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ospholipophilicity of monoprotic
positively charged amines†

S. T. J. Droge,‡*a J. L. M. Hermens,a S. Gutsell,b J. Raboneb and G. Hodgesb

The sorption affinity of eighty-six charged amine structures to phospholipid monolayers (log KIAM) was

determined using immobilized artificial membrane high-performance liquid chromatography (IAM-

HPLC). The amine compounds covered the most prevalent types of polar groups, widely ranged in

structural complexity, and included forty-seven pharmaceuticals, as well as several narcotics and

pesticides. Amine type specific corrective increments were used to align log KIAM data with bilayer

membrane sorption coefficients (KMW(IAM)). Using predicted sorption affinities of neutral amines, we

evaluated the difference (scaling factor DMW) with the measured log KMW(IAM) for cationic amines. The

DMW values were highly variable, ranging from �2.37 to +2.3 log units. For each amine type, polar

amines showed lower DMW values than hydrocarbon based amines (CxHyN
+). COSMOmic software was

used to directly calculate the partitioning coefficient of ionic structures into a phospholipid bilayer

(KDMPC–W,cation), including quaternary ammonium compounds. The resulting root mean square error

(RMSE) between log KDMPC–W,cation and log KMW(IAM) was 0.83 for all eighty-six polar amines, and 0.47

for sixty-eight CxHyN
+ amines. The polar amines were then split into five groups depending on polarity

and structural complexity, and corrective increments for each group were defined to improve

COSMOmic predictions. Excluding only the group with sixteen complex amine structures ($4

polar groups, Mw > 400, including several macrolide antibiotics), the resulting RMSE for corrected

KDMPC–W,cation values improved to 0.45 log units for the remaining set of 138 polar and CxHyN
+ amines.
Environmental impact

Ionisable organic compounds, and particularly permanently charged compounds, pose a great challenge to accurate environmental fate/risk modelling, because
most models have been designed to deal with neutral compounds only. Predictions for accumulation of ionogenic chemicals into tissues of exposed organisms
dene the starting point of toxicodynamic evaluations, such as adverse outcome pathways and bioaccumulation factors. The current study provides a large and
structurally diverse experimental data set on the sorption affinity of organic cations to phospholipid membranes. The IAM-HPLC based data form a solid data set
to evaluate the applicability domain of quantum-chemistry based molecular predictions of the cell membrane–water partition coefficients. We provide insight
into the need for IAM-HPLC measurements and advanced molecular simulations over currently used octanol–water based predictions for different types of
organic cations.
1. Introduction

According to an analysis of the 1999 World Drug Index (WDI;
51 596 compounds),1 63% of all drugs have ionisable groups
between pH 2 and 12. Of these ionisable drugs, 42.9% are
compounds with a single basic group.1 Analysis of a smaller set of
ionisable drugs indicated that 77% of the basic groups have
echt University, Yalelaan 104, 3508 TD
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hemistry 2017
a dissociation constant (pKa) larger than 7.5.2 Many narcotics (e.g.
amphetamines, heroin, cocaine) are ionisable bases with a pKa
larger than 7.5.2,3 These “strongly” basic drugs are thus predom-
inantly protonated (positively charged, cationic) at the physio-
logical pH in most tissues of target organisms (humans, cattle,
poultry, etc.). Basic amines are also components in many other
types of products, such as pesticides, biocides, herbicides,
cleaning agents and industrial chemicals.4 In contaminated
environments, trace level concentrations of these, oen bioactive,
ionisable amines equilibrate with tissues of non-target organ-
isms.5 Chemical risk assessment models need to adequately
capture the partitioning behaviour of these ionisable amines
between different abiotic compartments such as soil/sediment
and water,6–9 and partitioning into biotic compartments, in order
to predict concentrations at the primary site of toxic action.10
Environ. Sci.: Processes Impacts, 2017, 19, 307–323 | 307
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Toxicokinetic modelling of drugs and xenobiotic contami-
nants depends in many ways on their lipophilicity, as this
relates to retention time in the body, accumulation in certain
tissues and passive membrane permeation. For most neutral
compounds, lipophilicity is fairly well predicted by the octanol–
water partition coefficient (log KOW).11 For largely ionised bases,
however, one has to take into account that the lipophilic prop-
erties of the neutral and charged species can differ substantially.
The octanol–water distribution coefficient DOW of organic cations
is typically around a factor of a thousand lower than that of the
corresponding neutral species,12–14 and this most likely reects
the distribution coefficient between neutral adipose lipids
(triglycerides) and water (Kadipose–W). Differences in sorption
affinities to cell membrane phospholipids (KMW), however, are
reported to be lower for the ionized bases by only a factor of thirty
or less.12–14 Ionic compounds interact the strongest with the
membrane at the oppositely charged phospholipid moieties in
the headgroup, and the orientation of the rest of the molecule
aligns with the hydrophobicity prole of the ordered phospho-
lipids in the bilayer, which can strongly differ from the favourable
depth and orientation of the neutral form.15,16 Given the
conceptual differences between partitioning of ionic species into
octanol (i.e. neutral bulk solvent) and partitioning into
membranes (i.e. an ordered, zwitterionic phase), there is no
simple correlation to be expected between the pH-dependent
octanol–water distribution coefficient DOW and the membrane–
water distribution coefficient (DMW) for ionisable bases.17–19

Although there is a close link between the sorption affinity to
phospholipid membranes and passive membrane permeability
for neutral species, this is likely not the case for ionic species.17

Hydrophobic cations may sorb relatively strongly to the phos-
phate anions in the head group region, while at the same time the
passive diffusion through the hydrophobic membrane interior
may be energetically unfavourable.17

