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ABSTRACT: The retention capacity factor (kjyy) on immobi-
lized artificial membrane chromatography columns (IAM-HPLC)
is widely used as experimental descriptor of lipophilicity. For
predominantly ionized compounds, however, unexpected and
significant effects of pH, buffers, and salinity on k) have been
reported. Besides zwitterionic phospholipids, IAM particles
contain acidic silanol moieties and positively charged propyl-
amine groups. The electrostatic model and experimental kpy,
values presented in this study for organic cations show that the
net JAM surface charge is positive below pH S and negative
above pH S. The resulting confounding electrostatic repulsion/
attraction is strongly influenced by eluent salinity: k) values for
cations differ by more than 2 orders of magnitude over the tested
range of aqueous eluents. In phosphate buffered saline medium
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the actual lipophilicity of cationic drugs (Kppipwction) is Overestimated by at least a factor of 2. The Kpppw cuion can be readily
determined by IAM-HPLC in any 10 mM buffered eluent at pH 5. Accounting for, or avoiding, confounding electrostatic effects
in IAM-HPLC considerably advances assessments of (phospho)lipophilicity for drug discovery and for environmental risk

assessment of organic cations.

he octanol—water partition coefficient (Kgy) is com-
monly applied as a descriptor of lipophilicity in
pharmacological and environmental sciences to predict the
passive uptake and accumulation of dissolved drugs and organic
chemicals into biotic tissues. Although for some compound
classes this generalization introduces systematic errors, for
many classes of neutral chemicals bulk partitioning into octanol
includes comparable molecular interactions as partitioning into
storage lipid and phospholipid membranes.' ™ The majority of
pharmaceuticals and vast amounts of industrial chemicals,
however, are ionizable compounds* ™ that are predominantly
present as charged species at neutral pH. Octanol is not the
ideal surrogate phase to determine lipophilicity for ionic
compounds in relation to partitioning to membranes, as octanol
lacks critical molecular features of phospholipids such as the
zwitterionic headgroups’ and anisotropic structuring.” The
need of accurate lipophilic properties for many toxicologically
relevant ionizable compounds warrants large data sets on
measured sorption affinities of organic ions to phospholipid
membranes (Kppipwon)- Astonishingly, though, recent reviews
on membrane affinities for ionic compounds®~ '’ could only list
Kprpwion for S0 acids and 25 bases from publically available
literature. This data scarcity strongly hampers development of
accurate structure—activity relationships required for bioaccu-
mulation modeling'’ and validation of molecular simulations.®
Immobilized artificial membrane chromatography (IAM-
HPLC) has become a commonly used, high throughput
screening method in pharmacological research and drug
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development to determine lipophilicity.'"'* IAM column
particles contain a monolayer coating of biomimetic
phospholipids, which should be representative of the
anisotropic structuring of phospholipids in cell membranes.
For most neutral compounds, column retention capacities
(kiap) obtained by IAM-HPLC indeed correlate well with
phospholipid—water sorption coefficients (Kpypy) obtained
with artificial liposomal bilayers, although some outliers were
noted."”” IAM-HPLC data are regularly published for many
ionizable pharmaceuticals (e.g, see refs 14—27). The simplicity
and consistency of a chromatographic tool seems ideal to create
a vast, high quality data set of Kpppwion values.”® These JAM-
retention values for ionizable chemicals, however, were not
considered by the aforementioned reviews on Kpyipw ion
values,* '* because of concerns raised in several IAM-HPLC
studies on confounding charged groups on IAM particles. The
charged groups influence the retention capacity factors of
strongly ionized compounds.'>'®'®***? If these confounding
effects could be adequately quantified or minimized, IAM-
HPLC would be a suitable tool to derive experimental
lipophilicity descriptors for ionic compounds, adequate input
parameters in chemical fate, or kinetic modeling in environ-
mental and pharmacological studies.
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This study aims to unravel the role of the undesirable surface
charge interactions for ionizable bases in IAM-HPLC. Previous
chromatographic studies with soil organic matter’’ and clay
minerals® demonstrated that salinity can strongly influence the
retention of positively charged compounds to HPLC columns
packed with negatively charged sorbents. This study systemati-
cally measures how the IAM-HPLC retention of a diverse set of
charged amines, anionic tracer compounds, and a neutral
reference compound was influenced by salinity over a broad pH
range. The second goal is to model the electrostatic processes
causing the effects of salinity on retention, in order to quantify
the role and properties of the charged surface moieties. The
measurements and modeling work in this study should (i)
elucidate the significance of the (undesired) charged groups on
the overall sorption, for the most widely used IAM column
(IAM.PC.DD2), (ii) establish the experimental conditions
where these surface interactions can be minimized, or
accounted for, and (iii) evaluate whether IAM-HPLC can be
used to derive accurate Kpypy values for organic ions.

