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Abstract
According to ISO 17402:2008 more knowledge is needed on processes controlling

bioavailability of organic species so as to close the still existing gap between chemical
measurements and biological effects. The bioavailability concept encompasses the investigation
of the degree of penetration of target species across biological membranes. In addition, REACH
(Registration, Evaluation, Authorisation and restriction of Chemicals) guidelines promote the
use of in-vitro methods against conventional ecotoxicological tests because of the ethical
controversy of in-vivo tests. This work is aimed at filling the gap by proposing a
multidisciplinary approach based on high-resolution and low-resolution empirical techniques,
and theoretical quantum mechanics for the in-vitro investigation of the bioavailability and
membranotropic effects of organic emerging contaminants, including bioaccumulation, via
passive diffusion across lipid bilayers. Phosphatidylcholine (PC) liposomes are selected as
biomembrane surrogates, and contaminant effects are explored by (i) fluorescence anisotropy
and generalized polarization assays using membrane fluorescence probes (laurdan and prodan)
and UV-Vis spectroscopy, (i) "H NMR measurements to ascertain supramolecular interactions
with PC and (iii) molecular dynamics simulations. In particular, un-regulated model compounds
with distinct physico-chemical properties that are representative of three different classes of
emerging contaminants in environmental compartments are chosen for validation of the holistic

approach: (i) diclofenac as a model of anti-inflammatory drug; (ii) triclosan as an anti-microbial
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agent; and (iii) bisphenol A as a plastic additive, and compared with chlorpyrifos as a legacy
insecticide. Laurdan anisotropic measurements are in good agreement with *H NMR data and
both approaches pinpoint that triclosan and chlorpyrifos are highly bioaccumulable in
membranes. Molecular dynamic studies indicate that the lateral diffusion of the lipid bilayer is
much lower with the incorporation of either triclosan and chlorpyrifos into the bilayer. The
theoretical simulations also allowed estimating absolute bioavailability data under passive
diffusion (< 0.1%, 63%, 73% and 89% for diclofenac, bisphenol A, triclosan and chlorpyrifos,
respectively) given as the percentage of time that a given species is located in the region of the
fatty acyl chains.

Our findings indicate that PC-based liposome assays serve as a fast and cost-effective in-vitro
approach, notwithstanding its low resolution features, for environmental bioavailability studies
of emerging contaminants for which insufficient or inconsistent ecotoxicological data are

identified in the literature.

Keywords: bioavailability, liposome, lipid bilayer, emerging contaminants, membrane,
permeability

Introduction

Industrial developments are linked to the launching of novel objects that impact our daily life.
To ameliorate their shelf time, organic chemicals with given physicochemical properties, such
as anti-microbials, preservatives, nanomaterials, and additives have been introduced in the
market, in some instances, for replacing banned compounds. Other chemicals such as
pharmaceuticals and personal care products including anti-inflammatory drugs, anti-diabetics,
antibiotics, cosmetics, UV-sunscreens and fragrances® have been continuously used since
decades to serve for human well-being. Recent studies have however demonstrated that most of
these compounds are environmentally persistent chemicals, and in some cases, inefficiently
removed by wastewater treatment plants or biodegradation processes.® Also, they might have

adverse effects against the ecosystem services and the quality of aquatic biota.*



The term ‘contaminants of emerging concern’ or ‘emerging contaminants’ is actually coined to
refer to those compound classes that are currently encountered in environmental compartments
and have impacted the wildlife and trophic chain, yet they are still unregulated.>® The European
Commission fully aware of this fact has already launched the first and second “Watch List”"®
that refer to those substances or family classes for which monitoring data ought to be gathered
for the purpose of human risk exposure and assessment.

Appropriate risk exposure of those compounds is associated to the so-called exposomic studies.
Exposomics refers to the combination of exposures to a number of chemical and physical
stressors along with human genetics that might account for chronic human diseases.” The main
challenge of the exposomics workflow is to explore and identify actual human exposures via
epidemiological studies of an individual in a holistic format, including those related to the
environment, diet, and endogenous processes.”’ To tackle this challenge, environmental
metabolomics has become an emerging discipline in the field of exposomics, and is based on
the use of model animals (e.g., earthworms) to identify a number of endogenous metabolites as
potential biomarkers of contaminant exposure.™

It should be however noted that the REACH regulation is currently promoting alternative
methods to in-vivo assays for the hazard assessment of substances in order to reduce the number
of tests on animals.™ In-vitro assays seem to fulfil REACH demands, yet method development
to get insight into potential toxicity effects on biota is not straightforward. In fact, a pivotal
issue of in-vitro testing is to elucidate mechanisms at the molecular level for inferring
permeability and distribution of contaminants in cell membranes within the broad concept of
environmental bioavailability,"*'* as defined by 1SO 17402:2008." In fact, bioavailability refers
to the chemicals or fraction thereof that can interact with or pass across a biological membrane.
To this end, biorelevant membrane surrogates of eukaryotic cells as a proxy of lipid bilayers are
in in-vitro bioavailability tests called for. Lipid-based nanoparticles, also termed liposomes,'®*®
have been consolidated as mock cellular membranes for the in-vitro exploration of
supramolecular interactions of chemical compounds with the phospholipids integrating

biological membranes.'**° Because phosphatidylcholine (PC) is the most abundant phospholipid
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in eukaryotic membrane cells in-situ synthesized large unilamelar vesicles/liposomes (LUV)
from natural sources of PC containing both saturated and unsaturated chains has been herein
selected as a model of biological membranes.