The DMW of ionizable compounds is thus an important
parameter for any toxicological modeling effort. Measurements
of the DMW are ideally performed using standardized protocols,
but no OECD or ASTM guidelines are available. Articial uni-
lamellar bilayer liposomes with a relatively homogenous size
distribution can be generated from the pure phospholipid
material through repeated extrusion steps.20 Such dissolved
liposomes are widely considered as representative model
membranes to determine DMW, and can be prepared in any
aqueous buffer to determine the pH-dependency of DMW for
IOCs.21 Liposomes are not readily separated from the aqueous
phase by centrifugation, though, and therefore dialysis systems
or passive samplers are oen deployed to distinguish freely dis-
solved concentrations and membrane-sorbed concentrations.11

Alternatively, solid supported lipid membranes (SSLM), such as
the commercially available 96 well plate TRANSIL assay, deploy
phospholipid bilayers that are non-covalently surrounding mac-
roporous silica, which allow for a clean supernatant by mild
centrifugation.22 However, systematic SSLM studies measuring
the DMW for ionizable compounds are scarce.23 Chromatographic
measurements with phospholipid coated column packing (IAM-
HPLC) have recently been systematically evaluated for organic
cations,24,25 and considered a valuable tool as long as pH and
308 | Environ. Sci.: Processes Impacts, 2017, 19, 307–323
salinity of the eluent conditions are carefully considered. It
appears that measurements with ionogenic compounds on IAM-
HPLC columns may suffer from confounding pH-dependent
surface charges,21,24 with the IAM material appearing net neutral
only at pH � 5, positively charged at a lower pH, and negatively
charged at a higher pH, including in physiological buffers.

Also several predictive tools to derive DMW values for iono-
genic compounds have become available, which are important
in order to screen the properties of large chemical data bases in
chemical risk assessment or drug discovery processes. A review
of liposomal KMW data of ionic and corresponding neutral
species reported in publicly available literature listed data for 56
acids and 36 bases.16,19 Based on this data set, several scaling
factors (DMW) have been derived for different classes of ionic
compounds (e.g. phenolic acids, secondary amines) that repre-
sent average differences between the log KMW of ionic and cor-
responding neutral species:26,27

log KMW,ion ¼ log KMW,neutral � DMW (1)

where the log KMW for neutral species is predicted using
a log KOW based-regression:11

log KMW,ion ¼ (1.01 log KOW,neutral + 0.12) � DMW (2)

The pH-dependent membrane–water distribution coefficient
(DMW) for ionisable compounds is:

DMW ¼ fNKMW,neutral + (fN � 1)KMW,ion (3)

where fN is the fraction of chemical in the neutral form, which at
a given pH is:

fN ¼ (1 + 10(pKa � pH))�1 for bases, and

fN ¼ (1 + 10(pH � pKa))�1 for acids (4)

Eqn (1)–(4) improve risk assessment of IOCs compared to
a solely KOW based approach, because they aim to include the
actual contribution of the ionic species in the calculation of
partition coefficients. However, the limited training data set
showed considerable ranges in DMW for each of the ve types of
ionogenic organic compounds (IOCs) considered, i.e. primary,
secondary, and tertiary amines, phenolic acids, and other acids.
Rening the DMW values to more detailed structural features
requires substantially larger data sets. In addition to such
log KOW derived predictions of DMW, the computational tool
COSMOmic became available to directly predict the KMW for
ionic species in 2014, using calculations of the molecular
interactions between quantum-chemically optimized input
structures.16 A liposome-water partitioning data set of 75 ionis-
able compounds was used to t an internal membrane potential
to align the simulated KMW data with experimental KMW data for
anions, cations and neutral compounds.16 The direct prediction
of the cationic partitioning coefficient by COSMOmic could
replace the DMW-approach based on log KOW input values in eqn
(1)–(4). Besides reducing the uncertainty related to the algo-
rithms used to predict KOW, the KOW–KMW regression, and the
specicity of DMW for certain types of IOCs, COSMOmic has
This journal is © The Royal Society of Chemistry 2017
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several advantages that render the predictions more mechanis-
tically sound. COSMOmic simulations run with detailed 3-
dimensional structural information for the most relevant
conformers of the solute, taking electrostatic interactions into
account, using quantum-chemistry-based calculations of the
surface charge distribution.28–30 Hence the inuences that
neighbouring charged and polar functional groups exert are
accounted for. However, COSMOmic also has drawbacks in that
the several tuneable parameters and conformer input structures
can inuence the output of calculations, and as yet there is no
clear consensus on how to control this variability. Also, the
COSMOtherm soware package in which COSMOmic is a sub-
module is a commercial product, while QSAR based algorithms
like KOW and the DMW-approach can be readily embedded in
freely available webtools (e.g. QSAR-toolbox).

In the current study, we used IAM-HPLC to obtain experi-
mental sorption data for phospholipid monolayer coatings with
86 charged amine structures encompassing a wide variety of
functional polar groups. Two preceding studies have demon-
strated that the KMW of organic cations can also be approxi-
mated with IAM-HPLC chromatographic retention data.24,25 The
IAM-HPLC data were obtained at pH 5 for seventy different
amine structures that contained only charged nitrogen and
hydrocarbon moieties (“CxHyN

+”), and COSMOmic predictions
compared well with these data. Furthermore, for a broad series
of cationic surfactants (also CxHyN

+), the IAM-HPLC data cor-
responded closely with sorption data obtained with TRANSIL
solid supported lipid membranes (SSLM), in which non-cova-
lently bonded phospholipid bilayers are used.23 The main
differences between IAM-HPLC and SSLM for these CxHyN

+

cations were linked to contributions from the methyl groups
attached to the charged nitrogen (“N-methylation”). Hence,
corrective increments for N-methylation were derived to align
the IAM-HPLC based values with the SSLM DMW measurements
(dIAM-SSLM). These dIAM-SSLM values are expected to be applicable
to all charged amines, which is part of the current investigation.
Interestingly, COSMOmic predictions of the contribution of N-
methylation to DMW followed a similar trend to the SSLM data
with the effect only slightly exaggerated for primary amines.

Together with the IAM-HPLC data set on CxHyN
+ amines, the

current IAM-HPLC data set on 86 polar amines will be used to
evaluate the DMW-approach, and to rene the chemical applica-
tion domain of COSMOmic as a predictive tool in the screening of
large sets of ionisable chemicals in lower tier risk assessment.