Modeling Confounding Electrostatic Interactions in
IAM. The IAM retention capacity factors (ki) in fully
aqueous eluent can be directly converted to a sorption
coefficient to the column material by accounting for the
medium/phospholipid volume ratio (¢).>” If retention is only
due to the phospholipid coating, measurements for Kpppy
values are obtained by

Kpupw= = @kiam = 18.9(t, — to) /1 (1)
where ¢ is 18.9 for IAM.PC.DD2 columns (1/0.053 in ref 32),
t. is the retention time of the test compound, and ¢, is the
elution time of a nonretained tracer. For ionizable compounds,
the observed Kp py relates to the contributions of both neutral
and ionic species according to their dissociation equilibrium in
the eluent. As a result of the normal process of column particle
manufacturing, a substantial fraction of both basic aminopropyl
silica and acidic free silanol groups will reside on the IAM
surface, even after end-capping, as summarized in Figure
112161933

Based on a silanol pK, of 6.8 and propylamine pK, of 10.7,'°
the IAM surface at pH below 5 is dominated by SiOH and
NH;" groups, and thus positively charged. Escher et al.'’
argued that at pH 3 their cationic test compounds were
repulsed by the -NH;" moieties, resulting in underestimated
lipophilicity. With an excess of dissociated silanol moieties to
free amine groups, a transition to SiO~ and NH;" around pH
5—7 results in a negatively charged IAM surface at neutral
pH.” Although the operational range of the IAM.PC.DD2
column is between pH 2.5 and 7.5, most IAM studies have been
conducted at physiological pH. As a result, cationic compounds
are typically additionally attracted by the negatively charged
silanol groups on top of their interactions with phospholipid,
resulting in overestimated lipophilicity.

Following the Gouy—Chapman theory, a charged surface on
the IAM particles electrostatically attracts oppositely charged
ions in order to maintain electroneutrality. This results in the
formation of a “diffusive water layer” (DL), or electrical double
layer, surrounding the charged IAM-particle surfaces with a
different concentration of ions compared to the bulk solution.”*
The ratio between the aqueous concentration in the DL
(Cygpr) and the bulk aqueous concentration (C,qpu) is the
Boltzmann factor (B), as conceptualized for IAM-HPLC in
Figure 2.
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Figure 1. Schematic overview of five different surface groups in IAM-
HPLC and speciation profiles for confounding groups between pH 3
and pH 8.
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Figure 2. Schematic overview of the nonspecific electrostatic
attraction/repulsion (by Boltzmann factor B) of organic ions from
the bulk eluent (Caq,bulk) to the diffuse water layer surrounding JAM
surfaces (Caq,DL). The apparent IAM column retention (due to
sorption coeflicient KlAM’app) is based on C,gpu, while the intrinsic
affinity to the phospholipid coating (Kpypw) relates to C,qpy. Higher
salinity lowers the surface potential, hence reducing the factor B. At
low pH, the IAM surface is positively charged, reversing the ionic
attraction/repulsion. The proportions of phospholipid lengths and
diffuse water layer thickness are not realistic.

The intrinsic Kpppyw (0r Kiapping) only relates to the ratio
between C, p; and the concentration sorbed in the
phospholipid coating (Cg). Electrostatic attraction results in
an increased apparent retention capacity (ki) because
C,qpy is higher than C,gu,, and therefore also an increased
apparent sorption affinity to the IAM material (Kiyyapp)-
Solutes with a similarly charged sign as the surface will be
repulsed from the diffusive layer, resulting in a lower Kippyqpp
than that due to phospholipid binding alone. Log Kp pyy is thus
simply the difference between log Ky, and log B, if specific
sorption to silanol and propylamine groups is neglected:
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Cq B Cq
= log —
Caq,bulk CaqpL 1

= log(BKpypy) = log Kpypyy + log B

log KIAM,aPP = log[

@)

B is part of the Poisson—Boltzmann equation, and for a
monovalent ion solution at 25 °C (see Supporting Information
(SI) section Sl for details) B can be approximated as an
exponential function of the effective surface potential (W,g):

©)

W, is lower than the actual surface potential (¥,) that is
related to actual surface charge density, since W 4 operates at a
certain distance from the surface—about ~1 D length.’> The
Debye length (1/k, in nm) is a function of the ionic strength
(I) of the solution, which for a monovalent ion solution at 25
°C can be approximated by [0.304/(\/1)] (see SI section S1
for details). The difference between W, and ¥, increases
exponentially with the inverse of the Debye length, so eq 3 can
be extended to

