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We report on a new, high-throughput assay designed to measure octanol/water partition
coefficients in early drug discovery. The assay is carried out in 96-well microtiterplates and
measures the diffusion of compounds between two aqueous compartments separated by a thin
octanol liquid layer. Octanol/water partition coefficients are derived from the apparent
permeability (P,) values using a calibration curve. The assay can measure partition coefficients
within the range —2 to + 8; thus, a dynamic range of 10 log units can be covered in one single
run. Unlike chromatographic methods, the technology is not restricted to neutral and weakly
basic compounds, and, as no stationary phase is involved, the data can be strictly compared
with values obtained from traditional methods such as shake-flask/HPLC or dual-phase

potentiometric titration.

Introduction

The 1-octanol/water partition coefficient (log P,y) has
shown to be a useful parameter in quantitative struc-
ture—activity relationship.1? The paradigm in today’s
drug discovery is while the majority of the programs
are intended to oral therapy, the use of high-throughput
screening techniques and the optimization for binding
affinity as a primary target tend to shift leads toward
larger, more lipophilic and therefore potentially less
soluble compounds.? In addition, the improvement of
binding affinity during compound optimization is often
obtained at the expense of increased lipophilicity. It is
therefore important to carefully monitor logP values at
the lead selection level and during lead optimization to
ensure that the clinical candidates are within an ac-
ceptable lipophilicity range. Different approaches such
as the shake-flask,*5 chromatographic methods,?~8 the
filter probe assay® or dual-phase potentiometric titra-
tion!9~13 are being used to measure octanol/water parti-
tion coefficients. In 2001, Kansy reported on the cor-
relation between lipophilicity and flux through artificial
membranes!* and more recently a linear correlation has
been reported between logD and membrane retention
at pH 7.4.15

Theoretical Basis of the Assay

The geometrical structure of the assay is shown in
Figure 1. In a first approximation, it can be assumed
that the concentrations in the donor and acceptor
compartments (volumes Vp/a, concentrations Cp/s) have
no spatial variation and that the membrane retention
can be neglected. The introduction of the apparent
permeability P, and the membrane-accessible sur-
face area times porosity A leads to the following dif-
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ferential equations:

dcy
VDT = _PaA(CD - CA) (1)
dc,
VAT = +P314(CD - CA) (2)
Cpt =0)=C;;, and C,t =0) =0

The solution of these equations is commonly used to
evaluate experimental results, i.e., to determine the
membrane permeability (log P,) from the concentration
in the acceptor compartment after a given time lapse
tend, Ca(t = tend) = Cena:

\"N% C
P — AYD 1 Inl1 — end (3)
? VA + VD A end Cequ
where
V.
Cequ = ﬁcmi (4)
A D

Although useful, this treatment proves to be unsat-
isfactory and even insufficient for a fine-tuned analysis,
especially when membrane retention comes into play.
Membrane retention refers to the amount of substance
which is neither in the donor nor in the acceptor
compartment at the end of the incubation time.!% In fact,
to capture the more subtle effects of membrane reten-
tion, spatial resolution of the aqueous and the organic
phases is necessary. Numerical methods are used to
solve the resulting system of partial differential equa-
tions (details available as Supporting Information).

Principle of the Method. The method used is
derived from the PAMPA technology pioneered by
Kansy.l” Two aqueous compartments are separated by
a thin octanol liquid layer coated on a polycarbonate
filter. One measures the concentration of the sample in
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Figure 1. Geometrical structure of the assay. The concentra-
tion field in the stack composed of donor, membrane, and
acceptor is described with respect to time and the spatial
dimension along the axis of the stack, x. Donor and acceptor
compartments are further subdivided into an unstirred layer
vicinal to the membrane and a stirred zone. The latter is
idealized by infinite diffusion leading to a flat solute distribu-
tion, whereas the diffusion-limited permeability of the un-
stirred layer is crucial to the description of nontrivial tran-
sients (as shown in the concentration profile). The unstirred
layer being very thin as compared to the stirred zone, its
volume can be neglected for most considerations. Besides the
transport equations inside the respective zones, boundary
conditions are imposed at their interfaces for solute conserva-
tion and continuity. At the interface of unstirred layers and
the membrane, a jump condition is formulated describing the
solute distribution (more details are available as Supporting
Information).

