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Abstract

Montmorillonite clays could be promising sorbents to mitigate toxic compound exposures.
Bisphenols A (BPA) and S (BPS) as well as phthalates, dibutyl phthalate (DBP) and di-2-
ethylhexyl phthalate (DEHP), are ubiquitous environmental contaminants linked to adverse health
effects. Here, we combined computational and experimental methods to investigate the ability of
montmorillonite clays to sorb these compounds. Molecular dynamics simulations predicted that
parent, unamended, clay has higher binding propensity for BPA and BPS than for DBP and DEHP;
carnitine-amended clay improved BPA and BPS binding, through carnitine simultaneously
anchoring to the clay through its quaternary ammonium cation and forming hydrogen bonds with
BPA and BPS. Experimental isothermal analysis confirmed that carnitine-amended clay has
enhanced BPA binding capacity, affinity and enthalpy. Our studies demonstrate how computational
and experimental methods, combined, can characterize clay binding and sorption of toxic
compounds, paving the way for future investigation of clays to reduce BPA and BPS exposure.
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Introduction

Approximately 245 million tons of plastics are produced annually (Halden, 2010). Plastics
possess several desirable properties, such as light weight, UV- and chemical-resistance,
moldability, insulation, and strength (Andrady and Neal, 2009). Thus, plastics are
indispensable in many aspects of life and are integral in several industries including, but not
limited to, medicine (North and Halden, 2013), food processing and packaging (Betts,
2011), and electronics (Ramesh et al., 2014). Nevertheless, despite their usefulness, most
plastics are not biodegradable (Song et al., 2009) and large amounts of chemicals involved in
plastic production, such as bisphenols and phthalates, are released into the environment as a
result of urbanization and industrialization (Liagat, 2018). Bisphenols and phthalates are
used in the production of plastics since the development of economical and safe
replacements has been difficult (Ritter, 2011; Lioy et al., 2015); thus, they are ubiquitous
contaminants in the environment that can affect human health (Centers for Disease Control
and Prevention 2018; Teuten et al., 2009).

First synthesized in 1891, bisphenol A (BPA) is a monomeric precursor of polycarbonate
plastics (Pjanic, 2017). A significant portion of BPA production has the potential of being in
constant contact with food as unbound BPA molecules can leach into food and beverages
(Talsness et al., 2009). For example, plastic packaging, reusable food/beverage containers,
and kitchenware can leach BPA molecules into food and drinks over time (Talsness et al.,
2009; Brotons et al., 1995; Kang et al., 2003; Kubwabo et al., 2009). Furthermore, due to the
use of plastics in many other applications, including dental materials and clothing, BPA can
be inhaled and transmitted dermally as well (Olea et al., 1996; Wilson et al., 2007). Due to
its phenolic structure, BPA is known to interact with estrogen receptors and thereby has been
linked to endocrine disorders including male infertility, precocious puberty, breast and
prostate cancer, and several metabolic disorders (Tarapore et al., 2014; Konieczna et al.,
2015). In addition to its adverse effects related to its estrogenic activity, epidemiologic
evidence also implicates BPA in cardiovascular disease, type 2 diabetes mellitus, and obesity
(Konieczna et al., 2015; Lang et al., 2008; Shankar and Teppala, 2011; Wang et al., 2012).

Due to the health concerns revolving around BPA, bisphenol S (BPS) was initially
introduced as a possible safer alternative to BPA. However, due to its structural similarity to
BPA, BPS was also suggested to be an endocrine disruptor (Moon, 2019). In human
adrenocortical carcinoma cell line, BPS was shown to affect the synthesis of various
hormones such as cortisol testosterone and progesterone (Feng et al., 2016; Rosenmai et al.,
2014). Additionally, BPS has weak estrogenic activity in D.magna as shown by in vivo
studies (Chen et al., 2002), can reduce plasma and intra-testicular concentrations of
testosterone as well as induce oxidative stress in rats (Ullah et al., 2016; Ullah et al., 2019),
and can influence female mammary gland development in mice (Kolla et al., 2018). BPS can
also lead to severe reproductive defects, as shown by studies with C. elegans where exposure
to BPS led to increased embryonic lethality and decreased brood size (Chen et al., 2016) as
well as impaired non-associative learning in adults after exposure during early
embryogenesis (Mersha et al., 2015). Analogous to BPA, BPS can still leach from household
products, albeit to a lesser degree compared to BPA (Vifias et al., 2010; Russo et al., 2018).
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Additionally, compared to BPA, BPS has a longer half-life and is less biodegradable, leading
to more persistent accumulation in the environment (Hélies-Toussaint et al., 2014).

Apart from BPA and BPS, phthalates are also indispensable in the production of plastics.
Phthalates including dibutyl phthalate (DBP) and di-2-ethylhexyl phthalate (DEHP) are
plasticizers capable of increasing flexibility, pliability, and elasticity of otherwise rigid
polymers (Chou and Wright, 2006). They are heavily used in industry to produce products
such as household items, paints, and medical devices. Phthalate networks are not covalently
connected, allowing them to leach into the environment and subsequently in the human body
(Braun et al., 2013; Mihucz and Zaray, 2016; Bosnir et al., 2007). As a result, exposures of
phthalates are a global problem that can pose a threat to human health (Jensen et al., 2012;
Swan et al., 2005). DBP was suggested to be an endocrine-disruptive chemical and toxic to
various organisms (Clewell et al., 2010; Hu et al., 2009; Ortiz-Zarragoitia et al., 2006; Xu et
al., 2013). Animal studies on DBP have shown that it causes oxidative damage in rat kidney
and inhibitory effects on the SOD (Superoxide dismutase) enzyme by occupying the SOD-
active site (Prasanth et al., 2009). Human studies also showed that DBP could have adverse
effects on the male reproductive system (Chang et al., 2015; Bloom et al., 2015). DEHP was
also suggested to be an endocrine-disruptive chemical (Grindler et al., 2018). Rodent
experiments revealed that exposure to DEHP can lead to reproductive anomalies, adverse
liver effects, and even cancer (Gray et al., 2009; Rusyn et al., 2006). Furthermore, DEHP
can lead to increased proliferative activity of Leydig cells in rats treated with DEHP and
induction of Leydig cell hyperplasia (Akingbemi et al., 2004).