B = e(—33.94‘&“)

B = e(—38.94‘l’0e“'7/°‘3°4) (4)
Since salinity influences the Debye length, salinity also
influences the retention behavior of organic cations on the
IAM column. The Debye length in common phosphate
buffered saline medium (PBS) is 0.8 nm (0.15 M), 2.5 nm in
10 times diluted PBS and 7.8 nm in 100 times diluted PBS.**
The influence of pH on the retention of the column is due to
the pH-dependent density of dissociated free silanol groups
(SiO™). While the maximum density of unreacted aminopropyl
groups (maxNH,;") is a constant, both groups together form
the actual surface potential, ¥, in eq 4. Assuming a single pK,
for silanol groups, the Henderson—Hasselbalch equation can be
applied to calculate the fraction (fioy) of silanol groups that is
dissociated, and the actual surface potential can be described by

lIIO = lIIO,maxNH;' + ron lPO,maxSiO_

1
k4 +¥% s
0,maxNH$+ 0,maxSiO 1+ IO(PK“(SiOH)_PH)

)

Combining eqs 4 and 5 gives a full model equation for B that
depends on ionic strength as well as the pH of the IAM eluent,
which balances the amount of charged surface sites on the IAM
material. Incorporating this full equation for B in eq 2 provides
a full model to fit to JAM retention over a series of different
eluent types. The intrinsic phospholipid sorption affinity of the
ionic species and the relative contributions from confounding
charged groups is related to

log KIAM,app = log Kppjpw

+ log[exp( _3>8-94(lpo,meH3+ + fmn \Po,max&o*)

e—ﬁ/0.304):| (6)
Equation 6 shows that low electrolyte concentrations induce a
high surface potential, resulting in strong confounding effects
on IAM-HPLC retention, while high electrolyte concentrations
reduce (“screen”) the electric surface potential, thereby
reducing also confounding retention. If the net ¥, is 0
(maxNH;* groups balancing the amount of ionized silanol
groups), there is no attraction into the DL and Kiamapp =
Kpppw- Note that eq 6 neglects the contribution of neutral
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species to the overall sorption affinity and is only valid for
monovalent eluent solutions at ~25 °C for organic cations.

B MATERIALS AND METHODS

Test Compounds. Six different amines were selected as test
compounds in a first data set for the pH/salinity range, all with
UV absorbing moieties: two primary amines (tryptamine, pK, =
10.7; naphthylmethylamine, pK, = 9.1), a secondary amine
(metoprolol, pK, = 9.5), a tertiary amine (3-dimethylamino-
propiophenone “dmapio”, pK, = 9.1), and two quaternary
ammonium compounds (benzyltrimethylammonium and ben-
zyldimethylhexylammonium). Molecular structures and more
detailed information are presented in the SI Table SI. 3-
Nitroaniline (pK, = 2.11) was used as a neutral reference
compound, following ref 36. Nitrate (as NaNO;) and bromide
(as KBr) were used as anionic tracers; thiourea and pure water,
as neutral nonretaining tracers. Eight amines were selected to
form a second data set for direct comparisons between IAM-
based Kpjpw values and liposomal partitioning values:
amlodipine (pK, = 9.0), fluoxetine (pK, = 10.1), propranolol
(pK, = 9.5), metoprolol (pK, = 9.5), atenolol (pK, = 9.5), 4-
phenylbutylamine (pK, = 10.5), lidocaine (pK, = 7.9), and
procaine (pK, = 9.0). All compounds had a purity of >97%, and
stock solutions were prepared as ~10 mg in 1 mL of methanol
(Biosolve BV, Valkenswaard, The Netherlands).

IAM Column and Eluents. A 10 cm X 4.6 mm
IAM.PC.DD2 column (Regis Technologies, Inc, Morton
Grove, IL, USA) was used with an IAM.PC.DD2 10/300
guard cartridge in front. The column was always conditioned
for >1 h to freshly prepared eluent with an eluent flow rate of
1.0 mL/min, the same flow rate as used throughout all
measurements. Measurements were performed at room
temperature (23 + 2 °C). Methanol stock solutions of the
test chemicals were diluted 100—200 times in the applied
eluent, and 20 uL was injected.

