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A multivariate analysis of drugs on the Swedish market was the basis for the selection of a small,
physicochemically diverse set of 24 drug compounds. Factors such as structural diversity, commercial
availability, price, and a suitable analytical technique for quantification were considered in the selection.
Lipophilicity, pKa, solubility, and permeability across human Caco-2 cell monolayers were measured for
the compiled data set. The results show that, by use of a physicochemically diverse data set, experimental
responses over a wide range were obtained. The paper also shows how experimental difficulties due to the
diversity of the data set can be overcome. We anticipate that this data set can serve as a benchmark set for
validation of new experimental techniques or in silico models. It can also be used as a diverse starting data
set for the development of new computational models.

Introduction
In drug discovery there is a strong demand for early

information on compound characteristics such as absorption,
distribution, metabolism, excretion, and toxicity (referred to as
ADME/Tox) and properties related to these phenomena. Various
in vitro ADME/Tox screens have significantly increased the
amount of experimental data generated in the early drug
discovery process. In addition to these experimental techniques,
there is a strong need for different in silico methods that can
predict such properties. For example, ADME/Tox filters that
can sort out compounds with undesirable ADME/Tox properties
can be applied in virtual screening or compound design so as
to reduce compound attrition rates.1 The basis for constructing
these predictive models is the existence of high-quality experi-
mental data. Several data sets exist in the literature and have
been used for building models that predict ADME/Tox-related
properties such as permeability,2 fraction absorbed (FA%),3

solubility,4 CYP inhibition,5 plasma protein binding,6 etc.
However, many of these data sets have been compiled from
experimental results from different labs, which may not have
used the same experimental conditions. Another possible
problem with the existing data sets is that different sets of
compounds have been used for studying and modeling different
properties. This makes it difficult if the aim is to construct robust
and more complex quantitative models of, for example, drug
absorption that would be based on logP/log D, solubility,

dissolution rate, intestinal permeability, metabolic stability, and
carrier-mediated membrane transport data.7 In this case a
relevant and common data set that represents the available
ADME/Tox space is essential. New experimental tools are also
constantly being developed that aim to complement in vitro
and/or in vivo experiments. For example, surface plasmon
resonance (SPR) technology and PAMPA have been introduced
to model intestinal permeability.8,9 To validate these novel
techniques, a data set with experimental permeability or ADME/
Tox data is often compiled and correlated to the measured data.
The compounds included in these data sets most often differ,
which makes an independent comparison between the techniques
difficult. It would therefore be valuable if a small, commercially
available, and structurally diverse data set existed, for which
high-quality in vitro and/or in vivo ADME/Tox data can be
determined in the same lab. This would make interlaboratory
comparisons of data easier and more relevant.

The aim of the present study is to derive such a “benchmark”
data set of reasonable size having the following characteris-
tics: (a) druglike, (b) physicochemically diverse, (c) commer-
cially available and inexpensive, and (d) amenable to analytical
measurements. Herein we describe how such a data set
consisting of 24 compounds was compiled by use of multivariate
analysis and experimental design. Also, highly toxic compounds
(as stated in the material safety data sheet from the respective
supplier) were avoided when possible. To start the characteriza-
tion of these compounds, we have (a) determined their pKa

values, by a pH-metric or pH-UV-based technique; (b) deter-
mined their logP values by a pH-metric logP technique
(ionizable compounds) or by liquid-liquid chromatography with
UV detection (nonionizable compounds); (c) determined the
aqueous intrinsic solubility values by a pH-metric technique
(ionizable compounds) or a shake-plate method with UV detec-
tion (nonionizable compounds); (d) determined lipophilicity,
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expressed as chromatographic capacity factors, by reversed-
phase high-performance liquid chromatography (RP-HPLC); and
(e) determined the permeability across Caco-2 cell monolayers.
We hope that other groups are willing to supplement the herein-
started characterization of these 24 pharmaceutical compounds
and that this data set is used as a benchmark data set for different
types of studies in the future.