the acceptor compartment at the end of the 4-hours
incubation time, as previously reported in our HDM-
PAMPA permeability assay.!® For hydrophilic com-
pounds (log Pt < 0) the membrane behaves as a barrier
while for hydrophobic compounds (log P. > 2) the
apparent permeability is lower than the effective per-
meability due to membrane retention.!® As shown in
Figure 2, the time-dependent accumulation in the
acceptor compartment changes when membrane reten-
tion takes place and the apparent permeability (P,)
derived from the concentration at a time t using eq 4
becomes lower than effective permeability (Pe). When
membrane retention takes place, the higher the lipo-
philicity, the bigger the difference between logPe and
log P,. The upper and lower limit of accessible log Pyt
values are imposed by the lower limit of quantification
in the acceptor compartment.

Results

Diffusion Kinetics in the Presence and Absence
of Membrane Retention. Figure 2 shows the theoreti-
cal time dependent accumulation in the acceptor com-
partment of compounds with various lipophilicity values
calculated with a water/membrane ratio of 250. The
upper panel shows cases where the octanol acts as a
barrier while the lower panel shows cases where mem-
brane retention becomes the limiting factor for trans-
port. In the absence of membrane retention, the relation
between intrinsic permeability (P,) and lipophilicity is
as follows:18

log P, =log P

oct

+ log(D/h) (5)

where D is the diffusion coefficient of the compound
within the membrane and & the membrane thickness.
When membrane retention takes place two events
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Figure 2. Theoretical concentration vs time profiles in the
acceptor compartment calculated for different membrane water
distribution coefficients (A: log D =1, B: log D =0, C: log D
=-1,D: logD=-2,E: logD=2,F: logD =3,G: logD =
4). Calculations were performed using a numerical integration
approach based on diffusion coefficients in water and mem-
brane. A water/membrane volume ratio of 250 was used with
equal donor and acceptor volumes. The absolute concentration
in the acceptor compartment is the product of the initial
concentration (in donor compartment) times the concentration
factor (Y-axis). The upper panel shows situations where the
octanol membrane acts as a barrier while the lower panel
shows situations where the octanol membrane acts as a trap
(membrane retention).

happen: (1) The aqueous concentration decreases as
compound gets trapped within the membrane. (2) The
shape of the curve is changed as membrane filling
induces a pre-steady-state, which translates in a lag
time in the kinetics.

Intrinsic Permeability (log P,) vs Lipophilicity
(log Pyct). To verify that eq 5 holds in our experimental
setup and to estimate the average log(D/h) ratio for the
set of molecules investigated, we measured the intrinsic
permeability log P, of 10 reference compounds using the
pK. shift technique described previously.!® In agreement
with eq 5, the plot of log P, vs log P, gives a straight
line (Figure 3). From the regression line, it follows that
on average, log(D/h) = —3.7 for the set of compounds
investigated.
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Figure 3. Intrinsic permeability through the octanol mem-
brane vs octanol/water partition coefficient.

Table 1. Influence of Membrane Volume on Effective Porosity
and Liquid Layer Thickness

membrane volume (uL) effective porosity h (um)
1.0 0.36 42
1.5 0.44 65
2.0 0.51 84
5.0 0.71 211

