces resulting in less metal bound and more
metal released in solution. Percent desorption was calculated from the ratio of Quax for the
adsorption process versus gmax after the desorption process, and in all cases small desorption
ratios were observed, indicating that the majority of metals adsorbed to surfaces remained
bound in a simulated intestine model. The highest desorption percentage occurred for the
case of Hg binding onto surfaces of MAC, where 17.94% of bound Hg was dissociated and
released in solution. These low desorption percentages confirmed that the interactions of As,
Cd, and Hg with MAC, and Pb with APM, were strong at saturable sites.

Hydra assay

The toxicity of individual metals and a design mixture of metals was determined by Ayadra
vulgaris (Figure 4). The minimum effective doses (MEDs) that caused complete mortality of
hydra following 92 hr exposure were equal to 8 ppm As, 8 ppm Cd, 0.5 ppm Hg, 15 ppm Pb,
and 0.2 ppm of a mixture of these metals. The inclusion of only 0.1% MAC showed
significant protection of hydra at 30%, 33.3%z4.7%, and 70% against As, Cd, and Hg
toxicity, respectively (p < 0.01). APM at the same inclusion showed 75%+5% protection of
hydra against Pb toxicity, whereas collapsed APM showed less protection, 65%+5% (Figure
4d). Additionally, to test sorption efficacy for metal mixtures, individual sorbents and a
mixture of 50% MAC and 50% APM were administered at 0.1%. Results in Figure 4E
showed that the protection with APM was negligible, however, MAC and the sorbent
mixture showed significant protection of 76.7%z+4.7% against the metal mixture.

Discussion

Carbonaceous materials and dioctahedral smectite clays (including montmorillonite) have
been widely used to remove heavy metals from wastewater and water streams. The unique
properties of carbons, such as large specific surface area, hollow and layered structures, and
high chemical and thermal stabilities, have also facilitated their applications as broad-acting
binding agents for toxins.

Like carbon, clays have been used as ancient medicine for diarrhea, cholera, bacterial
infections, and mitigation of poisonings. For centuries, eating clay has been a global practice
that exists among humans as well as numerous animal species, including non-human
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primates, birds, butterflies, elephants, bats, dogs, cats, various isopods, etc. In previous
intervention studies and clinical trials in the US and Africa, calcium montmorillonite clay
was shown to be safe for human and animal consumption. However, the clay had a
preference for binding aflatoxins and similar chemicals (Phillips et al 2019). To enhance its
ability to bind diverse environmental chemicals, we processed this clay with sulfuric acid to
develop novel, acid processed montmorillonites (APM) with increased surface area, porosity
and structural diversity similar to carbon. The safety of APM and its increased binding
efficacy for a wide variety of mycotoxins, pesticides, and PCBs have been previously
described (Wang et al. 2019a, b; Wang and Phillips 2019).

This study was designed to investigate the binding efficacy and safety of MAC and APM for
commonly detected, and highly toxic, heavy metals in solution. Preliminary binding studies
to screen for the best sorbents for As, Cd, Hg and Pb were run using 1 mg/mL of different
sorbents including MAC, APM, calcium and sodium montmorillonite clays, and
montmorillonite amended with ferrihydrite, thiamine, carnitine or choline (data not shown).
Among all sorbents tested, MAC and APM consistently delivered the highest binding
percentage for all four metals (Figure 1), and therefore, these sorbents were further tested for
efficacy by equilibrium isothermal analysis.

