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Purpose. This study compares the use of UV-VIS detection with
liquid chromatography/mass spectrometry (LC/MS) detection for the
PAMPA (Parallel Artificial Membrane Permeability Assay) perme-
ability determination of compounds in the drug discovery stage. LC/
MS detection offers a selective and sensitive method for the deter-
mination of the PAMPA permeability for compounds that do not
contain a UV chromophore or possess a low UV extinction coeffi-
cient. To enhance the reliability of our permeability measurements
for compounds with low aqueous solubility, we demonstrated the use
of LC/MS detection as a means for facilitating the study of solubiliz-
ing agents to enhance aqueous solubility that normally would inter-
fere with UV-VIS detection. In doing so, the PAMPA assay can be
expanded to study the in vitro permeability of poorly water soluble
compounds and evaluate the effects of solubilizers’ on the membrane
permeability of different compounds. This might be useful in select-
ing solubilizers for poorly water soluble compounds to be used for
further in vivo studies.
Methods. A diverse set of 20 drugs using UV-VIS detection were
compared with data using LC/MS detection. A PAMPA screening
method was designed which used solubilizers (Brij® 35, Cremophor
EL, ethanol, and Tween 80) for compounds with low aqueous solu-
bility. The stability of the artificial membrane was determined using
various solubilizer concentrations (0.1-5% w/v) to ensure the phos-
pholipid membrane was not disrupted. Two compounds, amiodarone
and miconazole, with low aqueous solubility yielding an undetected
response in the PAMPA assay using UV-VIS detection were sub-
jected to the different solubilizing agents and their PAMPA perme-
ability was measured using LC/MS detection.
Results. Most of the compounds showed similar PAMPA permeabil-
ity using the two detection systems. However, for compounds lacking
a UV chromophore or with a low UV extinction coefficient, LC/MS
was the detection method of choice for determination of PAMPA
permeability values. LC/MS also gave reliable quantification data for
compounds containing impurities, as well as compounds that were
not stable during the assay. Although many solubilizers were found to
interfere with UV-VIS detection, the LC/MS approach was appli-
cable to determine the permeability values of compounds with nor-
mally low aqueous solubility.
Conclusions. LC/MS detection offered greater sensitivity and selec-
tivity as compared with UV-VIS detection for the PAMPA assay.
With this added versatility in detection, PAMPA can be used in both
discovery and pre-formulation applications, which has not been de-
scribed before.

KEY WORDS: solubility; permeability; parallel artificial membrane
permeability assay (PAMPA); liquid chromatography/mass spec-
trometry (LC/MS); solubilizer.

INTRODUCTION

The 1990s brought drug discovery to a new level. Im-
provements in chemical synthesis (combinatorial chemistry),
active compound identification (high throughput screening),
and informatics made drug discovery change from a slow pro-
cess to a rapid identification procedure affording hundreds to
thousands of active compounds to pursue. Although most of
these compounds eventually fail later in development it has
become necessary to use key developmental studies (physico-
chemical and ADME) at the discovery level to filter through
active compounds (1–11). Decisions need to be made about
what to pursue and what may be a false lead. A wrong deci-
sion can cost a company millions of dollars. The need to
develop decision making tools to assess thousands of com-
pounds with speed, precision and accuracy for ADME, and
physico-chemical properties has grown to replace traditional
lower throughput methods for assessment that are slower,
and require more compound for testing. As a result, many
new procedures have been developed explicitly for working
on thousands of compounds to provide the required informa-
tion to make the best decisions about a compound’s future
(12–20).

One such method is the parallel artificial membrane per-
meability assay (PAMPA) that was developed as an alterna-
tive to the low throughput Caco-2 assay used to correlate
passive permeability with in vivo oral absorption (13–15).
This assay utilizes a simple phospholipid-coated filter disc
instead of a monolayer of cells to measure permeability. The
technique is rapid, simple, and has higher precision between
laboratories than cell culture studies. However, its shortcom-
ing is that it only allows observation of the passive perme-
ability component.