Materials and Methods

Preparation of the Data Set.In a previous study we constructed
a database of 673 pharmaceutical compounds used on the Swedish
market in the year 2000.10 As the source for this database we used
the Swedish list of drugs (FASS 2000).11 For the present study we
have used the same database but also included new compounds
from the list of drugs in the year 2001 to give 691 pharmaceutical
compounds (data set 1). We used the same protocol for database
creation as in the previous study but with the difference that all
zwitterions in the database were added in the neutral form. Shortly,
compounds with a molecular weight (MW) above 900, polymer
structures, polypeptides (more than nine amino acids), inorganic
compounds, and metal-containing complexes were removed. Struc-
tures were drawn with ChemDraw12 or Sybyl sketch, saved in
SMILES13 format, and as such read into Sybyl.14 Acids and bases
were drawn in their neutral form, and only permanently charged
compounds were considered as charged species. Chirality was used
as given in FASS. If no chirality was specified, either the more
active enantiomer was used, if such information was available, or
one chiral form was selected randomly. Three-dimensional starting
structures were generated with Concord.15 All structures were
optimized by the semiempirical AM1 method16 by use of the
MOPAC17 program within Sybyl, with the keywords PRECISE,
NOMM, and XYZ added. For the charged compounds, the keyword
CHARGE was also used.

Calculation of Theoretical Molecular Descriptors. The 28
molecular descriptors used in this study were in large part the same
as those used in our previous study.10 They can tentatively be
divided into general descriptors, hydrogen-bond donor and hydrogen-
bond acceptor descriptors, and general hydrogen-bonding descrip-
tors.

(A) General Descriptors.MW ) molecular weight,V )
molecular volume,S) molecular surface area,O ) ovality, ELUMO

) energy of lowest unoccupied molecular orbital,EHOMO ) energy
of highest occupied molecular orbital,H ) hardness, DM) dipole
moment, NPSA) nonpolar surface area, logPCr ) log P calculated
according to the method developed by Ghose and Crippen,18 log
PMor ) log P calculated according to the method developed by
Moriguchi et al.,19,20log PACD ) log P calculated with ACD/Labs,21

log DACD_6.5 ) log D at pH 6.5 calculated with ACD/Labs, log
DACD_7.4 ) log D at pH 7.4 calculated with ACD/Labs.

(B) Hydrogen-Bond Donor Descriptors. QH ) highest partial
charge on a hydrogen atom, HBD) number of hydrogen-bond
donors,ΣQH ) sum of the partial charge of all hydrogen atoms
attached to an O, N, or S atom, CWPSAHBD ) sum of absolute
charge-weighted surface area of all hydrogen atoms attached to an
O, N, or S atom.

(C) Hydrogen-Bond Acceptor Descriptors. QMN ) absolute value
of lowest partial charge of a non-hydrogen atom, HBA) number
of hydrogen-bond acceptors,ΣQMN ) sum of absolute partial charge
of all negatively charged O, N, S, and F atoms, CWPSAHBA )
sum of absolute charge-weighted surface area of all negatively
charged N, O, S, F, Cl, Br, and I atoms.

(D) General Hydrogen-Bonding Descriptors.HB ) sum of HBD
and HBA, PSA) molecular surface area of all N, O, S, and
attached H atoms, PSANO ) molecular surface area of all N, O,
and attached H atoms, PSArel ) PSA/S× 100, PSA/NPSA, PSAcw

) sum of (absolute) charge-weighted surface area of all N, O,
halogen, and attached H atoms.

Data Analysis. Multivariate data analysis was performed with
SIMCA-P+22 at default settings. The selection of the commercial
data set was accomplished by using a multivariate design approach

in the first three principal components. Multivariate design,
MVD,23,24 is a method for selecting a set of representative
observations among a large set of data. First, a number of descriptors
are calculated for each compound (multivariate characterization).
Next, a PCA (principal component analysis) model is fitted to the
data to find the principal properties (principal components) that
best describe the data. Then, a representative choice of observations
according to the principal properties can be made. The principal
components in a PCA model are mathematically independent
(orthogonal) and limited in number, properties that make them well-
suited for statistical experimental design. There are a number of
approaches for a multivariate design, all with the aim of maximizing
the information content of the selected observations. In this case
the selection from principal properties was based on a face-centered
central composite design.