The eluents at every pH were all prepared as a ~10 mM
buffer, with an additional 8.0 g/L NaCl (137 mM) and 0.2 g/L
KCl (2.7 mM), corresponding to the commonly used salinity
(0.15 M) and composition of PBS solution. The range of pH
3—7.4 was covered with buffers for every 0.5 pH unit
increment, with phosphate buffer being used for pH 3.0, pH
6.0, pH 7.0, and pH 7.4, formic acid buffer for pH 3.5 and pH
4.0, and acetic acid buffer for pH 4.5, pH 5.0, and pH 5.5.
Before and after use of each eluent, the pH was verified to be
within 0.05 pH units of the set value with a Schott BlueLine pH
electrode (Schott Instruments GmbH, Mainz, Germany). From
every pH buffered eluent at 0.15 M salinity a 10X dilution with
pure water was made; the pH was adjusted if required, resulting
in a 0.015 M eluent buffered at the same pH. Additionally, the
0.015 M eluent was used for another 10X dilution with pure
water to create a 0.0015 M eluent, adjusting the pH if
necessary. The three buffered eluents at each pH with 0.15,
0.015, and 0.0015 M were used to determine the retention of
all test compounds in the pH/salinity series from high salinity
to low salinity, before switching to another pH buffered eluent
of 0.15 M salinity. Throughout the pH/salinity series, only fully
aqueous eluents were used, in order to avoid any possible effect
of solvents on the pH-dependent IAM surface charge
development. With the experience in many initial tests that
triplicate sampling on the same day resulted in log Kispapp
differences of <0.02, for most measurements in the pH/salinity
series only one or two measurements were performed.
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For the amines in the second data set (except metoprolol)
that were used in the comparisons between IAM-HPLC and
literature reported liposomal partitioning data, only pH 5.0
acetate (10 mM) buffered eluent at 0.15 M was used, with
triplicate measurements. For some of the amines, a series of at
least four different eluent mixtures with acetonitrile was tested,
in order to extrapolate to Ky, values in 100% aqueous
buffer, using <30% acetonitrile in steps of 5%.

HPLC Detection and Analysis. An Agilent 1100 diode-
array UV system was set to simultaneous detection of 207, 220,
254, and 278 nm for each compound (all in comparison to 360
nm), in order to confirm peaks of the test compounds for at
least one and often at multiple wavelengths. The dip in the UV-
absorbance signal at 207 nm after an injection with pure water
(Milli-Q, Merck-Millipore) served as the primary nonretained
signal tracer to determine the column void volume time (f,) in
all tested eluents. Thiourea, nitrate, and bromide were
additionally injected as commonly used tracer signals. Every
sampling day, 3-nitroaniline was injected first to guarantee
consistency of both the flow rate and retention capacity of the
column.

Using fully aqueous eluent, the Ky, for each test
compound was calculated according to eq 1 using the retention
time at the peak apex (t,). A weighed peak area approach that
could account for peak tailing, following, did not result in
different Kjyy,pp values. Retention times were not different for
concentrations differing by a factor of 100 for the ionized bases,
indicating linear sorption behavior in the IAM column (data
not shown). Graphpad Prism 6 (GraphPad Software, Inc., La
Jolla, CA, USA) was used to fit eq 6 to the data. In the fitting
procedure, for each compound the three series with different
salinities over the range pH 3—7.4 were simultaneously fit with
a shared pK, (for SiOH, must be >4), a shared Wy ;" (in

V), a shared ¥ .50~ (in V), a shared intrinsic log Kpy jpy, and
a series specific I (in M) of 0.15, 0.015, and 0.0015.

B RESULTS AND DISCUSSION

IAM Retention of Tracers and Neutral Reference
Compound. IAM retention of the neutral compound 3-
nitroaniline is not influenced by either the range from pH 3.0 to
pH 7.4 (all values within 0.15 log units), using various buffers,
or a factor of 100 difference in salinity in the tested range, as
shown in Figure 3. The average log Kipypp of 2.1 should
represent the phospholipid affinity of 3-nitroaniline, and indeed
aligns with the liposomal partitioning value (log Kyny) of 2.17
reported for DMPC liposomes at 35 °C.'>*” The retention of
the neutral tracer thiourea (kjyy ~ 0.1 compared to pure water)
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Figure 3. Apparent sorption affinity to the IAM material (log Kianqpp
= @k eq 1) between pH 3 and pH 7.4 at three different salinities,
for (left) the neutral reference compound 3-nitroaniline and the
anionic tracer nitrate (right). At pH > S the signals of nitrate (at lower
salinities) eluted faster than the void volume calculated using pure
water.
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is also constant at each tested pH and salinity. To simplify our
understanding of the effect of surface charge on anionic tracers,
we used monovalent anions bromide (SI Figure $4) and nitrate.
In neutral pH both anionic tracers elute very fast from the JAM
column, bromide even slightly faster than the dip in the UV
signal from an injection of pure water. However, Figure 3
demonstrates significant retention of these monovalent anions
if the eluent is below pH 5.0, up to almost 9.4 min for nitrate at
0.0015 M (kjpp ~ 4.5). The increased retention of the anionic
tracers with decreasing salinity in the lower pH range confirms
electrostatic attraction to a positively charged IAM surface,
resulting from the presence of residual charged propylamine
groups and protonation of the acidic silanol groups.