Since the initial description in 1998 most PAMPA pub-
lications have been put forth describing new permeability
methods focusing on the use of different lipids. Most of this
work emphasizes in vivo/in vitro correlation using commercial
drugs and not on problems found when implementing the
assay using real discovery-level compounds. In this work we
address this latter issue and illustrate that PAMPA can be
used with excipients or solubilizers. The use of excipients with
PAMPA is important because most compounds coming from
early discovery have very low aqueous solubility making both
bioassays and ADME work problematic and difficult to in-
terpret. These problems affect the decision process and may
lead to costly mistakes in development. Here we report a
method for evaluating the in vitro permeability of compounds
using PAMPA and solubilizers with LC/MS as the detection
system. The present work illustrates that previous difficult-
to-analyze compounds can be readily assayed using excipients
in PAMPA assays.

Furthermore, the use of solubilizers in PAMPA allowed
us to rapidly examine the effects of various solubilizers on the
transport processes of compounds with low solubility, which
can be useful for the selection of excipients in the pre-
formulation of drug candidates. This is a new use of PAMPA.
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METHODS

Chemicals

Allopurinol, amiodarone hydrochloride, amoxicillin,
atenolol, azithromycin, benzthazide, bendroflumethazide,
carbamazepine, cimetidine, ergonivine maleate, erythromy-
cin, guanabenz, imipramine hydrochloride, ketoprofen, lisino-
pril, metoprolol tartrate, miconazole nitrate, oxyphenbuta-
zone, phenazopyridine, piroxicam, probenecid, promethazine
hydrochloride, propranolol hydrochloride, propylparaben,
terbutaline, terfenadine, verapamil hydrochloride, Brij® 35
solution (30% w/v), Cremophor EL, polyoxyethylenesorbitan
monooleate (Tween 80), and Lucifer Yellow CH were either
purchased from Sigma Chemical Co. (St. Louis, MO, USA) or
obtained from the in-house compound room. Buffer solutions
used for the permeability experiment were purchased from
pION INC (Woburn, MA, USA). All other chemicals and
organic solvents were obtained from other established sup-
pliers.

PAMPA experiment with UV detection

The parallel artificial membrane permeability assay was
carried out in a 96-well format, similar to that described in the
literature (13,21). A 96-well microtitre plate and a 96-well
filter plate (Millipore, Bedford, MA, USA) were assembled
into a “sandwich” such that each composite well was sepa-
rated by a 125 �m micro-filter disc (0.45 �m pores). The
hydrophobic filter material of the 96 well filter plate was
coated with 4 �L of a 2% (wt/v) dodecane solution of dio-
leoylphosphatidyl-choline. The coated filter plate was gently
shaken for 5 min to ensure uniform spreading of the lipid
solution. Subsequently, the acceptor wells at the top of the
sandwich were hydrated with 200 �L of pION buffer solution
adjusted to pH 7.4. The donor wells at the bottom of the
sandwich were filled with 200 �L of test compound solution.
The test compound solution was prepared by diluting ×200
from a 10 mM stock solution in DMSO using pION buffer
solution at pH 7.4 followed by filtration through a 0.20 �m
polyvinylidene fluoride (PVDF) 96 well filter plate (Corning
Costar, Corning, NY, USA). The resulting “sandwich” con-
struct was then incubated at room temperature for approxi-
mately 16 h. At the end of ∼16 h incubation period, the “sand-
wich” was dissembled. The solution in the acceptor wells and
the donor wells were transferred to a disposable UV-
transparent plate (pION INC., Woburn, MA, USA). UV ab-
sorptions were measured with a SPECTRAMax 190 micro-
plate spectrophotometer (Molecular Device Corporation,
Sunnyvale, CA, USA) at absorption wavelengths between
190 and 500 nm. After the UV absorption was measured, the
samples in the donor, acceptor, and reference wells were
saved for LC/MS analysis. All the PAMPA experiments were
performed on the PSR4p robotic instrument (pION INC.,
Woburn, MA, USA). PSR4p Command Software (Version
1.6) was used to control the instrument and process the data.
For the PAMPA experiment that compared non-filtered vs
filtered sample solutions, 5 mg/mL stock solutions in DMSO
were used.