BPA, BPS, DBP and DEHP are environmental contaminants, which among others, are
potent endocrine disruptors that can negatively affect human and animal reproductive
systems. Thus, effective strategies that can mitigate their toxicities in humans and animals
are critically needed. Extensive work in the literature focuses on removal of chemical
contaminants from water using electrochemical reaction (Boscolo Boscoletto et al., 1994;
Gozmen et al., 2003), filtration (Liu et al., 2009; Asada et al., 2004; Nakanishi et al., 2002;
Tsai et al., 2006; Wirasnita et al., 2018; Lopez-Ramén et al., 2019; Toor and Mohseni, 2007;
Mohan et al., 2007), photo-Fenton process (He et al., 2009; Kovacic et al., 2019; Chen et al.,
2009; Zhang et al., 2019), and membrane process (Bodzeka et al., 2004).

Montmorillonite clays have been extensively studied and reported to tightly bind various
chemicals within their interlayers, including aflatoxins and certain pesticides (Jaynes and
Boyd, 1991; Sposito et al., 1999; Hearon et al., 2020; Aristilde et al., 2010). Previous
intervention studies and clinical trials have shown that mineral adsorbents, including
montmorillonite clays, significantly decrease biomarkers of aflatoxin exposure and could be
safely consumed by humans and animals on a short-term basis (Phillips et al., 2019; Colvin
et al., 1989; Phillips et al., 1990; Phillips et al., 1991; Phillips et al., 1994; Phillips et al.,
1995; Kubena et al., 1990; Kubena et al., 1991; Kubena et al., 1993; Bonna et al., 1991;
Harvey et al., 1994; Harvey et al., 1991a; Harvey et al., 1991b; Jayaprakash et al., 1992;
Lindemann et al., 1993; Mitchell et al., 2014; Pollock et al., 2016; Awuor et al., 2017; Maki
etal., 2017; Wang et al., 2019). Moreover, montmorillonite clays that have been amended
with natural nutrients, such as carnitine, are broad-acting and have shown increased
effectiveness in their ability to bind diverse hazardous organic compounds and toxic metals
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(Wang et al., 2017; Wang et al., 2019; Li and Wu, 2010; Cruz-Guzman et al., 2004). Thus,
we aimed to explore whether montmorillonite clays bind to endocrine disrupting
contaminants such as BPA, BPS, DBP, and DEHP, and additionally whether carnitine-
amended montmorillonite clays could further enhance the binding to the compounds.

The major objective of this study was to evaluate binding and sorption properties and the
mechanisms for the potential sorption of BPA, BPS, DBP, and DEHP onto surfaces of
montmorillonite clay and carnitine-amended montmorillonite clay using molecular
dynamics (MD) simulations and experimental isothermal analyses. MD simulations can
provide fundamental insights into binding mechanisms between montmorillonite clay with
the investigated plastic monomers and plasticizers. Previous computational studies have
successfully characterized stable configurations and associated potential energies of organic
compounds on clay surfaces for various organic compounds using MD simulations (Aristilde
et al., 2010; Wang et al., 2019; Aggarwal et al., 2007; Kristof et al., 2018; Willemsen et al.,
2019; Samaraweera et al., 2014).

In this study, we performed a detailed evaluation of the binding of BPA, BPS, DBP, and
DEHP to montmorillonite clays using structural analysis and energetic calculations on the
simulation snapshots produced. Specifically, multiple simulations followed by subsequent
structural and energetic calculations of 8 systems comprising a modeled montmorillonite
clay (unamended clay) or carnitine-amended montmorillonite clay (amended clay) in the
presence of the multiple copies of the 4 compounds, independently, were conducted to
determine: (1) binding propensity and binding persistence of BPA, BPS, DBP, and DEHP for
clay; (2) binding sites on active surfaces within the clay interlayer and the basal surface of
the clay; (3) interaction energies; (4) binding modes. Importantly, the results derived from
computational MD simulations were compared with /7 vitro experimental results from
adsorption isotherms, including binding capacity, binding affinity, and thermodynamics of
sorption (free energy and enthalpy).

Methods

2.1. Simulations setup

We performed quintet 100 ns simulations of different simulation systems modeling
unamended montmorillonite clay and carnitine-amended montmorillonite clay in the
presence of multiple copies of BPA, BPS, DBP, and DEHP compounds, independently. Each
of the investigated simulation systems was built and simulated using methods analogous to
our previous study (Wang et al., 2019). We used the two-layered montmorillonite clay model
reported in our previous study (Wang et al., 2019) as our initial structure of the clay with a
stoichiometry of (Siz)’V (Al 67Mgo.33) V' O10( OH)». This model was generated by
periodically replicating a 2.5 x 2.5 nm? montmorillonite clay layer extracted from the
INTERFACE MD model database (Heinz et al., 2013; Heinz et al., 2005) to build a single 5
x 5 nm? layer. The single 5 x 5 nm? clay layer was then replicated to build a second 5 x 5
nm? clay layer with a ah; spacing of 21 A from the first clay layer (Wang et al., 2019;
Wang et al., 2017). The two-layered montmorillonite clay model was solvated in a 90 x 90 x
90 A3 acetonitrile box (Wang et al., 2019).
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For the simulations of the unamended clay in the presence of BPA, BPS, DBP, and DEHP,
independently, 24 toxic compounds were initially dispersed around the clay within the 90 x
90 x 90 A3 acetonitrile box in random configurations and orientations. For the simulations
of the carnitine-amended clay, hereinafter referred to as the amended clay, in the presence of
the toxic compounds, the modeled clay was first equilibrated in the presence of carnitine
prior to the introduction of toxic compounds to derive the initial structure of the amended
clay. The introduction of carnitine to unamended clay to model the amended clay prior to the
introduction of any toxic compounds was performed to mimic experimental conditions.
Experimentally, the amended clay was formed by mixing the unamended clay with carnitine
in solution and subsequently centrifuging and washing the resulting amended clay with
distilled water. Thus, initially in the simulations, 24 carnitine molecules were dispersed
around the clay in random configurations and orientations. After a short 10 ns simulation,
representing the initial mixing of the unamended clay with carnitine in experiments, the
coordinates of the clay and 12 individual carnitine compounds bound to the clay were
extracted and used as the initial structure of the amended clay, aiming to represent the
washed amended clay in experiments. The remaining 12 carnitine compounds were not
included as they were not bound to the clay in the 10 ns snapshot. Subsequently, the 24 toxic
compounds were placed in the vicinity of the amended clay with the same positions,
orientations, and configurations as used for the unamended clay.