Table 2. Calculated Ionization Constants and Derived pH
Values Used To Measure Permeability log P,n Values®

compound pK. ACD log P,y at pH log Pax
ganciclovir 9.3 (A) 2,6 =5.7
famotidine 2.7 (B)-7.9 (B)—10.3(A) (11) —4.8
amiloride 3.8(B)-7.8(A) 6 —4.4
hydrochlorothiazide 9.0 (A)—9.5 (A) 2,6 —4.3
sulfamethizole 5.5 (A) 2 -4.0
benzoic acid 4.2 (A) 2 -3.8
furosemide 3.0 (A)—9.8 (A) 2 —4.2
diltiazem 8.9 (B) 11 —4.6
ketoprofen 4.2 (A) 2 =5.1
propranolol 9.1(4A) 2,6 -5.0
warfarin 4.5 (A) 2 —4.9
valsartan 3.7(A)—4.2(A) 2 —5.7
clozapine 5.3 (B)-7.1(B) 11 —5.2
nortryptiline 10.1 (B) 11 -6.1
diclofenac 4.2 (A) 2 -5.9
penbutolol 9.2(B) 11 -5.9
nicardipine 4.3 (B)-7.1(B) 11 —6.9
chlorpromazine 9.4 (B) 11 =7.0
terfenadine 9.6 (B) 11 -7.6
amiodarone 9.4 (B) 11 —8.7

@ Acid and base assignments are indicated in brackets. For
famotidine, the apparent permeability at pH 11 was used, although
the compound is only 50—60% neutral at that pH value (measured
pK, values are 6.7 and 11.2).

Excess Membrane Volume and Apparent Filter
Porosity. Nielsen et al.l® have shown that an excess
membrane volume (over the nominal volume of the
pores) leads to an increase of the apparent filter
porosity. All permeability values were calculated using
the apparent permeability coefficients reported in Table
1, which were calculated using a nominal filter porosity
of 0.1 and a membrane thickness of 10 um. Another
consequence from the work by Nielsen et al. is that
under our experimental conditions, the apparent poros-
ity coefficient is largely influenced by the excess lipid
over the nominal volume of the pores. This effect
probably masks small changes in nominal filter porosity
due to lot to lot variation.

Experimental log P, Determined from log P,
Values. log P,y refers to the apparent permeability of
the neutral species. Table 2 summarizes the log P.n
values obtained experimentally with 20 generic drugs
covering the log P, range —2.1 to 7.6. The selection of
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Figure 4. Apparent permeability of the neutral species (log
P,x) vs octanol/water partition coefficient (log Po.). The solid
line was calculated using the numeric model with log Py =
—3.6, log(D/h) = —3.8, V4 = 0.31 mL, V, = 0.3 mL, and an
effective porosity of 0.51. The dotted line is obtained using the
semiempirical eq 6 with @ = 1.1.054 x 107* and b = 2.917 x
1072. Triangles show the experimentally measured log Pax
values.

the pH value where the compounds are >90% neutral
was done based on calculated ionization constants using
the ACD pK, DB v7.0 software.

Figure 4 shows the experimental log P.,n values
obtained with increasing log P values. log P,x values
were derived from the concentration in the acceptor
compartment after 4 h incubation time using eq 3. The
solid line in Figure 4 represents the theoretical variation
of log P,n with log P, using the numerical integration
approach. The best fit was obtained with log P, = —3.6,
log(D/h) = —3.8 (close to the —3.7 derived from Figure
2), and a effective membrane volume of 2 uL.. There are
several reasons why the effective membrane volume is
slightly lower than the effective octanol volume coated
on the filter: some octanol dissolves in the buffer (ca.
0.6 uL), while a small fraction (ca. 0.2 uL.) evaporates
before the sandwich is assembled (see Supporting
Information for more information) Permeability—lipo-
philicity relationships have been described in detail by
Kubinyi.2? The dotted line in Figure 3 is an analytical
approximation based on the following semiempirical
equation:

1 1 1 1

PaNZP_1+a_P()+b/P00t

u

(6)

Equation 6 does not pretend to have a physical
meaning. It is a semiempirical analytical expression
which links apparent membrane permeability (log P,N)
to lipophilicity (log Poct). The first term represents the
contribution of unstirred water layer, the second the
membrane barrier, and the third the membrane reten-
tion effect. Equation 6 can be rearranged into a qua-
dratic equation for Py, i.e. for any value of PN <P N™2*
two solutions for P, are obtained. One then makes use
of CLOGP to distinguish which of the two solutions is
the relevant one. The best fit to the experimental data
using eq 6 was obtained with @ = 1.054 x 10~*and b =
2.917 x 1072