Measurements of pKa. Before we attempted to experimentally
measure the 24 molecules, their pKa values were calculated by use
of ACD software.25 Having these values aids the experimental
design. The program also identifies the ionizable groups and denotes
whether they are acidic or basic, which helps when the ionization
is assessed and later also for the lipophilicity models. The structures
were then examined for the likelihood that the molecule would have
good UV absorbance and whether the ionizable group(s) was(were)
close enough to the chromophores to change the UV spectra as a
function of pH.

pH-Metric pKa. The pKa values of molecules with weak chro-
mophores or with at least one ionizable group remote from the
chromophore were analyzed by the pH-metric technique. In this
technique, a solution of the compound is acid-base-titrated over a
wide pH range and the pKa is calculated from the shape of the
titration curve, which is governed by pKa values of the sample.26

Compounds with logPACD values below 2.5 were assumed to be
water-soluble across the entire pH range at pH-metric concentrations
(at least 0.5 mM for pKa values between 3 and 10), and their pKa

values were measured pH-metrically in aqueous solution. It should
be noted that higher concentrations of sample are required to
measure pKa values outside the range 3-10. This is because
measured pH changes less in response to unit additions of acid or
base titrant at low and high pH, so changes in the shape of the
titration curve caused by ionization of the sample appear smaller
in relation to the background signal.27 It was assumed that molecules
with log PACD greater than 2.5 might precipitate over part of the
pH range, leading to poor-quality data for aqueous pKa measure-
ment. Their psKa values were measured with the pH-metric
technique in water-solvent mixtures, and their aqueous pKa values
were determined by Yasuda-Shedlovsky extrapolation.28

pH-UV pKa. The pKa values of molecules with ionizable groups
that were capable of interacting with UV-absorbing chromophores
because of structural proximity or conformational flexibility were
selected for pKa measurement by the pH-UV technique.29 Because
the analytical concentrations required for pH-UV methods (typically
0.05 mM over the entire pH range) are significantly lower than for
pH-metric methods, it was assumed that molecules with logPACD

below 4.5 would be sufficiently water-soluble for measurement in
aqueous solution.

Measurements of Lipophilicity: (A) pH-Metric Log P.Log P
values were determined pH-metrically by titrating the sample in a
two-phase water-octanol mixture and calculating the result from
the shape of the titration curve, which is governed by the pKa and
log P values of the sample. In effect, the presence of octanol shifts
the pKa to a higher value (known as the poKa) for acids and a lower
value for bases.30 As well as measuring logP for the un-ionized
species, this technique also measures logP for the ionized species
of the sample. With these logP and pKa values, a profile of logD
versus pH can be drawn, and logD values at specified pH values
can be determined by interpolation.31

(B) Capacity Factor by RP-HPLC.A reversed-phase HPLC
method with a linear wide-polarity mobile phase gradient was used
as a high-throughput method for determining lipophilicity.32 By use
of a calibration set of five well-studied standard compounds, the
retention time was related to a standardized capacity factor,k. The
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retention time for each studied compound was then transformed to
standardizedk, which is used as a measure of the lipophilicity.

Measurements of Solubility:(A) pH-Metric Solubility.Aqueous
intrinsic solubility values for the 20 ionizable compounds were
measured by the pH-metric CheqSol technique.33 Intrinsic solubility
is calculated from the pKa values along with information about pH
changes that occur when the molecule dissolves and precipitates
in response to additions of acid and base titrant while close to
equilibrium in the presence of excess precipitate. The procedure
also provides a measurement of the kinetic solubility. Comparing
the kinetic to the intrinsic solubility gives an estimation of the level
of supersaturation that could be expected. Intrinsic solubility is the
equilibrium solubility of the un-ionized form of an ionizable
molecule, where equilibrium solubility is the concentration of
compound in a saturated solution when excess solid is present and
the solution and solid are at equilibrium. Intrinsic solubility thus
has a clear definition, and the measured results should be
independent of the measurement technique used.34 Kinetic solubility
is the concentration of a compound in solution at the time when an
induced precipitate first appears. In this work, precipitation was
induced by pH change and detected by the appearance of turbidity;
the values reported here for kinetic solubility may differ from values
obtained by other techniques such as inducing precipitation by
adding water to a solution in a solvent.