LC/MS experiment

The LC/MS analysis was performed using a Hewlett-
Packard 1100 MSD (Wilmington, DE, USA) with an electro-

spray interface, operating in positive ion mode. The mass
spectrometer was coupled to a Hewlett-Packard 1100 HPLC
system equipped with a binary pumping unit, a vacuum de-
gasser, a photodiode array UV detector, and a 96 well plate
autosampler. HP Chemstation software was used to control
the instrument and process the data.

The HPLC column used was a 4.6 × 50 mm YMC ProC18
S-5, 120Å (Waters Corp., Milford, MA, USA). The mobile
phase consisted of 0.02% formic acid in water (A) and 0.02%
formic acid in acetonitrile (B). Two gradient programs with a
flow rate of 1.0 mL/min were applied for the LC/MS analysis
of the test compounds. One gradient program, 5–30% B from
0 to 4.0 min, 30–5% B from 4.0 to 4.1 min, and 5% B from 4.1
to 5.0 min, was used for LC/MS analysis of the relatively
hydrophillic compounds, amoxicillin, atenolol, cimetidine,
and terbutaline. The other program, 5–95% B from 0 to 4.0
min, 95–5% B from 4.0 to 4.1 min, and 5% B from 4.1 to 5.0
min, was used for all remaining compounds. The column tem-
perature was maintained at 37°C and an injection volume of
5.0 �L was used for all samples. External standards at 0.1, 1.0,
10.0, and 50.0 �M (in some cases, 75 �M) concentrations were
prepared by diluting the 10 mM stock solution with 50%
DMSO in water.

Prior to the LC/MS experiment, the compounds were
analyzed on the mass spectrometer using flow injection in
scan mode to determine the optimal fragmentor value for
each compound and the m/z of the most abundant molecular
ion. The flow rate for the flow injection experiment was 0.2
mL/min. The nebulizing gas was obtained from an in house
high purity nitrogen source. The drying gas temperature was
set at 350°C. A capillary voltage of 3000 V, gas flow of 13
L/min, and N2 nebulizer pressure of 60 psi were used. The
quadrupole temperature was maintained at 99°C. Other typi-
cal values of the MS operating parameters were, a peak width
of 0.10 min, and a gain of 1. The MS operating parameters for
the LC/MS runs were the same as those used in the flow
injection analyses, except that single-ion monitoring (SIM)
mode was used instead of a scan mode in order to increase
sensitivity.

Calculations

Because the PAMPA experiments were not under sink
conditions, the modified “two-way flux” equation was used in
deriving the effective permeability constant, Pe, of the test
compounds.21 The Eq. is:

Pe = −2.303 �
VaVd

�Va + Vd� � A � �t − to�
� 1g�1 −

Va + Vd

Vd � S
�

Ca�t�

Cd�0��
where

S =
Va

Vd
�

Ca�t�

Cd�0�
+

Cd�t�

Cd�0�

Va is the acceptor well volume (i.e., 0.2 cm3 in this
study); Vd is the donor well volume (i.e., 0.2 cm3 in this
study); A is the filter area (0.3 cm3 in this study); to is the
steady-state time to fill the membrane (average: 1140 s); t is
the permeation time; Ca(t) is the concentration of the drug
in the acceptor well at time t (i.e., permeation hours × 60
min/hour × 60 s/min); Cd(t) is the concentration of the drug
in the donor well at time t; and Cd(0) is the concentration
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of the drug in the donor well at time zero (equal to the
drug concentration in the reference well). The factor S is
the fraction of the sample remaining in the donor and the
acceptor wells after the permeation time. This modified
“two-way flux” Eq. considers the effect of mass loss to the
membrane.