Parameter Sensitivity Analysis. We have used
numerical integration to investigate the impact of the
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Figure 5. Influence of membrane volume on log P.x vs
octanol/water partition coefficient. Curve A (1 uL), B (2.0 uL),
C (5 uL). Curves A—C were calculated using the numeric
approach using the parameters from Table 1.
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Figure 6. Effect of stirring efficiency on the apparent perme-
ability vs lipophilicity plot. log Py = —3.0 (curve A), —3.6 (curve
B), —4.0 (curve C).

variation of key parameters on the assay results (see
Supporting Information for additional details about the
procedure). Figure 5 shows the effect of variation of
membrane volume on the log P,n vs log P, plot. For
log Pot values below 1, log P,x values are shifted to
lower values because log(D/h) decreases as membrane
volume increases while the same pattern is observed
for higher log P,y values, but this time caused by
membrane retention.

Figure 6 shows the effect of change in log Py on the
log Pax vs log Pyt curve. Variations in log Py could for
example be achieved by changing the stirring conditions
during the incubation time. One can see that with lower
log Py values (larger boundary layers), log P,nx does not
change much with varying log P, within the range
0—1.5; thus lowering the accuracy of the method.

HT-log P,y vs Calculated log P,. Table 3 shows
the reference log P, values vs calculated and HT-log
P, values (this paper), which were obtained by extract-
ing log P, from log P,x using eq 6. Statistical analysis
of the data in Table 3 shows that the HT-logP method
gives a standard deviation of 0.31 while CLOGP gives
a standard deviation of 0.59 with the set of generic drugs

Faller et al.

Table 3. Comparison between Calculated log P,
High-Throughput log P (this work), and Reference Values®

compound CLOGP log Poct HT-log P
ganciclovir -2.5 —-2.1(a) -1.8
famotidine -0.6 —0.8 (b) -0.8
amiloride 0.1 —0.2 (a) -0.4
hydrochlorothiazide -0.36 —0.2 (a) -0.2
sulfamethizole 0.42 0.6 (a) 0.3
benzoic acid 1.9 2.0 (a) 1.5
furosemide 1.9 2.6 (b) 2.5
diltiazem 3.6 2.9 (b) 3.0
ketoprofen 2.7 3.2 (b) 3.5
propranolol 2.7 3.5 (b) 3.4
warfarin 2.9 3.7 (a) 3.3
valsartan 4.8 3.9 (a) 4.1
clozapine 3.7 4.1 (b) 3.6
nortryptiline 4.3 4.4 (b) 4.5
diclofenac 4.7 4.5 (b) 44
penbutolol 3.6 4.6 (a) 44
nicardipine 5.2 4.9 (a) 5.4
chlorpromazine 5.3 5.4 (b) 5.5
terfenadine 6.1 5.7 (a) 6.1
amiodarone 8.9 7.6 (b) 7.2

@ HT-log P values were calculated from the log P.x values in
Table 1 and converted to log P values using eq 18. Referenced log
P, values were either measured in-house (a) using dual-phase
potentiometric titration, except for ganciclovir which was mea-
sured by shake-flask/HPLC, or obtained from literature (b) (refs
292, 23).

Boundary
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Microporous 10 pm
filter

Boundary 100 pm

layer

Figure 7. Macroscopic representation of the octanol filter-
coated membrane.

tested. Our experience is that the prediction software
performs less well with new, lead optimization com-
pounds than with known drugs, and therefore the
difference is expected to be greater in a real drug
discovery setup.