2. Materials and methods
2.1 Test compounds

Eighty-six amine structures were purchased as the free base or the
salt from various suppliers (see ESI Table S1†). Each contained
a single ionisable amine moiety, and was grouped and numbered
according to the polarity of the main polar groups and complexity
of the structures, as listed in Table 1 and with structures in Table
2: monopolar amines (simple esters, ethers, halogenated amines),
dipolar amines (simple hydroxylated amines), amines with polar
N moieties (anilines, amides, carbamate, N-heterocyclic, guani-
dines, sulfonamides), polycyclic amine structures, and complex
This journal is © The Royal Society of Chemistry 2017
multifunctional amine structures ($4 polar groups, and/or Mw >
400, and/or larger rings than C7). All compounds had a purity of
>95% except for two macrolides (#85; erythromycin A (<12%
erythromycin B), and #86 tylosin hemitartrate (91.4%)). Stock
solutions were prepared as �10 mg in 1 mL methanol (Biosolve
BV, Valkenswaard, NL), in some cases in acidied ethanol. If
experimental pKa values and KOW values were not available,
ChemAxon (http://www.chemicalize.org, April 2016) was used to
predict these parameters (Table 1). Nine of the chemicals were
quaternary ammonium compounds (i.e. the amine group always
has a charge); seventy amines were strong bases with pKa values
>7.0; four had pKa values between 5.0 and 7.0, and three had pKa
values between 3.0 and 5.0.
2.2 IAM column, eluents, detection and analysis

The same IAM-HPLC settings were used as reported previously for
the CxHyN

+ amines.25 Briey, a 100 � 4.6 mm IAM.PC.DD2
column (Regis Technologies, Inc., Morton Grove, IL, USA) with an
IAM.PC.DD2 10/300 guard cartridge was operated at a ow rate of
1.0mLmin�1 (23� 2 �C) of pH 5.0 or 3.0 buffered aqueous eluent
(without organic solvent), with an additional 8.0 g L�1 NaCl (137
mM) and 0.2 g L�1 KCl (2.7 mM) added to the 10 mM buffer.
Amines with aromatic moieties were mostly detected by using
a UV-diode array (Agilent 1100 system) at various wavelengths.
Amines that lacked a convenient UV absorption prole were
detected using LC-MS/MS (MDS Sciex API 3000) in the 10 mM
buffer alone, with a split ow injection of <5%. Triplicate IAM-
injections (20 mL) were run on the same day for most compounds.
A series of at least 3 different eluent mixtures with aqueous buffer
and acetonitrile (#30%) were applied in the case of strongly
sorbing amines and extrapolated to obtain the retention capacity
factor (KIAM) for buffered aqueous eluent without organic solvent.

3-Nitroaniline was the neutral reference compound used to
check IAM consistency during UV-diode array detection. Pure
water (MilliQ, Millipore Merck) was used as a neutral non-
retained tracer (t0) when using UV-diode array detection.
Tryptamine was used as a reference cation to align retention on
UV-diode array and LC-MS/MS systems. The peak apex of the
eluted peak (tr) on both detectors was used to calculate the
retention capacity factors (kIAM):

kIAM ¼ tr/(tr � t0) (5)

The intrinsic sorption coefficient of organic cations to the
IAMmonolayer (KIAM,intr) at pH 5.0 was obtained by multiplying
kIAM by the solvent/sorbent phase ratio of 18.9 for the
IAM.PC.DD2 column:25,31

kIAM,intr (pH 5) ¼ kIAM � 18.9 (6)

For weaker bases with pKa of 3.5–7, measurements were
performed at pH 3.0, 5.0 and 7.4 (10 mM phosphate buffer), all
at a total salinity of 0.15 M. The pH 3.0 values were corrected
with the DpH5�pH3 electrostatic factor25,31 (additionally
conrmed in this study):

log KIAM,intr (pH 5) ¼ log(kIAM (pH 3) � 18.9) + DpH5�pH3 (7)
Environ. Sci.: Processes Impacts, 2017, 19, 307–323 | 309
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Table 2 Chemical structure of tested organic cations

Nonpolar/halogenated amines

Simple monopolar amines

Simple dipolar amines
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Table 2 (Contd. )

Simple amines with polar N groups

Polyaromatic amines
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Table 2 (Contd. )

Complex amines
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This pH 3 value being representative of the cationic species was
conrmed by Henderson–Hasselbalch pH model18 tting of the
measurements at three tested pHs.

To convert the intrinsic sorption affinity to the IAMmonolayer
to the membrane–water sorption affinity for a phospholipid
bilayer (KMW), we applied corrective increments (dIAM-SSLM) to all
KIAM,intr for the differential N-methylation contributions to KIAM
and KMW, as dened in ref. 23, with dIAM-SSLM of +0.78 log units for
1� amines, +0.47 log units for 2� amines, �0.03 log units for 3�

amines, and �0.11 log units for 4� ammonium compounds:

log KMW(IAM) ¼ log KIAM,intr (pH 5) + dIAM-SSLM (8)

2.3 Molecular simulations

COSMOmic was run within COSMOthermX Version C30_1501,
using the same time-averaged atomic distribution micelle le
for a hydrated system of 1,2-dimyristoyl-sn-glycero-3-phos-
phocholine (DMPC), and a TZVP-optimized representative
DMPC phospholipid molecule, optimized at the Hamburg
University of Technology (TUHH).32 The same DMPC les used
in the study of Bittermann et al.16 that tted the COSMOmic
default “self-dened” electrostatic potential settings were used
(position 17.0796, width 8.86629, depth 7.51583 kcal (326 mV)).
Bittermann et al.16 observed that the COSMOmic calculated
KDMPC–W values overestimated the sorption affinity to liposomes
for all types of compounds (charged and neutral), and recom-
mended to apply generic offset corrections of �0.32 log units to
the calculated KDMPC–W values with their system les and
membrane potential settings. In more detail, they reported
�0.30 log units for neutral compounds and �0.40 log units for
organic cations. In this study we evaluated COSMOmic KDMPC–W

values with and without an offset for organic cations of�0.4 log
units. The example bilayer dmpc.mic provided with COSMOmic
V15 (“COSMOtherm15-DMPC”), which we applied in our
previous IAM-HPLC/COSMOmic comparison study with CxHyN