(B) Shake-Plate Solubility.Nonionizable compounds were
measured by a shake-plate method with UV detection.35

Measurements of Permeability across Caco-2 Cells.To check
for possible solubility problems during the transport experiments,
compound solubility was investigated in HBSS, pH 7.4. Perme-
ability of the Caco-2 cell monolayers for all the compounds was
measured in the absorptive direction, that is, from the apical to the
basolateral side of the membrane (A to B), by an automated
procedure. The measurements were performed with a pH 6.5/7.4
gradient, thereby mimicking the situation in the intestine. A donor
concentration of 10µM was utilized for all compounds to balance
low solubility and analytical detection problems during the experi-
ments. For analysis, two different short RP-HPLC columns, one
appropriate for extremely hydrophilic compounds, were employed
before detection by mass spectrometry.

Results and Discussion

Definition of a Druglike, Physicochemically Diverse,
Commercially Available and Inexpensive Data Set.Many
different databases of drugs and drug-like compounds exist, and
these have been profiled to enable extraction of descriptors that
portray, for example, drug likeness. The most well-known of
these are Comprehensive Medicinal Chemistry,36 World Drug
Index,37 and MDL Drug Data Report.38 In this study we used
691 pharmaceutical compounds, which are used on the Swedish
market and which are taken from the Swedish list of drugs
(FASS 2000 and FASS 2001), as the drug database (data set
1). To define a data set that meets our criteria, we first checked
for commercial availability in the Available Chemicals Directory
(ACD).39 Out of the 691 drugs, 450 were commercially available
and had a catalog price that ranged from a few cents to more
than $100,000 per gram. It was decided to include only those
compounds with a price of less than $800 per gram, which gave
370 compounds. These compounds were further screened to
remove compounds that were included only in topically
administered preparations (ointment, cream, gel, etc.) or those
with an unusual administration route (patch, rinsing fluid, nail
polish, etc.). The following ATC classes (Anatomical Thera-
peutic Chemical Classification System)40 of drugs were also
removed: A01, stomatological preparations; A05, bile and liver
therapy; A06, laxatives; A09, digestives, including enzymes;
A11, vitamins; A16A, other alimentary tract and metabolism
products; B05, blood substitutes and perfusion solutions; C05A,
antihemorrhoidals for topical use; D, dermatologicals; M02,

topical products for joint and muscular pain; N01AB, haloge-
nated hydrocarbons (general anesthetic); R02, throat prepara-
tions; R07A, other respiratory system products; S01J, diagnostic
agents (eye); and V, various. After this procedure, 284
compounds remained.

The next task was to select a subset that still covered the
physicochemical space of data set 1 by statistical molecular
design. Principal component analysis was performed in Simca
with the 691 compounds and the 28 molecular descriptors.
Thirteen principal components were significant according to
the standard criteria in Simca. The first three principal compo-
nents were used for further analysis. These explained 74% of
the variance in the X-block and thus represent a good summary
of the properties of the 28 variables. The first principal
component (PC1) mainly encodes size-related descriptors; the
second (PC2), lipophilicity descriptors; and the third (PC3),
hydrogen-bonding and charge descriptors. These new variables
(principal components) were used in the experimental design
to select the data set. A face-centered central composite design
(Figure 1) was used that consisted of the corners of the cube
(red squares), the axis points (blue squares), and the center point
(yellow square). In this design each principal component is
explored at three levels: low (minus sign), center (zero sign),
and high (plus sign).

By inspection of the three principal components and choosing
from the 284 filtered and commercially available compounds,
two were selected from each of the corner regions of the box.
Two compounds were also selected near the center and one
compound from each of the axis points. Selection of substances
with high absolute values in the principal components (guided
by the Euclidean distance to origin) was preferred to maximize
the span of the compound space. The compounds in the corners
of the box were selected from those 25% having the highest
(plus sign in the principal component) or lowest (minus sign in
the principal component) values in each of the three components.
However, for PC1 the percentage had to be adjusted (lower 35%
and upper 15%) since very few compounds were identified with
the 25% cutoff. If a compound was identified in the corner or
center points that was structurally very similar to one already
selected, it was substituted for a less similar compound. We
selected two compounds from each corner because these
compounds have more extreme properties, which may be more
challenging in the experimental work (very lipophilic or very
polar, etc). Even though the two compounds in each corner have
the same sign, their values differ somewhat, which makes them
physicochemically slightly different. Very toxic compounds, as
defined in the material safety data sheet (e.g., antineoplastic
agents, carcinogens, potent neurotoxins, etc.), were avoided in
the selection process. We also avoided drugs with a very low
bioavailability, since pharmacokinetic data may be difficult to
obtain for such drugs. An adjustment of the data set was also
performed to allow for the analytical procedure. This gave 24
compounds altogether (data set 2, Figure 2) that have good
chemical diversity. The total cost for buying at least 1 g of all
24 compounds corresponds to less than $1500, although the
price fluctuates somewhat over time.

