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ABSTRACT |In this review, we first summarize the structure
and properties of biological membranes and the routes of
passive drug transfer through physiological barriers. Lipophilicity
is then introduced in terms of the intermolecular interactions it
encodes. Finally, lipophilicity indices from isotropic solvent
systems and from anisotropic membrane-like systems are
discussed for their capacity to predict passive drug permeation
across biological membranes such as the intestinal epithelium,
the blood-brain barrier (BBB) or the skin. The broad evidence
presented here shows that beyond the predictive power of
lipophilicity parameters, the various intermolecular forces they
encode allow a mechanistic interpretation of passive drug
permeation.
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ABBREVIATIONS

ADME  absorption, distribution, metabolism and excretion
BBB blood-brain barrier

CHOL  cholesterol

cyc cyclohexane

DCE the |,2-dichloroethane/Awater system

DCP dicetylphosphate

DMPC  L-a-dimyristoylphosphatidylcholine

EPC egg phosphatidylcholine
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IAM immobilized artificial membrane
ILC immobilized liposome chromatography
LEKC  liposome electrokinetic chromatography

LMVs  large multilamellar vesicles
log D distribution coefficient

log k capacity factor

log Kp  permeability coefficients
log P partition coefficient

LUVs  large unilamellar vesicles
PC phosphatidylcholine

PE phosphatidylethanolamine
PS phosphatidylserine

SC stratum corneum

SUVs  small unilamellar vesicles
UWL  unstirred water layer

DRUG DIFFUSION AND TRANSPORT ACROSS
BIOLOGICAL BARRIERS

Successful drug development requires not only optimization
of specific and potent recognition by its pharmacodynamic
targets, but also efficient delivery to these target sites. To
elicit its pharmacological and therapeutic effects, a drug has
to cross various cellular barriers by passive and/or
transporter-mediated uptake. Membrane permeability is a
key determinant in pharmacokinetic behavior (Absorption,
Distribution, Metabolism and Excretion (ADME)) of drugs
and especially of absorption, distribution and excretion. In
recent years, advances in automated synthesis, combinato-
rial chemistry and innovative high-throughput screening
have led to the production of a vast number of potential
drug candidates, often making delivery problems the rate-
limiting step in drug research (1). In order to overcome this
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problem, it is necessary to have a detailed picture of the
structures of pharmacokinetic barriers.

Structure of Cell Membranes

The currently accepted structure of typical membranes is a
fluid-like bilayer arrangement of phospholipids (2) (Fig. 1).
Proteins and other substances such as steroids and
glycolipids are either associated with its surface or embed-
ded in it to different degrees. This structure is an
intermediate state between the true liquid and solid states,
with the lipid and protein molecules having a limited
degree of rotational and lateral movement (3). The polar
heads of phospholipid molecules are orientated to form an
almost continuous polar layer on both the inner and outer
side of membranes. In contrast, the long hydrophobic
chains of phospholipids molecules extend into the central
core of the membrane.

The lipid component of mammalian cell membranes is
mainly composed of glycerophospholipids, sphingolipids
and cholesterol, whose structure is shown in Fig. 2 (4,5). It
can be seen from the structures that the lipid molecules are
either negatively charged or zwitterionic (5,6) (z.e., electri-
cally neutral due to an equal number of positive and

Cholesterol

Peripheral protein

Fig. I The fluid mosaic model of membranes.

negative charges). These lipids are distributed asymmetri-
cally in the inner and outer leaflets in most biological
membranes. The outer leaflet of the bilayer consists mainly of
electrically neutral lipids, such as phosphatidylcholine (PC)
and phosphatidylethanolamine (PE), while the negatively
charged lipids, such as phosphatidylserine, are located in the
inner layer (7). These lipid molecules are held together by
weak hydrophobic bonding and van der Waals’s forces.

The peripheral and integral proteins located in the
membranes are responsible for carrying out many of the
active functions of membranes, such as acting as receptors
and transportation routes for various substances in and out
of cells. The formation of pores, including ion channels, is
also associated with integral proteins.

Neighboring cells are linked to each other by a
continuous junctional complex referred to as tight junction.
It is a region where the outer leaflets of the lipid bilayer
comprising the membrane of neighboring cells are fused.
The interconnected monolayer of cells in the intestinal
epithelium is the principle permeation barrier for oral
absorption of drugs. Similarly, a special class of capillary
endothelial cells interlinked by exceptionally tight junctions
constitutes the main barrier for drug transport from blood
to brain (8).
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Fig. 2 The chemical structures of

R'andR" groups are long-chain fatty acid residues
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The Transfer of Drugs Through Cell Membranes
Passive Diffusion