Adsorption isotherms were conducted in a simulated stomach model, using metal mixtures
in aqueous solution at pH 2 and 37°C mixed for 2 hr, to simulate the average duration of the
digestion process in the stomach. From isothermal analyses in Figure 2, a Langmuir plot
showed that MAC was an effective binder of As (11, V), Cd (I1), and Hg (I1). All adsorption
sites had equal adsorbate affinity and that adsorption at one site did not affect adsorption at
an adjacent site, indicating saturable and homogenous metal binding sites on the surface of
MAC. The binding capacities for MAC were 0.43 g/kg for As, 0.63 g/kg for Cd, and 7.97
g/kg for Hg (Table 2). While the measured capacities were lower than some reported in the
literature, these adsorption isotherms were conducted in simulated stomach conditions using
high concentrations of metal mixtures (to simulate high level exposures). Also, isothermal
results are consistent with our preliminary screening experiment, showing that MAC: 1) was
the most effective sorbent, 2) significantly reduced high concentrations of As and Cd (p <
0.05), and 3) adsorbed nearly 100% of Hg (p < 0.01) at the same inclusion rate (Figure 1).
According to the maximum adsorption capacities in Table 2, the preference for binding was
Hg > Cd > As for MAC. The dominant binding mechanism for As and Cd onto MAC
surfaces has been shown to involve ion-exchange interactions, which is compatible with
tight binding and Langmuir chemisorption isotherms (Mohan et al. 2007; Kadirvelu et al.
2000). The binding plots of As, Cd and Hg onto APM clay were best described by a
Freundlich model, indicating the presence of partitioning mechanisms, weak binding, and
heterogeneous binding sites. On the contrary, the screening results for Pb showed that APM
delivered a higher binding % (p < 0.05) than that of MAC. Consistently, the adsorption of Pb
onto APM fit a Langmuir model with a high Qmax that was equal to 5.98 g/kg, which
indicated that Pb adsorption onto APM is site selective and site specific. This is in alignment
with the literature that Pb adsorption is preferred by a montmorillonite-rich clay (bentonite)
and fits well with the Langmuir model (Alexander et al. 2018; Meneguin et al. 2017).
Interestingly, Pb adsorption onto MAC was defined best by a Freundlich, instead of a
Langmuir model, and Pb ions had a preferential uptake onto APM compared to the other
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metals. This difference in Pb binding is consistent with the literature that showed Pb
adsorption, in contrast to other metals, was not competitive with Cd or Hg uptake. This
indicates a different site of binding and a separate mechanism for Pb, possibly involving
cation exchange and inner sphere complex formations (Rowley et al. 1984; Inglezakis et al.
2002; Saha et al. 2002; Uddin 2017).

All of the correlation coefficient values for the Langmuir and Freundlich models were
greater than 0.85, the standard deviations were all lower than 4%, and all points had small
deviations from the plots supporting the validity of these models for describing the metal
adsorption process. Blank tests of each metal without sorbent were performed and confirmed
that metal precipitation did not occur and was not associated with metal sorption.

Besides the high capacity and high affinity for binding in stomach conditions, stability and
tightness of the adsorption complex are important in the evaluation of the potential for metal
dissociation from the complex in intestine conditions. Therefore, desorption studies were run
using metal-loaded sorbents following the adsorption study and were suspended in pH 7
water and incubated at 37°C for 48 hr to simulate the intestine conditions. The amount of
metal remaining bound after dissociation (gmax) Was calculated from the difference between
the maximum adsorption value Quax and the dissociated metal concentration in the solution.
From the results in Figure 3, desorption isotherms of As, Cd and Fig from MAC and Pb
from APM maintained a Langmuir shape as suggested by r2 > 0.85 (Table 3), indicating the
persistence of saturable binding sites during the dissociation. The desorption percentages are
less than 1% for As and Ph, 6.53% for Cd, and 17.94% for Hg. All these suggest that only a
small amount of bound metals was dissociated from the binding complex in the intestine
model. This result further indicates that As, Cd and Hg binding to MAC and Pb binding to
APM involve tight interactions, the binding was not easily dissociated, and the complex is
expected to be stable in the intestine.

To investigate the potential safety and the binding efficacy of MAC and APM /n vivo,
individual metals and a mixture of these metals (0.2 ppm/metal) were tested in the hydra
assay. The hydra assay has been used to accurately predict the safety and efficacy of toxin-
binding sorbents prior to animal studies (Afriyie-Gyawu et al. 2005; Marroquin-Cardona et
al. 2009), and has been utilized along with an /n vitro gastrointestinal model (Lemke et al.
2001) and /n sifico multi-dynamic simulations (Wang et al. 2019) for screening purposes.
Hyadra vulgaris is very sensitive to environmental toxins and has been widely used as an
indicator of toxicity. The minimal effective concentrations from As, Cd, Hg, Pb, and a metal
mixture consisting of the four metals were equal to 8 ppm, 8 ppm, 0.5 ppm, 15 ppm, and 0.2
ppm after 92 hr, respectively (Figure 4). MAC, at 0.1% w/v inclusion, displayed significant
protection that reduced toxicity by 30% for As, 33.3%=+4.7% for Cd, and 70% for Hg (p <
0.01), compared to less protection from APM. However, APM delivered 75%+5% protection
against Pb toxicity (p < 0.01). The hydra assay results agree with the /in vitro study, where
As, Cd and Hg sorption onto surfaces of MAC and Pb sorption onto surfaces of APM are
well-described by a Langmuir model. To investigate the binding site and mechanism for Pb,
heat-collapsed APM at the same level, showed less protection compared to intact APM. This
indicated that intact interlayer surfaces on APM are important for Pb binding. This result is
consistent with a previous XAFS (X-ray absorption fine structure spectroscopy) study
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showing that Pb adsorption mostly occurs in the inner sphere (Heidmann et al. 2005).
Additionally, to mitigate mixtures of metals, sorbents including MAC, APM and a mixture
of MAC and APM were tested in the hydra assay. Results showed negligible protection with
APM, possibly due to the high toxicity of Hg (MEC = 0.5 ppm) and the limited binding of
APM. Importantly, MAC and the sorbent mixture were able to equally reduce the toxicity of
the metal mixture by 76.7%+4.7% (p < 0.01). It is possible that higher doses of sorbents will
contribute to even better protection against toxicity, based on previous toxin dosimetry
studies (Maki et al. 2017; Mitchell et al. 2014; Phillips et al. 2008).