Fluorescence Measurement

Fluorescence intensity of Lucifer Yellow CH in the
PAMPA experiment was measured on the Model 403
FLUOstar® Galaxy fluorescence microplate reader (BMG
Technologies, Durham, NC, USA). The wavelength of the
excitation filter was 430 nm. The wavelength of the emission
filter was 530 nm. Other general settings, number of cycles,
number of flashes, positioning delay, and cycle time were set
at 1, 10, 0.5 s, and 1.0 s respectively. Black Microfluor® plates
(VWR Scientific, So. Plainfield, NJ, USA) were used for the
fluorescence measurement.

RESULTS

The comparison of permeability values for 20 com-
pounds using the UV microtitre plate reader and LC/MS is
shown in Table I. The correlation coefficient (r2) for the val-
ues obtained by the two detection methods is 0.958. This in-
dicates good agreement between the two quantitation ap-
proaches for most compounds tested. Figure 1 shows the LC/
MS ion chromatograms for verapamil, metoprolol, and
ergonivine in the donor, acceptor, and reference wells respec-
tively. Verapamil, metoprolol, and ergonivine represent ex-
amples of high, moderate, and low permeability compounds
respectively. Though similar Pe results were obtained, the UV
spectroscopic method obviously allows for much more rapid
sample analysis, as compared to the LC/MS method, ∼2.0 h vs

∼22 h for the 16 compounds tested. However, as shown in
Table I, the UV-VIS plate reader was not able to derive Pe

values for six of the compounds tested, amiodarone, azithro-
mycin, erythromycin, lisinopril, miconazole, and terfenadine.
Neither azithromycin nor erythromycin has a UV absorption
above 250 nm, whereas lisinopril has a low UV absorption.
Because of these inherent properties, the UV-VIS reader was
unable to detect these compounds resulting, therefore, in an
undetected Pe. The LC/MS detection method, however, was
able to obtain Pe values for these three compounds. The LC/
MS result showed that almost all of these compounds stayed
within the donor wells (Fig. 2) and only a trace amount of
azithromycin actually penetrated through the phospholipid

Table I. Permeability of 20 Compounds as Determined by PAMPA
Using Both a UV-VIS Plate Reader and LC/MS

Compound
Pe (10−6 cm/s) determined

by UV-vis plate reader

Pe (10−6 cm/s)
determined
by LC/MS

Amiodarone ND ND
Amoxicillin 0.00 ± 0.00 0.04 ± 0.00
Atenolol 0.00 ± 0.00 0.00 ± 0.00
Azithromycin ND 0.00 ± 0.00
Carbamazepine 7.38 ± 0.38 6.03 ± 0.27
Cimetidine 0.00 ± 0.00 0.00 ± 0.00
Ergonivine maleate 0.04 ± 0.04 0.00 ± 0.00
Erythromycin ND 0.00 ± 0.00
Guanabenz 0.14 ± 0.04 0.06 ± 0.02
Imipramine 21.54 ± 5.65 15.48 ± 4.23
Ketoprofen 0.15 ± 0.01 0.00 ± 0.00
Lisinopril ND 0.00 ± 0.00
Metoprolol 0.43 ± 0.04 0.56 ± 0.00
Miconazole ND ND
Piroxicam 1.97 ± 0.06 4.51 ± 0.81
Promethazine 9.04 ± 0.20 8.55 ± 1.03
Propranolol 9.81 ± 1.42 9.37 ± 1.49
Terbutaline 0.00 ± 0.00 0.00 ± 0.00
Terfenadine ND ND
Verapamil 11.8 ± 0.95 8.63 ± 0.64

ND: not detected.