The process by which a compound moves down its
concentration gradient without a membrane actively
participating is termed passive diffusion. Passive diffusion
across a biomembrane may occur through its lipid
structures (i.e., transcellular pathway, B in Fig. 3) or
through its water-filled pores or tight junctions (i.e., para-
cellular pathway, A in Fig. 3) (9,10). For many drugs,
transport 1s mediated by passive transcellular diffusion
through the apical cell membranes, across the cell proper
The ease of
passive transcellular diffusion depends on the ability of the

and across the basolateral membrane (8).

molecule to partition into cell membranes. In order to
permeate by this route, a compound must have an optimal
lipophilicity, because if the solute is too lipophilic it will
remain trapped in the membrane. A measure of lip-
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ophilicity can be obtained by the partition coeflicients in
different systems such as n-octanol/water and liposome/
water partitioning systems. The predictive value of the
relations between lipophilicity and membrane permeation
depends on the relevance of the partitioning systems as
models of biomembranes (11).

Intestinal absorption via the paracellular route is
relevant for hydrophilic compounds with molecular weights
lower than about 200 Da (12). Since the paracellular
pathway is an aqueous extracellular route across the
intestinal epithelium, sufficient hydrophilicity is the most
important prerequisite for a drug to traverse the cell barrier
via this pathway (13). In addition, the size and charge of a
drug are also crucial molecular characteristics for this route.
It has been reported that tight junctions are impermeable
to molecules with radii larger than 10-15A (14) or 4A in
more recent studies (15,16) and that an optimal net charge
is very important for the efficient transport through
intestinal epithelium via this route (17).
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Fig. 3 Pathways of transport
across the intestinal mucosa. A:
Passive diffusion via paracellular
route. B: Passive diffusion via
transcellular route. C:
Transporter-facilitated pathway.
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D: Transport-restricted pathway

(e.g., by efflux transporters).

Modified from Ref. (9).

In contrast, paracellular absorption is negligible at the
blood-brain barrier (BBB) due to the occlusive network
of tight junctions of the brain capillary endothelial cells
(18).

Active Transport

Active transport processes lie outside the scope of this
review but are mentioned here for contextual reasons.
Some hydrophilic drugs whose chemical structure mimics
various nutrients can be transported across the mem-
branes by carrier-facilitated transport (G in Fig. 3). Such
processes usually operate against a concentration gradient
and are fairly substrate-specific. Different carriers and
transporters have been described in various types of cells.
They have been identified mostly as integral membrane
proteins (19).

Contrary to carrier-facilitated transport, efflux systems
(D in Fig. 3) present in the membranes create a major
barrier to the absorption of a wide variety of xenobiotics.
Although these efflux systems are most commonly observed
in tumor cells, they are also known to be present in normal
intestinal epithelia and at the BBB (20). These efflux
systems are related to P-glycoprotein, the principal compo-
nent of multidrug resistance in a variety of cell types. P-
glycoprotein is a 170-180 kDa membrane glycoprotein that
acts as an ATP-dependent efflux pump, thereby reducing
the transcellular flux of a wide variety of drugs (21).

The Main Physiological Barriers
Intestinal Epithelium

Because the majority of marketed medicines (about 90%)
are administered orally, the main physiological barrier
drugs have to pass to enter the body is the intestinal
epithelial membrane. The human small intestine mem-
brane has a fractal-like structure showing ridges (oriented

B p
-]
Basolateral
A Y
B D C
A

circumferentially around the lumen), villi and microvilli
(22). The membrane surface is expanded approximately up
to 600-fold by the villi and microvilli. Due to this large
surface area, the small intestine is the main site of drug
absorption (23). The intestinal membrane has the mucus
layer on the villi, which is thought to maintain the unstirred
water layer (UWL). The UWL 1is also considered a
significant barrier to the passive diffusion of lipophilic drugs
(24).

The permeation of drugs across the intestinal epithelial
membrane can occur via the passive transcellular pathway,
the paracellular pathway, or active transport, depending on
the physicochemical properties and structural character-
istics of the compounds.

Blood-Brain Barrier (BBB)

The BBB, which has an estimated surface area of 12 m?” in
humans (25), is formed by the tight endothelial cell layer in
the brain capillaries and controls the exchange of drugs,
nutrients, hormones, metabolites and immune cells between
blood and brain in both directions. The BBB endothelium
forms a much tighter interface than peripheral endothelia.
In the periphery, most small solutes can diffuse between the
intercellular clefts of 50-200 nm width (26). In contrast, the
gaps between capillary endothelial cells in most parts of the
brain are sealed by tight junctions and thus have severely
limited permeability (27). The paracellular pathway is
negligible for most compounds under physiological con-
ditions. Passive permeation is mainly restricted to the
lipophilic compounds which are able to traverse the lipid
membranes of the cells (25,28).