This work proposes for the first time a multidisciplinary in-vitro approach for environmental
bioavailability studies based on the exploration of membrane permeability, and validated by
four model compounds, representative of three classes of emerging contaminants’, namely
diclofenac (DCF) as a model of anti-inflammatory drug that was included in the first EU Watch
List, triclosan (TCS) as anti-microbial agent, and bisphenol A (BPA) as a plastic additive, and
compared against a legacy insecticide, viz, clorpyrifos (CPF), endorsed by the current EU Water
Framework Directive.”> The model analytes are characterized by varying physicochemical
properties, including acid-base behavior (pK, values), octanol-water partition (109 Pocywater)
values, van der Waals volumes and dipole moments, the last two calculated using Density
Functional Theory calculations and also EC50/LC50 values for distinct trophic levels that are
estimated on the basis of impairment/mortality of zebrafish (Danio rerio) embryos,
immobility/mortality of Daphnia sp., and luminescence inhibition of Vibrio fisheri (see Table
1).

Both empirical and theoretical in-silico studies have been selected to mechanistically infer
molecular interactions of the above compounds and potential bioavailability and
bioaccumulation via passive diffusion. Two fluorescent membrane probes bearing naphthalene
moieties (viz., 6-propionyl-2-dimethylaminonaphthalene (prodan) and 6-dodecanoyl-2-
dimethylaminonaphthalene (laurdan) have been chosen to ascertain low-resolution changes in
bilayer organization by generalized polarization (GP) or fluorescence anisotropic (Iss)
measurements that serve to indicate alterations in lipid ordering and liposome fluidity,
respectively.”? The low-resolution fluorescence results have been complemented by high-
resolution NMR spectroscopy. The use of Diffusion-Ordered NMR Spectroscopy (DOSY)
experiments allow elucidating whether or not the contaminants are bound to the liposomes. In
addition, 2D 'H,"H-ROESY (Rotating frame Overhauser Effect Spectroscopy) and 'H,'H-
NOESY (Nuclear Overhauser Effect Spectroscopy) experiments,® together with potential *H
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chemical shift perturbations in the course of vesicle titration assays would provide relevant
insights on the favorable interaction/s occurring at atomic resolution. This empirical approach is
expected to elucidate the molecular interaction and the extent of binding of targets to
biomembrane surrogates, and thus enable identification of potentially hazardous chemical
compounds. Empirical data are to be supplemented by theoretical calculations based on
Molecular Dynamics (MD) simulations using a realistic model of lipid bilayer that might offer
invaluable insight at the molecular level into the penetration of each contaminant across the

27,28

hydrophilic and hydrophobic regions of phospholipids.

MATERIALS AND METHODS

Detailed information and description of (i) reagents and target compounds, (ii) synthesis of
liposomes, (iii) assignment of 'H NMR signals from liposomes, (iv) permeability of
contaminants across liposomes elucidated by *H NMR, and (v) theoretical molecular dynamic
studies, is available as supporting information (SI).

In brief, the synthesis of the large unilamellar vesicles (LUV) made of phosphatidylcholine (PC)
was performed from multilamellar vesicles (see SI) by extrusion through a 100 nm pore size
polycarbonate filter. The potential alteration of phospholipid packing and ordering at distinct
regions of LUVs in the presence of bioavailable contaminants was investigated by fluorescent
membrane probes (laurdan and prodan) at 37°C. Contaminant-dependent alteration of the
fluidity of the membrane was also investigated by laurdan anisotropic measurements (see
below). Preliminary control experiments were undertaken to demonstrate that the structural
integrity of the liposomes was not jeopardized with the maximum percentage of methanol from
the standards of the target compounds added to the liposomal solution (< 0.4% methanol). The
NMR assignment of the signals of PC liposomes was carried out using 1D-'H, 2D-'H,'H-
NOESY and 2D-'H,"H-ROESY experiments. NOESY and ROESY are NMR experiments that
allow establishing correlations between different 'H that are physically close to each other

regardless they are bonded or not. Typically, 'H,"H-ROESY experiments are used for molecules



of relatively low molecular weight (<1k Da) because their NOE (Nuclear Overhauser Effect)
effects are too weak to be detectable. In our work, 1D-'H, 2D-'H,'"H-NOESY and 2D-'H,'H-
ROESY assays were also used to study the supramolecular interactions between the different
contaminants and the PC liposomes, which were performed by titration experiments. 1D-'H,
2D-'H,'H-NOESY and 2D-'H,'"H-ROESY experiments were acquired by using a water
suppression pulse sequence. The potential formation of a supramolecular complex between PC
liposomes and the various contaminants was assessed by using diffusion-ordered NMR
spectroscopy (DOSY), which is able to provide insights on the diffusion coefficients of the
different molecules in solution, and thus on the hydrodynamic radius of the molecule. Finally,
the molecular dynamics (MD) simulations were performed by using the united-atom
approximation and conducted on a fully hydrated palmitoyl-linoleylphosphatidylcholine

(C18:2/C16:0, PLPC) topology that was arranged in a bilayer of 64 lipid molecules per leaflet.

