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1. Background: Drug Permeation and
Lipophilicity

To elicit its pharmacological and therapeutic effects,
a drug has to cross various cellular barriers by passive
diffusion and/or by carrier-mediated uptake. As a result,
drug design and discovery cannot have pharmaco-
dynamic potency as the sole criterion of optimization
but must also take pharmacokinetic behavior into
account, in particular absorption and distribution.
Numerous quantitative structure—permeability rela-
tionship (QSPR) studies!~3 have unambiguously dem-
onstrated that lipophilicity, as related to membrane
partitioning and hence passive transcellular diffusion,
is a key parameter in predicting and interpreting
permeability. Within these studies, lipophilicity is often
equated with the n-octanol/water partition coefficient
(log Poct),t since partitioning in this solvent system is
traditionally accepted as an informative model of mem-
brane partitioning.*

Lipophilicity as a molecular parameter encodes both
polar and hydrophobic intermolecular forces (Figure 1).
But when expressed by partition coefficients measured
in traditional organic solvent/water systems, lipophi-
cility fails to encode some important recognition forces,
most notably ionic bonds, which are of particular
importance when modeling the interaction of ionized
compounds with membranes.> And indeed, a recent
count found that 62.9% of drugs are ionizable, of which
14.5% are acids, 67.6% are bases, and 17.9% are
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Figure 1. Comparison between recognition forces governing
intermolecular interactions in biochemical and pharmacologi-
cal processes, and forces encoded in lipophilicity parameters
obtained by different methods (adapted from ref 88).

ampholytes of various types.® Whether these numbers
apply also to chemical compounds in drug discovery can
only be guessed. However, because the majority of drugs
are ionizable, any prediction of their pharmacodynamic
and pharmacokinetic properties should take their ion-
ization into account.
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The traditional view of passive transport is that
hydrophilic compounds and particularly ions do not
permeate into and across biological membranes. How-
ever, recent experimental evidence invalidates this
assumption and documents the distribution of ion pairs
and the passive transport of ionic species.”8 Indeed, it
is increasingly clear that the behavior of ionizable drugs
in the body is controlled by the interaction of both their
neutral and ionized forms with biological membranes.
The importance of partitioning of ionic and zwitterionic
species in biphasic media has been emphasized in
connection with their pharmacokinetic and pharmaco-
dynamic behavior,®~12 and hydrophobic as well as
electrostatic interactions are expected between biological
membranes and ionized compounds. In this context, a
better understanding of the partitioning of ionized
compounds is needed,'® which itself awaits the develop-
ment of experimental approaches able to mimic ad-
equately the complexity of biological membranes.'*

A new approach for measuring partition coefficients
is based on artificial membranes, i.e., liposomes,>-17
micelles,’®21 and immobilized artificial membrane
HPLC.?228 Since artificial membranes provide the am-
phiphilic microenvironment of biological membranes,
they should be able to take ionic bonds into account
(Figure 1).

This review focuses on immobilized artificial mem-
brane liquid chromatography (IAM-HPLC). The tech-
nique is currently receiving marked interest because it
presents the additional advantage of being suitable for
high-throughput screening.

2. Structural Features of Single- and
Double-Chain Immobilized Artificial
Membranes

Immobilized artificial membranes (IAMs) are pre-
pared by covalent binding of a monolayer of phospho-
lipids to silica particles,?* thus mimicking the lipid
environment of a fluid cell membrane on a solid matrix.
The prototype IAM surface (as well as two of the
currently commercially available IAM stationary phases)
is made by linking diacylphosphatidylcholine (PC)
molecules covalently to silica—propylamine through
their w-carboxylic group on the C2 fatty acid chain. The
synthetic immobilized lipid, according to current no-
menclature rules, is called 1-myristoyl-2-[(13-carboxyl)-
tridecanoyl]-sn-3-glycerophosphocholine and is denoted
as lecithin-COOH.?* The surface is referred to as
IAM.PC, and to date, all IAM.PC surfaces utilize silica—
propylamine containing 300 A pores as a mechanically
stable matrix for lipid immobilization. Because of steric
hindrance, some residual free propylamino groups still
remain on the silica surface after coupling of the PC
molecules. Approximately 2 mol of residual amines per
mol of immobilized PC reside at a depth of about 15 A
below the immobilized PC headgroups, resulting in a
basic IAM.PC subsurface.?®

Residual amines decrease the chemical stability of the
bonded phase (lipid leaching),?¢ increase the retention
of acidic compounds, and decrease the retention of basic
compounds.?” To overcome these limitations, the re-
sidual amino groups are end-capped. Originally, end-
capping was performed with glycidol and methyl gly-