Skin Permeation
The transdermal route has some advantages for the

systemic delivery of drugs. These include the ease of use
(and withdrawal in the advent of side-effects), avoidance of
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first-pass metabolism, and improved patient compliance.
The transdermal permeation rate of most drugs is limited
by the stratum corneum (SC) (29). The SC comprises 10—
15 layers of flat keratin-filled cells, closely packed in a non-
polar lipid matrix, mainly composed of free fatty acids (10%—
15%), cholesterol (25%), sterol esters (5%), and ceramides
(50%) (30). Ceramides are categorized into nine subgroups
(structures shown in Fig. 4) (31), whose headgroups can form
lateral intermolecular hydrogen bonds. The phase behavior
of the lammellar lipid is different from that of the lipid
bilayer mainly composed of phospholipids. The thickness of
the SC is different in each body part, for example about

Fig. 4 The chemical structure of Ceramide 1
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15 um in the abdominal skin and 10 pm in the dorsal skin.
The primary transport pathway for most drugs passively
traversing the SC is the intercellular lipid region (32).

THE STRUCTURAL INFORMATION CONTENT
OF LIPOPHILICITY

Lipophilicity

Lipophilicity is usually measured by the partition coeflicient
(log P) of a compound in a single electrical form, a molecular
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parameter which describes the partition equilibrium of a
solute between water and an immiscible organic solvent.
Partition coefficients are obtained as the logarithm of the ratio
of concentrations at equilibrium:

Cor anic
log P = log %" (1)

° Caqueous

The most commonly used measure of lipophilicity is the
n-octanol/water partition coeflicient (log P,), which when
written in this way refers to the neutral form of the solute.

The effectiveness of log P, in correlating biological
properties has been extensively investigated. However, the
log P, scale of lipophilicity alone is not effective in
modelling the crossing of any kind of cell membranes due
to large differences in their biophysical properties (33,34).
Thus, four types of isotropic solvent systems (amphiprotic,
inert, hydrogen-bond donor and hydrogen-bond acceptor),
called the ‘critical quartet’ (e.g., n-octanol/water, alkanes/
water, chloroform/water, and dibutyl ether/water), are
necessary in order to cover adequately the range of
biophysical properties of membranes (35,36). The ‘critical
quartet’ expresses in partly overlapping and partly comple-
mentary ways the recognition forces that account for
membrane partitioning and biological selectivity (37,38).

For ionizable drugs, the apparent distribution coefficient
(log D) at pH 7.4 is also often used. Unlike log P, which is valid
only for a single electrical species, log D refers to a pH-
dependent mixture of all electrical species present at that pH.
For a solute with a single 1onizable group, we have

log DP'' = log(fx PN + f ¢ P') (2)

where fy and f] are the molar fractions of the neutral and
ionized forms, and PN and P' are their respective partition
coefficients.

The experimental techniques for lipophilicity measure-
ment in isotropic solvent/water systems are the shake-flask
method (39) and potentiometric titration (40,41), which
have been thoroughly described in the literature.

Intermolecular Forces Encoded in Lipophilicity

Lipophilicity is the net result of all intermolecular forces
involving a solute and the two phases between which it
partitions. A highly informative interpretation of lipophi-
licity is based on linear solvation free-energy relationships
(LSERs) (42—45). This method factorizes lipophilicity into a
number of parameters: molar volume V (or van der Waal
volume V), which encodes hydrophobic and dispersion
forces, and solvatochromic parameters, defined as the
solute’s H-bond donor acidity (o), H-bond acceptor basicity
(f), and dipolarity/polarizability (n*), which accounts for
orientation and induction forces.

For example, the n-octanol/water and heptane/water
partition coefficient (log P and log Py,;) can be expressed
as (46)
log Poe = 5.83(£0.53) @ V/100 — 0.74(£0.31) o 7"

—3.51(£0.38) o B — 0.15(£0.23) ® @ — 0.02(+0.34)
n = 7812 =0.92%s = 0.30;F = 248

(3)

where N is the number of compounds, 7* the squared
correlation coeflicient, s the standard deviation, and F the
Fisher’s test.

10g Py = 6.78(£0.69) @ V/100 — 1.02(0.39) o z°
—5.35(£0.50) ® B — 3.54(£0.30) ® @ — 0.06(£0.43)
n = 7512 = 0.96;s = 0.36; F = 438

(4)

As a result of such equations, lipophilicity can be
factorized into two sets of terms (Eq. 5), namely hydropho-
bicity, which accounts for hydrophobic and dispersion
forces, and polar terms, which account for hydrogen bonds,
and orientation and induction forces (47):

Lipophilicity = Hydrophobicity — Polarity (5)

Equation 3 shows that V and f are the most important
structural descriptors contributing to log P, while 7* is of
secondary importance, and a has no statistical significance
in the n-octanol/water system. A markedly different
partitioning mechanism exists in heptane/water system
(Eq. 4), where V, a and f are the most important structural
descriptors contributing to log Pyp, while n* is of lesser
importance. The compared information content of Eqs. 3
and 4 1s best appreciated through the Alog P parameter, as
discussed below.

