
PAMPA (parallel artificial membrane permeability assay),
introduced by Kansy et al.2) to predict the oral absorption of
new therapeutic agents, has undergone substantial recent de-
velopment,3—15) and is gaining acceptance in pharmaceutical
research.16—19) However, test compounds with very low aque-
ous solubility (�20 mg/ml) have been very difficult to assay
with UV detection. Using other detection systems, such as
LC/MS,3) greatly lowers the assay throughput, and increases
its cost. Cosolvents,5) bile salts,20) and other solubilizing
agents13) have been tried to improve the permeability assay of
low-solubility compounds. We describe here a new general
method based on the use of a cosolvent and direct UV detec-
tion in a microtitre plate format suitable for cost-sparing
high-throughput applications. The new method was used to
estimate the aqueous permeability of several sparingly-solu-
ble molecules (intrinsic solubility less than 0.1 mg/ml), in-
cluding amiodarone (0.006 mg/ml19)), itraconazole (�0.1 mg/
ml19)), tamoxifen (0.02 mg/ml19)), and terfenadine (0.095 mg/
ml19)). This was done by performing the assay in 20% v/v
acetonitrile/water, and deriving the results corresponding to
zero-cosolvent by using a prediction scheme based on Abra-
ham solvation descriptors.21) Our primary objective in the
study was to derive the aqueous intrinsic permeability of
such problematic molecules.

Experimental
Chemicals Thirty-eight compounds (23 bases, 13 acids, 2 ampholytes)

used in the study (Table 1) were purchased from Sigma-Aldrich (St. Louis,
MO, U.S.A.), and used as received. PAMPA lipid was obtained from pION
(Double-SinkTM lipid, P/N 110669). Spectroscopic grade dimethylsulfoxide
(DMSO) was purchased from Burdick & Jackson (Muskegon, MI, U.S.A.),
and was used to prepare fresh 10 mM sample stock solutions. The pH of the
assayed solutions was adjusted using universal buffers (pION, P/N 100621
for 0% cosolvent and P/N 110158 for 20% v/v acetonitrile), and with a
buffer solution at pH 7.4 containing a surfactant19) to simulate the effect of
serum proteins (pION Double-SinkTM ASB-7.4 buffer, P/N 110139).

PAMPA Method The PAMPA Evolution instrument from pION was
used. PAMPA “sandwiches” were formed from a donor 96-well microtitre
plate (pION, P/N 100611) and a matching filter plate (IPVH-brand from
Millipore Corp., Bedford, MA, U.S.A.), coated with a 20% (w/v) dodecane
solution of a lecithin mixture (pION P/N 110669). The donor (50 mM sam-

ple) aqueous or cosolvent buffer solutions were varied in pH, while the co-
solvent-free acceptor solution had the same pH 7.4. The pION Gut BoxTM

(P/N 110205) was used to effect individual-well magnetic stirring (180—
600 rpm). The plate sandwich was formed and allowed to incubate in the
Gut Box at 25�1 °C for 10—20 min in an atmosphere saturated in humidity,
and scrubbed free of oxygen and carbon dioxide. Afterwards, sample con-
centrations in both the acceptor and donor wells were determined by direct-
UV plate spectrophotometry.19) Permeability coefficients were calculated by
taking into account filter porosity and sample mass balance.14,15)

pKa
flux Method of Determining Intrinsic Permeability Coefficients

The permeability barrier is assumed to consist of the artificial lipid mem-
brane (held in place by the microfilter) and the two unstirred water layers
(UWL) on each side of the barrier, separating the membrane from the bulk
aqueous solution.14) Since serial resistance is additive and permeability is the
inverse of resistance,

1/Pe�1/Pu�1/Pm (1)

where Pm is the permeability of the artificial membrane, and Pu is the total
UWL permeability coefficient.