Effect of pH and Salinity on IAM Retention of
Charged Bases. For two primary amines (tryptamine
(“Tryp”) and naphthylmethylamine (“Naph”)), the secondary
amine metoprolol (“Meto”), the tertiary amine 3-dimethylami-
nopropiophenone (“Dmapio”), and the quaternary ammonium
structure benzyldimethylhexylammonium (“B2m6am”), kpy
values cover as much of the salinity/pH range as feasible,
summarized in SI Table S2 and shown in Figure 4. Values for
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Figure 4. Apparent sorption affinity to the JAM material between pH
3 and pH 7.4 at three different salinities (green dots at 0.15 M, purple
squares at 0.015 M, and red triangles at 0.0015 M, including buffer
ions and NaCl/KCl), for six cationic amines. Solid lines are fits of the
shared data on all salinities for each amine with eq 6. The solid line for
benzyltrimethylammonium (B3mam) only fits the 0.15 M data set,
and the fitted parameters are extended to the curves fitted to data
obtained at the two lower salinies. The broken lines for the two lower
salinity data sets for B3mam are curves fitted with the IAM parameters
obtained with the highest salinity.

the lowest salinity at pH 7.4 are not included for Naph and
B2m6am due to strong sorption (long retention time) with
aqueous eluent. Values at lower salinity from pH 3 to pH S for
B3mam and Dmapio are not used due to elution close to #,.
The retention time, and thus the apparent sorption
coefficient to the IJAM material, increases significantly for all
amines with higher pH. The average difference in log Kippapp
values for the six organic cations at highest tested salinity
between pH 3.0 and pH 7.4 is 0.63 = 0.15 (s.d.) log units. At

DOI: 10.1021/acs.analchem.5b03708
Anal. Chem. 2016, 88, 960—967


http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5b03708/suppl_file/ac5b03708_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5b03708/suppl_file/ac5b03708_si_001.pdf
http://dx.doi.org/10.1021/acs.analchem.5b03708

Analytical Chemistry

Table 1. Fitting Parameters (Equation 6) per Compound for Intrinsic Phospholipid Sorption Coefficient log Kpjpw,ine: (L/kg),
Maximal Contribution to the IAM Surface Potential for Residual Propylamines (¥,,,u,7) and Dissociating Silanol Groups

(W axsio”)y and Standard Deviation of the Residuals (sy.x)

amine pK, log Kpppw,ner (£5.2.)
tryptamine 10.7 2.05 (0.07)
naphthylmethylamine 9.1 228 (0.08)
metoprolol 9.5 2.17 (0.09)
dmapio 9.1 1.46 (0.09)
benzyldimethylhexylammonium “ 2.55 (0.07)
benzyltrimethylammonium ab ~1.15

average IAML.PC.DD2 properties

qjmaxNHz' (is,e.)

Y asio- (£s.e.) pK, (SiOH) (#s.e.) shared Df, sy.x”

0.050 (0.007) —0.12 (0.007) 5.30 (0.11) 22, 0.143
0.054 (0.008) —0.11 (0.008) 5.14 (0.12) 19, 0.146
0.054 (0.009) —0.12 (0.008) 5.18 (0.12) 20, 0.158
0.060 (0.010) —0.14 (0.009) 5.14 (0.12) 19, 0.172
0.061 (0.007) —0.11 (0.006) 4.92 (0.11) 19, 0.12§
~0.051 —0.15 (0.017) 6.05 (0.27) 4, 0.079
0.055 —0.125 529

“Permanently charged. bParameters obtained with only the highest salinity data set, which resulted in wide standard errors for logKpy pyn,, and

V/(SS/Df).