For both the simulations of the unamended clay and the amended clay, the initial random
configurations of both the toxic compounds and carnitine were generated from short 1 ns
simulations of single compounds at infinite dilution using the generalized Born with a
simple switching implicit solvent model (Im et al., 2003) with the initial molecular
structures extracted from the ZINC database (Sterling and Irwin, 2015). The concentration
of toxic compounds within the simulations corresponded to 0.055 M, which was larger than
that used in the experimental studies, aiming to enhance the statistical sampling and
accelerate the potential sorption of toxic compounds to the clay surfaces within the
simulations similarly to our previous studies (Wang et al., 2019; Tamamis et al., 2009; Chen
et al., 2020; Tao et al., 2020). Additional preliminary duplicate MD simulations of the
unamended clay in the presence of benzene, which according to experiments minimally
binds to montmorillonite clay, at high concentrations showed that benzene only forms
sporadic interactions with the clay surface and has a binding percentage of less than 0.05%
in the simulations. Thus, while the higher concentration of toxic compounds within the
simulations could potentially lead to an overestimation of binding capacity for a given
compound, it is not expected to show high binding capacity for a compound that minimally
binds to the clay, and the simulations appear to have the capacity to sufficiently screen which
toxic compounds can sorb onto the clay. Therefore, the reported statistics aim to provide a
primarily qualitative comparison of the toxic compounds’ binding for the clays rather than
quantitative binding capacities.

Following an analogous methodology to our previous study (Wang et al., 2019), prior to
each 100 ns MD simulation run, each simulation system was initially energetically
minimized and equilibrated. The energetic minimizations were executed through 500 steps
of steepest gradient descent minimization, 500 steps of Newton-Rapson minimization, and
500 steps of steepest descent minimization followed by a constrained 1 ns MD simulation

Comput Chem Eng. Author manuscript; available in PMC 2020 December 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Orretal.

Page 6

equilibration stage. Throughout the energy minimizations and 1 ns equilibration stage, the
montmorillonite layers and the compounds were constrained with a 1 kcal mol~1 A-1
harmonic constraint on all heavy atoms. Following energy minimization and equilibration,
all constrains on the simulation system were released except for light 0.1 kcal mol~1 A~1
harmonic constraints on aluminum atoms of the clay layers and the systems were simulated
for 100 ns with a temperature of 300 K and a pressure of 1 atm. Periodic boundary
conditions were applied in the MD simulations. Hydrogen bond lengths were constrained
using the SHAKE algorithm. MD simulation snapshots were extracted in 20 ps intervals for
subsequent analysis. Five 100-ns replicates of MD simulations with different initial
velocities were performed for each system for an aggregate simulation time of 500 ns. All
MD simulations and setup were conducted in CHARMM (Brooks et al., 2009) using
CHARMM v39b2.

Parameters and topologies used in the simulations for the montmorillonite clay layers were
extracted from the INTERFACE force field (Heinz et al., 2013; Heinz et al., 2005). The
INTERFACE force field can operate as an extension of commonly used harmonic force
fields, e.g. CHARMM, and therefore enables simulation of systems that contain a
combination of organic/biomolecular and inorganic interfaces (Pacella and Gray, 2018;
Emami et al., 2014; Heinz et al., 2006; Mako et al., 2014) as well as montmorillonite (Wang
et al., 2019; Heinz et al., 2005). All studied compounds were parameterized using CGENFF
(Vanommeslaeghe et al., 2010; Vanommeslaeghe and MacKerell, 2012; Vanommeslaeghe et
al., 2012) with low penalties. The CHARMM36 and the CHARMM general force field was
used to model the acetonitrile solvent and counter ions (Vanommeslaeghe et al., 2010;
Huang and MacKerell, 2013).

2.2. Analysis procedure

Upon completion of the quintet MD simulations of the unamended or amended clays in the
presence of the four compounds, independently, the extracted simulation snapshots were
analyzed using in-house programs to study binding propensities and key mechanisms of
toxic compound binding to clay (Wang et al., 2019). The first 20 ns of each 100 ns
simulation were considered to be equilibration in accordance with the convergence of
binding percentage, and the last 80 ns of each simulation were analyzed. Thus, in what
follows, the statistical analysis was performed over the last 80 ns in all cases. All structural
analyses were performed using in house developed Python programs and all energy
calculations were performed using CHARMM (Brooks et al., 2009). The analysis programs
were written in Python using the MDAnalysis (Michaud-Agrawal et al., 2011) Python
library. An overview of the analysis procedure is presented in Fig. 1.

2.2.1. Propensities of toxic compounds binding to unamended and amended
clays

2.2.1.1. Overall binding percentages. To quantitatively evaluate the propensities of
compounds (toxic and amending compounds) binding to the clay, we calculated their
binding percentage to the unamended and amended clays within their respective simulations.
Specifically, the binding percentages were calculated as the cumulative number of instances
in which a compound was bound to the clay (binding instances) divided by the product of
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the total number of analyzed snapshots and the total number of compounds in the simulation
system.

For the unamended clay and amended clay, a toxic compound was defined to be binding
directly to the clay (self-binding) based on orthogonal distance cutoffs to the clay layers.
The clay layers were represented as planes defined by the aluminum atoms at the center of
each clay layer. In addition, because each clay layer was square, two side planes per clay
layer perpendicular to the plane representing the clay layer were used to evaluate horizontal
proximity. A toxic or amending compound was considered to be binding to a clay layer
whenever any of the non-hydrogen atoms have an orthogonal distance within 6.5 A to the
plane representing the clay layer (equivalent to 3.5 A to the clay surface) and met the side
plane cutoffs. Side plane cutoffs dictate that any compound has to be either in the square
cylinder of the clay layers or within 3.5 A to the exterior of the clay. The distance cutoffs,
along with visualization of self-binding are illustrated in Fig. 2.