For ionizable molecules, the membrane permeability, Pm, depends on pH
of the bulk aqueous solution. For monoprotic weak acids and bases, the rela-
tionship between Pm and Po, the intrinsic permeability of the uncharged
species, may be stated as

Pm�Po/(10�(pH�pKa)�1) (2)

with ‘�’ used for acids, and ‘�’ used for bases. Combining Eqs. (1) and (2),
and converting the result to logarithmic form, produces for monoprotic ion-
izable molecules

log Pe�log Pe
max�log(10�(pH�pKa

flux)�1) (3)

The maximum possible effective (measured) permeability, Pe
max, is defined

as log Pe
max�log Pu�log(1�Pu/Po). When Po��Pu (low-solubility mole-

cules), Pe
max�Pu. The “flux” ionization constant, pKa

flux, refers to the pH
value where the resistance to transport across a permeation barrier is 50%
due to the UWL and 50% due to the membrane.19) The unknown parameters
in Eq. 3, pKa

flux, Pu and Po, were determined by a weighted nonlinear refine-
ment procedure, with supplied aqueous pKa values.14,15,19,22,23) Both cosol-
vent and cosolvent-free parameters were determined by the same procedure.

Prediction Development Software The derivation of the aqueous in-
trinsic permeability in silico model from the cosolvent-based permeability
values involved the testing of the consequences of applying several solute-
property descriptors, such as octanol–water partition coefficients, log Poct,
McGowan volume, polar surface area, hydrogen bonding, and so on. The Al-
gorithm Builder (Version 1.6) software program from Pharma Algorithms,
Inc. (Toronto, Canada), www.ap-algorithms.com, was used. The models
were tested by the multiple linear regression approach, and the final model
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A high-throughput, UV-detection PAMPA (parallel artificial membrane permeability assay) cosolvent proce-
dure is described, based on the use of 20% v/v acetonitrile in aqueous buffer. A training set of 32 drugs (17 bases,
13 acids, 2 ampholytes) was studied both in aqueous buffer and in cosolvent-buffer solutions. A procedure was
devised, where intrinsic permeability values, log Po

COS, measured in cosolvent solution, are converted to values
expected under cosolvent-free conditions, using an in silico model based on Abraham H-bond acidity (aa) and ba-
sicity (bb ) descriptors, developed with the Algorithm Builder computer program, to obtain aqueous intrinsic per-
meability values: log Po�0.738�0.885 log Po

COS�1.262aa�0.436bb , r2�0.97, q2�0.96, s�0.38, n�32, F�279. Five
sparingly-soluble weak bases (solubility �1 mmg/ml), which could not be characterized without cosolvent, had
their aqueous intrinsic permeability, Po, estimated: miconazole 0.32 cm/s; itraconazole 3.2 cm/s; amiodarone
13 cm/s; tamoxifen 28 cm/s; terfenadine 162 cm/s.
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was validated using the “leave-one-out” (LOO) calculation formalism.

Results and Discussion
Intrinsic Permeability Using the pKa

flux Method Figure
1 shows measured log Pe

COS–pH data of 12 of the 38 mole-
cules characterized in cosolvent solution. The best-fit of Eq.
3 to the data are represented by the solid curves, and the de-
rived log Pm

COS–pH curves, according to Eq. 2, are repre-
sented by dashed curves. The dotted lines correspond to the
log Pu values, based on Eq. 3. (The effect of the cosolvent on

the values of Pu is very small, well below the experimental
errors.) The maximum point in the log Pm

COS curves corre-
sponds to the intrinsic permeability coefficient, log Po

COS.
This value characterizes the transport of the neutral form of
an ionizable molecule in the mixed-solvent solution. In Fig.
1, the intersections of the horizontal and the diagonal tan-
gents occur at pH values corresponding to the pKa in the
dashed curves and pKa

flux in the solid curves. The difference
between the two pKa values corresponds to the difference be-
tween log Pu and log Po

COS.
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Fig. 1. Log Permeability (cm/s Units) vs. pH Plots for Six Bases and Six Acids

The solid curves represent the best-fit of measured log Pe
COS vs. pH, according to Eq. 3. The horizontal tops of the solid curves are approximately (not exactly) equal to log Pu.