Perspective

colate (MG).%5 End-capping IAM.PC surfaces with MG
converts the residual amino groups into chemically
neutral amides (a highly desirable outcome considering
the hydrocarbon environment of artificial bilayers), but
1 mol of hydroxy groups is formed during the process.
These “new” hydroxy groups are about 10—12 A below
the immobilized PC headgroups. Other artificial and
biological membranes do not contain hydroxy groups
near the center of the membrane. Thus, as the hydroxy
groups contribute to the selectivity (i.e., surface recogni-
tion properties) of the IAM.PC stationary phase, the
IAM.PC.MG surface may not have the same chromato-
graphic behavior as newer 1AM columns. The IAM.PC
surface end-capped with MG is commercially available
and is called IAM.PC.MG (Figure 2).

To increase the surface density of phospholipids and
especially the density of the polar headgroups and to
obtain a greater stability under acidic conditions, a
single-chain phosphatidylcholine lacking the glycerol
backbone (°lAM.PC, 11-carboxylundecylphosphocholine)
was prepared and was attached to the silica—propyl-
amine matrix.?? To avoid hydroxy groups in the lipo-
philic core of the immobilized membrane, end-capping
of this surface is performed using decanoic and propionic
anhydride.2> Two reaction steps are needed for quanti-
tative end-capping. The first end-capping reaction uses
decanoic anhydride and converts about 85% of accessible
residual amines into amides. This step increases sig-
nificantly the hydrocarbon density in the IAM.PC in-
terphase. The second step-capping is done with propi-
onic anhydride in order to convert the remaining amino
groups into amides.?> However, IR analysis has shown
that even after the second end-capping reaction, about
30% of residual amino groups remain in small crevices
of the silica surface.?® The °lAM.PCC10/C3 surface so
prepared is called IAM.PC.DD and is also commercially
available (Figure 2). The IAM.PC.DD (Drug Discovery)
column is particularly recommended when short reten-
tion times are needed, since this stationary phase is
more hydrophilic than the IAM.PC surface because of
the immobilization of monoacylated phosphatidylcho-
line.

Some authors have observed the premature aging of
IAM.PC.DD stationary phases.?®30 Hence, a third
IAM.PC surface has been developed and is known as
IAM.PC.DD2. This HPLC column is a combination of
the two other commercialized products, insofar as
diacylated phosphatidylcholine is immobilized on silica—
propylamine and the residual amino groups are end-
capped using Cip and Cs alkyl chains (Figure 2).

The double-chain IAM.PC.DD2 and the single-chain
IAM.PC.DD stationary phases were compared using 16
compounds from three structurally related series.3! A
good correlation was found between the two surfaces,
but the slope of the linear regression indicated that the
double-chain IAM.PC.DD2 is more hydrophobic than the
single-chain IAM.PC.DD column. Furthermore, the
results suggested that drug—membrane interactions on
IAMs are controlled by partitioning.®2 Another good cor-
relation was found between the retention on IAM.PC.DD
and IAM.PC.MG stationary phases showing that the
IAM.PC.MG column is also more hydrophobic than the
IAM.PC.DD chromatographic surface.?® A recent com-
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Figure 2. Structures of the commercially available immobilized artificial membranes (IAMs).

parison of IAM capacity factors measured on the three
commercially available 1AM stationary phases for 68
small and neutral model compounds confirmed the
above results and showed that good correlation also
exists between the two double-chain columns.3® The
above findings suggest that the hydroxy groups within
the hydrocarbon core of the IAM.PC.MG phase do not
contribute to retention selectivity.

3. Capacity Factors as a Measure of
Partitioning in I1AMs

IAM chromatography is clearly less tedious and less
time-consuming than liposomes/water or n-octanol/
water partitioning systems.3134 The determination of
partition coefficients between the aqueous mobile phase
and the 1AM bonded phase only requires measurements
(in minutes) of the solute’s retention time (t;) and the
column dead time or void volume (tp). The latter can be
determined using a nonretained compound, e.g., metha-
nol or better citric acid as recommended for 1AM
columns by the manufacturer (Regis Technology, Mor-
ton Grove, IL). Knowing the retention time of the
analyte and the column void volume, the solute’s capac-
ity factor kjam can be calculated using the following
equation;

t —t,
Kiam = rT )

The capacity factor kjam is linearly related to the
equilibrium partition coefficient Kjam:

Kiam = vmklAM = ¢Kam 2

S

where V., is the total volume of the solvent within the
IAM-HPLC column, Vs the volume of the IAM inter-

phase created by the immobilized phospholipids, and ¢
(=Vml/Vs) the phase ratio (which is constant for a given
column). As shown by eq 2, the solute’s partition
coefficient in the 1AM interphase (K;am) can easily be
calculated from the experimentally determined K;am.