Lipophilicity as a molecular parameter encodes different
intermolecular forces, as schematized in Fig. 5. When
expressed by logP measured in isotropic organic solvent/
water systems, lipophilicity fails to encode some important
recognition forces in biochemistry and molecular pharma-
cology, most notably ionic bonds, which are of particular
importance when modeling the interaction of ionized
compounds with biomembranes (46). Because the majority
of the drugs are ionizable (48), any prediction of their
pharmacodynamic and pharmacokinetic properties should
take their ionization into account.

To obtain lipophilicity parameters of improved pharma-
cokinetic and pharmacodynamic relevance, partition coef-
ficients between artificial membranes and water (such as
liposome/water) are receiving increased attention. Since
artificital membranes provide the amphiphilic microenvi-
ronment of biological membranes, they should be able to
take ionic bonds into account. In anisotropic membrane-
like systems, the definition of “lipophilicity” must be
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Fig. 5 A comparison between
the intermolecular forces that
govern molecular recognition

in biochemical and pharmacologi-
cal processes, and those
expressed in lipophilicity. Modified
from Ref. (46).
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extended to include ionic interactions (attractive and
repulsive):

Lipophilicity = Hydrophobicity — Polarity + Ionic Interactions

(6)

The Alog P Parameters

Lipophilicity descriptors obtained in different isotropic
solvent systems can be compared to derive a Alog P
parameter when the two log P values do not contain
identical structural information (46). A well-known
example i1s Alog P, the difference between n-
octanol/water and alkane/water partition coefficients
(44). This parameter is physicochemically meaningful
and expresses mainly the H-bond donor acidity of solutes
as shown by Eq. 7:

108Pochep = 3.54(40.36) @ @ — 0.37(+0.15)

‘ 7
n =751 =0.84;s = 0.45; F = 325 @

To overcome some experimental problems caused by
the low alkane solubility of many compounds, the 1,2-
dichloroethane/water (DCE/water) system was suggested
to replace the alkane/water system (43). Therefore, Alog
Pocidce 18 now proposed instead of Alog Py a.

@ Springer

The diff(log PN ") Parameters

The difference between log P values of the neutral and 1onized
species of an ionizable solute, difflog P~ ") is a parameter
containing important structural information. It expresses the
influence of ionization on the intermolecular forces and
intramolecular interactions of a given solute (49). For a given
system, diffllog PN 7Y is rather constant for structurally related
compounds, e.g., its value is 3—4 for monoprotic substance,
depending on charge delocalization in the n-octanol/water
system (50,51). Thus, an anomalous value of diffflog PN of
a solute suggests specific intramolecular interactions affecting
either the neutral or 1onized form (52).

The parameter diffllog PN7Y is also of interest in the
study of zwitterions, which are receving much interest due
to their peculiar partitioning and pharmacokinetic behavior
(53-55). The pH-partitioning profiles of ampholites (56)
can be bell-shaped or U-shaped. Zwitterions with large K,
(tautomeric equilibrium constant, defined as the ratio of
concentrations of the zwitterionic and neutral tautomers)
can display either behavior. Intramolecular effects play a
marked role in enhancing the lipophilicity of the zwitter-
ionic species and thus in determining the shape of the
lipophilicity profile. The difference between the log P of the
neutral and zwitterionic forms (difflog PN 7)) has been
found to be useful in pointing to intramolecular effects and
thus deciding the lipophilicity profiles (56). As mentioned,
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the diffllog PN of a given solute in octanol/water ranges
from 3 to 4 (50), and thus a difflog P~ %) of about 6 is
expected for zwitterions for which internal neutralization is
totally absent.

THE INFLUENCE OF LIPOPHILICITY ON DRUG
PASSIVE TRANSCELLULAR PERMEATION

The relationships between the physicochemical properties
of drugs and pharmacokinetic processes have been exten-
sively studied. Some physicochemical parameters of drugs,
such as lipophilicity, hydrogen-bonding capacity, molecular
size and polar surface area, have proved useful for
predicting passive transfer and permeation across biomem-
branes in ADME, but none has attracted as much interest
in quantitative structure-permeation relationship (QSPeR)
studies as lipophilicity.

Lipophilicity from Isotropic Solvent Systems
and Its Relationship with Drug Transcellular
Permeation

In numerous studies on drug permeation through biological
membranes (e.g., gut wall, skin, blood-brain barrier, and
Caco-2 cell monolayers), relationships between permeation
and lipophilicity have been developed with homologous
series of compounds of a diverse nature (acidic, alkaline and
neutral) to explore the influence of lipophilicity on passive
diffusion.