Permeation of contaminants across lipid bilayers as identified by liposome-based
fluorescence assays

In this section, experimental details of fluorescence-based permeation tests of contaminants
using membrane probes and liposomes are described. First, a stock solution of liposomes (12.4
mM PC, see SI) was prepared and diluted to 100 uM in PBS and stored in a brown glass vial.
Then, a metered volume of laurdan or prodan in DMSO was added to the liposomal suspension
at a final concentration of 1 uM and kept in darkness and at room temperature for at least 75
min for laurdan, and 10 min for prodan to obtain constant fluorescent values that indicate
steady-state conditions for the fluorescent probe between the liposomal membrane and the
external aqueous medium. An additional incubation time of 15 min was used for the
contaminants (final concentrations of 50, 100, 150 and 200 uM) to reach the liposomal partition

equilibrium.

Steady-state fluorescence assays were performed using a Varian Cary Eclipse fluorescence

spectrometer (Agilent technologies, Mulgrave, Victoria). The samples were incubated at 37 °C



in the peltier multicell holder for 5 min prior to measurement. Fluorescence emission spectra
were recorded from 400 to 600 nm by setting the excitation wavelength to 360 nm, and the
photomultiplier detector voltage to 550 V with slit widths of 10 nm. The modification of lipid
packing and ordering upon penetration of the organic contaminants into the bilayer was

measured by the Generalized Polarization (GP) equation (Eq. 1):

Gp ==k (Eq. 1)

- Ip+IR

where Iz and Ir stand for the fluorescence emission intensities at 440 nm and 490 nm,
respectively, corresponding to the maximum emission of the membrane probes in nonpolar
media and aqueous solutions, respectively. Theoretically GP values range from -1 to +1.
Negative values refer to a liquid-crystalline phase, and the gel phase, which is characterized by

a more ordered and dehydrated membrane, provides positive values of GP.

Contaminant-dependent alteration of the fluidity of the membrane by bioavailable species was
investigated by laurdan anisotropy detection using the fluorimeter polarizers. Samples were
prepared as described previously. Steady state anisotropy (rs) was carried out in L-format at
excitation and emission wavelengths of 350 nm and 440 nm, respectively. The photomultiplier
voltage and slits were fixed to 600V and 10 nm, respectively. The ry values were obtained from

the manufacturer’s software using the following equation (Eq. 2):

_ lyy—Glyy (Eq.2)

ss Iyy+2Glyy

where Iy and lyy stand for the fluorescence emission intensities at the vertical and the
horizontal emission polarizers, respectively, with the excitation light in vertical mode. The G

factor provided by the fluorimeter is used as a monochromator correction.

RESULTS AND DISCUSION
Decoding the membranotropic effects of environmental contaminants using membrane

fluorescent probes



Membranotropic effects are herein used for evaluation of the potential contaminant
bioavailability. In the case of TCS, a strong hypsochromic Stock (blue) shift of the maximum
emission wavelength of laurdan (Figure S1) is observed by increasing TCS concentrations, thus
suggesting a perturbation of the probe microenvironment polarity as a result of TCS
bioavailability. This might occur as a consequence of a TCS-triggered membrane dehydration
process occurring at the probe surrounding, which is located at the hydrophilic-hydrophobic
interface of the lipid bilayer.” This effect was also observed when the LUVs were titrated with
BPA, DCF or CPF, but to a much lesser extent (Figures S2-S4). In addition, the titration of
LUVs with BPA afforded two clearly distinguishable fluorescence bands (Figure S2). The
addition of BPA most likely drives laurdan to exhibit two different but notably populated
environments and implies that only a part of the hydrophilic-hydrophobic interface of the
liposome is hydrated. However, fluorescent phenomena other than solvent dipolar relaxation
might also occur.®