For rather lipophilic drugs, prohibitively long reten-
tion times are obtained using purely aqueous mobile
phases. To circumvent this problem, it is necessary to
adjust the column length or add an organic modifier to
the mobile phase. Adding an organic modifier then
necessitates extrapolation to 100% aqueous phase (yield-
ing log kjamw) in order to compare capacity factors
independently of the amount and type of organic modi-
fier and to avoid fictitious interaction scales due to
differences in the elution order.3>-37

Methanol and acetonitrile are the most popular co-
solvents in liquid chromatography.38—41 Their use in the
extrapolation of log k{x, values was studied with an
IAM.PC.DD2 column using a congeneric series of five
B-blockers, all ionized at pH 7.0.42 Plotting the log k|
values against the percentage (v/v) of the organic
modifier when extrapolating log k{x, values gave more
reliable results than using the mole fraction of cosolvent.
This result contradicts other findings.3*

No significant difference was observed when compar-
ing the log k{~\,, values obtained by linear extrapola-
tion using either methanol or acetonitrile.*2 Neverthe-
less, it was concluded that methanol is more appropriate
for obtaining the log k[a,, values of charged com-
pounds, since its solvent properties are closer to the
properties of water. Furthermore, when acetonitrile is
used, mobile phases containing more than 30% (w/w)
must be avoided because their microheterogeneity dis-
rupts the structure of water.*> The use of methanol,
however, is not recommended for the IAM.PC.MG
stationary phase because of the danger of methanoly-
sis.?8
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4. Column Stability and Silanophilic
Interactions

Several sites susceptible to hydrolytic cleavage exist
on immobilized artificial membrane chromatographic
surfaces and may lead to accelerated degradation of the
stationary phase.?” Such hydrolysis-sensitive sites are
the siloxane bonds (Si—O-Si) linking the silylating
moiety to the silica surface, the amide bonds formed
between the propylamino groups and immobilized phos-
pholipids, and (in double-chain IAM stationary phases)
the ester bonds between fatty acids and the glycerol
backbone of phosphatidylcholine (Figure 2). Hydrolysis
of the siloxane and amide bonds is essentially due to
the basic characteristics of the silica—propylamine, and
end-capping of the residual amines is thus crucial for
increased stability.

Despite such precautions, lipid leaching is reduced but
not totally suppressed on end-capped IAM surfaces, and
capacity factors may decrease during a column’s lifetime
(aging).2>27=29 This is not very surprising, knowing that
about 30% of residual amino groups persist in small
crevices after end-capping.28 Furthermore, column sta-
bility also depends on the type and purity of silica
support* and on eluent composition (e.g., methanol as
cosolvent causes more lipid leaching than acetonitrile?).
Thus, it is recommended that capacity factors be cor-
rected for aging.22:4245

Additionally, a recent investigation of four different
IAM.PC.DD stationary phases from two different batches
showed premature failure of one column, different rates
of aging of the other columns, and a column-to-column
variability sometimes exceeding 10%.2° Similar results
have recently been reported in a study of the intra- and
interbatch variability of IAM.PC.DD2 phases using four
columns and six neutral model compounds.*? Such
findings make it clear that the inter- and/or intrabatch
variability of 1AM HPLC columns must be checked
regularly when capacity factors obtained with different
columns are to be compared.

Free acidic silanol groups, which exist normally on
silica-based chromatographic surfaces, elicit silanophilic
interactions with basic and polar compounds. The
proportion of unreacted silanol groups (up to one-half*6)
can be reduced by end-capping. One of the most promis-
ing approaches to avoid silanophilic interactions is to
introduce a functional group on the modified silica
surface able to react with the silanol groups through
electrostatic and/or hydrogen-bonding interactions (elec-
trostatic shielding). The amido group is of particular
interest in this context because it possesses useful
properties such as stability to bases, a strong H-bonding
capacity, and inertness toward different functional
groups in the analytes. The most convenient method to
introduce the amido moiety during end-capping is
acylation of a preformed propylamine—silica matrix.
Indeed, this is now the standard end-capping process
for 1AM stationary phases.?* The efficiency of electro-
static shielding was deduced from the improved peak
shape (symmetric peaks, no tailing) observed for basic
compounds on reversed-phase (RP) Ci;3 HPLC col-
umns.*’

As repeatedly mentioned,*® an end-capped silica still
bears free silanol groups that may affect solute reten-
tion.*® Indeed, the pH-dependent retention behavior of
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ionizable compounds on a single-chain IAM.PC.DD
stationary phase was found to differ from their pH-
dependent partitioning in liposomes/water, the devia-
tions being ascribed to silanophilic interactions occur-
ring on the 1AM phase.3* Silanophilic and silanophobic
interactions also exist in double-chain IAM.PC.DD2
columns.*? Unfortunately, masking agents such as n-
decylamine or N,N-dimethyloctylamine, which are com-
mon in RP chromatography, cannot be used with 1AM
stationary phases because they will interact not only
with free acidic silanol groups but also with negatively
charged phosphates in the immobilized lipids.