Fig. 1. LC-MS chromatograms of verapamil (A), metoprolol (B), and
ergonivine (C) samples collected from the reference, donor, and ac-
ceptor wells of the PAMPA experiment. The three ion chromato-
grams of the test samples from the acceptor and donor wells were
overlaid as each test compound was run in triplicate except metopro-
lol, which was run in duplicate.
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membrane (see Fig. 2A). Thus, the permeability values for
these three compounds were zero as measured by LC/MS.
Amiodarone, miconazole, and terfenadine have poor aqueous
solubility. The addition of 10 �L of the 10 mM stock solutions
of compound to 2 mL of the aqueous buffer caused immedi-
ate precipitation, giving rise to haziness in the buffer solu-
tions. After mixing and filtration, the resulting levels of com-
pound in solution was well below the detection limit of the
UV-VIS plate reader, therefore, yielding undetectable per-
meability results for these three compounds. LC/MS revealed

that less than 0.2% of miconazole and none of amiodarone
and terfenadine remained in the solution after filtration re-
sulting in undetectable levels in the acceptor and donor wells
after the ∼16-h period for permeation (data not shown).
These experimental results demonstrate the limitations of us-
ing an aqueous buffer alone in the PAMPA experiment for
measuring in vitro permeability for compounds with low
aqueous solubility.

While conducting the previously discussed experiment, a
question was raised as to whether the filter could retain com-
pounds that would cause an interference with the PAMPA
assay result. To investigate this, PAMPA experiments for
eight water-soluble compounds were conducted where both
filtered and non-filtered sample solutions were used. The fil-
tered vs. non-filtered results were compared and the data are
summarized in Table II. The UV absorption values of the
samples in all three wells (reference, donor, and acceptor)
were almost identical for the non-filtered and filtered solu-
tions. This indicates that when compounds are soluble in the
assay buffer, filtration does not interfere with the PAMPA
assay. However, for compounds that are not soluble in the
assay buffer, filtration removes the precipitate, which will
usually result in an “undetected” permeability value. How-
ever, not filtering the sample solutions during the PAMPA
experiment results in large variations and poor reproducibil-
ity for compounds with low aqueous solubility (data not
shown) as the suspension is not homogeneous.

To overcome the limitations of PAMPA for poorly aque-
ous soluble compounds, the use of solubilizers in the PAMPA
experiment was examined. Four solubilizers were chosen,
Brij® 35, Cremophor EL, ethanol, and Tween 80, all of which
are commonly used as formulation excipients to enhance
solubility of poorly aqueous soluble compounds. Before in-
vestigating the effects of the solubilizers on membrane per-
meability by PAMPA, concerns were raised about the stabil-
ity of the phospholipid membranes in the presence of these
solubilizers. Previous studies have shown that non-ionic sur-
factants are distributed between the solution and the mem-
brane to a certain point where the membrane becomes satu-
rated with surfactants. Any further addition of surfactant can
then result in the formation of mixed micelles until the mem-
brane bilayer is completely solubilized (22). Among the four
solubilizers selected for this study, Brij® 35, Cremophor EL,
and Tween 80 are non-ionic surfactants. Studies by Thomp-
son et al., showed evidence that phospholipids form a bilayer
lipid membrane on the surface of a hydrophobic polycarbon-
ate filter support (23). Therefore, before adding the four solu-
bilizers to the PAMPA experiment for permeability measure-
ment, it was necessary to study whether the lipid membranes
on the filter support in PAMPA would remain stable in the
presence of these solubilizers. Lucifer Yellow CH, a fluores-
cence dye was selected to study membrane leakage in
PAMPA with the addition of solubilizers. Studies in the lit-
erature have shown that Lucifer Yellow CH does not cross
the cell membrane as long as the cell lipid membrane remains
intact (24). Thus, in order to measure the stability of the lipid
bilayer, the amount of Lucifer Yellow CH found in the ac-
ceptor well was measured at various solubilizer concentra-
tions. Figure 3 shows the plots of the fluorescence intensity of
Lucifer Yellow CH in the acceptor well (represented as the
percentage of Lucifer Yellow CH in the acceptor well) vs. the
concentration of the solubilizers. Among the four solubilizers

Fig. 2. LC-MS chromatograms of azithromycin (A), erythromycin
(B), and lisinopril (C) samples collected from the reference, donor,
and acceptor wells of the PAMPA experiment. The three ion chro-
matograms of the test samples from the acceptor and donor wells
were overlaid as each test compound was run in triplicate. To better
view the trace of the azithromycin peak in the acceptor wells, the
scale of the y-axis is 100x less than in the other graphs. The lisinopril
reference sample was diluted 1:1 before running LC/MS.
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studied, Brij® 35, ethanol, and Tween 80 appeared to be
non-disruptive of the phospholipid membrane in the concen-
tration range studied (i.e., 0.1–5% (w/v)). In contrast, Cremo-
phor EL showed leakage of the lipid membranes at 0.5%
(w/v) where Lucifer Yellow CH was first detected in the ac-
ceptor well.

