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This study reports on a novel, high-throughput assay, designed to predict passive, transcellular
permeability in early drug discovery. The assay is carried out in 96-well microtiterplates and
measures the ability of compounds to diffuse from a donor to an acceptor compartment which
are separated by a 9-10 µm hexadecane liquid layer. A set of 32 well-characterized, chemically
diverse drugs was used to validate the method. The permeability values derived from the flux
factors between donor and acceptor compartments show a good correlation with gastrointestinal
absorption in humans. For comparison, correlations based on experimental or calculated octanol/
water distribution coefficients (log Do/w,6.8) were significantly lower. In addition, this simple
and robust assay allows determination of pH permeability profiles, critical information to predict
gastrointestinal absorption of ionizable drugs and difficult to obtain from cell culture
experiments. Correction for the unstirred water layer effect allows to differentiate between
effective and intrinsic membrane permeability and opens up the dynamic range of the method.
In addition, alkane/water partition coefficients can be derived from intrinsic membrane
permeabilities, making this assay the first high-throughput method able to measure alkane/
water log P in the microtiterplate format.

Introduction

The absorption of orally administered substances is
largely determined by their ability to cross the gas-
trointestinal tract (GI-tract). Around one-third of de-
velopment candidates is lost due to inappropriate
pharmacokinetic properties.1 To increase the quality of
“research” compounds, methods are required in early
drug discovery to dissect key factors influencing drug
absorption like solubility and permeability, the two
components of the Biopharmaceutics Classification
Scheme2 (BCS).3 A number of molecular properties
influencing passive absorption of drugs have been
identified. These include octanol/water partition and
distribution coefficients (log P/D), ionization state (pKa),
hydrogen bond potential, and molecular size. Although
these parameters have proven to be useful to predict
passive absorption, their impact in early drug discovery
has been limited due to the amount of material, man-
power, and time needed to generate these data. In
addition, semiempirical relations linking octanol/water
log P/D to absorption, although successful in many
subsets, often break down when noncongeneric struc-
tures are analyzed - mainly due to the inappropriate
hydrogen bond acidity component of octanol.4-6

Alternatively, cell culture models such as Caco-2 cell
monolayers7,8 have proven useful to predict gastrointes-
tinal drug absorption. This method is, however, rather
labor-intensive, limited to a narrow pH range, and not
easily applicable for high-throughput. In addition, the
dynamic range of cell-based assays is restricted due to
thick unstirred water layers (unstirred cell cultures).
Another promising approach to permeability screen lies

in permeation assays where a chemical or biochemical
barrier is used to mimic the physicochemical properties
of phospholipid bilayers. In 1997, Camenisch et al.
reported on correlation between fraction absorbed and
flux measured with artificial membranes made of cel-
lulose filters impregnated with bulk octanol.9 More
recently, following numerous studies which demon-
strated the possibility to form artificial phospholipid
bilayer membranes10-13 and the possibility to stabilize
them using microporous filters,14,15 Kansy et al. pro-
posed a model membrane permeation assay consisting
of filters coated with an alkane solution of lecithin.16

One drawback of this assay, however, lies in the
structure and thickness (120 µm) of the supporting filter
which renders the formation of well-characterized bi-
layer membranes rather unlikely. In addition, these
membranes might be prone to assay variations depend-
ing on the quality of the phospholipids and how suc-
cessful the lipid layers form.

It has been demonstrated that for neutral substances
the main contributors to membrane permeability are
molecular size and hydrogen-bonding capability of the
solute.17 If one considers the molecular weight range
200-600 which covers the large majority of drug
candidates, membrane permeability becomes essentially
a matter of hydrogen bond potential. Experimental
determination of hydrogen bond potential is usually
obtained by comparing partition coefficients in octanol
and alkane (∆log P).5 In practice, however, log P alkane
values are often difficult to measure because of the low
solubility of most compounds in alkane/water.

In this paper, we report on a new permeation assay
based on a 9-10 µm hexadecane liquid layer im-
mobilized between two aqueous compartments. This
method is the first high-throughput assay able to
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generate large numbers of experimental data on perme-
ability pH profiles and alkane/water partition coef-
ficients.