5. Structural Comparison between IAMs and
Liposomes

Liposomes are thought to be good models of biological
membranes because they exhibit structural similarities
with phospholipid bilayers. Liposomal partition coef-
ficients have indeed been used extensively in the study
of solute—membrane interactions!”*0-56 and in a num-
ber of quantitative structure—activity relationship
(QSAR) studies.16:57,58

Although liposomes appear to be well suited for
modeling solute partitioning into physiological mem-
branes,> their wide-scale development as an in vitro
model for predicting drug—membrane interactions is
limited. The preparation and validation of liposomes
make their use in partitioning studies time-consuming
and tedious.

The use of IAMs, in contrast, combines the speed of
HPLC technology (ideal for high-throughput screening)
with a model of phospholipid partitioning. Capacity
factors measured on IAMs are indeed expected to reflect
the partitioning of compounds in the liposomes/water
system. Furthermore, IAM-HPLC requires only minute
amounts of analytes, and impurities as well as degrada-
tion products do not interfere.

Liposomes are artificial lipid bilayer vesicles of known
composition and controlled size that can be classified
according to various criteria. They are often classified
into multilamellar or unilamellar vesicles, and the
latter, according to their size, can be subdivided into
small unilamellar vesicles (SUVs) and large unilamellar
vesicles (LUVs).%0 Large unilamellar vesicles prepared
by a standardized method from egg phosphatidylcho-
lines (PhC)" are preferably used to measure the par-
titioning of drugs into liposomes (phosphatidyl- stands
for 1,2-diacyl-sn-glycero-3-phospho-).

Liposomes are a fluid-phase system, and each vesicle
is formed by a bilayer of phospholipids that separates
the external from the inner aqueous phase. IAM chro-
matographic surfaces, in contrast, are solid-phase sys-
tems where a monolayer of synthetic phospholipids is
bound to silica particles. Thus, the hydrophobic core is
twice as large in liposomes as in IAMs (Figure 3).

The naturally occurring phospholipids in egg-PhC
have an unsaturated acyl chain in the sn-2 position, and
the double bonds have normally Z or cis configura-
tion.51.62 The synthetic phospholipids linked to silica—
propylamine to form 1AMs are, in contrast, fully satu-
rated and hence more ordered. Furthermore, egg-PhC
is composed of phospholipids with acyl chains having
16—20 carbon atoms,®? whereas synthetic phospholipids
bound to silica in IAMs have acyl chains of usually 16
carbon atoms (propylamine included).3!
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Figure 3. Schematic representation of (A) a unilamellar
liposome and (B) a phospholipid monolayer bound to a silica
particle in immobilized artificial membranes (IAMs). Both
systems are used to model membrane partitioning.

Furthermore, the density of phospholipid headgroups
is different in liposomes and IAMs. The surface area
per lipid headgroup is around 62 A2 in liposomes,®3
whereas for the single-chain 1AM surface it amounts
to 85 A2 and for the double-chain stationary phases it
amounts to 105 A23!

Another important difference between liposomes and
IAMs is that lipid molecular dynamics (i.e., lateral
diffusion, flip-flop, and axial displacement) are absent
in IAMs because each lipid molecule is covalently linked
to the silica surface.?>% This factor again implies that
phospholipids on IAMs are more ordered.5®> On the other
hand, the mean position of atoms and the extent of
fluctuations of the phosphate, choline, and glycerol
groups are virtually identical in IAMs and fluid POPC
(1-palmitoyl-2-oleyl-sn-3-glycerophosphocholine) lipo-
somes. Furthermore, in both systems the choline groups
exhibit large motional fluctuations compared to the
phosphate groups, and the distribution of water near
the polar headgroups in both IAMs and POPC liposomes
is the same.5®

Overall, the results of Sheng et al.®® indicate that the
polar interfacial region of the IAM surface mimics well
that of fluid membranes, the noteworthy difference
being that the density of the phospholipid headgroups
in 1AMs is smaller than in liposomes. However, these
results also indicate that the hydrocarbon part of the
IAM surface has unique physicochemical properties
compared to fluid membranes. As stated by Pidgeon et
al.,® in 1AM technology the “inability” to exactly
emulate lipid dynamics must be traded for the increased
stability gained by covalently linking lipids to solid
surfaces.