Characteristics of the Compiled Data Set.A comparison
of the minimum, maximum, and mean values of some of the
key descriptors in data sets 1 and 2 are shown in Table 1. To
a large extent the values in data set 2 reflect those in data set
1 except for the more extreme max and min values. For example,
the maximum number of HBD atoms in data set 1 corresponds
to 19, while in data set 2 it only corresponds to 8. However,
inspection of the mean values shows that these are similar for
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the two data sets. This can partly be explained by the fact that
only nine compounds can be found in data set 1 that have nine
or more HBD atoms.

Measurements of pKa. The structures were first examined
to ascertain whether they had groups that would ionize in
aqueous solution. Four molecules did not- carbamazepine,
carisoprodol, fenofibrate, and prednisone- and they were
excluded from the pKa measurements. pKa values were suc-
cessfully measured for the remaining 20 molecules by pH-metric
or pH-UV techniques. The results for the compounds are shown
in Table 2.

pH-Metric pKa. pKa analysis determined with the pH-metric
technique of compounds that have a relatively low logPACD

(amantadine, captopril, erythromycin,L-dopa, and thiamazole)
was easy. Tetracycline, which also belongs to this group, was
measured pH-metrically in aqueous solution in case the absor-
bance change associated with the ionization of the tertiary amine
would be too small for an accurate pH-UV result (even though
it has excellent UV absorbance in general). For molecules with
log PACD greater than 2.5, psKa values were measured in water-
solvent mixtures, and their aqueous pKa values were determined
by Yasuda-Shedlovsky extrapolation.28 Flupenthixol and sulin-
dac were in this category, and their pKa values were easily
determined from psKa values measured in water-methanol
mixtures. The pKa values of meclizine and terfenadine and one
of the pKa values of folic acid were also measured pH-metrically,
but the measurements were challenging (see Supporting Infor-
mation for details).

pH-UV pKa. pKa analysis, by the pH-UV technique, of
amiloride, bendroflumethiazide, chlorzoxazone, hydrochlorothi-
azide, metoclopramide, and tinidazole was easy. However, the

pKa values of glipizide, levothyroxine, and folic acid (three pKa

values) were more challenging (see Supporting Information for
details). The logPACD of chlorprothixene was greater than 4.5,
and its pKa was determined from psKa values measured in
water-methanol mixtures, although its weak UV absorbance
called for high-quality spectral data to avoid calculation
difficulties.

Measurements of Lipophilicity. The most widely used
measure of lipophilicity in modeling biological partition/
distribution is log P, describing the partitioning between
n-octanol and water. LogD, a related lipophilicity descriptor,
describes the distribution of a compound between the two phases
at a given pH. A multitude of methods are utilized for assessing
lipophilicity.41 In the present study, both a pH-metric technique
to obtain logP and logD and a fast RP-HPLC method that
results in capacity valuesk were used.

Measurement of Log P.Log P octanol/water values for the
20 ionizable compounds were measured by the pH-metric
technique, and results were obtained for all exceptL-dopa (below
the limit of detection of-2) and folic acid (too insoluble in
octanol; see Supporting Information for details). The pH-metric
log P technique is generally easy at analytical concentrations
of 0.5 mM and above for compounds with logP values between
about-1 and 5 and whose acidic pKa values are below about
10 and basic pKa values are above about 4. LogP analysis for
molecules in this category included amantadine, amiloride,
captopril, chlorzoxazone, erythromycin, hydrochlorothiazide,
metoclopramide, and sulindac. Of the remaining molecules,
bendroflumethiazide and thiamazole have high acidic pKa values
and their poKa values in the two-phase titration shift to higher
pH, where pH measurement is less sensitive to changes caused
by ionization of the samples. Similarly, flupenthixol and
tinidazole have basic groups with low pKa values whose poKa