The increase of laurdan’s Generalized Polarization (GP) values calculated by Eqg. 1 is indicative
of the packed structure of the lipid bilayer in the presence of the contaminants as well as of the
membrane dehydration level. Figure 1A (illustrating the addition of contaminant at 50 uM)
revealed that a maximum GP increase -as compared to laurdan alone- occurs for BPA, followed
by TCS, CPF and DCF (see Figures S1-S4 for visualization of spectral shifts and Sl for the
equation of GP). One-way ANOVA could not be applied in our case because of the
identification of heteroscedastic data for some compounds, and thus non-parametric methods
should be used instead. In fact, the t-tests of comparison of means revealed the existence of
significant differences at a=0.05 between the GP value of the probe alone and those obtained in
the presence of individual compounds. However, DCF has the lesser permeability by passive
diffusion into the LUVs. This is in good agreement with previous results by Suwalsky et al.**
who reported slight variations of Laurdan GP up to 2 mM DCF. In addition, the trends of GP
values are highly concentration dependent (Figure 1B), because e.g. TCS and CPF induce an
enhanced lipid ordering and compact structural assembly at concentrations above 100 UM as

identified by the sharp increase in GP.
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Figure 1. Fluorescence studies of soy PC LUVs at 37°C using laurdan and prodan as membrane probes.
(A) Laurdan’s GP values obtained with PC LUVs in the presence of various organic contaminants at the
concentration level of 50 pM. (B) Laurdan’s GP values obtained for PC LUVs at different concentration
levels of each studied contaminant (50, 100, 150 and 200 pM). Data corresponding to TCS is shown in
orange, that corresponding to CPF is shown in grey, that corresponding to BPA is shown in yellow and
data for DCF is shown in blue. (C) Prodan’s GP values obtained with PC LUVs in the presence of various
organic contaminants at a concentration level of 50 uM (D) Fluorescence anisotropy measurements for
laurdan-embedded PC liposomes with various individual contaminants at the concentration level of 50
UM. Statistical tests were based on t-tests of comparison of means at a significance level (a) of 0.05.

The GP values obtained for prodan as a probe revealed that the four contaminants follow the
same trend than that observed for laurdan (Figure 1C), with statistically significant GP
differences in all cases against prodan alone. Again, the influence of bisphenol A on GP was
stronger than that of the other pollutants. However, a smaller variation of average prodan GP
data is measured for all of the targets when compared to the probe alone. This observation can
be attributed to the ability of prodan to interact with both the external water molecules and the
polar head of the LUVs* as corroborated by the more negative GP values compared to those of
laurdan. Consequently, the polarity of the medium around prodan is much less affected by the
organic contaminants. In fact, DFT calculations indicate that the binding energy of prodan at the

polar head of the phospholipid is akin to that at the glycerol region,* yet its intercalation into the



lipid molecules would require the separation of the acyl chains. Our conclusion is that the
shallow prodan might not serve as a good indicator of the molecular interaction of contaminants
with PC lipid bilayers in order to investigate compound bioavailability, but prodan could be
useful in liposomal media with phospholipid composition other than > 98% PC.

Fluorescence spectroscopy was also used to explore anisotropic effects (rs, Eq. 2). Laurdan
anisotropy was only affected, in a statistically significant manner («=0.05), by TCS and CPF
(Figure 1D). The increase of the ry values from ~0.15 to ~0.17 suggests that the liposomal
microviscosity is enhanced by the above contaminants®* whereas the fluidity of the
phospholipid bilayer remained unaltered with the addition of either BPA or DCF to the LUVs.
These anisotropic data disagree with the conclusions derived from laurdan’s GP data for BPA.
This might evidence the existence of an indirect relationship between the laurdan’s spectral
changes and the effect of BPA at the glycerol backbone level where laurdan is located.*
Consequently, the permeability of BPA throughout the lipid bilayer, and thus its bioavailability,
cannot be unequivocally identified from the analysis of the fluorescent spectral shifts of laurdan.
It should be also noted that laurdan’s anisotropy serves as a better in-vitro indicator for
discrimination of the degree of penetration of xenobiotics across membranes as compared to GP
measurements because statistically different anisotropy values against laurdan alone are
obtained only for two out of the four contaminants investigated.

To shed light on the discrepancies between the GP and the anisotropic data for BPA as a target
contaminant, the potential effect of BPA on the fluorescence emission spectrum of laurdan
embedded in the vesicles was explored. Hence, fluorescence quenching effects were analyzed
by the Stern-Volmer equation.® Our findings (Figure S5) revealed that BPA and DCF do induce
a negligible quenching effect of the fluorescence intensity of laurdan (Ksy < 0.025 pM), as
opposed to TCS and CPF that seem to induce a subtle quenching effect, which would involve
both dynamic and static processes as suggested by their non-lineal Stern-Volmer plots.
Consequently, the disagreement between the anisotropic and GP data for BPA is most likely a

consequence of molecular effects other than fluorescent quenching.
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Figure 2. Chemical structure of 1,2-dilinoleoyl-sn-glycero-3-phosphocholine (DLPC, PC-18:2). C-H
groups that displayed indistinguishable chemical shifts have been grouped in square dashed blue boxes. In
addition, C-H moieties have been arbitrarily labelled as H, (blue), and their *H chemical shifts are given
in ppm (red).