For the amended clay, an amending compound was considered to be binding to the clay
using the same aforementioned criteria defining self-binding. Our analysis showed that the
binding percentage of carnitine to the clay in all simulations of the amended clay was 70%,
confirming and in line with previous experiments showing that carnitine can act as an
amending compound to form carnitine-amended clay (Wang et al., 2017; Cruz-Guzman et
al., 2004; Wang et al., 2019). Additionally, a toxic compound was defined to be binding
indirectly to the clay (assisted-binding) if the compound was interacting with an amending
compound (carnitine), which was simultaneously bound to the clay. The compound was
considered to be interacting with an amending compound if any of its atoms were within 3.5
A of the amending compound. Visualization of assisted-binding is illustrated in Fig. 2.

Two categories of binding were considered in the calculations: self-binding, for which a
compound was bound directly to the clay, and assisted-binding, for which a compound was
bound indirectly to the clay through an amending compound (carnitine). For the case of
unamended clay, only self-binding was possible as no amending compounds were present;
for the case of an amended clay, both self-binding and assisted-binding were possible: If a
toxic compound was binding to the clay and not within 3.5 A of any amending compound,
the toxic compound was considered to be self-binding; otherwise, if any of a toxic
compound’s atoms were within 3.5 A of a bound amending compound, the toxic compound
was considered to be assisted-binding (Fig. 2). Thus, for the systems of unamended clay in
the presence of the toxic compounds, self-binding percentages were calculated only, while
for systems of amended clay in the presence of toxic compounds, both self-binding and
assisted-binding percentages were calculated.

2.2.1.2. Additional insightsinto the overall binding propensities: To obtain additional
insights into the binding propensities and the driving forces leading to the toxic compounds
binding to unamended or amended clays, we calculated the electrostatic and van der Waals
interaction energy of the toxic compounds binding to the clays. For the cases in which the
toxic compound participates in self-binding to either the unamended or amended clay, the
interaction energies were calculated directly between the bound toxic compound and the
clay. For the cases in which the toxic compound participates in assisted-binding to the
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amended clay, the interaction energies were calculated between the bound toxic compound
and the amended clay, where only the carnitine compound involved in assisted-binding was
included as part of the amended clay. All energy calculations were performed in CHARMM
(Brooks et al., 2009) using infinite cutoffs. Importantly, the interaction energy values
showed the strength of interaction between the bound toxic compound and the clay, and do
not represent the absolute binding affinity of the toxic compounds for the clay.

To evaluate the persistence (stability) of binding by the toxic compounds to the clay, we
calculated the residence times of the toxic compounds binding to the clay. First, a binding
event was defined as a series of two or more consecutive snapshots where a compound was
binding to the clay. A grace period of 20 ps (one snapshot) was introduced so that
spontaneous loss of contact does not interrupt a binding event. Residence times were then
calculated as the average duration of binding events (i.e. cumulative time of all binding
events divided by the total number of binding events). For the simulations of the amended
clay, residence times were decomposed into self-binding and assisted-binding residence
times. It is important to note that our definition of residence time is microscopic and can be
an underestimation of the total macroscopic residence time of compounds binding to the
clay, since a loss of contact for even up to tens of nanoseconds may not be significant
macroscopically but will significantly decrease the residence time by our definition; in
addition, the size of the actual clay interior surface is significantly larger in comparison to its
size in simulations, which could be another reason for the possible underestimation of
residence in the simulations.

Another important characteristic of the clay was that the properties of the interior and
exterior (surfaces) of the clay differ in their binding properties. Therefore, to examine the
different binding properties of the compounds between these two types of surfaces, we
additionally distinguished based on the interior versus the exterior of the clay. A toxic
compound was considered to be binding within the interior of the clay if at least half of the
compound’s atoms were within the square cylinder formed by 2 clay layers. Otherwise, the
toxic compound was considered to be binding to the exterior of the clay. We calculated the
percentage of the toxic compounds binding to the interior of the clay (interior percentage) in
the case that the toxic compounds were self-binding to unamended clay as well as self-
binding and assisted-binding to amended clay. Furthermore, to determine the solvent
exposure of specific clay atoms, we calculated the solvent accessible surface area (SASA) of
the clay. SASA’s of interior and exterior oxygen atoms of the clay layer were averaged
across all snapshots of all simulated systems. Because acetonitrile was used as the solvent in
our system, SASA calculations were performed with a probe radius of 2.2 A, instead of 1.4
A, which is commonly used for water.

2.2.2. Derivation of most populated binding modes within simulations and
correlation between structural and energetic properties of binding—To study
the most prominent binding modes of the compounds in complex with the unamended and
amended clays, we performed a statistical analysis on the interactions between the
compounds and the clay layers within the simulations. Binding modes of the toxic
compounds and the amending compound, carnitine, were classified based on decomposition
of the toxic compounds and amending compound carnitine into functional groups, and were
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clustered based on which functional groups independently or in combination bind to the
clay, ultimately aiming to understand key mechanisms of binding. Both BPA and BPS were
split into three functional groups, the two side aromatic groups both with an attached
hydroxyl group, and the middle —SO, or —C3Hg groups, as illustrated in Fig. 3(A) and (B).
DBP and DEHP were divided into one aromatic ring, two symmetric ester groups, and two
symmetric carbon chain groups, as illustrated in Fig. 3(C) and (D). The amending
compound, carnitine, was divided into three functional groups, the positively charged amine
group and three attached methyl groups, the mid hydroxyl group and the linking carbon
chain, and the carboxyl group, as illustrated in Fig. 3(E). Self-binding instances with
unamended or amended clay were clustered into different binding modes depending on
which functional groups of the toxic compounds, independently or in combinations, were
binding to the clay layer. Assisted-binding instances with amended clay were classified into
assisted-binding modes based on the functional groups of the amending compound,
independently or in combinations, binding to the clay layer as well as the functional groups
of toxic and amending compounds, independently or in combinations, interacting with each
other based on the 3.5 A cutoff. We calculated the percentage of binding modes given self-
binding or assisted-binding such that the percentage of all self-binding modes sum up to
unity and the percentage of all assisted-binding modes sum up to unity. Subsequently, we
calculated the interaction energies of all self-binding modes with unamended clay as well as
residence times of all self-binding modes with amended and unamended clay.