The estimated thicknesses of the UWL are indicated in mm units. The dashed curves are the calculated membrane permeability curves, using Eq. 2. The horizontal tops of the
dashed curves correspond to log Po

COS values. The refined Po
COS along with the estimated standard deviations in parentheses are listed in the frames.



Table 1 lists the results of the pKa
flux method, applied to the

training set of 32 ionizable molecules, for both the cosolvent
and cosolvent-free aqueous solutions. Five additional mole-
cules (the “application set”) at the end of the table are com-
pounds which could only be characterized in cosolvent solu-
tion, since these compounds are too low in solubility to be
characterized in cosolvent-free buffer. The molecules used in
this study are sufficiently lipophilic such that all have intrin-
sic permeability coefficients nearly equal to or greater than
the unstirred water layer permeability, which is a requirement
of the pKa

flux method.14)

Figure 2 shows the training relationship between the aque-
ous log Po and cosolvent log Po

COS (both measured), which in-
dicates that acids and bases, when corrected for the pH effect
(i.e., intrinsic values are compared), behave differently. This
is reasonable, since the acetonitrile is a H-bond acceptor, and
the acid solutes are H-bond donors, whereas the base solutes
are H-bond acceptors.

Sugano and coworkers6) studied the effect of DMSO,
PEG400, and ethanol, up to 30%, in their PAMPA assays, but
did not convert their results into aqueous (cosolvent-free) in-

trinsic permeability values. In their regular assays, 5% v/v
DMSO was present in both donor and acceptor wells. (Our
solutions had 0.5% DMSO or less in the donor wells.) In
general, water-miscible cosolvents are expected to decrease
the membrane–water partition coefficients. Additionally, the
decreased dielectric constants of the cosolvent–water solu-
tions should give rise to a higher proportion of the ionizable
molecule in the uncharged state.6,19) These two effects oppose
each other. Mostly, increasing levels of cosolvents were ob-
served to lead to decreasing permeability in the Sugano
study. However, ethanol made the weak acid ketoprofen more
permeable with increasing cosolvent levels, an effect consis-
tent with the increasing pKa with the decreasing dielectric
constant of the cosolvent mixtures, which leads to a higher
proportion of uncharged species at a given pH. However, the
weak base propranolol decreased in permeability with in-
creasing amounts of ethanol. This may be due to the in-
creased solubility of propranolol in water with the added
ethanol in relation to the solubility in the membrane phase.
The result is a lowered membrane/mixed-solvent partition
coefficient lowering the flux due to the diminished sample
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Table 1. Aqueous Instrinsic Permeability Calculated from Cosolvent Intrinsic Permeabilitya)