Experimental Section
Chemicals. All generic drugs (Figure 1) were purchased

from Sigma (Division of Fluka Chemie AG, Buchs, Switzer-
land) except valsartan (Diovan), desferrioxamine B (Desferal),
and HBED which were synthesized in-house. Compounds were
dissolved in dimethyl sulfoxide (DMSO) at a concentration of
10 mg/mL each and used without further purification. DMSO
was purchased from Merck AG (Dietikon, Switzerland) with
a purity grade >99.8%. Hexane and hexadecane were pur-
chased from Fluka with purity grades >99% and >98%,
respectively. The buffers for pH values in the pH range 6-8

were made from a pH 7.0 phosphate buffer (28 mM KH2PO4

and 41 mM Na2HPO4), adjusted to the respective pH values
with NaOH (pH 8.0) or H3PO4 (pH 6 and 6.8). For acidic pH
values (3-5.5), 50 mM acetate buffer was used. Alkaline pH
values (8.5-10) were obtained from a pH 9.0 Borax buffer (43
mM disodium tetraborate, 17 mM KH2PO4), adjusted with H3-
PO4 or NaOH.

Methods. Permeation experiments were carried out in 96-
well microtiter filter plates obtained from Millipore AG
(Volketswil, Switzerland). Filter (isopore, polycarbonate) speci-
fications were as follows: 3 µm pore size, 9-10 µm thickness,
and 5-20% porosity. Each well of the filter plate was impreg-
nated with 15 µL of 5% hexadecane dissolved in hexane (i.e.,
total amount of hexadecane: 0.75 µL) for at least 10 min to
allow for complete evaporation of the hexane. Subsequently,
the donor compartments were hydrated with 300 µL of 50 µg/

Figure 1. Chemical structures of generic drugs used to correlate log Pe with GI-tract absorption. Percent absorption values in
humans are indicated in parentheses.
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mL test compound in buffer, containing 5% DMSO and 100
mM KCl, and connected to a homemade Teflon acceptor plate
which had been prefilled with buffer containing 5% DMSO.
The resulting sandwich construct (Figure 2) was incubated at
room temperature under constant light shaking (50-100 rpm).
After 5 h, the sandwich was disassembled and the solution in
the acceptor was transferred to a disposable UV-transparent
plate (Corning Costar, Corning, NY). UV absorption was
measured with a SPECTRAmax190 microplate spectropho-
tometer (Molecular Devices Corp., Sunnyvale, CA) at absorp-
tion wavelengths between 260 and 290 nm.

To ensure that the donor/acceptor fluxes were not due to
porous or unstable hexadecane layers, the stability of the
hexadecane membranes was tested at the end of the incubation
period by electrical resistance measurements. Wells with
barriers which displayed electrical resistance lower than 5 kΩ
were discarded. Electrical resistance measurements were
performed using a Keithley 6517A electrometer (Keithley
Instruments S.A., Dübendorf, Switzerland) with Ag/AgCl
electrodes from World Precision Instruments (Berlin, Ger-
many).

Ionization constants were measured by potentiometric ti-
tration in 0.15 M KCl at 25.0 °C using a GlpKa instrument
(Sirius Analytical Instruments, Forest Row, U.K.). Partition
and distribution coefficients were measured using the pH
metric technique using a PCA101 automatic titrator (Sirius
Analytical Instruments, Forest Row, U.K.). This technique
basically consists of two linked titrations: a normal titration
followed by a two-phase titration in the presence of the
partition solvent.18,19

Polar surface area (PSA) is a surface descriptor which has
been introduced some years ago as an alternative to calculated
octanol/water partition coefficients to measure permeability
of drugs.20-23 PSA is defined as part of the surface area
contributed by nitrogen, oxygen, and connected hydrogen
atoms. In this study we calculated PSA using the approach
published by Palm et al.21

In silico octanol/water distribution coefficients at pH 6.8
(clog D6.8) were calculated from pKa and log P with pKaLOGP
version 5.1 (Sirius Analytical Instruments, Forest Row, U.K.).
Ionization constants were calculated with ACD pKa DB and
partition coefficients with MedChem CLOGP.