As the carboxylic group on the amending compound carnitine was frequently observed to
form hydrogen bond with -OH groups present in BPA and BPS within the simulations,
hydrogen bonding analysis was additionally conducted for the predominant assisted-binding
mode of BPA and BPS, independently. Hydrogen bonding criterion was based on an angle
cutoff of > 120° and a hydrogen donor to acceptor distance cutoff of <3.0 A (Myers and
Pace, 1996). Through this, we calculated the probabilities of BPA and BPS to form hydrogen
bonds while adopting their predominant assisted-binding modes with carnitine.

2.3. Sorption isotherm experiments

Isothermal analysis was conducted followed by previous methods (Wang and Phillips,
2019). Briefly, 0.002% w/w of adsorbents were added to toxin solutions with an increasing
gradient. Control groups included acetonitrile, BPA or DBP toxin solution without an
adsorbent, and 0.002% adsorbent suspension.

From equilibrium isotherms, the toxin concentration in solution was detected, and the
amount of toxin sorbed to the clays for each data point was calculated from the
concentration difference between test and control groups. The best fit for these data was a
Langmuir model, which was used to plot equilibrium isotherms from triplicate analysis.
Parameters derived from the Langmuir equation coupled with the van’t Hoff equation
included binding capacity (Qnax in mol/kg), affinity (Kg), coefficient of determination (r2),
free energy (AG in kJ/mol), and enthalpy (AH in kJ/mol). Details of the experimental setup
are presented in Supporting Material.
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3. Results

3.1. Binding propensities of unamended and amended clays for the toxic compounds

3.1.1. Overall binding percentages and capacities—The binding propensities of
BPA, BPS, DBP, and DEHP to unamended and amended clays were computationally
assessed, independently, through calculating the binding percentage within their respective
simulations. Our computational analysis showed that BPA and BPS had higher binding
propensities for both the unamended and amended clays compared to lower binding
propensities for DBP and DEHP for both clays.

For the unamended clay, the binding percentages of BPA and BPS were 18% and 22%,
respectively, and the binding percentages of DBP and DEHP were 8% and 5%, respectively
(Fig. 4). Both BPA and BPS had high binding percentages for the unamended clay, with BPS
having a higher binding percentage than BPA (Fig. 4). For the amended clay, the binding
percentages of BPA and BPS were 39% and 42%, respectively, indicating that the carnitine
amendments to the clay improved the binding of these toxic compounds. Conversely, the
binding percentages of DBP and DEHP for the amended clay were 9% and 4%, respectively,
indicating that the carnitine amendment to the clay did not improve their binding to the clay
compared to their binding to the unamended clay.

Additionally, decomposition of the binding percentages of BPA and BPS binding to the
amended clay into self- and assisted-binding showed that the assisted-binding percentage of
BPS was lower than BPA, whereas the self-binding percentage of BPS was higher than BPA.
Interestingly, the self-binding percentages of both BPA and BPS were higher for the
amended clay compared to the unamended clay (Fig. 4). This suggests that the amended clay
further enhances the direct binding of both toxic compounds to the clay, which will be
discussed further in the following sections.

The experimental adsorption of BPA and DBP on clay surfaces as a function of their
concentrations is shown in Fig. 5A and B. The curves from non-linear fitting with the
experimental data are plotted and the corresponding parameters have been inserted in the
table. The experimental equilibrium data for the sorption of BPA and DBP on both clays was
best fit to the Langmuir model. This suggests the presence of homogeneous, saturable
binding sites for both toxins. According to the Qmax parameters, the capacity of sorption on
unamended and amended clays was more pronounced for BPA than for DBP, which is in
good agreement with the binding percentages calculated through simulations shown in Fig.
4. Furthermore, the maximum adsorption capacity was enhanced by amended clay compared
to the base clay for both BPA (0.29 mol/kg versus 0.25 mol/kg) and DBP (0.03 mol/kg and
0.01 mol/kg).

3.1.1.3. Additional insightsinto the overall binding propensities. The driving forces
leading to the compounds’ binding to unamended and amended clays were investigated
through interaction energy calculations using simulation snapshots. The interaction energies
of both BPA and BPS binding to either the unamended or amended clays were more
energetically favorable compared to both DBP and DEHP; the strength of van der Waals
interactions across all simulation systems was similar (Fig. 6). The interaction energies
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decomposed into electrostatic and van der Waals components suggest that for BPA and BPS,
electrostatic interactions play a key role for binding to both the unamended and amended
clays. In addition, BPS had consistently more favorable electrostatic interaction energies
compared to BPA when binding to either unamended or amended clay (Fig. 6).

The persistence of the compounds binding to unamended and amended clays were also
investigated through calculating residence time of binding. The residence times of both BPA
and BPS were significantly longer than the residence times of DBP and DEHP when binding
to either the unamended or amended clay (Fig. S1). This could indicate that the binding of
BPA and BPS was generally more persistent, which is in line with the higher binding
percentages observed above. While the residence times of both BPA and BPS were longer
when binding to the amended clay compared to the unamended clay, indicating that
amendments improve the persistence of their binding, the residence times of DBP and
DEHP were similar for amended and unamended clays (Fig. S1). This is in line with the
lower binding percentages of DBP and DEHP for both unamended and amended clays (Fig.
4) and further suggests that carnitine-amendments would not greatly improve the binding of
the phthalates. Interestingly, for unamended clay, BPS had a lower residence time than BPA,
despite having a higher binding percentage, Fig. S1 (A). However, when binding to amended
clay, BPS had a higher residence time than BPA in self-binding and assisted-binding,
showing more persistent binding to amended clay, Fig. S1(B). The aforementioned
computationally derived binding percentages, interaction energies, and residence times
suggested that both the unamended and amended clays would have significantly higher
binding capacities and affinities for BPA and BPS than for DBP and DEHP.

We experimentally assessed the feasibility of BPA and DBP sorption onto the clay surfaces
through experimentally derived thermodynamic parameters. To calculate enthalpy of
adsorption, isotherms of BPA and DBP binding onto amended clay were run at 37 °C and 24
°C, and derived Ky values were applied to the van’t Hoff equation. As shown in Fig. 7A and
B, it was noted that the AH (enthalpy) value was negative, indicating the feasibility of BPA
and DBP binding to the clay. The calculated AH for BPA equals to —22.9 kJ/mol, suggesting
tight binding at active surfaces on the clay. Importantly, this isothermal result is in alignment
with the prediction that BPA is chemisorbed (electrostatically) to clay based on MD
simulation studies. The calculated enthalpy for DBP binding onto amended clay from
isothermal analysis showed significantly less sorption enthalpy than BPA (AH = —6.6 kJ/mol
for DBP). This isothermal result supports the MD simulation studies for DBP suggesting
that weak physisorption mechanisms such as van der Waal’s interactions may be the driving
force for DBP binding. This finding can also account for the lower binding percentage,
binding capacity, enthalpy and residence time of DBP. Experimentally derived isothermal
data confirmed that the binding capacity and affinity of BPA was significantly higher than
DBP. Thus, the subsequent analysis focuses on BPA and BPS only.