Compound Type MW pKa log Poct a b log Po
COS Obs Calc 

Obs�Calc
log Po log Po

2-Naphthoic acid A 172.2 4.31 3.29b) 0.58 0.51 �3.18 �2.72 �2.58 �0.14
Alprenolol B 249.4 9.51 2.99 0.61 1.11 �1.05 0.02 �0.47 0.49
Chlorpromazine B 318.9 9.24 5.40 0.00 0.87 0.03 1.62 1.15 0.48
Doxepin B 279.4 9.45b) 4.97b) 0.00 1.12 �0.38 0.44 0.89 �0.45
Ergonovine B 325.4 6.91 1.67 1.26 1.71 �5.17 �4.14 �4.67 0.54
Flufenamic acid A 281.2 4.24 5.56 0.58 0.90 �1.86 �1.21 �1.25 0.03
Flumequine A 261.5 6.59 0.97 0.82 0.61 �4.38 �3.85 �3.91 0.06
Flurbiprofen A 244.3 4.18 3.99 0.61 0.65 �2.46 �1.78 �1.93 0.16
Gemfibrozil A 250.0 4.70 3.90 0.60 0.81 �1.41 �1.59 �0.92 �0.67
Ibuprofen A 206.3 4.59 4.13 0.63 0.62 �1.94 �2.11 �1.50 �0.62
Indomethacin A 357.8 4.57 3.51 0.57 1.20 �2.88 �1.65 �2.01 0.36
Ketoprofen A 254.3 4.12 3.16 0.61 1.03 �3.17 �2.67 �2.39 �0.28
Maprotiline B 277.4 10.35b) 5.10b) 0.10 0.83 1.54 2.12 2.37 �0.25
Metoprolol B 267.4 9.56 1.95 0.61 1.50 �2.15 �1.17 �1.27 0.10
Morphine X 285.3 8.46 8.13 0.90 0.73 1.16 �4.06 �3.59 �3.27 �0.32
Naproxen A 230.3 4.32 3.24 0.61 0.88 �3.12 �2.30 �2.41 0.10
Ondansetron B 293.4 7.62 1.94 0.00 0.76 �4.26 �2.38 �2.70 0.32
Penbutolol B 291.4 9.92 4.62 0.59 1.13 1.38 1.70 1.72 �0.02
Phenazopyridine B 213.2 5.15 3.31 0.47 0.59 �3.58 �2.66 �2.77 0.11
Phenytoin A 252.3 8.36 2.24 0.61 1.49 �4.79 �4.19 �3.62 �0.58
Piroxicam X 331.4 5.22 2.33 1.98 1.06 2.04 �3.90 �3.32 �3.17 �0.15
Prazosin B 383.4 7.11 2.16 0.24 1.71 �4.71 �2.89 �2.98 0.10
Primaquine B 259.4 10.03 3.55 3.00 0.17 1.32 �1.22 0.56 0.02 0.54
Probenecid A 285.4 3.16 3.70 0.70 1.04 �2.55 �1.83 �1.94 0.12
Promethazine B 284.4 9.00 4.05 0.00 1.07 �0.81 0.96 0.49 0.47
Propranolol B 259.3 9.53 3.48 0.62 1.14 �0.33 0.43 0.16 0.27
Protriptyline B 263.4 10.37b) 4.91b) 0.09 0.79 1.36 2.43 2.17 0.26
Quinidine B 324.4 8.55 4.09 3.44c) 0.37 1.58 �1.99 �1.56 �0.80 �0.75
Sulphasalazine A 398.4 8.25 2.80 3.61 1.62 1.41 �4.41 �4.44 �4.60 0.16
Trimipramine B 294.4 9.40b) 4.84b) 0.00 1.16 0.74 1.58 1.90 �0.32
Verapamil B 454.6 9.07 4.33 0.00 1.98 �1.51 0.26 0.26 0.00
Warfarin A 308.3 4.97 3.54 0.52 1.28 �3.52 �2.59 �2.48 �0.11
Amiodarone B 643.3 9.06 7.80 0.00 0.63 0.12 ndd) 1.12
Itraconazole B 705.6 5.90b) 3.27 0.00 1.61 �1.06 nd 0.50
Miconazole B 416.1 6.07 4.89 0.03 1.07 �1.88 nd �0.50
Tamoxifen B 371.5 8.48 5.26 0.00 1.08 0.27 nd 1.45
Terfenadine B 471.7 9.86 5.52 0.65 1.83 1.70 nd 2.21

a) Type: A�acid, B�base, X�ampholyte. a ,b�Abraham’s H-bond acidity, basicity, respectively, as calculated with Algorithm Builder (AB) computer program. The differ-
ence between measured and calculated aqueous intrinsic permeability, log Po, is indicated as obs�calc. The 20% v/v acetonitrile-aqueous intrinsic permeability is indicated as
log Po

COS. All values of pKa and log Poct were taken from literature compilations19) or were calculated with AB. b) Calculated by AB. c) Ref. 20. d) Not determined, due to
very low aqueous solubility of compound.



concentration gradient in the membrane.19)

With the exception of gemfibrozil, ibuprofen, and sul-
phasalazine (Table 1), we also observed aqueous permeabil-
ity coefficients to be greater than those based on cosolvent
measurement. However, it must be emphasized that we used
intrinsic permeability coefficients, which are already cor-
rected for pH dependency, and we intentionally used aqueous
pKa values when deriving log Po

COS. It is our experience that
this strategy yields partial correction for the cosolvent effect
on the permeability. When we tried to use pKa values mea-
sured in 20% v/v acetonitrile solution, the resulting log Po

COS

were lower by about one unit (data not shown). In our
adopted approach, log Po�log Po

COS differences averaged to
�0.52 for acids (�0.18 to 1.23 range), and to �1.08 for
bases (0.31 to 1.88 range).