Thus, linear relationships were found between absorp-
tion rate constants from rat stomach and a) partition
coefficient in CCly/water for 16 barbiturates (57), b)
partition coeflicient in n-octanol/water for 11 carbamates
(58). A bilinear correlation was found between i situ gastric
absorption rate constants determined in rats and lip-
ophilicity indices (measured in RP-HPLC) for a series of
phenylalkylcarboxylic acids (59). Sigmoidal relationships
were established between permeability coefficients in Caco-
2 cell monolayers and log D, (pH 7.4) for a set of p-
blockers (60) and a series of N-acylated derivatives of 5-
fluorouracil (61), respectively. The same type of relationship
between permeability in the rat jejunum and log P, was
also found for seven steroids (62) and 11 B-blockers (63).
Parabolic correlations were found between human skin
permeability coefficients and log P, for a homogeneous set
of phenols (64), between human epidermis permeability
coefficients and log P, for 6 non-steroidal anti-
inflammatory agents (65), and between corneal permeabil-
ity coeflicients and log Do (pH 7.63) for a series of 12 f-
blockers (66). To rationalize the observed relationships,
different theoretical models for passive membrane diffusion
have been derived and discussed (10,67,68).

The Alog P, parameter, which mainly expresses H-
bond donor acidity, also showed its value in predicting drug
permeation. For a series of Ho-receptor antagonists, brain
penetration (logarithm of brain/blood ratios) in the rat was
inversely correlated with the Alog Pye(cye parameter (cyc =
cyclohexane) (69). Similar correlations were found between
permeability coefficients across excised rabbit cornea and
Alog Pgeeye for a set of drugs including B-blockers and
steroids (70), between oral absorption and Alog Pyc.cy. for a
family of azole endothelin antagonists (71), and between
human skin permeability coefficients and Alog Po.ep for a
set of compounds including alcohols and steroids (64).
These examples imply that the H-bond donor acidity is
very important in drug design to improve the pharmaco-
kinetic profile of drugs.

Lipophilicity from Anisotropic Biomembrane-Like
Systems and Its Relationship with Drug Transcellular
Permeation

The mechanisms of drug-biomembrane interactions involve
partitioning (into the hydrophobic core of the membrane)
and/or binding (to the headgroup region on the surface of
the membrane) (72,73). Therefore, lipophilicity from
anisotropic biomembrane-like systems represents a border
case between partitioning and specific binding. Because of
the poor degree of specificity involved, it is suggested that
anisotropic lipophilicity is better described as a partitioning
than a binding process and can be modeled by molecular
descriptors such as log D and log P (72). It should be
pointed out that partition measured in biomembrane-like
systems may not always reflect transmembrane permeation,
as solutes may associate with the membrane interface
without entering the bilayer interior (74).

Liposome/Water Partitioning System

Liposomes have been used for several decades as model
membranes to study solute/biological membranes interac-
tions. The partitioning behavior of solutes between liposo-
mal membranes and aqueous phases provides information
on their affinity to biological membranes and on their m viwo
pharmacokinetic behavior in general. The liposomes/water
partitioning system is increasingly employed as an alterna-
tive to n-octanol/water for the estimation of pharmacoki-
netic behavior of drugs (72).

Liposomes can be prepared from a variety of lipids and
mixtures of them. Phospholipids are frequently used to
obtain standardized and easily reproducible systems (75).
Liposomes have a spherical shape and are composed of one
to several hundred concentric bilayers. Their size ranges
from 20 nm to several dozens micrometers, whereas the
thickness of the bilayer membrane is approximately 4-7 nm
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(5). Depending on the number of bilayer sheets, liposomes
can be classified into large multilamellar vesicles (LMVs),
large unilamellar vesicles (LUVs) and small unilamellar
vesicles (SUVs, diameter smaller than 100 nm). Liposomes
for partition studies are ideally unilamellar, since these have
a reproducible size distribution.

Liposomes of various compositions have been shown to
yield better correlations with pharmacokinetic behavior or
biological activities than the n-octanol/water system (76—
79). Thus, for a series of nine nitroimidazole drugs a
liposomal partitioning system (LMVs) composed of L-a-
dimyristoylphosphatidylcholine (DMPC) provided a much
better prediction of plasmatic clearance rate than the n-
octanol/water partitioning system (77). For a set of 21
structurally diverse ionizable compounds, the phosphatidyl-
choline liposomes (SUVs)/saline system revealed a better
correlation between passive intestinal absorption in humans
and a so-called absorption potential (AP) (Fig. 6) than n-
octanol/water partition system. The high absorption of
compounds 1 (aspirin) and 3 (allopurinol) in Fig. 6 may be
explained by their particularly low molecular weight,
enabling additional paracellular permeation through mem-
branes. The AP is calculated from log D at pH 6.8 (pH of
the fasted small intestine), solubility, mean single oral dose,
and intestinal fluid volumes (78). For a set of 10
imidazolidines, liposomal partitioning systems composed
of DMPC or DMPC/CHOL/chlosterol)/DCP (dicetylphos-
phate) showed advantages over the n-octanol/water system
to predict op-adrenergic potencies (79).