+

amines,25 uses a slightly different set of input structures, and is
here compared to the “TUHH-DMPC” bilayer les. COSMOmic
divides one half of the hydrated DMPC bilayer (composed of
a “time-average” atomic distribution obtained via molecular
dynamics equilibration) into 31 horizontal layers along the axis
from the bulk water to the membrane core, and calculates at
each layer the free energy (relative to that in bulk water) for each
chemical input structure in 162 orientations. COSMOconf
Version 3.0.0.0 was used to create TZVP based input structures
for up to 6 of the most relevant conformers for each of the
charged amines, as discussed in the CxHyN

+ amine study.25

3. Results and discussion
3.1 KMW values obtained by IAM-HPLC: extrapolating
solvent mixture series, pH corrections, amine type corrections

IAM-HPLC retention capacity factors were obtained in buffered
aqueous eluents (KIAM,aq) for 62 amines. For 24 strongly sorbing
amines varying mixtures of acetonitrile/water were used to
extrapolate the KIAM,apparent to KIAM,aq (see ESI Fig. S1,† examples
of linear extrapolation curves to KIAM,aq shown for amines #72
316 | Environ. Sci.: Processes Impacts, 2017, 19, 307–323
and #74). The triplicate KIAM,aq measurements in fully aqueous
eluent differed by less than 0.1 log units. The extrapolated
KIAM,aq values in the solvent have higher uncertainty margins;
for 18 compounds more than 4 measurements were established
in the solvent series, resulting in average 95% c.i. for KIAM,aq of
0.25 log units. For 6 compounds only four single measurements
were performed in 15%, 20%, 25%, and 30% solvent, and cor-
responding 95% condence intervals (c.i.) ranged over 0.22–
0.91 log units (see Fig. S1†). The KIAM,aq values for pH 5.0
aqueous eluent were transformed to KIAM,intr values (listed in
Table S2†). The tested range of log KIAM,intr values obtained in
this study was 0.59 (#45, pyridostigmine) to 6.50 (#80, amio-
darone). For 51 amines, measurements were made in both pH
5.0 and pH 3.0 eluents (both with physiological salinity of 0.15
M). The difference between the apparent log KIAM in both media
(DpH5�3) was on average 0.12 � 0.04 (see Table 1), which
corresponds to the recently reported value for CxHyN

+ amines.25

As demonstrated in recent systematic studies on the effect of
salinity on the retention of anions and cations,24 the IAM
material is net positively charged at pH 3. Presumably, this is
because most residual silanol acidic sites at the base of the IAM
silica surface are protonated at pH 3, while a larger number of
residual positively charged propylamines exist as well as the
base of the IAM coating as unreacted groups during the
anchoring of the phospholipids. At pH 5 the amount of
deprotonated silanol groups balances the amount of the
residual propylamine groups, resulting in net neutral surface
charge and negligible effects of salinity on retention of ionic
species. The DpH5�3 correction factor is thus due to moderate
electrostatic repulsion of solute cations at highly saline pH 3
buffered eluents, and a negligible electrostatic repulsion/
attraction at pH 5.24 The DpH5�3 correction factor appears to be
applicable to all monoprotic organic cations, but may be
different for multiprotic compounds.

The IAM-HPLC study on charged CxHyN
+ amines showed

that for different amine type analogues, the inuence of methyl
groups attached to the charged N (N-methylation) on KIAM,intr

was minimal for 1–3� amines while the 4� ammonium
analogues had KPLIP–W values lower by �0.3 log units.25 Timmer
and Droge23 recently demonstrated that the inuence of
N-methylation for charged CxHyN

+ amines was more apparent
for phospholipid bilayers in solid supported lipid membrane
(SSLM) assays than for IAM-HPLC. For a series of alkylamine
analogues, with C8-, C10- and C12-chains, they found that the
order of KMW values for the analogue series was 1� > 2� > 3� > 4�,
with respective incremental differences of 0.28, 0.56 and 0.53
log units.23 Protonated primary alkylamines thus sorbed �1.3
log units stronger to phospholipid bilayers than analogue
quaternary alkylammonium cations. We considered that this is
solely an effect of the charged nitrogen moiety that will apply to
all charged amines, either CxHyN

+ amines or polar amines, just
like the DpH5�3 correction factor. By applying dIAM-SSLM correc-
tive increments to our IAM-HPLC data for organic cations, i.e.
+0.78 for 1� amines, +0.47 for 2� amines, �0.03 for 3� amines
and �0.11 for 4� ammonium compounds, we corrected for the
different N-methylation contributions in IAM monolayers and
SSLM bilayers. Doing so, we suggest to have derived IAM-based
This journal is © The Royal Society of Chemistry 2017
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sorption affinities to phospholipid bilayers (KMW(IAM)), as the
closest proxy values of sorption affinities to cell membranes.
These dIAM-SSLM corrected KMW(IAM) data are presented in Table
1 and used in the following evaluations, unless specied
otherwise.

3.2 Using IAM-HPLC and KOW to dene DMW scaling factors

The bioaccumulation model for ionogenic compounds
“BIONIC” currently applies the DMW-approach in eqn (2) to
predict KMW values for ionic species.27 The DMW-values repre-
sent the difference between log KMW values for the neutral and
corresponding ionic species, which have been dened for
several types of IOCs. In the absence of experimental KMW

values for the neutral species, they are based on KOW-QSAR.
Using the IAM-HPLC data, we can now evaluate the DMW-values
for 1�, 2�, and 3� amines for the 133 amines (86 polar amines
and 69 CxHyN

+ amines, minus 22 QACs) collected in our current
and previous study.25 Using only experimental KOW values for 87
compounds (ESI-Tables S3A and B†), uncertainty related to
predictions of KOW is partially avoided while maintaining a large
chemical diversity. Using the dIAM-SSLM corrected IAM-HPLC
data as KMW,ion and eqn (2) to calculate the KMW,N, Fig. 1 shows
the DMW-values separated out for the three amine types, with
each amine type split into CxHyN

+ amines and polar amines. For
primary (1�), secondary (2�), and tertiary (3�) CxHyN

+ amines,
log unit DMW-values (�s.d. (N)) are �0.26 � 0.32 (12), 0.30 �
0.32 (7), and 1.29 � 0.35 (11), respectively.