Data Evaluation. At the end of the incubation period the
sandwich was carefully disassembled, the acceptor plate
measured with the UV microtiter plate spectrophotometer, and
the donor plate submitted to current measurements to assess
the integrity of the hexadecane membranes.

The apparent permeability value Pa is determined from the
ratio r of the absorbance of compound found in the acceptor
chamber divided by the theoretical equilibrium absorbance
(determined independently):

In this equation, VR is the volume of the acceptor compartment
(0.4 cm3), VD is the donor volume (0.3 cm3), A is the accessible
filter area (total filter area, 0.24 cm2, multiplied by a porosity
ratio of 20%), and t is the incubation time. Equation 1 is
obtained from the differential equation24

with cD(t) being the compound concentration in the donor
compartment and cR(t) being the concentration in the acceptor
compartment. In absence of membrane retention Pa is identical
to Pe, the effective membrane permeability. When membrane
retention occurs Pa can be converted to Pe using mass balance
equations.

In a typical experiment, the permeability of propranolol (see
structure in Figure 1) at pH 6.8 was assessed. Measuring its
absorbance in the solution from the acceptor compartment at
290 nm after 5 h incubation time yielded a value of 0.075 (
0.001. The reference absorbance at pH 6.8, corresponding to
a full equilibrium of the compound after dilution between
donor and acceptor compartment, was determined as 0.386.
Hence, the ratio r is 0.194 ( 0.003. Inserting r into eq 1
together with the parameters given above results in log Pe )
-4.4.

Unstirred Water Layer Correction. The unstirred water
layer is an aqueous film at the membrane interface where the
solute concentration is purely diffusion-controlled. The un-
stirred water layer becomes the rate-determining step for the
diffusion of highly permeable compounds through mem-
branes.25,26 As a consequence two molecules with different
intrinsic membrane permeability (Po) may have the same
effective permeability (Pe). To correct Pe for the unstirred water
layer contribution (Pul), we used the method proposed by
Gutknecht and Tosteson.27-30 Briefly, Pe is related to Po and
Pul as follows:

Results
Thirty-two generic drugs with known human GI-tract

absorption were tested for their ability to cross a

Figure 2. Schematic principle of the hexadecane permeability
assay.

Pa ) -
VD

(VD + VR)

VR

At
‚ln(1 - r) (1)

dcR

dt
)

PaA
VR

(cD - cR) (2)

Table 1. Fraction Absorbed in the GI-Tract, HDM
Permeability Data at pH 6.8, Highest HDM Permeability
Observed between pH 4-8, and Octanol/Water Distribution
Coefficients for the 32 Generic Substances as Shown in Figure
3

compound
% fraction
absorbed

log Pe (cm/s)
at pH 6.8

log Pe (cm/s)
at pH 4-8

exptl
log D6.8

acyclovir 20 -4.8 -4.8 -2
alprenolol 93 -4.0 -4.0 0.3
amiloride 50 -4.6 -4.4 -2.1
atenolol 50 -4.5 -4.5 -2.5
carbamazepine 100 -3.9 -3.9 2.4
chlorpromazine 100 -3.7 -3.5 2.9
cimetidine 95 -4.0 -4.0 0.1
clozapine 100 -3.6 -3.6 3
desferrioxamine 2 -5.3 -5.3 -3
desipramine 100 -3.5 -3.5 0.7
famotidine 45 -4.6 -4.3 -0.8
furosemide 61 -4.8 -4.5 -0.7
guanabenz 75 -5.0 -4.4 0.9
HBED 5 -5.1 -5.1 -0.2
hydrochlorothiazide 67 -4.7 -4.2 -0.2
imipramine 99 -3.5 -3.5 1.8
labetalol 90 -4.2 -3.8 0.5
methotrexate 20 -4.7 -4.7 -3
metolazone 64 -4.6 -4.6 4.1
metoprolol 95 -4.2 -4.2 -0.8
phenytoin 90 -4.0 -4.0 2.2
piroxicam 100 -4.0 -3.3 0.3
progesterone 91 -3.8 -3.8 4.3
propranolol 90 -4.4 -4.0 0.8
ranitidine 50 -4.6 -4.5 -1.1
sulfasalazine 13 -4.9 -4.9 -0.7
sulpiride 35 -4.6 -4.6 -1.6
terbutaline 70 -4.1 -4.1 -2
testosterone 100 -3.5 -3.5 3.9
timolol 72 -4.4 -4.2 -0.7
valsartan 55 -5.0 -4.5 -1.6
warfarin 98 -3.8 -3.8 0.6

for a weak base: 1
Pe

)
[Bt]