Geometrical Structure of the Octanol Mem-
brane. We have used the various parameters measured
with the reference compounds to propose a geometrical
structure of the membrane main components (Figure
7). If one assumes an average diffusion coefficient in
water of 5 x 1076 cm?2 s~! and the measured Py of 10736,
one gets a thickness for the boundary layers at the donor
and acceptor side of 200 um. The thickness of the
membrane was estimated from the effective octanol
volume (2 uL) coated on a 0.237 cm? filter surface and
gives a value of 80 um. One comes to a similar value if
one starts from the experimentally determined D/h
value of 10737 (Figure 3) and assumes an average ratio
of diffusivities in octanol to water of 4.

Discussion

We have developed an alternative approach for log
P, determination based on artificial liquid membrane
permeability in 96-well plates. The method works with
neutral, acidic, and basic low molecular weight com-
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pounds. Calculated or measured pK, values are used
to determine at which pH the compound fraction is
>90% neutral. log P,x (apparent permeability of the
neutral species) is then used to calculate back the
membrane log P partition coefficient. This way, one
calibration curve covers neutral, acidic, and basic
compounds. In contrast to RP-HPLC-based methods, the
method presented here measures log P (partition coef-
ficient) while the other techniques measure log D
(distribution coefficient) values. log P, values can easily
be converted into log D if the ionization constants are
known. High-throughput measurement of ionization
constants has been recently described;?! alternatively,
one can rely on calculated values, depending on the
accuracy needed and the chemical space investigated.
Potentially, the method can be relatively easily extended
to other water/solvent systems. The limitation of the
approach is with some ampholytes and zwitterions,
which are never >90% neutral at any pH value through-
out the range 2—11 and for which only an approximated
log P, value can be derived.

The measurement of apparent permeability values
through an octanol liquid membrane is an effective way
to access a broad dynamic range of log P, values, from
—2 to + 8 in one single experiment. The technique is
relatively simple, and the assay format is easily com-
patible with traditional laboratory robotics. The assay
dynamic range is best when LC-MS is used as a
detection system (—2 to +8), although it is also possible
to use UV detection to quantify the compound concen-
tration in the acceptor compartment. According to our
experience, the dynamic range with UV detection is
slightly reduced toward to the very lipophilic compounds
with a dynamic range from —2 to +5. In addition, the
assay is very well suited to measure lipophilicity of low-
soluble compounds, as it easily works with low sample
concentrations. In this context, one should note that
amiodarone was loaded above its intrinsic solubility,
even though the incubation is performed in the presence
of 5% (v/v) DMSO. A fraction of amiodarone has most
certainly precipitated in the reference solution (prepared
at 0.02 mM). In the sandwich construct, the precipita-
tion is minimized due to the partitioning of the com-
pound into the organic phase. This is most likely why
the log P,x value of amiodarone is slightly overestimated
and above the line in Figure 4.

The assay leads to less accurate log P, values in two
cases: (1) within the log P, 0 to 2, because the variation
of log P,x with log P, flattens; (2) when the compound
neutral fraction is never >90% throughout the pH range
2—11. This is typically the case for some ampholytes
and for zwitterions.

Another limitation inherent to the approach is that
it assumes that the diffusion coefficient (D) stays
relatively constant among the molecules tested and
between the training and the test set. In practice, this
is not an issue for the screening of low molecular weight
compounds usually synthesized in medicinal chemistry
programs.

In conclusion, the OCT-PAMPA assay provides rela-
tively accurate log P, value, which can be directly
compared to values obtained using traditional, labor
intensive techniques. It does not require any special
instrumentation and can therefore be used in small and
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medium size companies as well as in academic labora-
tories. The method can potentially be extended to other
water/partition solvent systems.

Experimental Methods

Reagents. All generic drugs were purchased from Sigma
(Div. of Fluka Chemie AG, Buchs, Switzerland) except Val-
sartan (Diovan), which was synthesized in-house. Compounds
were dissolved in dimethyl sulfoxide (DMSO) at a concentra-
tion of 10 mM each and used without further purification.
DMSO was purchased from Merck AG (Dietikon, Switzerland)
with a purity grade >99.8%. Hexane (Merck 1.04367) and
octanol (Riedel-de-Haén 24134) were with purity grades >99%
and >98%, respectively.