c —_
lIJo,maxNH(' syx =

the lowest salinity, the maximum differences in ki values
between pH 3.0 and pH 7.4 for Tryp, Meto, and Dmapio are
more than a factor of 100 (2.26 + 0.10 (s.d.) log units). A
similar trend in increasing log Kjayapp at higher pH occurs for
the permanently charged B2m6am compared to the ionizable
amines, which at pH 7.4 are all >98% charged. There is no
apparent difference in how salinity and pH influence the
retention behavior of organic cations for different amine types,
molecular structure (polar moieties present or not), and level of
intrinsic phospholipid sorption affinity (e.g, comparing the
analogues B3mam and B2m6am). Since the increasing log
Kiam,app i €ven more strongly related to salinity than to pH, the
higher affinity of amines at increased eluent pH must be due to
the confounding conditions at the IAM surface that affect the
retention of cationic amine species, rather than a contribution
of neutral species for the ionizable amines. For an ionizable
amine 98.0% present as ionic species at pH 7.4, the sorption
affinity of neutral species would need to be 50 times higher
than that of the charged species to contribute a factor of 2 (0.3
log units) to the log Ky, From the small set of bases for
which liposomal partitioning data are available at various pH, it
appears that most cationic species sorb less than 1.5 log units
(factor of <30) weaker to membranes than their corresponding
neutral species (depending on various chemical character-
istics'”), so it seems unlikely that neutral amine species
influenced our results at the highest test pH. Furthermore, the
increasing trend in log Kjayy ., With pH is never proportional to
the fraction of neutral species, so at eluent distinctly lower than
pH 7.4 the influence of neutral species was negligible.

At pH 4.5 and lower, log Ky, values of all amines
decrease with lower salinity, corresponding to the inversed
trend for anionic tracers, again demonstrating that IAM
particles are then positively charged. At pH S, the difference
in log Kiamapp values between 0.15 and 0.015 M is minimal,
while at even lower salinity of 0.0015 the log Kiay,p, Values of
the amines slightly increase, indicating a net neutral to slightly
negative surface charge of the IAM particles. For the 0.15 and
0.015 M data this corresponds to the anionic tracers, while the
lowest salinity data for the anionic tracers still indicate a slight
positive surface charge. At pH 5.5 and higher, all data for the
amines show a higher retention with lower salinity,
demonstrating that the IAM surfaces are negatively charged
in those eluent conditions. Close to an eluent of pH S, the
amount of dissociated silanol groups appears to balance the
residual amines on the IAM surface, and any electrostatic effects
due to the confounding surface charges is rendered to
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insignificant levels at eluent salinities between 0.015 and 0.15
M.

Fitting the Electrostatic Model to IAM Data. Equation 6
is fitted to all data in the pH series at three different salinities
for four strongly ionized amines and the permanently charged
B2m6am. Fitted parameters are listed in Table 1. The fitting
becomes more successful when data at lower salinity are
included, as indicated by the relatively high uncertainty margins
for each fitting parameter for B3mam, where only 0.15 M data
are used. Besides a larger sample size, data at lower salinity
show more pronounced differences in log Kipypp between the
lowest and highest tested pH. As shown in Figure 4, for the
lowest tested salinity the measured log Kiyy., values are
always below the fitted curves at pH 3—4 and always above the
fitted curves at pH 7.4. Also the lowest salinity tested at pH 5.0
is always above the curve. Buffering strength at the lowest
salinity may have been relatively weak as the buffer was co-
diluted from 10 mM in the initial 0.15 mM eluent to 0.1 mM,
but was also verified to be constant within 0.1 pH units before
and after a testing series. It is not clear if deviations between
observations and model predictions are due to experimental
errors for some data series (e.g, inappropriate conditioning
time upon changing certain eluents). More likely, they are due
to theoretical shortcomings (e.g., fitting a single pK, to silanol
groups, neglecting effects of IAM-particle porosity and surface
charges extending from the base of the phospholipid monolayer
beyond zwitterionic headgroups to the aqueous layer at the
surface of the phospholipids). Still, regarding the crude
assumptions used to construct the model in eq 6, deviations
between model fits and observed data trends are surprisingly
small. Residuals for the 0.15 and 0.015 M salinity data are
below 0.1 log units, and overall standard deviations of the
residuals (syx) are 0.15 log units if data on three different
salinities were shared in the fitting procedure. The fitted
average pK, values for silanol groups in the range of 4.9—5.3 are
lower than the 6.3—6.8 mentioned in other studies,ls’lé or even
7.6 observed with Li*-retention data.”” A second pK, of 3.1 has
been reported in lipid-capped silicagel."”® The single pK, value
fitted in this study may thus represent an overall average for the
various silanol groups on the IAM surface, and the existence of
silanol groups with a pK, below 5 may explain the consistent
underestimation of our electrostatic IAM model for the
observed log Kiaypp at pH 5.0 for the amines.