The most popular methods to investigate lipophilicity in
liposome/water systems are potentiometric titration (80)
and equilibrium dialysis (81). However, these two methods
are very labor-intensive. In recent years, high-throughput
chromatographic techniques, including immobilized artifi-

110
100 4 . s
90 + 10 30 .

80 + . ¢ o .

70 1 .

60
50 *
40
304
20 .
10 4

Intestinal Absorption (%)
3

APsyy
Fig. 6 The correlation between human passive intestinal absorption and

APsy derived from log D from phosphatidylcholine liposomes (SUV’s)/
saline system. Redrawn from Ref. (78).
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cial membrane (IAM) HPLC-columns (82), immobilized
liposome chromatography (83), and liposome (or micro-
emulsion) electrokinetic chromatography (84) have been
developed for the determination of drug partitioning into
biomembranes.

Immobilized Artificial Membrane (IAM) Chromatography

The main reason to use a chromatographic system to
determine lipophilicity is to conveniently model drug
transport processes across biological membranes. Hence,
the components of the chromatographic and biological
systems should be comparable. An HPLC system used to
model transport of a drug through biological membranes
should be composed of an aqueous phase and an organized
phospholipid layer. Immobilized artificial membranes
(IAMs) consist of monolayers of phospholipids covalently
immobilized on a silica surface, thus mimicking the lipid
environment of a fluid cell membrane on a solid matrix
(85,86). The structures of some commercially available
immobilized artificial membranes are shown in Fig. 7.
The lipophilicity index obtained from IAM chromatog-
raphy is the capacity factor log kian, at 100% aqueous
phase. For hydrophilic compounds, log kjang, can be
determined directly by using the aqueous mobile phase.
For lipophilic drugs, it is necessary to add an organic
modifier (methanol or acetonitrile) to the mobile phase to
accelerate the elution. The log kyan,, value is then
extrapolated from isocratic capacity factors (log k) at
different ratios of organic modifier (p) using Eq. 8.

log k = =S¢ + log kians (8)

No significant difference between methanol or acetoni-
trile was observed for the linearily extrapolated log kiany
values. However, methanol is more appropriate for charged
compounds (87). Furthermore, mobile phases containing
more than 30% acetonitrile (w/w) must be avoided because
their microheterogeneity disrupts the structure of water
(88). It was reported that IAM stationary phases deteriorate
after 3 months of use (89); thus, measures should be taken
to check the decrease in capacity factor over time.

The interaction of drugs with phospholipids has been
investigated by IAM-HPLC for different sets of neutral and
charged compounds such as p-blockers (90), non-steroidal
anti-inflammatory drugs (NSAIDs) (91), dihydropyridine
(DHPs) calcium channel blockers (92), and for a set of
compounds with a wide structural diversity (93). It was
found that log kjanm, values from IAM columns correlate
with log P, only for neutral and structurally related
compounds and that electrostatic interactions between the
charged solutes and the polar heads of phospholipid play a
vital role in IAMs.
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Fig. 7 Structures of some
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The relationship between IAM retention and partition-
ing in phosphatidylcholine (PC) liposome/water was also
studied (94). No correlation existed between log kIAMW7'O
and log D’ in egg PC liposome/water for a noncongene-
ric set of compounds. One possible reason for the difference
between the lipophilicity indices from these two anisotropic
chromatographic systems is the different density of the
polar phospholipid head-groups, which were shown to play
an important role in membrane partitioning studies (95).

The log kjang, determined on IAM columns appears to
be a better predictor of permeation than log P, for drugs
of different chemical nature. The log kjang, values obtained
on this type of column were reported to be well correlated
with human skin permeation for a set of steroids and
phenols (96). The oral absorption of cephalosporin pro-
drugs in mice could be better predicted by log kjang, than
by analogous parameters determined on traditional ODS
reversed phases (95). The log kjan, " (measured at pH 7.0)
values of 12 structurally diverse compounds were deter-
mined on an JAM.PC.DD2 phase, and their permeabilities
(P,) were measured through rat everted gut sacs for
passively diffused compounds or through noneverted sacs
for actively transported molecules. The log kian "
correlated better with P, than with log P, The addition
of molar volume (Vx) as a second independent variable
slightly improved the correlation (97). For a series of
(NSAIDs), a parabolic relationship was obtained between
log kiant, and the capacity of diffusion across the rat blood-
brain barier (BBB) (98), suggesting an optimum lipophilicity
of drugs in the transport to brain. Compared to conven-
tional RP-HPLC columns (XTerra MSC18 and RP18), the

TAM.PC.DD2 column showed a closer similarity to human
skin partition and blood-brain permeability (99), demon-
strating its potential usage as a model for these biological
processes. For a set of structurally diverse drugs, log kianm
from IAM.PC.DD2 in conjunction with polar surface area
(PSA) gave a good prediction of human oral absorption
(100). One study showed that the IAM capacity factor
together with the half-life of hepatic microsomal biotrans-
formation may be useful in identifying compounds with
high oral absorption potential in early drug discovery
processes (101).