[B]Po
+ 1

Pul
(3a)

for a weak acid: 1
Pe

)
[At]

[HA]Po
+ 1

Pul
(3b)
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hexadecane membrane (HDM). A good correlation was
observed between percent absorption and HDM log Pe
measured at pH 6.8 (Table 1, Figure 3A). For a number
of compounds, however, the HDM log Pe value measured
at pH 6.8 leads to an underestimation of the fraction
absorbed (guanabenz, furosemide, hydrochlorothiazide,
metolazone, and valsartan).

To mimic an environment which more closely re-
sembles the conditions encountered as the substance
moves through the GI-tract, permeability measure-
ments were repeated at different pH values, varying
from pH 4 to pH 8, and the highest HDM log Pe value
was taken into account for each compound (Figure 3B).
Comparison of panels A and B in Figure 3 shows that
the introduction of the notion of the pH permeability
profile significantly improved the correlation between
percent absorbed and log Pe.

For comparison, the predictive value of octanol/water
distribution coefficients at pH 6.8 was significantly
lower than HDM log Pe at the same pH (Figure 3c).

pH Permeability Profiles. Permeability of ionizable
compounds strongly depends on the extracellular pH.31

HDM pH permeability profiles were measured for 16
compounds: 7 weak acids and 9 weak bases. Perme-
ability pH profiles for diclofenac and desipramine are
shown in Figure 4. As expected, the permeability of
diclofenac increases with increasing acidity (Figure 4a).
Interestingly, compared to the ionization curve the
effective permeability vs pH curve of diclofenac is shifted

to the right with an apparent pKa of 5.6. As a conse-
quence, significant permeability is measured at pH 7.5
while from the ionization curve the fraction of neutral
diclofenac becomes significant only at pH < 6.

Correspondingly, for desipramine the opposite behav-
ior is found (Figure 4b): Compared to the ionization
curve, the permeability pH profile is shifted to the left
with an apparent pKa of 6.5. Here again, the compound
starts to permeate at pH 5.5 while the neutral species
becomes significant only at pH > 8.5. These shifts in
the permeability pH profiles are due to the unstirred
water layer effect.

Unstirred Water Layer Effect. The rate of absorp-
tion of highly permeable compounds is limited by their
diffusion through the unstirred water layer associated
to the membrane. From eqs 3a and 3b one can estimate
the separate contributions of the unstirred water layer
(Pul) and the hexadecane layer (Po) to the overall
permeability (Pe). For diclofenac (Figure 4c) one obtains
a log Po of -1.3 and a log Pul of -3.7. Thus, for diclofenac
the unstirred water layer becomes the rate-limiting step
for permeation of the neutral species. The thickness λ
of the combined unstirred water layer can be estimated
from the compound’s diffusion coefficient D and the
unstirred water layer permeability as λ ) D/Pul. With
a diffusion coefficient28 of ca. 6 × 10-6 cm/s one obtains
λ ) 285 µm. Log Po and log Pul were determined in a
similar way for desipramine (Figure 4d). Log Po and log
Pul were 0.1 and -3.7, respectively, which yields an

Figure 3. (A) GI-tract absorption of a set of 32 drugs vs HDM log Pe at pH 6.8. (B) Similar to (A) with best permeability within
the pH range 4-8 taken into account. (C) Correlation between percent absorption and experimental octanol/water distribution
coefficient at pH 6.8. (D) Similar to (C) with calculated distribution coefficients.
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unstirred layer thickness of 295 µm. From these experi-
ments one can conclude that our experimental setup is
characterized by a combined unstirred water layer of
about 300 µm (ca. 150 µm on each side of the mem-
brane), which is consistent with the fact that the highest
measured log Pe values were around -3.5 to -3.7 (Table
2).