Using liposomal partitioning data for both ionic and corre-
sponding neutral species of a small set of basic compounds,
DMW-values have been set to 0.3, 0.5 and 1.25 log units, for 1�, 2�

and 3� amines, respectively, and used as such in the BIONIC
model. The SSLM sorption study with a small but consistent
data set of single chain cationic surfactants determined
respective DMW-values of �0.05, 0.44, and 1.25 using the KOW-
Fig. 1 Box-whisker plot evaluation of the scaling factor DMW (as log K
corrected IAM-HPLC based KMW values for organic cations (log KMW(IAM
species. CxHyN

+ amine data are from ref. 23, the polar amine data are f
included.

This journal is © The Royal Society of Chemistry 2017
QSAR for neutral species.23 Especially for 2� and 3� amines,
these DMW-values were very close to those observed with IAM-
HPLC data, and in a similar trend to the DMW-values used in the
BIONIC model.

However, IAM-HPLC data for (CxHyN
+) amines do not always

closely agree with the DMW-values used in the BIONIC model.
For example, the DMW-values for 2� CxHyN

+ dioctylamine are
two orders of magnitude higher (2.55) compared to the rec-
ommended 0.5 log units. The IAM-HPLC data generated in the
current study provided a much more extensive set of polar
amines than previously available for liposomal and SSLM par-
titioning data. For polar amines, Fig. 1 shows that the DMW-
values are lower and more variable per amine type than for
CxHyN

+ amines, and therefore also in comparison to the DMW-
values set in the BIONIC model, �1.4 � 0.73 (6 compounds) for
1�, �0.57 � 0.57 (14 compounds) for 2�, and 0.35 � 0.78 (37
compounds) for 3�. Polar moieties appear to result, on average,
in relatively higher KMW values for ionic species compared to
corresponding neutral species, resulting in lower DMW-values
compared to CxHyN

+ amines. It should be kept in mind that the
liposomal DMW-values are based on measured KMW values for
neutral species, whereas our assessment still applied the KOW-
QSAR. Of course, predictions of KOW are integral in any large
chemical risk assessment screening. Fig. 1 therefore also shows
predictions of KOW by EPISuite's KOWwin and ACD/Labs (listed
in ESI-Tables 3A and B†). The same trends in DMW-values per
amine type were observed as when using experimental KOW

values. The scatter in DMW-values per amine type was somewhat
increased, likely by including more complex amine structures,
although for most of the very complex amines (#71–86) experi-
mental KOW values were available (Table 1). The DMW-value of
5.14 for tiamulin (#83) for the ACD labs predicted KOW seems
unrealistically high. For most simple nonpolar alkylamines this
DMW-approach based on KOW includes uncertainty margins of
MW,neutral–log KMW,cation) for different types of amines, using dIAM-SSLM

)), and KOW based predictions of KMW values for corresponding neutral
rom this study. Numbers on the x-axis refer to the number of amines
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a factor of �2 (�0.3 log units), which seems suitable for rst
screening purposes in risk assessment (except e.g. dialkyl-
amines25), as was also concluded with the SSLM data for
cationic surfactants.23 However, provided that the (amine type
corrected) IAM-HPLC data for polar amines are representative
of partitioning affinity into phospholipid bilayers, the above
analysis indicates that separate, lower, DMW-values should be
used for polar amine structures (e.g., DMW �1.4 � 0.73 for polar
1� amines compared to �0.26 � 0.32 for CxHyN

+ 1� amines),
accompanied by wider uncertainty margins, particularly for
more complex structures. As discussed below, part of this
uncertainty in structural predictions of KMW for ionogenic
compounds with the DMW-approach may be reduced by using
COSMOmic soware to directly calculate KMW values for the
ionic species.

3.3 KDMPC–W values predicted by COSMOmic simulations
with different DMPC bilayers

COSMOtherm V.15 provides an example DMPC bilayer le and
a TZVP optimized ‘representative’ DMPC phospholipid struc-
ture. The atomic distributions of the hydrated DMPC bilayer
input structure originate from a different molecular dynamics
(MD) run compared to the TUHH-les used by Bittermann
et al.16 The TZVP-optimized DMPC structures are also quite
different (Fig. S2†), with the TUHH-DMPC structure having two
stretched alkyl chains, whereas the COSMOtherm15-DMPC
structure has 1 chain curled such that the chains differ in their
position relative to the charged headgroup. As a result, for all of
the 86 tested cations the COSMOtherm15-DMPC les calculated
KDMPC–W values that are on average 0.40 log units lower than
when using the TUHH-DMPC structure, ranging between 0.02
(#73, loperamide) and 0.66 (#50, serotonin) (Table S3†). There is
no directly obvious link between the molecular structure of the
amines and the difference in the KDMPC–W values. Even themore
complex cationic macrolides (#84–86) differed only by 0.4–0.49
log units. For anionic compounds the difference is surprisingly
much larger; the COSMOtherm15-DMPC system predicts 1.2
log units higher values than the TUHH-DMPC system16 (see
example anions listed below Fig. S2†). This suggests that ret-
ting the membrane potential parameters for the COSMO-
therm15-DMPC system to align the KMW data set used by
Bittermann et al.16 may result in closer alignment of cations and
anions. We therefore currently prefer to apply the TUHH-system
KDMPC–W values, as listed in Table 1.