6. Predictive Value of IAM Capacity Factors

During the past decade, many efforts have been
devoted to evaluate the predictive power of IAM capacity
factors toward drug permeation. Whereas some authors
examined correlations between IAM capacity factors
and partition coefficients determined in n-octanol/
water35:36.66-69 gr |iposomes/water,3451.70-74 others in-
vestigated the relationships between IAM retention and
gastrointestinal absorption,’%7576 permeation across
Caco-2 cells,”” transdermal transport,37-78.79 blood—brain
barrier permeation*>8%81 and biological activity.29.82.83
Readers are referred to the review of Stewart et al.3°
for earlier studies.

It must be noted, however, that these studies were
often restricted to a comparison of log kjam values with
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conventional log P parameters. We will review below
recent studies, paying special attention to the signifi-
cance of ionized compounds.

6.1. Relations between IAM Capacity Factors
and Other Lipophilicity Parameters. Demare et
al.5 investigated the relationship between log k{3,
values measured on an IAM.PC.DD2 column and par-
titioning in n-octanol. They studied a series of 13
antiinflammatory and analgesic drugs (6 acidic, 4 basic,
and 3 amphoteric compounds) and observed a slightly
better correlation between log k{x\,, and log D/ than
with log P), (r2 = 0.70 and r2 = 0.62, respectively).
These results contrast with others,3® showing that for
a set of 16 nonsteroidal antiinflammatory drugs the

correlation between log k{3, and log P, was better

than between log k{3},, and the ionization-corrected
log D/ (r2 = 0.91 and r2 = 0.68, respectively). The
authors of the latter study considered that all drugs
were fully ionized in this pH range. Kaliszan et al.,8
using a series of 5-blockers, also found a good correlation
of 1AM capacity factors with log DJ. However, this
study does not confirm that of Demare et al.,%¢ since
log PY, and log D/ are strongly intercorrelated in the
series considered (r?2 = 0.97). It must be stressed that
the set of compounds investigated by Demare et al.
spanned a broader pK, range and chemical diversity
than the compounds used in previous studies,? thus
allowing a better assessment of the relations between

IAM retention and n-octanol/water partitioning.

Considering the importance of cationic amphiphilic
compounds in medicinal chemistry, Barbato et al.
investigated the behavior of 23 basic compounds on an
IAM.PC.MG phase as influenced by the nature of the
amino group (primary, secondary, or tertiary), lipophi-
licity (0.56 < log Poet < 4.96), and the degree of ioniza-
tion (1.10 < pK, < 10.15).%7 The log kjamw Measurements
were performed at three different pH values (7.0, 5.5,
and 3.0) in order to study the combined effects of analyte
ionization and the changes in conformation and/or
charge distribution occurring in phospholipids.

At pH 7.0, a good correlation was found for all
compounds between log P and log k|, (r? = 0.83),
but the relation between log D/ and log k{a,, was
poor (r2 = 0.50), in agreement with earlier find-
ings.3536.69 However, a closer look at the results revealed
two distinct subsets. One subset (13 analytes) yielded
a regression line between log Po: and log k{x,, that
matched exactly a previous correlation for 10 neutral
compounds,®® whereas 10 solutes considered as “outli-
ers” were located above this regression line. This second
subset consisted of compounds having either an endocy-
clic or a primary amino function, the latter being only
partly ionized at pH 7.0. It was concluded that at pH
7.0 phospholipids are able (a) to cancel the effect of a
positive charge on the amino function and to interact
with fully protonated amines to the same extent as with
neutral isolipophilic compounds (subset of 13 analytes)
and (b) to interact more strongly than n-octanol with
neutral hydrophilic primary (or endocyclic) amines
(subset of 10 analytes). The effect observed for the
subset of 13 compounds is consistent with the relatively
high affinity of positively charged bases for phospho-
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lipids in liposomal partition systems as observed by
several authors.82.8485

For amines fully ionized at pH 7.0 and 5.5, log kiamw
values were smaller at pH 5.5 than at pH 7.0. In
contrast, analytes neutral at both pH values had similar
log kiamw Vvalues. When 1AM retention was compared
with n-octanol/water partitioning, better correlations
were found between log Poe and log kjxy, than be-
tween log D22 and log Kjayu-

Compared to pH 7.0 and pH 5.5, retention at pH 3.0
was further decreased, and only neutral compounds
were appreciably retained at this pH. This suggested
that the retention capacity of protonated forms on the
IAM.PC.MG phase decreases with pH and disappears
at pH 3.0. This behavior has been explained by probable
changes in conformation and/or charge distribution
occurring in phospholipids as the pH of the eluent
approaches their pK;, of ~2.0.17 In addition, the occur-
rence of secondary retention effects due to free silanol
groups cannot be excluded.3442

From their studies, Barbato et al.%” concluded (a) that
the retention behavior of amines on the IAM.PC.MG
stationary phase cannot be predicted a priori from their
n-octanol/water partitioning and (b) that the unexpect-
edly strong interaction of some hydrophilic amines with
IAMs at physiological pH implies a better capacity to
interact with biomembranes than expected from their
log P values.