Rather than evaluating the maximum difference in log
Kiamapp Values for cations over the whole pH range, it makes
more sense to compare differences between observed log
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Kiamapp values under certain conditions with the fitted intrinsic
log Kpyjpy values. Using the log Kpypyint Values from Table 1,
a physiologically saline buffer (0.15 M) between pH 3.0 and pH
5.0 results in a maximum underestimation of only <0.15 log
units, while a physiologically saline buffer at pH 7.4 results in an
overestimation of 0.4—0.6 log units. This latter difference
corresponds to the average difference of 0.45—0.93 log units for
the ki, values of strongly protonated bases (pK, > 9) between
“saline” buffered eluents of pH 5.0 and pH 7.4 determined by
Vrakas et al.”” (0.4 log units for neostigmine, a permanently
charged quaternary ammonium compound). As long as the
neutral base species can be neglected, this suggests that, on
average, all reported kpy, values for strongly protonated bases
(e.g, pK, > 9) determined in PBS may be converted to
approximate logKpy 1py cation Values, by reducing the correspond-
ing logKiamapp With ~0.5 log units. According to the
electrostatic model of eq 6 and average input IAM surface
parameters of Table 1, the difference between PBS pH 7.4 and
saline (0.15 M) buffer pH 5.0 is 0.39 log units (see Vrakas et al.
data sets H and I in SI Table S3). SI Table S4 lists the IJAM
capacity factors determined for 61 predominantly ionized bases
taken from 10 separate studies using the same IAM.PC.DD2
column as tested in this study, but tested under different eluent
conditions (SI Table S3), and SI Table SS presents the
converted 10gKpy ipy ine.. Values using this approach. SI Table SS
shows that for many amines a considerable residual difference
in extrapolated Kpypw,n, remains if values from different
studies are available, e.g,, 0.56 log units for 10 kyy, values on
propranolol. This could relate to underestimation of the
contribution of neutral base species at pH > 7 (e.g, diltiazem,
SI Table SS) and/or interlab differences, e.g,, when using an
extrapolated series of solvent mixtures for hydrophobic sorbates
(SI Table S3). Taking only measurements at sufficiently low
pH and/or accepting an uncertainty of ~0.5 log units for the
IAM-HPLC-based Kpppy values would strongly enlarge the
currently available Kpypy data set for organic cations.
IAM-Retention-Based Kppwiny VS Liposomal Kyy.
Retention capacity factors (kyy) under “ideal” IAM eluent
composition (pH 5.0, salinity = 0.15 M) are determined for
eight strongly protonated basic drugs and one simple amine
structure (pK, range 7.9—10.5) of the second data set. Sorption
of fluoxetine and amlodipine to the IAM column was recorded
in four different eluent mixtures of acetonitrile (30—15%) with
pH 5.0 buffer (see SI Figure S3), and was extrapolated linearly
to fully aqueous eluent. Triplicate measurements of log kippyapp
for amlodipine at each eluent mixture are within 0.01 units,
resulting in an extrapolated (r* = 0.9946) log kjsyp, in aqueous
eluent of 4.15 + 0.04. For propranolol, the full range of 30% to
0% solvent shows a linear trend (SI Figure S3). Fractions of
acetonitrile above 30% underestimate the extrapolated kjanqpp
in fully aqueous eluent by at least 0.5 log units (SI Figure 533
The resulting Kpypy for fluoxetine and amlodipine are about
0.5 log units above the values that were reported in another
study at pH 5.0 with the same type of IAM column,”” which
were obtained including 35% acetonitrile. Triplicate log ki
values determined in aqueous eluent are all within 0.01 log
units. Our Kp jpy value for propranolol and other less lipophilic
amines are within 0.2 log units of those reported in ref 22,
indicating good interlaboratory agreement under ideal IAM
conditions for basic solutes. Vrakas et al.** also determined ky
for the metabolite norfluoxetine at pH 5.0, allowing for a
comparison between IAM-based Kppw values and liposomal
partitioning data for nine protonated amines in total. Sorption
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coefficients to dispersed liposomes (Kyny) have been
summarized elsewhere.® The liposomal partitioning data
included tests with different pure phospholipids (POPC,
DOPC, and DMPC) and egg yolk phospholipid mixtures, in
the temperature range 25—37 °C, measured in different pH
solutions by equilibrium dialysis or potentiometric titration, and
then fitted to the Henderson—Hasselbalch equation. Whereas
four liposomal Kpypy values for protonated propranolol range
within 0.45 log units, two reported Kpppy for protonated
atenolol differed by a full log unit. Regarding an uncertainty
range of half a log unit for the liposomal partitioning data,
Figure 5 shows that the IAM-based Kpypy i, Values for these
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Figure S. Sorption coefficients to phospholipid membranes for
protonated amines obtained with IAM-HPLC (squares, this study;
triangles, ref 21) and in liposomal partitioning studies (circles,
reviewed in ref 8). All HPLC-based values are retention capacity
factors obtained on IAM.PC.DD2 columns at pH 5.0 multiplied by the
column’s solvent/sorbent ratio of 18.9."* Amines are ordered from
high to low average liposomal Kpypy values.

protonated bases show a good approximation of the Kpypy in
phospholipid bilayers (0—0.5 log units higher), when tested
under negligible confounding surface charge effects of the IAM-
HPLC column.