For the unamended clay, both BPA and BPS had high propensities to bind to the exterior of
the clay within the simulations (Fig. 8). The percentages presented in Fig. 8 were calculated
over the total number of binding instances by recording the probability of the binding
instance to be at the exterior or interior of the clay. Compared to BPA, which was primarily
bound to the exterior of the unamended clay, a significantly larger portion of BPS was bound
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to the interior of the unamended clay (Fig. 8). The interior of the clay has a higher negative
charge density compared to the exterior of the clay; thus, the partial positive charge of the
sulfur in BPS could enhance its attraction to the negatively charged interior of the
unamended clay, which will be discussed further in the following sections. For the amended
clay, the percentage of BPS bound to the interior of the clay was still larger than that of BPA
bound to the interior of the clay. Nonetheless, the presence of carnitine in the amended clay
significantly increased the percentage of BPA self- and assisted-binding to the interior of the
clay compared to the unamended clay (Fig. 8). This could be due to the fact that the
positively charged carnitine was most frequently bound to the interior of the clay. For both
unamended and amended clay, self-binding instances of BPA and BPS primarily occurred at
the exterior of the clay (Fig. 8). SASA calculations of the clay atoms showed that oxygen
atoms at the exterior of the clay had more than twice of the accessible area (SASA of 1.4
A?2) of the oxygen atoms at the interior of the clay (SASA of 0.6 A2). Therefore, the oxygen
atoms on the exterior of the clay are more exposed and amenable to participate in
interactions with the toxic compounds compared to the oxygen atoms on the interior. The
increased exposure of oxygen atoms at the exterior of clay could potentially play an
important role in the mechanisms of self-binding for both BPA and BPS, as described in the
binding mode analysis below. Nevertheless, the increased exposure of the oxygen atoms at
the exterior of the clay modeled in the simulated systems could be overestimated compared
to the naturally occurring clays, due to assumptions and limitations of the simulated
modeled system.

3.2. Derivation of most populated binding modes within simulations and understanding
their correlation to the structural and energetic properties of binding

We further aimed to obtain insights into the binding of BPA and BPS to the unamended and
amended clays through deriving their Self- and assisted-binding modes. The binding modes
were derived based on the decomposition of the toxic compounds and carnitine atoms into
groups as shown in Fig. 3A,B,E. Fig. 9 presents the self-binding modes to unamended clay
with their respective percentages, corresponding to the total number of instances in which
the compound adopts one binding mode over the total number of binding instances. Fig. 10
presents the self-binding modes of the BPA and BPS binding to amended clay with their
respective percentages, corresponding to the total number of instances in which the
compound adopts one binding mode over the total number of binding instances.

For the unamended clay, both BPA and BPS were primarily bound through hydrogen bond
interactions between oxygens of the clay and one hydroxyl group from BPA/BPS, referred to
as the Aro binding mode (Fig. 9). For the predominant binding mode of BPA and BPS, the
exterior oxygen atoms that are more exposed (as shown by the aforementioned SASA
calculations) constituted sites for such hydrogen bonding. While BPA was bound to the clay
almost entirely through the Aro binding mode (Fig. 9A), BPS also adopted additional
binding modes with lower percentages (Fig. 9B). In these additional binding modes, BPS
was bound to the clay through both its sulfur and hydroxyl groups simultaneously
interacting with the clay, referred to as the Aro-Mid binding mode (Fig. 9B) or through both
its hydroxy!l groups forming hydrogen bonds with the clay, referred to as the Aro-Aro
binding mode (Fig. 9B).
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For the amended clay, the most predominant self-binding modes of BPA and BPS were
nearly identical to their self-binding modes in complex with the unamended clay, forming
hydrogen bonds with the oxygens of the clay through one of their hydroxyl group, referred
to as the Aro binding mode (Fig. 10). While the composition of the prominent BPA self-
binding modes to the amended clay was nearly the same as the percentage observed for BPA
self-binding to the unamended clay (Fig. 11A), the prominent BPS self-binding modes in
complex with the amended clay were less diverse than with the unamended clay (Fig. 11B).
Nevertheless, in addition to the most prominent self-binding mode shared by both BPA and
BPS binding to amended clay, BPS also bound to the clay with both hydroxyl groups
interacting with the clay’s exterior oxygen atoms, referred to as the Aro-Aro binding mode
(Fig. 10B). The lower number of binding modes for BPS binding to amended clay compared
to BPS binding to unamended clay could be due to the positively charged carnitine
compounds occupying a significant space in the interior of the clay. I.e., the carnitine
compounds, while allowing for assisted-binding of BPS, could impede to some extent BPS
binding directly with the interior part of the clay.

We decomposed the self-binding modes of BPA and BPS in complex with unamended and
amended clays into cases in which the compound was bound to the interior versus the
exterior of the clay. Fig. 11 presents the percentages of all BPA and BPS self-binding modes
with amended and unamended clays decomposed into interior and exterior binding. The
percentage of BPA self-binding to the interior of the amended clay was larger compared to
that of the unamended clay (Fig. 11). This could be due to BPA initially being involved in
assisted-binding, which involves its interaction with a bound amending carnitine, and
subsequently potentially transitioning into self-binding. As the amending carnitine
compounds bind primarily with the clay interior, the likelihood of BPA being in proximity
with the interior of the clay increases if it is initially involved in assisted-binding. Contrary
to BPA, the self-binding modes of BPS occurred more frequently at the exterior of the
amended clay compared to the unamended clay (Fig. 11B). This could indicate that BPS is
less likely than BPA to transition from assisted-binding to self-binding, which is in line with
the higher interior assisted-binding percentage of BPS compared to BPA (Fig. 8).