Discussion
In this paper we describe a novel approach to measure

membrane permeability of drug candidates which com-
bines good predictive value and high-throughput. We
have shown that permeation across an alkane liquid
membrane immobilized between two aqueous phases
correlates well with percent absorption in humans
(when permeability dictates absorption). The data gen-
erated with our training set re-emphasize the impor-
tance of permeability pH profile for the prediction of
gastrointestinal absorption of ionizable drugs. The assay
described in the present manuscript allows the deter-
mination of several parameters useful in drug discovery

and lead optimization: these are effective membrane
permeability (Pe), unstirred water layer controlled
permeability (Pul ) Pe corrected for ionization), intrinsic
membrane permeability (Po ) Pe corrected for ionization
and unstirred water layer), and alkane/water partition
coefficient.

Permeability pH Profiles. Weakly ionizable com-
pounds have an at least 1000-fold higher membrane
permeability in their un-ionized state than when ion-
ized.27,29 Absorption windows in the GI-tract are defined
by the combination of the pH gradient and surface
available for absorption. This means that ionizable
compounds need to be characterized by their perme-
ability pH profile (Figure 4a,b). Interestingly, the ap-
parent pKa is shifted by several log units compared to
the aqueous pKa. The explanation for this phenomenon
lies in the presence of an unstirred water layer at the
hexadecane/water interface. For lipophilic compounds
the diffusion through the unstirred water layer becomes
the rate-limiting step since it is often several orders of
magnitude smaller than the diffusion through the
membrane interior. This phenomenon has also been
described in Caco-2 monolayer permeation experiments
which showed that Pe increased as the thickness of the
unstirred water layer was decreased by different stirring
techniques.32

The knowledge of the permeability pH profile and
aqueous pKa allows the intrinsic membrane perme-
ability Po to be calculated. To illustrate the impact of
the unstirred water layer and ionization on perme-
ability, we calculated Po and Pul for five highly perme-
able, ionizable drugs and compared log Po with HDM
log Pe and Caco-2 monolayer effective permeability

Figure 4. pH-dependent permeability of ionizable compounds: (a) diclofenac (acidic pKa ) 4.0), (b) desipramine (basic pKa )
10.6), and determination of their permeabilities through the unstirred water layer: (c) diclofenac; (d) desipramine.

Table 2. Maximum Theoretical Effective Permeability for
Various Unstirred Water Layer Thickness (D ) 6 × 10-6 cm2/s)
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(Caco-2 log Pe). Table 3 shows that the maximal effective
permeabilities log Pe,max are similar for all compounds
and equal the maximum theoretical log Pe value pre-
dicted for an unstirred layer of 300 µm (Table 2), which
means that the unstirred water layer was the rate-
limiting step for permeation. Neither HDM log Pe nor
Caco-2 log Pe are able to differentiate among these
highly permeable compounds since in all cases the
experimental permeability is limited by the unstirred
water layer. Similarly, log Pe values from Caco-2 cells
correspond to the theoretical value calculated for an
unstirred water layer of 1500 µm which is the usual
unstirred layer thickness reported for unstirred cell
culture experiments.33 In contrast, the intrinsic mem-
brane permeability (Po) values vary considerably from
log Po ) -1.6 for propranolol up to log Po ) 1.3 for
chlorpromazine (Table 3). Evidently, intrinsic perme-
ability allows a ranking of the compounds for membrane
permeability while all compounds looked identical for
log Pe.

Alkane/Water Partition Coefficients. Interest-
ingly, hexadecane/water partition coefficients can also
be derived from the permeability pH profile as mem-
brane permeability is related to membrane partition
coefficient:

where Po is the intrinsic membrane permeability (cm/
s), Phxd is the hexadecane/water partition coefficient, D
is the diffusion coefficient within the hexadecane mem-
brane (cm2/s), and h is the membrane thickness (cm).
In the log scale eq 4 becomes:

Figure 5 shows the relation between log Po and log
Phxd obtained experimentally with the 16 compounds of
Table 4. The regression line was obtained with a slope
of 1.10 and an intercept of 3.03 and gave a correlation
coefficient (r2) better than 0.96. Thus, these data show
that measurement of log Po using the protocol described
here allows the determination of log Phxd at least within
the range -2 to +5. If one substitutes UV detection
(used in this study) by mass spectrometry to quantify
the amount of substance in the acceptor compartment,
the dynamic range of the method could be further
increased, and log Palkane/water values of -3 to -4 could
become accessible.