3.4 Comparison between KMW(IAM) measurements (IAM-
HPLC) and KDMPC–W calculations (COSMOmic)

As discussed in Section 3.1, the inuence of the N-methyl
groups on charged amine structures differs between IAM-HPLC
retention data and SSLM partitioning data, and dIAM-SSLM

corrective increments were proposed recently.23 Fig. 2A, C and E
show the plots of three sets of COSMOmic predicted KDMPC–W

values and uncorrected KIAM,intr values, using the COSMO-
therm15-DMPC system, the TUHH-DMPC system, and the
TUHH-DMPC predictions including an offset value of �0.4 log
units for organic cations recommended by Bittermann et al.,16
318 | Environ. Sci.: Processes Impacts, 2017, 19, 307–323
respectively. Using the dIAM-SSLM corrective increments for
amine types as set in Section 3.1, corresponding graphs are
presented in 2B, D and F. Comparing the TUHH-DMPC pre-
dicted log KMW values with the full IAM-HPLC data set for 155
amines without dIAM-SSLM correction gives an RMSE of 1.08,
which is reduced to 0.80 when including the dIAM-SSLM correc-
tion. The dIAM-SSLM correction thus considerably reduced the
scatter between KIAM,intr values and COSMOmic predicted
KDMPC–W values, both for COSMOmic's example DMPC les,
and the TUHH-DMPC les.

The data for CxHyN
+ amines from our previous IAM-HPLC

study are also plotted in all Fig. 2 graphs as black dots.25 In that
study, only the COSMOtherm15 example DMPC les were used,
and corrective increments for N-methylation differences
between IAM and COSMOmic were tted to the KDMPC–W values,
in order to best align with the IAM-KPLIP–W values.25 In the
current study, however, we optimize the KIAM,intr values with
dIAM-SSLM corrective increments, using sorption data for cationic
surfactants to SSLM phospholipid bilayers.23 Thus, we now
account for the underestimation of N-methylation effects by
IAM-HPLC, and compare the corrected IAM-HPLC data directly
to COSMOmic predictions. This dIAM-SSLM correction not only
aligns IAM-HPLC data with phospholipid bilayer data, but it
also reduces the scatter between IAM-HPLC data and COSMO-
mic predictions, as shown by comparing the top row graphs of
Fig. 2 with the bottom row graphs of Fig. 2.

As shown in Fig. 2B by the position of the black regression
line for CxHyN

+ amines relative to the 1 : 1 line, the COSMO-
therm15 DMPC les systematically underestimate the dIAM-SSLM-
corrected KMW(IAM) values, on average by �0.6 log units, with
an RMSE of 0.71 log units. Using TUHH-DMPC les (Fig. 2D),
COSMOmic underestimated CxHyN

+ amines on average by only
0.22 log units (see Table 3), with an RMSE of 0.48. As shown by
the linear regression line for the CxHyN

+ amines, the TUHH-
DMPC predictions are almost 1 : 1 with the IAM-HPLC data
(Fig. 2D). For the 86 polar amines from the current study
compared to dIAM-SSLM-corrected KMW(IAM) values, the RMSE for
COSMOtherm15-DMPC (Fig. 2B) is 1.12 log units, while the
RMSE for TUHH-DMPC (Fig. 2D) is 0.80.

Bittermann et al.,16 however, actually found that KDMPC–W

values overestimated KMW values for organic cations, and rec-
ommended an offset of �0.4 log units. They observed that this
offset aligned predictions with the experimental KMW data for 24
organic cations obtained using dispersed liposomes. As shown in
Fig. 2E and F, doing so actually shis the KDMPC–W values the
wrong way compared to the corrected 86 IAM-HPLC values, and
this increases the RMSE for polar amines from0.8 (without offset,
2D) to 1.12 log units (with offset, 2F). Similarly, the 0.4 log unit
offset reduced the predictive accuracy of COSMOmic compared to
the SSLM bilayer data for 19 cationic surfactants.23 Regarding the
consistency of the IAM-HPLC and SSLM data sets, and the
diversity of liposomal KMW references used in the data set eval-
uated by Bittermann et al., we currently continue the compari-
sons between IAM-HPLC and COSMOmic without using the
offset for TUHH-KDMPC–W values. Still, it should be kept in mind
that a thorough validation of IAM-HPLC and SSLMKMWdata with
liposomal KMW data is currently still lacking.
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Comparisons between IAM-HPLC values and COSMOmic predictions of KDMPC–W,ion. The top row compares with uncorrected instrinsic
sorption affinities to IAMmonolayers KIAM, while the bottom row applied dIAM-SSLM corrective increments forN-methylation differences in bilayers
KMW,ion(IAM). Graphs A and B represent predictions with COSMOmic example DMPC files. Graphs C and D represent predictions with TUHH-
DMPC files used by Bittermann et al.16 Graphs E and F include the recommended offset of �0.4 log units for cations by Bittermann et al.16

Table 3 RMSE values for different groups of polar amines, and suggested correction factors for log KDMPC–W obtained with the DMPC files from
Bittermann et al. (ref. 16), without using their recommended offset correction

N RMSE
Suggested
correction factor

RMSE aer
correction factor

CxHyN
+ amines (without acridine) 70 0.48 +0.22 0.43

Halogenated/mono polar amines 22 0.68 +0.43 0.53
Simple dipolar amines (<4 polar moieties) 13 0.41 0 0.41
Amines with additional polar N moieties 25 0.69 +0.54 0.43
Polyaromatic amines 10 1.13 +0.79 0.51
Complex amines ($4 polar groups/Mw > 400/large rings) 16 1.07 +0.60 0.89
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We split the 86 polar amines into ve different groups,
according to polarity and complexity, to determine to what
extent the predictive accuracy of COSMOmic for IAM-HPLC
data is better for certain groups of structural features of the
polar amines, compared to the RMSE of 0.82 for the 86 polar
amines. Grouping the halogenated/non-polar amines with the
simple monopolar amines with ether, ester and ketone
moieties (compounds 1–22, Fig. 3A), an RMSE of 0.68 log
units is obtained for 22 amines. On average these amines are
underestimated by COSMOmic by �0.43 log units (�standard
This journal is © The Royal Society of Chemistry 2017
deviation (s.d.) of 0.55 log units), which may be considered as
a representative KDMPC–W scaling factor for this group of
compounds, as listed in Table 3. As shown in Fig. 3A, the
larger (polycyclic) compounds sertraline (#6) and escitalo-
pram (#11) are the most underestimated compounds in this
group.