The predominant assisted-binding mode of both BPA and BPS in complex with the amended
clay comprised of the toxic compounds interacting with bound amending carnitine
compounds primarily via hydrogen bonding between the hydroxy! group of BPA or BPS and
the carboxyl group of carnitine, referred to as Aro:Carbo (Fig. 12). Carnitine was bound to
the clay interior via its positively charged amine group in over 90% of its binding instances.
Additionally, despite the numerous combinations that could be possible between the
interacting functional groups of carnitine with BPA/BPS, the clustering analysis showed
only one highly predominant mode for both BPA and BPS assisted-binding to the amended
clay. In the predominant assisted-binding mode, one hydroxyl group of BPA/BPS interacts
with the carboxyl group of the bound amending carnitine (Aro:Carbo assisted-binding mode,
Fig. 12). Of the instances of BPA and BPS adopting their predominant assisted-binding
modes, a hydrogen bond was formed between BPA or BPS and carnitine in approximately
65% of the cases, which is relatively high considering the relatively strict hydrogen bonding
criterion used. All other assisted-binding modes occurred infrequently, and both BPA and
BPS adopted only one predominant assisted-binding mode.
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We compared the electrostatic and van der Waals interaction energies of the different self-
binding modes of BPA and BPS in complex with the unamended clays (Fig. 13). The
electrostatic interaction energies of BPS were more favorable than those of BPA across all
modes except for the Aro-Mid binding mode (Fig. 13). It is worth noting that the
electrostatic energy of BPA’s Aro-Mid binding mode had a relatively high standard error,
indicating potentially high variability of the interactions formed by the compound and the
clay in such modes and low statistical significance; this is in line with visual inspection of
simulation snapshots comprising BPA adopting the Aro-Mid binding mode. The more
favorable electrostatic interaction energies for the self-binding modes of BPS compared to
BPA indicated that the partially positive sulfur of BPS could be associated with the higher
binding propensities of BPS compared to BPA. Given that electrostatic interaction is longer
range than van der Waals, even in binding modes in which the Mid functional group of BPS
was not in contact with the clay (as in the Aro and Aro-Aro binding modes, both with high
interior percentage via hydrogen bonding of the hydroxyl group(s) of BPS), BPS had higher
electrostatic interaction energies compared to BPA (Fig. 13). Interestingly, for both BPA and
BPS, the Aro-Aro binding mode had the most favorable interaction energy followed by the
Aro binding mode despite the Aro binding mode being the predominantly formed binding
mode for both compounds (Figs. 11 and 13). The higher percentage of BPA and BPS
forming the Aro binding mode compared to the Aro-Aro binding mode could be due to the
Aro binding mode requiring the formation of only one hydrogen bond rather than the two
hydrogen bonds needed in the Aro-Aro binding mode. This could additionally indicate that
BPA and BPS first form the Aro binding mode and then transition into the Aro-Aro binding
mode.

We additionally compared the residence times of different binding modes of BPA and BPS
in complex with the unamended and amended clays (Fig. S2A). For the unamended clay, the
predominant self-binding mode of both BPA and BPS, in which one hydroxyl group of
BPA/BPS interacted with the clay (the Aro binding mode, Fig. 9), had the longest residence
times compared to all other self-binding modes (Fig. S2A). Additionally, in the predominant
self-binding mode, the Aro binding mode (Fig. 9), BPA had a longer residence time than
BPS (Fig. S2A). This is reflected in the overall longer residence time of BPA in any binding
mode compared to BPS (Fig. S1A). However, the residence times of BPS adopting self-
binding modes Aro, Aro-Aro, and Aro-Mid, with unamended clay, were longer than the
residence times of BPA in the same, corresponding self-binding modes (Fig. S2A). The
overall shorter residence time and higher propensity of binding for BPS binding to the
unamended clay compared to BPA could be due to the diversity of BPS self-binding modes
with unamended clay (Figs. 9 and 11) resulting in more relatively transient self-binding
modes. These relatively transient self-binding modes could be linked to a decrease in
residence time, but higher overall binding propensity. For the amended clay, the predominant
self-binding mode of both BPA and BPS, the Aro binding mode (Fig. 10), also had the
longest residence times compared to all other self-binding modes (Fig. S2B). For BPA, the
residence times of self-binding modes in complex with unamended clay and amended clay
were similar (Fig. S2A). This could be expected as the composition of self-binding modes of
BPA are similar for both amended and unamended clays (Fig. 11A). For BPS, the residence
times of the predominant self-binding modes, Aro and Aro-Aro binding modes (Figs. 9 and
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10), were longer when in complex with the amended clay than with the unamended clay
(Fig. S2B). This could be due to the lower diversity of self-binding modes (Figs. 9B and
11B), resulting in less transient self-binding modes and longer residence times.