After determining the concentration range of solubilizers
in which the lipid membrane was stable, the permeability of
two poorly aqueous soluble compounds, amiodarone and mi-
conazole, were measured by PAMPA in the presence of the
two solubilizers, Brij® 35 and Tween 80. Table III summa-
rizes the solubility and in vitro permeability values of amio-
darone and miconazole measured by PAMPA using 0.2%
(w/v) Brij® 35 or 0.2% (w/v) Tween 80 as solubilizers and
LC/MS for detection. Both excipients completely solubilized
the compound added to the buffer solution (i.e., 50 �M) en-
hancing the aqueous solubility of the two compounds by more
than 500 fold. As shown in Table I, both amiodarone and
miconazole resulted in “undetected” permeability values
when no solubilizers were added. However, in the presence of
either 0.2% (w/v) Brij® 35 or Tween 80, miconazole became
highly permeable (i.e, Pe > 1.0 × 10−6 cm/s). Conversely, amio-
darone showed low permeability (Pe < 0.1 × 10−6 cm/s) in
0.2% Tween 80 and only moderate permeability (i.e., 0.1 ×
10−6 cm/s < Pe <1.0 × 10−6 cm/s) in 0.2% Brij® 35. This data
suggests that use of solubilizers in PAMPA can be effectively
applied to screen the membrane permeability of poorly aque-
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Table III. Aqueous Solubility and In Vitro Permeability (Pe) of
Amiodarone and Miconazole in the Presence of Solubilizers as Mea-

sured by LC/MS

Compound

Solution with
0.2% Brij� 35

Solution with 0.2%
Tween 80

Pe

(10−6 cm/s)
Solubility

(�M)
Pe

(10−6 cm/s)
Solubility

(�M)

Amiodarone 0.28 ± 0.06 >50 0.05 ± 0.01 >50
Miconazole 2.45 ± 1.42 >50 1.16 ± 0.32 >50

Fig. 3. Fluorescence intensity of Lucifer yellow CH in the acceptor
well in the presence of solubilizers, Brij® 35(�), Cremophor EL (-�-
), ethanol (-�-), and Tween 80 (-�-). The % of Lucifer Yellow CH
in the acceptor well was determined by comparing the fluorescence
intensity of the acceptor well to the fluorescence intensity of the
reference well.

Liu et al.1824



ous soluble compounds and, therefore they assist in the se-
lection of compounds that possess the desired permeability.
The study also suggests that we could use a set of commonly
used solubilizers at low concentration (e.g., 0.2% Brij® 35
and 0.2% Tween 80) in the PAMPA to screen in vitro per-
meability of compounds. This is particularly valuable for
poorly water-soluble compounds, which often precipitate in
the high-throughput screening of discovery compounds in
aqueous buffer. Another interesting finding was that Brij® 35
and Tween 80 had different effects on the membrane perme-
ability of amiodarone. Brij® 35 gave a permeability value that
was almost five times higher than that observed with Tween
80. The simplicity of the PAMPA assay system, however,
cannot describe the interaction of solubilizers with the gas-
trointestinal milieu which involves a much more complex bio-
logic system. The assay can help us rapidly evaluate the per-
meability of poorly water-soluble compounds in the presence
of a various different solubilizers that could, in part, help us
select solubilizer to assist formulation of poorly water-soluble
compounds directed toward in vivo studies.