IAM retention was also compared to capacity factors
measured in immobilized liposome chromatography
(ILC).5172.73 This technique was developed to provide a
simple and fast tool to perform medium-pressure chro-
matography on phospholipid-based stationary phases.
Its main advantages are that phases of different chemi-
cal composition can be easily and reversibly immobilized
on suitable gel supports and that chromatographic
retention on phospholipids is devoid of any effect caused
by the presence of a silica matrix. However, the possible
influence of polymeric support on retention and repro-
ducibility of column performance remain to be fully
understood. A comparison between ILC and IAM reten-
tion was done, for example, for a series of 19 oligopep-
tides at pH 7.4.7° An IAM.PC.DD phase was used for
the determination of the IAM capacity factors, and
liposomes made of egg yolk phospholipids were im-
mobilized in a gel bed for the ILC experiments. Despite
the structural differences between the two stationary
phases (monolayer of immobilized phospholipids for the
IAMs versus bi- and multilayered liposomes for ILC),
the authors observed a high correlation between the
resulting capacity factors (r2 = 0.93). This was explained
by the similarity of the headgroups (phosphatidylcholine
in both cases) and the hydrophilicity of the analyzed
peptides. In fact, it was postulated that the hydrophilic
peptides under study partitioned predominantly in the
vicinity of the polar headgroup region, thus canceling
the influence of the thickness and number of phospho-
lipid layers.

The correlation between 1AM capacity factors and
drug retention on ILC was also investigated for a series
of compounds spanning a broad lipophilicity range and
comprising both positively and negatively charged
molecules.”? The analytes comprised 17 nonsteroidal
antiinflammatory drugs, 5 local anaesthetics, and 2
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pB-blockers, which were investigated at pH 7.4 in im-
mobilized liposomes made from (a) purified egg phos-
pholipids (EPL), (b) synthetic phosphatidylcholine (PC),
and (c) PC/synthetic phosphatidylethanolamine (PE)
80:20 (mol/mol). The results were compared to pub-
lished log k{x\, Values measured on an IAM.PC.MG
column.35%9 Surprisingly, the ILC capacity factors de-
termined with PC liposomes showed the weakest rela-
tionship with the log k{x,, values (r2 = 0.79), despite
having similar headgroups. It thus seems that for this
series of rather lipophilic drugs and in contrast to the
hydrophilic series investigated by Alifrangis et al.,”® the
structural differences between the hydrophobic cores
strongly influence partitioning.

This conclusion is in agreement with that of Beigi et
al.>! who studied 16 basic compounds (7 -blockers, 5
benzodiazepines, 3 phenothiazines, and 1 antihista-
mine). The analytes were investigated at pH 7.4 in
immobilized liposomes made from (a) phosphatidilcho-
line (PC), (b) egg phospholipids (EPL), (c) lipids ex-
tracted from human red cell membranes (membrane
lipids), and (d) cytoskeleton-depleted human red cell
membranes (vesicles). The authors emphasized that the
composition of liposomes strongly differed as a function
of material used. In fact, EPL contain phosphatidyl-
ethanolamine (PE) besides PC, their main component.
Membrane lipids contained PE, sphyngomyelin, choles-
terol, glycolipids, and phosphatidylserine (PS) besides
PC, their main component. Vesicles were similar to
membrane lipids but also contained an anion trans-
porter, glycophorins, and the glucose transporter Glut1.

The results were compared to log k|, values mea-
sured on an IAM.PC.DD column. Fair rectilinear cor-
relations were found between log k{x,, and log Ks (Ks
is the capacity factor on liposome columns normalized
for its liposome content) for the four systems under
investigation: (a) PC (r? = 0.83); (b) EPL (r?2 = 0.83);
(c) membrane lipids (r2 = 0.79); (d) vesicles (r2 = 0.81).
Since these moderate correlations were found for all
liposome systems despite their different composition, the
authors concluded that there is a marked difference
between monolayer (e.g., IAM) and bilayer systems,
independent of the bilayer composition.