'H NMR mapping of the PC liposome-binding regions upon interaction with contaminants
Our results clearly demonstrate that the fluorescent data provided by membrane probes should
be analyzed thoroughly because the specific chemical nature of the contaminant, as well as the
direct or indirect effects onto the lipid assembly and/or on the fluorescent probe might lead to
misleading bioavailability interpretations. Therefore, fluorescence data necessarily need to be
supplemented by high resolution experimental techniques. Consequently, NMR spectroscopy
has been employed to get insight at the atomic level on the specific architecture of the
interactions occurring between soy PC LUVs and each contaminant to shed light upon the
bioavailability of the target species (see Sl for experimental methodology).

The *H-NMR assignment of 1,2-dilinoleoyl-sn-glycero-3-phosphocholine (PC 18:2, DLPC) was
obtained at pD 7.4 and 37°C using standard 1D and 2D NMR experiments. Despite the
significant signal broadening as a result of the low molecular tumbling of the LUVs, the 'H-
NMR assignment could be accomplished for all of the protons, except for H5 (Figure 2), which

likely appears under the suppressed water signal.
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Figure 3. Chemical structures of PC-18:2 (A-D), DCF (A), TCS (B), BPA (C) and CPF (D). The
chemical structure of the different contaminants (ligands) are shown in blue, whereas the C-H groups of
PC-18:2 displaying chemical shift perturbations and/or intermolecular NOE with each contaminant at pD
7.4 (in 20mM phosphate buffer) are colored in red.
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according to the numbering given in Figure 2. (B) Overlapping of the *H,*H-NOESY spectra of soy PC
LUVs alone (red) and with DCF at 7mM (green) and 28mM (blue). The cross-peaks displaying a higher
chemical shift perturbation as a result of the DFC addition, are labeled according to the numbering given
in Figure 2. (C) Aromatic region of the *H-'H NOESY spectrum of a mixture containing soy PC LUVs
(20mM) and DFC (28mM). The aromatic-aromatic cross-peaks of DCF, as well as their intramolecular
NOEs are squared in a green dashed box. The intermolecular NOEs between the aromatic protons of DCF
and the H1 protons of PC-18:2 are squared in a brown dashed box. (D) 2D-DOSY spectrum of a mixture
containing soy PC vesicles (20mM) and DFC (28mM). The *H signals of the soy PC LUVs have been
squared in a dashed green box, whereas those corresponding to DFC has been squared in a dashed red
box.
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The NMR assignment allowed us to map the interaction region between the PC 18:2 (DLPC)
molecules that constitute the LUVs and each contaminant (Figure 3). The addition of DCF only
induced significant chemical shift perturbation on the signals corresponding to H1 and H2 at pD
7.4 (Figures 4A, B), which indicates that DCF mainly interacts with the outer polar moieties of
PC (Figure 3A). This might occur through an electrostatically driven process as a result of the
binding between the —CH,-N(CHs)" moiety of the PC 18:2 and the carboxylate moiety of DCF.
However, the appearance of NOEs between the aromatic protons of DCF and the H1 protons of
PC-18:2 (Figure 4C) suggested that a cation-n interaction is occurring between the choline
group and the DCF that would position the aromatic rings perpendicular to the LUV surface. On
the other hand, the DOSY spectra revealed that the relative diffusion coefficient (D) of DCF
(Figure 4D) was notably different to that displayed by the soy PC LUVs, which indicates that
DCF in solution does not interact with the liposomes to a large extent. Consequently, our results
demonstrated that the binding between DCF and soy PC LUVs only occurs on the vesicle

surface, although this process seems not to be thermodynamically favored.
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spectrum Of a mixture containing soy PC LUVS (Z2UmM) and 1CS (L/mM) prepared In 20mM D,O
phosphate buffer at pD 7.4. The *H-'H cross-peaks of TCS and its intramolecular NOEs are squared in a
dashed green box. The intermolecular NOEs detected between the aromatic protons of TCS and the
protons of the soy PC LUVs are labelled as follows: i) the H10 and/or H12 of PC-18:2 (1); ii) the H1 of
PC-18:2 (2); iii) the H13 and/or H9 of PC-18:2 (3); iv) the H14 and/or H8 of PC-18:2 (4); and v) the H15
of PC-18:2 (5). The numbering of each proton is given in Figure 2. (C) Overlapping of the *H,"H-NOESY
spectra of mixtures containing soy PC LUVs (20mM) and TCS (17mM) prepared at pD 7.4 (blue) and at
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pD 4.7 (red). The *H-'H cross-peaks of TCS and its intramolecular NOEs are squared in a dashed green
box. In addition, the intermolecular NOEs detected between the aromatic protons of TCS and the protons
of the soy PC LUVs are labelled as described in the figure caption of panel (B).