The group of 13 “dipolar amines” with fewer than 4 func-
tional groups, with at least 1 dipolar moiety (Fig. 3B,
compounds 23–35), has an RMSE of 0.41. On average, these
amines are underestimated in COSMOmic by only �0.09 � 0.41
Environ. Sci.: Processes Impacts, 2017, 19, 307–323 | 319
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Fig. 3 COSMOmic predictions compared to dIAM-SSLM corrected IAM-HPLC data, highlighted for amines with various types of polar groups and
structural complexity. Outliers are numbered and presented with cation structures. The highlighted types of amine structures are presented as
red symbols.
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log units. Compared to the monopolar amine structures, it thus
seems that dipolar groups reduce the difference between IAM-
HPLC and COSMOmic. The KDMPC–W value for the small cate-
chol amine dopamine (#27) is even overestimated by 0.8 log
units (Fig. 3).

The group of 25 “amines with additional polar N moie-
ties” that include anilines, amides, carbamates and N-
heterocyclic structures (Fig. 3C and D, compounds 36–60)
has an RMSE of 0.69. On average, these amines are under-
estimated in COSMOmic by �0.54 � 0.44 log units. The
cationic form of a polycyclic aminoquinoline (#37), the beta-
blocker atenolol (48), the pesticide thiabendazole (#52), and
nicotine (#54) have the most underestimated KDMPC–W

values.
The 10 polyaromatic amines (Fig. 3E, compounds 61–70)

appear to be underestimated more by TUHH-DMPC than the
previous groups, with an RMSE of 1.13 between IAM-HPLC and
COSMOmic, and an average difference of �0.79 � 0.47 log
units. The prediction for the alkaloid pesticide strychnine (#63)
deviates by 1.75 log units. This corresponds to the�2.4 log units
underestimated KDMPC–W relative to IAM-HPLC data for acri-
dine, a tricyclic CxHyN

+ amine.25 Also many of the most
underestimated compounds mentioned above for the other
groups have multiple rings. As noted elsewhere,11,16 this may be
a common problem of COSMOthermwith correctly dealing with
polyaromatic compounds.

The RMSE for the group of 16 complex amine structures
(Fig. 3F, compounds 71–86) is the largest of these groupings,
1.16 log units (average offset �0.63 � 1.01). Still, the predic-
tions for the three large macrolide antibiotics clarithromycin,
erythromycin, and tylosin (Mw > 730) were well within a factor
of 10 (overestimated by 0.14, 0.26 and 0.79 log units,
respectively), just as for lincomycin (4 hydroxyl moieties, 0.80
log units). The largest deviating compounds were ergocornine
(#81), a large (Mw of 562) polyaromatic compound under-
estimated by 2.24 log units, and verapamil (#71). Verapamil
was underestimated by almost 3 orders of magnitude.
However, closer inspection of the TZVP input structures of the
six selected conformers showed that these were all structures
where both polar ends, made up of two ethers linked to
a phenyl ring, curled up around the central charged nitrogen
(Fig. S3†). The weighted log KDMPC–W for these structures was
1.08, ranging from 0.41 to 1.24. Using a separately created
stretched conformer of verapamil (#71) predicts a log KDMPC–

W of 1.7, but this hardly improved the overall RMSE of this
group (1.07 log units). Also, this is still 2.35 log units lower
than the IAM-HPLC result, which was obtained with high
condence using the solvent mixture series at ve different
compositions (10–30% acetonitrile, Fig. S1†). Trimethoprim,
a complex amine structure with three ethers linked to
a phenyl ring, was underestimated by only 0.6 log units with
TUHH-DMPC compared to the IAM-HPLC value. Apparently,
it is not so much the ether linkages, but more selecting
representative conformations for complex organic cations
that remains a challenging feature in the COSMOmic
approach, and part of the residual uncertainties in predicting
KMW.
This journal is © The Royal Society of Chemistry 2017
3.5 Conclusions on establishing KMW values for cationic
compounds

The DMW-approach in eqn (2) is a simple estimation method to
derive the KMW of ionic species based on KOW predictions that
can be readily incorporated in chemical risk assessment
models. Based on reviewed liposomal partitioning data,16,27,33

SSLM data for cationic surfactants,23 and the current evaluation
of IAM-HPLC, the DMW-approach seems to be valuable for rst
chemical screening of basic compounds if the DMW-values are
not only specic for amine type, but also for the presence of
polar functional groups. The DMW-approach does not apply to
quaternary ammonium compounds (QACs), and has higher
uncertainty margins for more complex amines, especially when
experimental KOW values are not available. For such chemicals,
measured IAM-HPLC values provide direct measures of the KMW

of ionic species, with the inclusion of dIAM-SSLM corrective
increments for each amine type. There is an upper limit at
log KMW of�6 to the experimentally feasible affinity to use IAM-
HPLC, but experimental data on smaller analogues can be used
to extrapolate for some organic cations.25 Alternatively, the
current study shows that the KMW,ion of a wide variety of amine
structures can be predicted with relatively high condence with
COSMOmic, including QACs, using the TUHH-DMPC system
les. We propose six empirically dened dDMPC-IAM corrective
increments to the calculated KDMPC values (Table 3), to improve
the accuracy of COSMOmic for certain types of organic cation
structures.