Immobilized Liposome Chromatography (ILC)

ILC is a simple and fast tool to investigate solute-membrane
interactions (102). In ILC, phospholipid-based liposomes
are noncovalently immobilized to gel beads (e.g., Superdex
200) as a stationary phase (103). The main advantages of
this method are that phases of different chemical compo-
sition can easily and reversibly be immobilized on suitable
gel supports. Phosphatidylcholine (PC), mixtures of PC/PS
(phosphatidylserine) and PC/PE (phosphatidylethanol-
amine), egg phosphatidylcholine (EPC), lipids extracted
from human red cells have been used for ILC (83,104). In
addition, chromatographic retention on phospholipids is
devoid of any effect caused by the presence of a silica
matrix.

Various techniques have been developed to immobilize
liposomes. In some studies, liposomes are mixed with dry
gel beads and immobilized by gel bead swelling followed by
freezing-thawing to induce liposome fusion (83,103,104).
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During the freezing-thawing process, liposomes grow in size
and are entrapped in the gel beads pore. The immobilized
liposome has a multilamellar structure (105) which should
not affect the partitioning of the majority of amphiphilic
drugs because they pass the bilayers fast enough during the
chromatographic run (104). In other studies, unilamellar
liposomes were immobilized in the gel pores of gel beads by
avidin-biotin binding (106,107). The liposome immobilized
gel was then packed into a column and capacity factors (log
K,) measured by HPLC using an aqueous buffer eluent as
the lipophilicity index (Eq. 9):

log K, =log[(Vr — Vo)/A] (9)

where Vg and V| are the retention volumes of drug and
unretained compound, respectively, and A is the amount of
immobilized phospholipids.

No significant correlation was found between log K and
log D from liposome/water partitioning system, log kiany
or log D, for structurally unrelated compounds (104,108).

A hyperbolic relationship between oral absorption in
human and log K from EPC liposomes was established for
a set of 12 structurally unrelated drugs (103). In another
study by the same group, it was further observed that drugs
with log K values (from human red blood extract) between
1.5 and 2.5 were nearly 100% absorbed (83), and the
results showed that the essential feature of a good
biomembrane model for drug partitioning analyses is a
bilayer heterogeneity mimicking that of natural mem-
branes. A sigmoidal relationship was found between log
Ky values from EPC-PS-PE-Chol (cholesterol) liposomes
and intestinal absorption for a set of 29 structurally diverse
drugs (107).

Liposome Electrokinetic Chromatography (LEKC)

LEKC 1is a capillary electrophoresis method where lip-
osomes are incorporated in the buffer as a pseudo-
stationary phase for the determination of drug-membrane
interactions (109-111). The LEKC method was proved to
be fast and effective for the study of interactions between
local anesthetics and liposome dispersions in order to
develop a sensitive, efficient and harmless lipid-based
formulation to specifically trap harmful substances (112).
The antibiotic fusidic acid was shown in a LEKC study to
have strong interactions with negatively charged lipid
membranes despite its negative surface charge (113).

In LEKC, the composition of the lipid bilayer pseudo-
phase can be carefully controlled to nearly mimic the
properties of the natural membranes through adjustment of
the type and mole fractions of phospholipids as well as
incorporating “additives” such as cholesterol and even
proteins. Figure 8 illustrates the mechanism of migration
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and separation of two uncharged solutes, S; and Sy in
LEKC based on negatively charged liposomes. The
electrophoretic migration of the liposomes is toward the
anode, but the stronger electroosmotic flow carries the
liposomes and the solutes toward the cathode where they
are detected. Neutral solutes are separated according to
their differences in liposome/water partition.

The retention factor log k of neutral solutes is the
lipophilicity index and is calculated from LEKC data by
Eq. 10, where tg teo, and t,g, are the retention times of the
solute, methanol and the marker of the pseudo-stationary
phases (e.g., n-decanophenone), respectively. Charged sol-
utes display their own electrophoretic mobility in the
aqueous phase in addition to partitioning into the liposomes
and migrating with them. As a result, the migration of
solutes in the bulk aqueous (ty) needs to be included in the
calculation of retention factors as shown in Eq. 11 (114).