Figures 4 and 5 show respectively, LC/MS ion chromato-
grams, of amiodarone and miconazole in the reference, do-

nor, and acceptor wells of the PAMPA experiment in the
presence of 0.2% (w/v) Brij® 35 and 0.2% (w/v) Tween 80.
As shown in Fig. 4 and 5, significant amounts of amiodarone
and miconazole were found in the acceptor wells once solu-
bilizers were added in the PAMPA. LC/MS was able to dif-
ferentiate the amiodarone peak from an impurity peak, which
was introduced by the Brij® 35 solution used (see Fig. 4A).
This further demonstrates the advantage of the LC/MS de-
tection method vs. the UV-VIS detection method because
there is no separation or specificity in the latter.

CONCLUSIONS

This work successfully applied solubilizers to the
PAMPA experiment for measuring in vitro membrane per-
meability of compounds with low aqueous solubility. The
PAMPA system coupled with LC/MS detection allows for a
rapid examination of the effects of various surfactants and
potentially different formulations that will effect the in vitro
membrane permeability of compounds.

ACKNOWLEDGMENT

We thank Mairead Young for her helpful advice on LC/
MS method development and Dr. Sherry Ku and Fran Dona-

Fig. 4. LC-MS chromatograms of amiodarone samples collected from
the reference, donor, and acceptor wells of the PAMPA experiment
with 0.2% Brij® 35 (A) and 0.2% Tween 80 (B). The three ion
chromatograms of the test sample from the acceptor and donor wells
were overlaid as the sample was run in triplicate. To better view the
impurity and the amiodarone peak in the acceptor wells, the scale of
the y-axis is 10x less than in the other graphs.

Fig. 5. LC-MS chromatograms of miconazole samples collected from
the reference, donor, and acceptor wells of the PAMPA experiment
with 0.2% Brij® 35 (A) and 0.2% Tween 80 (B). The three ion
chromatograms of the test sample from the acceptor and donor wells
were overlaid as the sample was run in triplicate.

In Vitro Permeability of Poorly Aqueous Soluble Compounds 1825



hue for their guidance with the solubilizers. Dr. Jeffrey Ruell
of pION and Dr. Jeffrey Skell of Genzyme Corporation pro-
vided helpful suggestions, for which we are grateful.

REFERENCES

1. D. F. Veber, S. R. Johnson, H.-Y. Cheng, B. R. Smith, K. W.
Ward, and K. D. Kopple. Molecular properties that influence the
oral bioavailability of drug candidates. J. Med. Chem. 45:2615–
2623 (2002).

2. C. A. Lipinski. Drug-like properties and the causes of poor solu-
bility and poor permeability. J. Pharmcol. Toxicol. Methods 44:
235–249 (2000).

3. Y. H. Zhao, J. Le, M. H. Abraham, A. Hersey, P. J. Eddershaw,
C. N. Luscombe, D. Boutina, G. Beck, B. Sherborne, I. Cooper,
and J. A. Platts. Evaluation of human intestinal absorption data
and subsequent derivation of a quantitative structure-activity re-
lationship (QSAR) with the Abraham descriptors. J. Pharm. Sci.
90:749–784 (2001).

4. D. E. Clark. Rapid calculation of polar surface area and its ap-
plication to the prediction of transport phenomena. 1. Prediction
of intestinal absorption. J. Pharm. Sci. 88:807–814 (1999).

5. W. Curatolo. Physical chemical properties of oral drug candidates
in the discovery and exploratory development settings. PSTT 1:
387–393 (1998).

6. D. Hörter and J. B. Dressman. Influence of physicochemical
properties on dissolution of drugs in the gastrointestinal tract.
Adv. Drug Delivery Rev 46:75–87 (2001).

7. L. F. Hennequin, E. S. E. Stokes, A. P. Thomas, C. Johnstone,
P. A. Plé, D. J. Ogilvie, M. Dukes, S. R. Wedge, J. Kendrew, and
J. O. Curwen. Novel 4-anilinoquinazolines with c-7 basic side
chains; design and structure activity relationship of a series of
potent, orally active, VEGF receptor tyrosine kinase inhibitors. J.
Med. Chem. 45:1300–1312 (2001).