With respect to TCS, its low solubility in water (~35 uM at 20°C) might jeopardize the NMR
interaction studies. However, the solubility of TCS was notably increased with the addition of
vesicles. For instance, TCS at 17 mM concentration was completely dissolved in a 20mM
liposome-containing solution. The DOSY spectrum of the TCS-liposome mixture suggests that
TCS is embedded in the LUVSs, because both TCS and LUVs displayed the same D value
(Figure 5A). This observation was additionally confirmed by the 'H,"H-NOESY spectrum,
which clearly showed intermolecular NOEs between the aromatic protons of TCS and the H10
and/or H12; H1; H13 and/or H9; H14 and/or H8; and H15 of PC-18:2 (Figure 5B). These results
demonstrated that TCS is able to interact with the polar head groups of the PC vesicle surface,
but most importantly with the hydrophobic core of the LUVs. To assess whether the surface
binding was due to the interaction between the cationic choline of PC 18:2 and the phenolate
form of TCS (its pK, is ~7.9 and therefore, ~33% of TCS is under the phenolate form at pD
7.4), the *H,'"H-NOESY spectrum was also recorded at pD 4.7, for which the percentage of
negatively charged TCS is negligible. Strong intermolecular NOEs involving H1 of PC 18:2
(Figure 5C) were still observed. This finding suggests that the LUV surface likely binds TCS
through a cation-z interaction. The lack of NOEs involving the H10 and H12 groups indicates
that TCS at this pD likely penetrates deeply across the fatty acid region of the LUV and it is
tightly bound to the inner hydrophobic tail of the bilayer (Figure 3B).

As for BPA, the NMR DOSY spectrum revealed that this emerging contaminant is able to
interact with soy PC LUVs at pD 7.4 (Figure 6A). The NMR titration of LUVs with BPA
evidenced that NMR readouts corresponding to H1, H2 and H3 of PC 18:2 were the only ones
that modified their chemical shifts upon adding BPA (Figure 6B). Consequently, BPA
preferentially interacts with and accumulates at the polar head region of PC 18:2 (Figure 3C),
and thus only minute amounts might penetrate into the hydrophobic core of the vesicle. This is

likely occurring because both phenol groups of BPA are tweezing the choline moiety through
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the anchoring of the hydroxyl group to the polar head group of PC. The unambiguous
intermolecular ROE signals between the H1 of PC 18:2 and the ortho-position protons of BPA
but the inexistence of signals with those at meta- position nor with the methyl groups (Figure
6C) supported the interaction mechanism hypothesized. Accordingly, our results demonstrate
that the supramolecular interaction of PC liposomes with BPA exists but their binding is limited

to the vesicle surface. This fully agrees with the NMR data reported by Malekar et al.*®
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the aliphatic region of the *H-NMR spectra of soy PC with increasing concentrations of BPA. The signals
displaying a higher chemical shift perturbation as a result of the BPA addition are labeled according to the
numbering given in Figure 2. The insert shows a zoom of the region between 3 and 4ppm. (C) *H,'H-
ROESY spectrum of a mixture containing soy PC LUVs (20mM) and BPA (34mM) in 20mM D,0O
phosphate buffer at pD 7.4. The blue signals correspond to the aromatic cross-peaks of BPA, whereas the
green signals correspond to the intramolecular BPA ROEs (squared in a green box), and to the
intermolecular BPA/PC-18:2 ROE observed between the H1 protons of PC-18:2 and the protons at the
ortho position of BPA.

Elucidation of the degree of penetration of CPF across the biomembrane surrogate was also
investigated. The addition of CPF to a solution containing PC LUVs afforded supramolecular
interactions, as both the contaminant and LUVs displayed similar D values (Figure 7A). In fact,
CPF induced chemical shift perturbations on the "H-NMR signals that are characteristic of the
hydrophobic core of the LUV (i.e. H12, H13, H14 and H15) (Figure 7B). The binding between

CPF and the hydrocarbonated tail of the PC 18:2 was additionally confirmed by the
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identification of intermolecular NOEs between the H15 and H14 moieties of the PC 18:2 and
the aromatic proton of CPF (Figure 7C), thus confirming that CPF is capable of entering into the
lipid bilayer and remain predominantly at the inner hydrophobic region. Moreover, the 'H,'H-
NOESY spectrum revealed that intramolecular NOEs between the aromatic proton of CPF and
methyl moieties do occur. This observation suggests that CPF inside the PC liposomes might
adopt a tripod-like conformation, where the aromatic ring and the two methyl groups would
form the hypothetical tripod base. Consequently, our data demonstrate that CPF strongly
interacts with soy PC liposomes as a highly bioavailable organic compound (Figure 3D).

Experimental results obtained for the target compounds by laurdan GP and anisotropic
fluorescence measurements and 1H-NMR chemical shift perturbations at the hydrophobic tail of
the bilayer were compared with IC50/LC50 literature data of three ecotoxicological assays (see
Table 1). A good correlation was found between those compounds that cause severe
membranotropic effects onto liposomes and toxicity data. Indeed, the degree of penetration of a
given contaminant across the lipid bilayer seems to serve as an invaluable indicator of
bioavailability and potential toxicity effects; the greater the interaction with the fatty acyl chains

of the PC, as is the case with CPF and TCS, the lower are the IC50/LC50 values.
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a higher chemical shift perturbation as a result of the CPF addition are labeled according to the numbering
given in Figure 2. (C) *H,*H-NOESY spectrum of a mixture containing soy PC vesicles (20mM) and CPF
(12mM) in 20mM D,0 phosphate buffer at pD 7.4. Intramolecular NOEs detected for CPF are labelled in
green. Intermolecular NOEs observed between CPF and PC-18:2 are labelled in brown.