Mitigation strategies for heavy metals have focused mainly on the purification of
contaminated water, with limited emphasis on the development of therapeutic strategies to
protect humans and animals from metal contaminated food and drinking water. For example,
disodium and calcium EDTA are intensive chelators that can successfully bind to heavy
metals, but they require strict supervision by doctors due to their adverse effects.
Penicillamine and dimercaprol have been shown to bind lead and mercury, which then are
excreted in the urine (Sears 2013). Natural foods high in vitamins and minerals, such as
cilantro and garlic, have protective effects against low level exposures with heavy metals
(Flora 2002). Activated carbon has been used as a general detoxification treatment due to its
high porosity and surface area (Gerhardsson and Aaseth 2016). Furthermore, thiol-
functionalized silica nanomaterials removed metals from blood and urine (better than
carbon), and reduced Fig accumulation in rat tissues when orally administered (Sangvanich
et al. 2014; Yantasee et al. 2010). In our laboratory, ferrihydrite was shown to decrease
arsenic levels in urine in a dose-dependent manner (Taylor et al. 2009). These studies have
suggested that the inclusion of edible sorbents with optimal affinity and capacity for metals
could be used to decrease the bioavailability of mixtures of metals from the diet.

Conclusion

In this study, we characterized the binding ability of MAC and APM for important metals
(and a mixture). Using screening and adoption/desorption isotherms, we validated the
stability of complex formation of As, Cd, and Hg on MAC and Pb on APM based on: 1) the
Langmuir model, 2) the highest binding percentage, capacity and affinity in a simulated
stomach model, and 3) the lowest percentage desorption in a simulated intestine model. The
safety and efficacy of the interaction were confirmed in a living organism where 0.1% MAC
significantly reduced toxicity of As, Cd, and Hg, while APM significantly reduced Pb
toxicity. Our results show that these edible sorbents have a notable potential for the
detoxification of heavy metals and mixtures from the diet. Further work is warranted to
confirm the ability of MAC, APM (and optimal mixtures of these sorbents) to decrease
unintended metal exposures from contaminated food and water in animals and humans.
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Fig. 4.

H3dra toxicity from As (111, V) (A), Cd (1) (B), Hg (C), Pb (I1) (D) and a metal mixture (0.2
ppm/metal) (E)and protection by sorbents at an inclusion rate of 0.1% Hydra media and
metal controls are included for comparison Data represent the mean morphological score at
each time point, run in triplicate (* p < 0.05, ** p < 0.01)
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Table 1

Linear regression for the standard curve of each metal

Metal  Linearity, r2  Intensity of blank (ppb) LOD (ppb) Percent recovery

As 0.9998 4.89E-2 2 100.6%
Cd 0.9997 7.46E-4 2 103.73%
Hg >0.995 0.02 0.04 102.8%
Pb 0.9995 3.03E-3 2 103.1%
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Table 2

Parameters and correlation coefficients of adsorption isotherms according to Langmuir and Freundlich

Metal  Sorbents Langmuir Sorbents Freundlich
Qmax (@/kg)  Kq r2 Un K r2
As MAC 0.425 496E4 0.86 APM 0.64 222 0.97
Cd MAC 0.63 2.0E4 0.88 APM 0.76 4.24 0.98
Hg MAC 7.97 7.28E4 0.91 APM 0.9 46.76  0.86
Pb APM 5.98 3.69E4 095 MAC 1.08 1199 0.85

Qmax, binding capacity; Kd, binding affinity; r2, correlation coefficients; 1/n, degree of heterogenicity; Kf, Freundlich distribution constant
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Table 3

Parameters and correlation coefficients for desorption isotherms

Metal  Sorbents Langmuir
Omax (0/kg) Ky r2 Desorption%
As MAC 0.423 1.68E6 0.85 0.47%
Cd MAC 0.59 4.28E7 0.9 6.35%
Hg MAC 6.54 3.02E6 0.94 17.94%
Pb APM 5.94 453E7 096 0.67%

gmax, binding capacity of sorbent following desorption; K¢, binding affinity; r2, correlation coefficient
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