8. J. P. Jones, M. He, W. F. Trager, and A. E. Rettie. Three-
dimensional quantitative structure-activity relationship for in-
hibitors of cytochrome P450 2C9. Drug Metab. Dispos. 24:1–6
(1996).

9. D. F. V. Lewis. On the recognition of mammalian microsomal
cytochrome P450 substrates and their characteristics. Biochemi-
cal Pharmacol 60:293–306 (2000).

10. P. Poulin, K. Schoenlein, and F.-P. Theil. Prediction of adipose
tissue: plasma partition coefficients for structurally unrelated
drugs. J. Pharm. Sci. 90:436–447 (2001).

11. M. D. Barratt. Prediction of toxicity from chemical structure. Cell
Biol. Toxicol. 16:1–13 (2000).

12. C. A. Lipinski, F. Lombardo, B. W. Dominy, and P. J. Feeney.
Experimental and computational approaches to estimate solubil-
ity and permeability in drug discovery and development settings.
Adv. Drug Delivery Rev. 23:3–25 (1997).

13. M. Kansy, F. Senner, and K. Gubernator. Physicochemical high
throughput screening: parallel artificial membrane permeation
assay in the description of passive absorption processes. J. Med.
Chem. 41:1007–1010 (1998).

14. F. Wohnsland and B. Faller. High-throughput permeability pH
profile and high-throughput alkane/water LogP with artificial
membranes. J. Med. Chem. 44:923–930 (2001).

15. A. Avdeef, M. Strafford, E. Block, M. P. Balogh, W. Chambliss,
and I. Khan. Drug absorption in vitro model: Filter-immobilized
artificial membranes 2. studies of the permeability properties of
lactones in Piper Methysticum Forst. Eur. J. Pharm. Sci. 14:271–
280 (2001).

16. A. Seelig, R. Gottschlich, and R. M. Devant. A method to de-
termine the ability of drugs to diffuse through the blood-brain
barrier. Proc. Natl. Acad. Sci. USA 91:68–72 (1994).

17. K. W. Otis, M. L. Avery, S. M. Broward-Partin, D. K. Hansen, H.
W. Behlow Jr., D. O. Scott, and T. N. Thompson. Evaluation of
the BBMEC model for screening the CNS permeability of drugs.
J. Pharmacol. Toxicol. Methods 45:71–77 (2001).

18. P. Artursson, K. Palm, and K. Luthman. Caco-2 monolayers in
experimental and theoretical predictions of drug transport. Adv.
Drug. Delivery Rev. 46:27–43 (2001).

19. C. L. Crespi and D. M. Stresser. Fluorometric screening for me-
tabolism-based drug-drug interactions. J. Pharmacol. Toxicol.
Methods 44:325–331 (2000).

20. E. A. Dierks, K. R. Stams, H.-K. Lim, G. Cornelius, H. Zhang,
and S. E. Ball. A method for the simultaneous evaluation of the
activities of seven major human drug-metabolizing cytochrome
P450s using an in vitro cocktail of probe substrates and fast gra-
dient liquid chromatography tandem mass spectrometry. Drug
Metab. Dispos. 29:23–29 (2001).

21. Instruction manual for PSR4p permeability analyzer, Rev 1.4.4.
pION INC. Woburn, Massachusetts, 2001.

22. M. Almgren. Mixed micelles and other structures in the solubi-
lization of bilayer lipid membranes by surfactants. Biochim. Bio-
phys. Acta. 1241:269–292 (1995).

23. M. Thompson, R. B. Lennox, and R. A. McClelland. Structure
and electrochemical properties of microfiltration filter-lipid
membrane systems. Anal. Chem. 54:7–81 (1982).

24. W. W. Stewart. Functional connections between cells as revealed
by dye-coupling with a highly fluorescent naphthalimide tracer.
Cell 14:741–759 (1978).

Liu et al.1826