Molecular dynamics of the different contaminants across the lipid bilayer

The binding process between individual contaminants and the soy PC LUVs can be understood
better if the elucidation of the molecular interaction regions is supplemented with dynamical
information on the most probable locations of the bilayer in which the contaminant is situated
after penetrating into the LUVSs. In this context, molecular dynamic (MD) simulations have
become a powerful tool. Because soy PC LUVs consists of both saturated and unsaturated fatty
acid chains, a computational model (see Sl for further details) was built using a fully hydrated
palmitoyl-linoleylphosphatidylcholine C18:2/C16:0 (PLPC) phospholipid. Initially, all the
studied compounds were introduced into the water layer that solvates the biomembrane and
then, the entire system was allowed to equilibrate.

The average area per lipid (Ap.pc) is a useful parameter to describe the packing of the lipid
molecules within the bilayer, and to evaluate the stability of the bilayer during the MD
simulations. The Ap pc values and the bilayer thickness (h) for PLPC are similar to those
previously reported by Wong-ekkabut et al.*® In addition, the Ap pc and h values were highly
homogeneous across the different models (probes and contaminants), and were in good
agreement with values reported for similar membranes (e.g., areas spanning from 0.62 to 0.68
nm? for DPPC)*’ (see Table 2). The lateral diffusion coefficients (D) of the lipid bilayer for
every contaminant were obtained by the Einstein relation, using the slope of the average mean
square displacement after equilibration.® The computed values agreed well with experimental
neutron scattering diffusion coefficients ((5-100)x10® cm?s),*“° which serves as a validation
of the MD methodology herein proposed.

The evaluation of the data in Table 2 gives us invaluable information of the most favorable
location of the contaminants within the bilayer, thus shedding light onto the potential
bioavailability and bioaccumulation of the target species. For example, the Dy, value of PLPC in

the presence of DCF is larger than that observed for laurdan or prodan. This finding suggests
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that DCF interacts merely with the phospholipid head groups of the lipid bilayer, mostly with
the choline moiety, which agrees with our fluorescence and NMR data and previous data in the
literature.** In contrast, the Dy, value of CPF is smaller than those of the probes, thus indicating
that CPF increases the packing of the lipids, likely due to the non-covalent van der Waals
interactions that necessarily should be stronger than those between lipids. The hindrance of the
lateral diffusion of PLPC with the addition of CPF as indicator of bioavailability and
bioaccumulation is in excellent agreement with both laurdan’s GP and anisotropy data that
indicate lipid ordering and rigidity, respectively, and also with NMR measurements for which
NOEs are identified at the hydrophobic tail of the fatty acyl chain.

Further insight into the ease of penetration of the contaminants across the bilayer can be
obtained throughout the mass density profile. Figure 8 illustrates the most likely position of the
xenobiotic and probe with respect the center of the bilayer (apolar—apolar interface) in the time
course of the MD simulation. The naphthalene group of laurdan is predominately located at the
head-tail interface of the PC bilayer (Figure 8), according with its expected behavior in previous
DOPC bilayers,*** and prodan is freely movable, yet mainly positioned below the glycerol
region, in accordance with previous MD simulations on a DLPC bilayer.* Neutral and anionic
charge states of TCS were simulated to understand the effect of the protonation on the degree of
penetration. The anionic TCS mostly remains interacting with the polar head group, whereas the
neutral TCS is inserted into the bilayer, which qualitatively agrees with our NMR data. MD
simulations additionally revealed that BPA akin to neutral TCS is mainly located at the
hydrophilic-hydrophobic interface of the PLPC, which is in good agreement with previous
theoretical studies using DPPC bilayers.” Remarkably, TCS and BPA showed equal behavior
across the PC lipid bilayer, notwithstanding the dissimilar log P values. However, the dipole
moments and the van der Waals volumes for both molecules (see Table 1) are on a par, and thus
the two molecular features seem to work as good indicators to elucidate compound permeability
across lipid bilayers. On the other hand, CPF rapidly penetrates into the bilayer interface and,
once located there, it is free to move through the two leaflets of the membrane. According to the
NMR and MD data, the most likely location of CPF is at the hydrocarbon tails of lipids. Thus,
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CPF is expected to be highly bioavailable/bioaccumulable and pose toxic effects to biota.
Indeed, CPF is, out of the four contaminants, the one having the lowest IC50 and LC50 data for
Vibrio fischeri, Daphnia sp. and Danio rerio (see Table 1). In contrast, DCF is mostly displaced
on the membrane-water interface, and thus is less prone to cross the lipid membrane, as already
suggested by the NMR and molecular fluorescence data. Data presented in Fig. 8 serve to
estimate the absolute bioavailability values for every individual species on the basis of the MD
timeframe that a compound is interacting with the alkylated chains of the PC. The MD-based
absolute bioavailability values under passive diffusion were estimated as < 0.1%, 63%, 73% and

89% for DCF, BPA, TCS and CPF, respectively.
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Figure 8. The average density profiles of water (blue line), PLPC lipid (gray line) in the right y-axis;
triclosan-neg (negatively charged, orange solid line), triclosan-neu (uncharged, orange dashed line),
Prodan (pink line), chlorpyrifos (black line), bisphenol-A (cyan line), laurdan (red line), diclofenac (green

line) in the left y-axis as a function of the distance from the center of the lipid bilayer (2).