The relationship between 1AM retention and parti-
tioning in suspended phosphatidylcholine (PhC) lipo-
somes was recently studied using three series of ioniz-
able compounds,’* namely, small homologous basic
compounds ((p-methylbenzyl)alkylamines), congeneric
pB-blockers, and a heterogeneous set comprising both
basic and acidic drugs. No correlation was observed
between log k{x,, and log DY when all analytes were
taken together. When each series was examined sepa-
rately, however, some trends became apparent. A good
relationship was found for the -blockers. For the (p-
methylbenzyl)alkylamines, in contrast, a bilinear trend
was observed, indicating that the balance between
electrostatic and hydrophobic interactions was not the
same in the two partitioning systems. Comparing the
log ki, Values to partitioning in n-octanol (log D3
showed that hydrophobic interactions were mainly
responsible for IAM retention of all (p-methylbenzyl)-
alkylamines, whereas electrostatic interaction forces
were important in the liposomal partitioning of the
shorter homologues in this series (Figure 4). No cor-
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Figure 4. Comparison between retention on the IAM.PC.DD2
stationary phase and partitioning in the (top) n-octanol/water
and (bottom) PhC-liposomes/water system for a homologus
series of (p-methylbenzyl)alkylamines (N-methyl (point 1) to
N-heptyl (point 7)) (adapted from ref 74).

relation existed between log k{x,, and log D/;> for the
set of heterogeneous compounds, but ionized compounds
had a higher affinity for the IAM phase than for
n-octanol, in agreement with the results of Demare et
al.ss

6.2. Relations of IAM Capacity Factors with
Drug Permeation and Pharmacokinetic Behavior.
The relationship between IAM retention (log K|
and permeability across Caco-2 cells of six g-blockers
was investigated.”? The predictive power of the 1AM
capacity factors (IAM.PC.MG stationary phase) was
evaluated with respect to other lipophilicity parameters
such as log Pot, log D2, and partitioning in immobi-
lized liposomes at pH 7.4. Hyperbolic relationships
between the different lipophilicity indices and Caco-2
permeation data were observed, and all parameters
showed about the same predictive power. However, the
investigated set comprised only six compounds with
similar chemical structures, thus seriously restricting
any extrapolation and forbidding the calculation of any
correlation except linear ones.

Stewart et al.”” correlated uptake rates into Caco-2
cell monolayers with lipophilicity for a set of nine HIV
protease inhibitors. The compounds investigated were
either acidic or neutral pyrone derivatives (three com-
pounds) or dihydropyrone derivatives (six compounds).
Lipophilicity parameters considered were (i) log k,7'A"'MW
measured on an IAM.PC.DD column, (ii) log k' mea-
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sured on a C18 column with eluent at pH 3.0, and (iii)
log DZ;. The correlation between Caco-2 uptake and
log k{amw Was improved when molecular weight and
hydrogen-bonding capacity were included in the regres-
sion (r? improving from 0.39 to 0.91). When either
log D24 or log k' was used as the lipophilicity param-
eter, molecular weight was again significant (r2 = 0.55—
0.90 or 0.43—0.87 for log D or log k', respectively) but
hydrogen-bonding was rejected. The authors con-
cluded that the three lipophilicity parameters, namely,
log K{amw: 109 Dét, and log k', provided useful and com-
parable correlates of HIV protease inhibitor uptake
by Caco-2 cell monolayers. However, log k{a,, values
were easier to obtain, and this method was therefore
recommended. We note that the study on only nine quite
similar compounds implies that the three lipophilicity
parameters were markedly intercorrelated (r = 0.847—
0.862), a fact that limits an assessment of their differ-
ences in correlating with permeation.

The ability of IAM retention coupled to physicochem-
ical descriptors to model the passive intestinal absorp-
tion of drugs was also evaluated.’® The log kX, val-
ues of 12 structurally diverse compounds were deter-
mined on an IAM.PC.DD2 column, and their passive
permeabilities (P,) were measured through rat everted
gut sacs or through noneverted sacs for actively trans-
ported molecules. The log k|, parameter was better
correlated with P, (r2 = 0.77) than with other physico-
chemical descriptors such as molecular weight, molar
volume, water solubility, pKa, melting point, log P, and
hydrogen-bonding capacity. The addition of the molar
volume (Vy) as a second independent variable slightly
improved the correlation (r2 = 0.83). This was explained
by the fact that membrane permeation depends not only
on the membrane partition coefficient (modeled by
log k{amw) but also on the solute’s diffusion coefficient,
itself a function of molecular size and thus of V.