The fact that alkanes can be used to model transcel-
lular passive diffusion is not totally surprising since in
the past decade several groups have demonstrated that
the bilayer interior is in many respects well-represented
by long chain alkanes.28,34,35 Moreover, a number of
studies have reported a good correlation between al-

kane/water distribution coefficient and permeation across
phospholipid bilayers.35-37 In addition, it has been
shown that for compounds within the molecular weight
range 200-600 permeability is mainly determined by
hydrogen-bonding potential17 and ionization state, prop-
erties which are both modeled by an alkane liquid layer.
To check whether the permeability measured with our
setup would fit with permeability values obtained with
real phospholipid bilayers, we compared the log Po
values we obtained for benzoic acid with values mea-
sured earlier by Walter and Gutknecht, using egg PC
bilayer membranes (log Pm) formed by the brush tech-
nique.34 For benzoic acid we determined log Po ) -3.2
while log Pm was -0.26. To compare log Po with log Pm
one needs to normalize the membrane thickness (see
eqs 4 and 5). If one assumes 10 nm for the thickness of
a phospholipid bilayer membrane (our HDM membrane
is 10 µm thick), then log Po, normalized to 10 nm,
becomes -0.32 and compares favorably with the re-
ported log Pm of -0.26 obtained with egg PC bilayers.

Finally, to assess the value of our approach we
compared our data with a number of experimental and
theoretical approaches which have been proposed to
predict drug absorption.

The octanol/water distribution coefficient (log Do/w) is
widely used for the prediction of GI-tract absorption of
ionizable substances. Comparison of panels A and C in
Figure 3 indicates that HDM log Pe is performing better

Table 3. Effective Permeability Values of Five Highly
Permeable, Ionizable Compounds, Measured with Caco-2 Cells,
and Their Respective Effective and Intrinsic Permeabilities,
Measured with Our HDM Assay

compound Caco-2 log Pe HDM log Pe,max HDM log Po

chlorpromazine -4.742 -3.6 1.3
imipramine -5.343 -3.7 0.8
desipramine -4.642 -3.7 0.1
ibuprofen -4.744 -3.7 -0.9
propranolol -4.544,45 -3.5 -1.6

Po ) Phxd(D/h) (4)

log Po ) log Phxd + log(D/h) (5)

Figure 5. Correlation between membrane intrinsic perme-
ability (log Po) and alkane/water partition coefficients (log Phxd).

Table 4. Effective Permeability Corrected for Ionization,
Intrinsic Permeability, and Hexadecane/Water Partition
Coefficients Measured Using the Dual-Phase Titration Method

compound log Pe,max log Po log Phxd

alprenolol -3.6 -1.6 1.3
benzoic acid -3.3 -3.2 -0.9
chlorpromazine -3.6 1.3 4.7
desipramine -3.7 0.1 3.5
diclofenac -3.7 -1.3 1.5
guanabenz -4.9 -4.6 -1.6
ibuprofen -3.7 -0.9 1.95
imipramine -3.7 0.8 3.6
ketoprofen -3.6 -2.7 0
metoprolol -3.6 -2.8 -0.4
naproxen -3.5 -2.7 -0.3
phenytoin -4.4 -3.6 -0.3
propranolol -3.7 -1.6 1.3
salicylic acid -3.4 -3.2 -1
timolol -3.6 -3.2 -1.0
warfarin -3.6 -2.3 1
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than log Do/w to predict GI-tract absorption. In particu-
lar, sulfasalazine and metolazone are largely overesti-
mated in the octanol/water system. This is most likely
due to the inadequate hydrogen bond acidity component
of octanol. Indeed, these two substances have a large
number of strong hydrogen bond acceptor groups (Fig-
ure 1). In addition, experimental determination of log
D vs pH is rather labor-intensive and therefore not
suited for high-throughput.