R — Lo
_ 10
teo (1 - tR/tpSp) ( )

trR — to
_ 11
to(l - tR/tPSP) ()

There are significant advantages in using LEKC to
assess drug-membrane interactions over the existing models
such as n-octanol/water, IAM or ILC. Liposomes are
spherical lipid bilayer microstructures that are made of
phospholipids and closely resemble biological membranes;
they are thus more suitable models of the dynamic and fluid
lipid bilayer environment of cell membranes than other
models. Also, using LEKC, it is possible to establish
universal and consistent lipophilicity scales for drug-
membranes interaction studies for interlaboratory use. On
the contrary, RP-HPLC and IAM method lack a universal
scale due to the difference of HPLC columns.

Unilamellar liposomes with a narrow size distribution
are most often used as pseudo-stationary phases. With
multilamellar liposomes, size can range from approximately
100 nm to 1 pm due to a large number of bilayers; such
liposomes are not suitable as carriers in LEKC because the
background in the electrophorogram is noisy and the
sensitivity low (115).

A few examples will serve to illustrate the correlations
found for nonhomogenous drugs of different chemical
nature. A good correlation was shown between log k values
from LEKC based on POPC-PS liposomes and Caco-2 cell
monolayer permeability (84). A sigmoidal relationship was
reported between log k values from LEKC based on EPC-
PS liposomes and human intestinal drug absorption (Fig. 9),
whereas log P, did not show a good predicting power
(116). As shown in Fig. 9, the behavior of the majority of
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Fig. 8 Schematic of the migration
pattern in LEKC with a

negatively charged liposome. S,
and S, represent two solutes that
partition into the liposome. Uy,
and UgoF are the mobilities of a
liposome and the ElectroOsmotic
Flow (EOF), respectively. Finally,
teos tris T2, and t, are the
retention times of the unretained
marker (methanol), two solutes,
and liposome marker (decano-
phenone), respectively. Modified
from Ref. (109).

drugs would be correctly predicted with respect to m viwo
passive transcellular absorption by log k. Moreover, the
drugs (MW <200 Da, open triangles) via the paracellular
diffusion route and the actively transported drugs (filled
triangles) were identified as outliers. Log k from LEKC
using PC-PS liposomes gave the better correlation with
drug penetration across BBB than log Do, Clog P or
PSA (117). Recently, it was demonstrated that LEKC is a
promising method to predict drug penetration through the
skin. Quantitative retention-permeability relationships
(QRPeRs) were successfully constructed between skin
permeability coeflicients (log K;,) and retention values (log k)

(118).
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Fig. 9 Relationship between log k on LEKC based on egg PC/PS and
drug oral fraction absorbed (Fa%) in human. Redrawn from Ref. (I 16).

CONCLUSION

In recent years, advances in automated synthesis and
combinatorial chemistry have led to the preparation of a
vast number of potential drug candidates, often making
delivery problems the rate-limiting step in drug research. In
order to solve this problem, a thorough understanding of
the structure and characteristics of physiological barriers
and of the mechanisms of drug transport is necessary.

Lipophilicity is a molecular parameter encoding different
intermolecular forces. In isotropic organic solvent/water
systems, lipophilicity mainly expresses the balance of
hydrophobic and polar interactions. In anisotropic
membrane-like systems, lipophilicity can even take ionic
bonds into account, showing a closer analogy with the
intermolecular recognition forces operating in molecular
pharmacology and biochemistry.

Although traditional partitioning systems and high-
throughput chromatographic systems are available to
derive lipophilicity scales, a comparative study of the
described lipophilicity parameters is still missing, and it is
difficult to judge which lipophilicity scale has the best and
broadest predictive capacity. Comprehensive investigations
are needed based on large, structurally diverse sets of
compounds to reach sound conclusions.

Numerous significant correlations between lipophilicity
and drug passive permeation have been established. This
implies that both terms are mechanistically related, mean-
ing that they result from a comparable balance of
intermolecular forces (hydrophobic, polar and/or ionic
interactions). As this balance changes with different mem-
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branes, the physicochemical meaningful lipophilicity-
derived parameters (e.g. Alog P) may be more informative
and yield better correlations, as seen with skin and BBB
permeation.

The predictive value of the relations between lipophi-
licity and passive membrane permeation depends on the
relevance of the physical systems as models of biomem-
branes. Therefore, new lipophilicity-derived model systems
should be checked for their adequacy in mimicking the
permeation properties of natural membranes.

A further complication arises from the fact that different
modes of interaction between drugs and membranes exist
and coexist. Indeed, the process of membrane permeation
proper may be preceded by or be in competition with
binding to the membrane surface. Both processes involve
hydrophobic and electrostatic forces, but their relative
contributions differ from one interaction mode to the other.
Thus, electrostatic and mainly ionic bonds often predomi-
nate in binding to membrane surfaces (119). But there is
more, since the relative contribution of non-covalent forces
also differs from one solute to the other. As a consequence
and as a matter of principle, a perfect correlation with
maximal predictive capacity is impossible to obtain,
implying that the best quantitative permeation models one
can hope to achieve will remain a mere compromise, best
balancing the various and varying contributions.
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