IAM-HPLC as Phospholipophilicity Descriptors for
Cations. When the IAM eluent conditions are such that the
organic cation is not influenced by confounding high surface
potentials (pH 5.0 at salinity >10 mM, or at 150 mM for pH
3.0-5.0), the IAM-HPLC-based Kpjpy values are comparable
with liposomal partitioning data on nine structurally very
different amines (Figure S5). Under these conditions, IAM-
HPLC generates a direct experimental descriptor of phospho-
lipophilicity for organic cations. At pH 5.0 the measured ks
for bases with pK, > 7 can be directly converted to a Kpypw,cation
by multiplication with the solvent/sorbent phase ratio of 18.9.
Note that in this way the IAM-HPLC method does not directly
generate Kpppy values for the neutral base species. For bases
with a pK, < 6 these can be determined with IJAM-HPLC at
high salinity at pH 7.4 (which should suppress contributions
from the minor fractions of cationic species, including
electrostatic attraction). IAM-HPLC does not seem suitable
to determine the neutral base Kp;py for bases with a pK, > 6;
this would require liposomal studies or calculations using Kow

DOI: 10.1021/acs.analchem.5b03708
Anal. Chem. 2016, 88, 960—967


http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5b03708/suppl_file/ac5b03708_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5b03708/suppl_file/ac5b03708_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5b03708/suppl_file/ac5b03708_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5b03708/suppl_file/ac5b03708_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5b03708/suppl_file/ac5b03708_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5b03708/suppl_file/ac5b03708_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5b03708/suppl_file/ac5b03708_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5b03708/suppl_file/ac5b03708_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5b03708/suppl_file/ac5b03708_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.5b03708/suppl_file/ac5b03708_si_001.pdf
http://dx.doi.org/10.1021/acs.analchem.5b03708

Analytical Chemistry

regressions or polyparameter linear free energy relationships.
For bases with pK, values between S and 7, Kizyyqpp should be
determined at pH 3.0 with high (0.15 M) ionic strength of the
eluent, and ~0.15 log units should be added to generate the
Kprpw,cation value, to account for the electrostatic repulsion
under these conditions. For bases with pK, < 5, the exact
determination of logKppw for cationic species may be
irrelevant for most pharmaceutical and environmental chemical
fate models. As discussed earlier, literature data on kjyy
obtained at neutral pH for basic compounds with pK, > 7
need to be carefully handled.

Vrakas et al.”* found retention differences between pH S and
pH 7.4 for organic cations comparable to our measurements
and model predictions, suggesting these rules of thumb on
confounding effects are rather generic for IAM.PC.DD2
columns.

For liposomes constructed only with zwitterionic phospho-
lipids, the sorption of charged compounds to liposomes is not
significantly influenced by electrostatic attraction or repulsion,”
unless (i) the membrane loading of the charged compound
becomes more than $ mol % of the phospholipid phase,™ or,
analogously, (ii) the liposome contains more than S mol %
(an)ionic phospholipid structures.”®*” The inclusion of 10 mol
% anionic phospholipid into zwitterionic liposomes yields a
factor of 4 higher (apparent) sorption affinities of organic
cations in physiologically saline medium, due to resulting
electrostatic attraction.”” While this study aimed to separate out
confounding electrostatic effects in the JAM-HPLC method,
this realistic electrostatic attraction at membranes in living cells
may thus be used as an additional factor to the IAM-based
phospholipophilicity descriptor Kpy pw jn-

The current study only demonstrated the effect of eluent
composition on the IAM retention, and resulting comparison
with liposomal partitioning data, for monovalent organic
cations. The behavior of organic anions, zwitterions, and
multivalent ions in IAM-HPLC could be evaluated in a
comparable series of eluent compositions. Before accepting
these other classes of ionogenic chemicals as part of the
chemical domain for which IAM-HPLC functions as a predictor
of phospholipophilicity, substantial K, data obtained under
appropriate and consistent eluent conditions should be verified
to align with liposomal partitioning data.
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