OCT-PAMPA Experiments. Permeation experiments are
carried out in 96-well microtiter filter plates obtained from
Millipore AG (Volketswil, Switzerland). Filter (Isopore, poly-
carbonate) specifications are as follows: 0.2 um pore size, 9—10
um thickness, and 8% porosity. Each well of the filter plate is
impregnated with 5 uL of 60% octanol dissolved in hexane (i.e.,
total amount of octanol/well: 3 uL) for 15 min to allow a
complete evaporation of hexane. Subsequently, the donor
compartments are hydrated with 300 uL of 0.04 mM of test
compound in buffer, containing 4% DMSO, and connected to
a homemade Teflon acceptor plate which had been prefilled
with buffer containing 4% DMSO. The resulting sandwich
construct is incubated at room temperature under constant
shaking (150 rpm). After 4 h, the sandwich is disassembled
and the solution in the acceptor is transferred to a disposable
polystyrene plate and loaded to the LC-MS autosampler.

To ensure that the donor/acceptor fluxes are not due to
porous or unstable octanol layers, the stability of the mem-
branes is tested at the end of the incubation time by electrical
resistance measurements. Electrical resistance measurements
are performed using a Keithley 6517A electrometer (Keithley
Instruments S.A., Diibendorf, Switzerland) with Ag/AgCl
electrodes from World Precision Instruments (Berlin, Ger-
many). Wells with barriers which displayed electrical resis-
tance lower than 5 kOhm are discarded.

Each compound was measured in triplicate at pH 2.0, 6.0,
and 11.0. Buffers used were 20 mM phosphate (Fluka ref
60220), 20 mM MES (Sigma ref M-8902), and 20 mM phos-
phate (Fluka ref 60220) + 20 mM CAPS (Sigma ref. C-2682),
respectively. The final pH was adjusted by the addition of
concentrated KOH or HCIL.

LC-MS System. The LC-MS analyses were performed with
an Agilent 1100 series LC system with two binary pumps and
a MSD SL quadrupole detector equipped with an electrospray
ionization (ESI) source (Agilent Technologies, Waldbronn,
Germany). Nitrogen was used as nebulizer gas at 40 psi and
as drying gas at a flow rate of 12 /min at 350 °C. The capillary
voltage is set at 3 kV. The chromatographic desalting step is
achieved with a gradient on Chromolith Flash RP-18e (25 x
4.6 mm, Merck, Germany). The mobile phase is composed of a
mixture of acetonitrile and water. Formic acid (0.2% v/v) is
added in positive mode and 1 mM of ammonium acetate in
negative mode. Pumps are operated at 0.5 ml/min during
sample analysis and at 1 mL/min during the regeneration step.
Columns are maintained at 35 °C in an oven to prevent
variation in retention time. The use of two chromatographic
pumps allows an injection every 3 min.

Sample Preparation. Compounds are initially loaded in
the donor compartment at 0.04 mM and at their theoretical
equilibrium concentration (0.02 mM) in the reference plate.
At the end of the assay, 10 uL of formic acid 4% (v/v) is added
to the pH 11 wells to neutralize the solution. This operation
is performed to prevent compound degradation, through long
exposure to an alkaline medium and avoid repeated loading
of alkalis on the stationary phase. Prior to injection, references
are diluted 10 times by the autosampler to avoid saturation
of the detector while maximizing the sensitivity and thus the
dynamic range of the assay.

A 30 uL volume of each sample is used to load a 20 uL
injection loop and analyzed in single ion scan mode using the
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molecular mass of the lowest isotope of the compound of
interest. Each sample is quantified by comparing the peak
surface area of the analyte with a reference at the same pH.
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plates with associated technical information.

Supporting Information Available: Transport equations
and boundary equations as well as details on the numerical
model used to calculate curves displayed in Figures 2 and 4.
Measurements of the solubility of octanol in the aqueous media
in the presence and absence of 5%. This information is
available free of charge via the Internet at http://pubs.acs.org.
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