CONCLUSIONS
This study is aimed at filling the gap claimed by REACH and ISO 14702:2008 in developing in-
vitro environmental bioavailability assays without animal models. Taking into account the fact
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that the bioavailability concept involves the molecular interaction of species with cell
membranes we have for the first time proposed a multidisciplinary empirical and theoretical
approach using an elaborated model of phospholipid bilayer as a membrane surrogate. The
theoretical simulations have corroborated that the lipid bilayer is a highly dynamic structure and
that the contaminants might move freely within a wider or restricted region of the membrane
and this fact helps predicting potential contaminant bioavailability and bioaccumulation. Our
holistic approach has demonstrated that DCF is not prone to penetrate into the lipid bilayer at
physiological pH to a large extent by passive diffusion, whereas CPF has the ability to do so as
a highly bioavailable species and move rapidly across the hydrophobic region. While the results
for DCF and CPF are somehow unambiguous, some uncertainties (at atomic level of resolution)
are identified regarding the binding of TCS or BPA to the LUVSs. In any case, all the results
herein reported have pointed out that TCS binds to the cationic choline group of the LUVs but
at the same time is able to easily penetrate deeply along the hydrophobic region. On the other
hand, BPA seems to be preferentially interacting with the polar head group of the LUV. All
these observations reinforce the idea that a multidimensional approach that is able to tackle the
complexity of lipid bilayers mimicking eukaryotic cell membranes and explore membranotropic
effects and contaminant distribution across membranes is needed.

Current work is underway to combine liposome-based bioavailability/bioaccumulation assays
with physiologically-based extraction tests of organic contaminants in environmental solids for
investigation of the uptake of bioaccessible species in body fluids (e.g., gastrointestinal

compartment) across lipid bilayers in human exposomics studies.

Supporting information (SI)

Detailed description of (i) materials, reagents and synthesis of liposomes, (ii) experimental
methods based on the fluorescence detection of membrane probes embedded in liposomes and
'H NMR assignment of signals from liposomes, (iii) fluorescence emission spectra of laurdan
embedded in liposomes after addition of individual contaminants, (iv) *H NMR study of the
supramolecular interaction between contaminants and liposomes, and (iv) molecular dynamic

exploration of the mobility of contaminants across lipid bilayers.
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(1996) | 1337
1133
3.4
2.6x1 | uM

0% uM | LCy at
LCsoat | 99 h pf
48h. | /.

Ecotox. Hazard.

Environ. | Mater.

Safety 334
71 (2017)
(2008) | 121
219

2.0
1.4x1 | UM

0°puM | LCsat
LCspat | 96 hin
48h adult

Ecotox. Environ.
Environ. | Toxicol.
Safety Pharma

64 col. 43
(2006) | (2016)
207 166

[a] Values in parenthesis correspond to the anionic form of the carboxylic group.

[b] The dipole moment and the van der Waals (vdW) volume values were estimated using
density functional theory (DFT) calculations at the B3LYP/6-31G* level of theory using the
Spartan’10 v.1.0 program (Wavefunction INC. 18401 von Karman Ave., Irvine, CA 92612.
www.wavefun.com).

[c] Experimental values (www.chemspider.com)

[d] ICso: median inhibition concentration

[e] LCso: median lethal concentration

[f] hpf (hours post fertilization)

[g] dpf (days post fertilization)

Table 2. Average area per lipid (Ap_pc), average thickness (h) of the
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lipid bilayer and the lateral diffusion coefficient of the bilayer (D) for
each of the four contaminants and the membrane probes.

Compound ApLpc (NM?) h (nm) | Dy PLPC (cm?s)
Laurdan 0.649+0.002 3.74 (9.246.0) x 107
Prodan 0.645+0.005 3.64 (10.746.7) x 10°®
Chlorpyrifos 0.659+0.003 3.75 (5.9+2.0) x 107
Triclosan 0.658+0.004 3.73 (7.445.6) x 107
Bisphenol A 0.657+0.005 3.72 (8.0+£1.0) x 107
Diclofenac 0.659+0.002 3.70 (19.2+12.2) x 10°®
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Liposomes as models for in-vitro investigation of contaminant biovailability
Multidisciplinary approach based on fluorescence and NMR data and molecular dynamics
Application to emerging organic pollutants with different physicochemical properties

Fluorescent probes for fast insight into contaminant permeation across lipid bilayers
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