The ability of IAM capacity factors to describe
drug permeation across human skin was also exam-
ined.3” Twelve structurally unrelated compounds com-
prising acidic, basic, amphoteric, and neutral drugs were
used. Capacity factors (log k,S;f’MW) were measured on an
IAM.PC.MG column at pH 5.5 in order to be as close as
possible to the physiological pH of human skin. A
comparison of log kjxy, vValues with log Py showed
that the two lipophilicity descriptors were poorly related
(r2 = 0.54). In addition, neither log Pogt nor 10g Kjaw:
alone or combined with molecular weight, correlated
with the permeability coefficients through human skin
(Kp).

Thus, and in analogy with the A parameter derived
from partition coefficients, 887 a new parameter
(A log kiamw) Was calculated as the difference between
the experimental log kix,, Vvalue and the capacity
factor estimated from the good relationship between
log Poct and log Kjamw previously obtained for compounds
interacting with the IAM phase by a purely hydrophobic
mechanism?3>36 (Figure 5). The A log kjamw parameter
is assumed to quantify polar interactions with phos-
pholipids (hydrogen bond and electrostatic interactions).

For 10 previously investigated compounds,3’ a fair
relation was uncovered between K, and A log Kiamw
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Figure 6. Relationship between the transdermal permeation
(Kp) and (log kiamw 0f 10 drugs (adapted from ref 37).

(r2 = 0.91; Figure 6). The neutral drugs griseofulvin and
hydrocortisone were strong outliers and had to be
excluded. A preliminary conclusion was that compounds
eliciting the lowest polar interactions with phospholipids
had the highest ability to cross the skin barrier.
However, we note that some anionic solutes may have
negative A log kjamw Values when they elicit repulsive
ionic interactions with phospholipids. Such anionic
solutes have good permeability, leading to the hypoth-
esis that attractive ionic interactions decrease perme-
ability whereas the repulsive ones facilitate it.

Potential relations were also examined between 1AM
capacity factors and pharmacokinetic parameters of
eight -blockers.?° The capacity factors were measured
on an IAM.PC.MG and an IAM.PC.DD stationary phase
at pH 7.0 using a mobile phase containing 10% (v/v)
acetonitrile (log k/x,). The pharmacokinetic param-
eters considered were the tissue-bound fraction, the
plasma-bound fraction, the albumin-bound fraction, the
true red blood cell partition coefficient (log Kgc), the
volume of distribution at steady state, the plasma
protein/plasma water partition coefficient, and the ratio
of nonrenal versus renal excretion. Correlation coef-
ficients ranking from r2 = 0.45—0.91 were obtained, and
in all cases except log Kgc, the log k{x,, values from the
IAM.PC.MG phase gave better correlations than
those from the IAM.PC.DD phase. The authors inter-
preted these findings to suggest that the double-chain
IAM.PC.MG phase might be a better model than the
IAM.PC.DD phase.
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7. Conclusion

Commercially available IAM HPLC columns provide
an efficient and simple method to determine membrane
interaction parameters when used with appropriate
controls and reference compounds. The primary feature
that distinguishes anisotropic partitioning systems such
as IAMs and liposomes from organic solvent/water
partitioning systems is the presence of the ordered
phospholipids able to elicit ionic interactions. This
implies that IAMs and liposomes are in principle better
suited to predict membrane permeation than the tra-
ditional n-octanol/water system. Whereas IAM chroma-
tography is fast and reproducible, the determination of
liposomal partitioning is time-consuming and tedious.

The IAM capacity factors of neutral solutes often
correlate with other lipophilicity parameters such as
ClogP, log P, log D, capacity factors measured on re-
versed-phase HPLC columns, and liposomes/water par-
titioning. For ionized solutes, in contrast, IAM chroma-
tography, liposomes/water, and n-octanol/water yield
distinct lipophilicity scales, particularly for hydrophilic
compounds. In fact, several studies have shown that the
balance of recognition forces governing partitioning in
liposomes and IAMs is not identical. This may be
explained by the marked structural differences existing
between the two systems.

With respect to pharmacokinetic properties, the great-
est potential for IAM chromatography is the prediction
of passive transport. The ability of IAM-HPLC to
correlate with membrane permeation is often improved
when used together with other physicochemical param-
eters such as molecular size or hydrogen-bonding capac-
ity. However, no study has yet been able to show which
lipophilicity descriptor (IAM capacity factors, n-octanol/
water, or liposomes/water partitioning) is best suited
to predict the membrane permeation of a large series
of compounds. The answer, it seems, differs according
to the set of compounds under investigation.

In drug discovery and optimization, IAM chromatog-
raphy provides a fast and simple tool to quantify drug—
membrane interactions separately from other relevant
factors such as molecular weight or hydrogen-bonding
capacity. This may help the early identification of
promising candidates.
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