4. Conclusion

In this study, we have computationally and experimentally characterized the binding and
sorption of BPA and BPS (common precursors of plastics) and DBP and DEHP (important
plasticizers) to active surfaces within the interlayer (internal) and on basal surfaces (external)
of montmorillonite clays. We computationally used distance-based geometric criteria which
enabled us to both understand the overall binding propensities of different compounds in
complex with unamended and amended clays, as well as to classify the structural properties
among different binding modes of the molecules. Interaction energy analysis was
additionally used to primarily reveal the strength of interaction and the driving forces of
binding. Compared with our previous clay studies with pesticides (Wang et al., 2019), here
we expanded the computational methods, and aimed to provide insights into the molecular
mechanisms of BPA, BPS, DBP, and DEHP binding to unamended and nutrient
(carnitine-)amended clays. Despite any approximations of the modeled simulated systems,
including (1) the higher concentrations of toxic compounds which aimed to enhance the
statistical sampling and accelerate the potential sorption of toxic compounds to the clay
surfaces within the simualtions (Wang et al., 2019; Tamamis et al., 2009; Chen et al., 2020;
Tao et al., 2020; Wang et al., 2017; Wang et al., 2016), (2) the potential overestimation of
edge binding sites on the clay compared to the natural clay which is an artifact of the
modeled system, and (3) the non-usage of any umbrella sampling method in the simulations
which could facilitate the exploration of different binding modes (Tamamis et al., 2009;
Tamamis et al., 2014; Tamamis et al., 2009; Palmer et al., 2013; Zerze et al., 2020; Depaepe
et al., 1993; O’Connor et al., 2016; Northrup et al., 1982; Berg and Neuhaus, 1992; Wang
and Landau, 2001; Oshima et al., 2019), simulation and analysis procedure used in this
study provided reasonably high qualitative correlations between computations and
experiments. Particularly, these qualitative comparisons were used to delineate toxic
compounds that can be effectively sorbed onto the clay (BPA and BPS) from those that
cannot (DBP and DEHP). Additionally, interaction energy calculations indicated the strength
of interaction of the toxic compounds to the clay and showed that electrostatic interactions
are the key driving force leading to BPA and BPS sorption onto the clay. Importantly,
simulating the toxic compounds in higher concentrations compared to experiments (Wang et
al., 2019; Tamamis et al., 2009; Chen et al., 2020; Tao et al., 2020; Wang et al., 2017; Wang
et al., 2016), and the use relatively simple serial MD runs compared to more costly umbrella
sampling techniques has proven beneficial in terms of efficiency and accuracy in this study
and provided the impetus for ongoing and future larger-scale studies of our labs exploiting
relatively low-cost simulations and interaction energy calculations for the derivation of data-
driven semi-empirical models (Kozuch et al., 2018; Khoury et al., 2017; Kieslich et al.,
2016; Shockey et al., 2019) quantitatively predicting experimental data and distinguishing
between high vs. low affinity toxic compound binders to montmorillonite clays (unpublished
work).
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Here, we have shown that an amended montmorillonite clay is capable of significantly
binding BPA and BPS with high affinity, high capacity and high enthalpy. Thus, it is
possible that this clay, which is similar to the edible clay used for aflatoxin mitigation, could
be further investigated in the future to potentially serve as a supplement in food and water to
decrease the bioavailability of these contaminants and reduce the adverse health effects from
unintentional exposures. Optimal toxin sorbents which can be designed through molecular
simulations and isothermal analyses could, upon further investigation in future studies,
potentially be included in food (such as snacks), condiments, and flavored water, or
delivered by sachet or capsule as therapy for important environmental contaminants.
Importantly, future studies are warranted to confirm the efficacy of this clay /n vivo.
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Fig. 1.

Overview of the computational analysis procedure used to investigate the binding of toxic
compounds with unamended or amended clay. Red labels and arrows indicate analysis
performed for the unamended clay. Green labels and arrows indicate analysis performed for
the amended clay. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.).
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Fig. 2.
Schematic of the geometric criteria and definitions for self-binding and assisted-binding.

Circles represent toxic compounds and triangles represent amending compounds. A
compound with at least one atom within a distance cutoff of 3.5 A from the clay was
considered to be binding to the clay.
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Functional groups for (A) BPA, (B) BPS, (C) DBP, (D) DEHP, and (E) carnitine defined

based on geometry and chemical groups.
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Fig. 4.

O\?erall binding percentages of BPA, BPS, DBP, and DEHP. “Self/Unamended” (colored
yellow with “+” pattern) corresponds to self-binding to unamended clay, “Self/Amended”
(colored blue with “x” pattern) corresponds to self-binding to amended clay, and “Assisted/
Amended” (colored orange with “0” pattern) corresponds to assisted-binding to amended
clay. Reported binding percentage values and error bars correspond to the average binding
percentage across the quintet simulations and the standard error, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.).
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Fig. 5.
Isothermal data (diamonds and squares) and Langmuir plots (curves) of (A) BPA and (B)
DBP binding onto unamended and amended clays.

Comput Chem Eng. Author manuscript; available in PMC 2020 December 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Orretal.

S 9]
=
—
@]
=
> =31 VDW
GE; — Self/Unamended
— i Electrostatic
UCJ 10 (Ras Self/Unamended
-~ VDW
o —15 - = Self/Amended
4=t Electrostatic
% 20 = Self/Amended
| p— B
VDW
JGE') e Asissted/Amended
—_ | Electrostatic
—25 8.1 Assisted/Amended
BPA BPS DBP DEHP

Fig. 6.

Page 30

Average interaction energies decomposed into van der Waals (“x” pattern) and electrostatic
(“*” pattern) components for self-binding and assisted-binding of BPA, BPS, DBP, and
DEHP. “Self/Unamended” (colored yellow) corresponds to self-binding to unamended clay,
“Self/Amended” (colored blue) corresponds to self-binding to amended clay, and “Assisted/

Amended” (colored orange) corresponds to assisted-binding to amended clay. (For

interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.).
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Isothermal data (diamonds) and Langmuir plots (curves) of (A) BPA and (B) DBP binding

onto amended clays at two temperatures.
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Fig. 8.

Pe?centages of BPA/BPS binding to the interior of the clay given a binding instance. “Self/
Unamended” corresponds to self-binding to unamended clay (colored yellow with “+”
pattern), “Self/Amended” corresponds to self-binding to amended clay (colored blue with
“X” pattern), and “Assisted/Amended” corresponds to assisted-binding to amended clay
(colored orange with “0” pattern). Error bars are one standard error. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.).
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Fig. 10.
Molecular graphics images of the predominant self-binding modes of (A) BPA and (B) BPS

with amended clay and their corresponding percentages. The amending compound,
carnitine. is colored green. Zoomed in molecular graphics images of the predominant self-
binding modes of (A) BPA and (B) BPS with amended clay are encircled in blue. (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.).
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Percentages of (A) BPA and (B) BPS self-binding modes with unamended and amended
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“*” js the percentage of the given self-binding mode within the interior of the clay. “Self/
Unamended” corresponds to self-binding to unamended clay (colored yellow with “+”
pattern), and “Self/Amended” corresponds to self-binding to amended clay (colored blue
with “x” pattern). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.).
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Molecular graphics images of the predominant assisted-binding mode of (A) BPA and (B)
BPS with amended clay and their corresponding percentages. The amending compound,
carnitine. is colored green. Zoomed in molecular graphics images of the assisted-binding
mode of (A) BPA and (B) BPS with amended clay are encircled in blue. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of
this article.).
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Fig. 13.
Interaction energies of individual BPA and BPS self-binding modes with unamended clay

decomposed into van der Waals (VDW, “x” pattern) and electrostatic (“0” pattern)
components. The van der Waals component for BPA and BPS self-binding modes are
colored blue and green, respectively. The electrostatic component for BPA and BPS self-
binding modes are colored orange and red, respectively. Error bars are one standard error.
(For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.).
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