Obviously, there is a disadvantage in applying corrective
increments to IAM-HPLC, offset values and somewhat arbi-
trarily selecting the input les in COSMOmic, in attempts to
align the observed data. It is clear that the level of condence in
the experimental output of liposomal partition studies is higher
than those of SSLM bilayers, while the latter are still more
representative of cell membranes than the IAM-HPLC mono-
layer coating. Regarding the current data analysis on 156
amines, we would rate the condence in the COSMOmic
predictions, for organic cations, even on a relative scale, to be at
a comparable level to the IAM-HPLC data. COSMOmic performs
calculations with a bilayer while IAM consists of a monolayer
phospholipid coating, and the effect of N-methylation is better
predicted by COSMOmic than by IAM. Still, even the use of
3-dimensional input structures is not likely to be as represen-
tative as the retention behaviour of fully dissolved molecules
on an actual phospholipid membrane, as shown by the exam-
ples of verapamil (#71) and tricyclic CxHyN

+ acridine, and very
large alkaloids such as ergocornine (#81). Condence in the
COSMOmic predictions, and suggested offset values and
corrective increments, increases with larger and more consis-
tent data sets. The liposomal data on 25 organic cations
reviewed and applied by Bittermann et al. to validate COSMO-
mic calculations with a DMPC bilayer were collected from
a variety of studies, and were of limited structural variability.
The SSLM data were obtained with a consistent methodology in
a single study on a set of nineteen linear alkylamine-based
surfactants, very simple cationic structures that covered all four
types of N-methylation. IAM-HPLC chromatography allows for
Environ. Sci.: Processes Impacts, 2017, 19, 307–323 | 321
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even more methodological consistency than SSLM. Together
with the set of 70 CxHyN

+ amines from a closely related study
using similar test conditions,25 we now have experimental data
on 156 different structures tested on a single IAM-HPLC column
to compare with COSMOmic. It thus seems fair to use simple
correction terms to optimize the IAM-HPLC data set, and to use
the extensive IAM-HPLC data set to evaluate the appropriate-
ness of certain different COSMOmic input les and parameters.
Dividing the chemical domain into simple amine structures
(<4 polar groups) and complex amine structures ($4 polar
groups), we obtain an RMSE of 0.45 log units for the 138 simple
amines, and 0.89 log units for 16 complex amine structures. As
shown in Fig. 4, all simple amines except acridine are predicted
within a factor of �10, and the majority within a factor of �3.
The complex amines are predicted with reasonable success,
with all tested compounds within a factor �50.

Based on the ndings of the current and closely related other
studies, our suggestions for deriving KMW values for (predomi-
nantly) cationic compounds experimentally via IAM-HPLC, or
prediction via COSMOmic or the DMW-approach can thus be
summarized as:

� IAM-HPLC measurements (for quaternary ammonium
compounds or basic compounds with pKa > 7) should be per-
formed with an IAM.PC.DD2 column using eluent buffered at pH
5 and a salinity of $10 mM; weaker bases with a pKa between 5
and 7 should be tested at pH 3, with a salinity of 150 mM. For
bases with a pKa < 5, there is little need for measurements of the
KMW of the ionic species. From these IAM-HPLC measurements,
representative KMW(IAM) values can be obtained following eqn
(5)–(8), with a DpH5�3 corrective increment of +0.12 log units, and
dIAM-SSLM corrective increments of +0.78 log units for 1� amines,
+0.47 log units for 2� amines, �0.03 log units for 3� amines and
�0.11 log units for 4� quaternary ammonium compounds.

- For compounds with log KMW > 6, the IAM-HPLC method is
impracticable.
Fig. 4 Comparisons between corrected IAM-HPLC values
KMW,cation(IAM), and corrected COSMOmic predictions of
KDMPC–W,cation, following the correction terms listed in Table 3.
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- Experimental KMW values obtained with dissolved liposomes
are considered most realistic, but standardization of a testing
protocol would be valuable. SSLM measurements should ensure
sufficient contact time between solutes and suspended particles,
and ensure that phospholipids do not signicantly detach from
the solid particles. Although a consistent SSLM data set for
CxHyN

+ amines is currently becoming available for comparison
with IAM data (by which dIAM-SSLM has been dened), more
experimental SSLM or liposome based KMW values should be
generated to further validate the IAM-HPLCdata for polar amines.

� COSMOmic predictions should apply the TUHH-DMPC les,
which are available upon request, rather than the COSMO-
therm15-DMPC les. The IAM-HPLC data suggest that a previ-
ously recommended generic offset of �0.4 log units for the
generated KDMPC–W values for all organic cations will actually
reduce the predictive accuracy. Instead, we propose the following
corrective increments: +0.22 log units for CxHyN

+ amines, +0.43
log units for halogenated or simple monopolar amines, +0.09 log
units for simple dipolar amines, +0.54 log units for simple amines
with polar N groups and +0.79 for polyaromatic amines.We advise
caution with COSMOmic predictions for large polyaromatic
amines, as well as for complex amine structures ($4 polar groups,
and/or large rings, and/or Mw > 400; +0.59 log unit correction).
COSMOmic may well be used to screen whether experimental
KMW determination for certain organic cations is feasible.

� For predictions of the log KMW for bases by the DMW-
approach (log KMW,N � DMW ¼ log KMW,ion), based on log KOW

input values to derive log KMW,N, we suggest to use six distinct
values to separate amine types and the presence of polar groups:
�0.26 for 1� CxHyN

+ amines, �1.4 for 1� polar amines, +0.30 for
2� CxHyN

+ amines, �0.57 for 2� polar amines, +1.29 for 3�

CxHyN
+ amines, and +0.35 for 3� polar amines.

� For multiprotic organic ions neither IAM-HPLC nor COS-
MOmic has been extensively validated.

These COSMOmic-predicted or IAM-HPLC based KMW values
of ionised species may be used, alongside KMW values of cor-
responding neutral species, to predict partitioning of basic
contaminants into biotic compartments. For example, this will
improve the accuracy of predictions of the pH-dependent bio-
concentration factors (BCF) of ionisable amines in sh,27 and
the interpretation of pH-dependent toxicity tests and analysis of
the specicity of the toxic mode of action, as shown for toxicity
tests with basic pharmaceuticals using algae.26,33
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