The Unified Acid-Base in Silico Permeability Model
The dependence of the intrinsic permeability coefficients of
acids and bases on the properties of the two solvent systems
can be described by distinct Collander-type24) linear relation-
ships, as Fig. 2 shows. To rationalize the class-specific differ-
ences, we used the Algorithm Builder computer program to
find the most suitable descriptors, in addition to log Po

COS,
which would result in a unified acid-base model. Several
combinations of solvation descriptors were tried: Abra-
ham’s21) H-bond acidity (a) and basicity (b ), molecular vol-
umes, polar surface area, and log Poct. The best model is de-
scribed by the equation,

log Po�0.738�0.885 log Po
COS�1.262a�0.436b (4)

with the statistics r 2�0.97, s�0.38, n�32, and F�279. By
including molecular volume as an additional descriptor, the F
value decreased to 211, while the other statistics remain es-
sentially unchanged. The b and molecular volume had nearly
equal contribution (suggesting strong correlation), while the
other terms were unchanged. Neither the use of log Poct nor
polar surface area produced improvements in the intrinsic
permeability model.

On the average, acids are stronger than bases as hydrogen
bond donors, and conversely, bases are stronger than acids as
hydrogen bond acceptors (Table 1). The substitution of the
average a and b values for acids and bases from Table 1 into
Eq. 4 produces the class-specific regression equations listed

in Fig. 1. But why is the are there two classes to begin with?
In the mixed-solvent system, compared to the water sys-

tem, membrane permeability of ionizable compounds should
increase due to the lowered dielectric constant (higher frac-
tion of uncharged species) and decrease due to the lowered
membrane-buffer partition coefficient (increased solubility).
These two effects oppose each other. The fact that acids are
affected by the cosolvent less than bases (i.e.,
log Po�log Po

COS values are smaller for acids than bases),
suggests the dominance of the dielectric effect. It is well es-
tablished19) that water-miscible organic solvents cause the
pKa values of acids to change a lot more than those of bases
(leading to higher neutral-species fractions for acids). There
appears to be less of a differentiation between acids and
bases due to solvation enhancement of acetonitrile.

Figure 3 shows the results of the unified acid-base model.
Table 1 summarizes the application of the unified acid-base
model (Eq. 4) to molecules (application set) which could not
be directly studied in aqueous buffer: amiodarone, itracona-
zole, miconazole, tamoxifen, and terfenadine. The corre-
sponding aqueous intrinsic permeability coefficients are esti-
mated as 13, 3.2, 0.32, 28, and 162 cm/s, respectively.

Model Validation The multiple linear regression (MLR)
model developed in this study was validated by two variants
of the leave-one-out (LOO) method. The traditional LOO ap-
proach, with 14 iterations of the MLR calculation, each time
randomly taking out one measured permeability, produced
the q2�0.96. The leave-many-out (LMO) approach, where
20% of the dependent variables were removed, with the MLR
repeated 14 times, produced the same q2�0.96, with the q2

standard deviation of 0.02.

Conclusion
We conclude that the new UV-based cosolvent PAMPA

method can be used to estimate the aqueous permeability of
molecules as poorly soluble as 0.006 mg/ml (amiodarone),
without compromising on the speed or cost of the assay. This
is a particularly important advance in PAMPA, since so many
of the test compounds in today’s combinatorially-inspired
discovery programs are so sparingly-soluble in water.
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Fig. 2. Comparison of Intrinsic Permeability Coefficients Determined in
Aqueous Buffer and in 20% v/v Acetonitrile Buffer Solutions

The filled circles are bases, the open circles are acids, and the open squares are am-
pholytes.

Fig. 3. The Unified Acid-Base Permeability Prediction Model, Using
Abraham’s H-Bond Descriptors
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