An alternative to experimental log D lies in distribu-
tion coefficients obtained from calculated pKa/log P
values. As for the experimentally determined distribu-
tion coefficients, absorption increases with clog D6.8 and
reaches a plateau for values > 0 (Figure 3D). The
correlation with GI-tract absorption, however, deterio-
rates compared to the experimental approach.

Figure 6 shows the correlation obtained using PSA
as a descriptor to model absorption. When PSA does not
exceed 50 Å2 compounds are all well-absorbed. Within
the range 60-120 Å2 the picture is much more scat-
tered, making solid predictions rather difficult. A num-
ber of compounds with different percent absorption
showed similar PSA values, like furosemide and sulfa-
salazine or sulpiride and piroxicam. Likely explanations
for the limitations of PSA lie in improper modeling of
ionization (and charge distribution) as well as lack of
modeling of polarity distribution on the surface of the
molecule.

Finally, we want to discuss the value of our artificial
membrane model compared to cell culture assays such
as the Caco-2 cell monolayer permeability assay which
has been established as a method to assess drug
absorption in vitro.7,8 Obviously, the nature of a cell
monolayer is closer to the gastrointestinal wall than our
liquid alkane membrane. In addition, cells potentially
mimic active transport and efflux systems such as
P-glycoprotein38 present in the gut wall. There are,
however, a number of issues which limit the potential
of this approach and which are better addressed by
artificial model membranes: (i) permeability pH profiles
are difficult to obtain and restricted to a narrow pH
range; (ii) the dynamic range is limited by the unstirred
water layer; (iii) cost and labor of cell cultures together
with analytics needed to quantify compounds in complex
media are hurdles for high-throughput; (iv) inherent
variability due to the use of living material makes
interlaboratory comparisons difficult.

Conclusion
In this manuscript we presented a novel method to

experimentally determine permeability pH profiles which
is well-suited for high-throughput screen. Furthermore,
it allows the determination of compound properties like
effective and intrinsic membrane permeability and
possibly hydrogen-bonding potential as well as alkane/
water log P. In this respect, this is the first experimental
high-throughput alkane/water log P assay. The liquid
alkane membrane does, of course, not model active
transport or efflux systems such as P-glycoprotein or
multidrug resistance-associated protein (MRP).39,40

Hence, it is not a replacement for Caco-2 cell monolay-
ers, but rather a complementary method for the prese-
lection of compounds which at a later stage can be tested
for their biochemical properties. Finally, when consider-
ing GI-tract absorption one should keep in mind that
water-soluble substances with molecular weights lower
than 200 might cross the GI-tract barrier via the
paracellular route while for high-molecular-weight com-
pounds (MW > 600), molecular size becomes rate-
limiting. For the latter compounds one may combine the
HDM assay with another method which generates a
molecular size-related descriptor like the cross-sectional
surface area.41

Acknowledgment. We thank Mrs. Sabine Arnold
for excellent technical assistance.

References
(1) Prentis, R. A.; Lis, Y.; Walker, S. R. Pharmaceutical innovation

by the seven UK-owned pharmaceutical companies (1964-1985).
Br. J. Clin. Pharmacol. 1988, 25, 387-396.

(2) Amidon, G. L.; Lennernäs, H.; Shah, V. P.; Crison, J. R. A
theoretical basis for a biopharmaceutic drug classification: the
correlation of in vitro drug product dissolution and in vivo
bioavailability. Pharm. Res. 1995, 12, 413-420.

(3) Abbreviations: DMSO, dimethyl sulfoxide; GI-tract, gastrointes-
tinal tract; HDM, hexadecane model membrane; Pa, apparent
permeability; Pe, effective permeability, i.e., Pa corrected for
membrane retention; Pul, permeability through the unstirred
water layer, i.e., Pe corrected for ionization; Po, intrinsic mem-
brane permeability, i.e., Pe corrected for ionization and unstirred
water layer; Pm, permeability of phospholipid bilayers; PSA,
polar surface area; PVDF, polyvinylidene fluoride.

(4) ter Laak, A. M.; Tsai, R. S.; Donné-Op den Kelder, G. M.;
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