values in the two-phase titration shift to lower pH where pH
measurement is less sensitive. High concentrations of these
compounds (up to 7 mM for tinidazole) were required to obtain
good signal-to-noise ratios at extreme pH for successful logP
measurement. While their pKa values were at the extremes for
pH-metric log P, thiamazole and tinidazole have low logP
values, and the shifts in pKa were small enough to remain within
the measurable pH range. Tetracycline has two acidic and one

Figure 1. Illustration of a face-centered central composite design with red squares representing the experiments at the corners of the cube, blue
squares at the axis points, and a yellow square at the center point (left) and a score plot showing scores in PC1-PC3 for data set 1 with compounds
of data set 2 colored according to these codes (right).

Table 1. Comparison of Data Sets 1 and 2 with Respect to Some
Common Molecular Descriptors

data set 1, 691 compounds data set 2, 24 compounds

min max mean min max mean

MW 60 854 347 114 777 349
PSA 0 373 93 8 246 99
log PMor -6.4 7.6 1.9 -2.0 5.3 1.9
log DACD_6.5 -10.6 12.3 0.74 -5.0 4.8 0.94
HBD 0 19 2.4 0 8 2.7
HBA 0 19 4.9 1 14 4.7

Drug Data Set for Correlation and Benchmarking Journal of Medicinal Chemistry, 2006, Vol. 49, No. 236663



basic pKa and is highly water-soluble. The shifts in pKa were
small in the two-phase titration, and given the complicated
ionization and partition model, the experimental logP can only
be reported with confidence as being less than zero. Of the
four nonionizable compounds, fenofibrate was measured by
liquid-liquid chromatography with UV detection.42 This tech-
nique was also used to measure carbamazepine, but the re-
sults from two different columns differed significantly and
were not considered reliable. LogP measurement of prednisone
was not done during this study. Carisoprodol has no UV

absorption and its logP could not be measured by this technique.
Obtained logP and logP(ion) values are shown in Table 2.
Knowledge about logP, log P(ion), and pKa, as obtained by
the pH-metric method, can be used to calculate logD at any
given pH. LogD values at pH 7.4 by this method are shown in
Table 2.

Measurement of Capacity Factors by RP-HPLC.Lipophilicity
was also measured by chromatographic separation, resulting in
the capacity factork. Values could be obtained for all but three
compounds: Folic acid had too low a signal to be detected after

Figure 2. Chemical structures of data set 2. The level of the principal components PC1, PC2, and PC3 for each compound is shown in parentheses.
The compounds are ordered according to the sign in PC1-PC3. aThe R-configuration is used in calculations.bThe S-configuration is used in
calculations.
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the chromatographic separation, and both levodopa and thia-
mazole were found to have extremely low values, below 2. The
determined capacity factors are shown in Table 2.

Comparison of the Two Methods.A comparison of the
lipophilicity values obtained by the pH-metric method and RP-
HPLC method is shown in Figure 3. Since thek values were
obtained in a buffer at pH 6.8, pH-metric logD values at pH
6.8 was also used for this comparison. The relationship between
k and logD in Figure 3 is linear (R2 ) 0.92, excluding the five
encircled nonquantified data points), which has also been shown
previously when gradient elution was used in RP-HLPC.43 In
the figure, the two compounds corresponding to each of the
corners of the box are labeled with the same color (when data
for both compounds could be determined). The six axis
compounds are colored black and the compound in the center

is colored pink. For the most part, the corner compounds, which
should have similar physicochemical properties, are grouped,
even though only lipophilicity is considered.

The obtainedk values span the region from 4.4 (<2 for
levodopa and thiamazole) to 16.5, and logP ranged between
<-2 and 6.2, which illustrates the physicochemical diversity
of data set 2.

Measurement of Solubility.Provided a compound dissolves
in ionized form at low or high pH, measurements of intrinsic
solubility by CheqSol in aqueous solution are generally easy,
as was the case for amantadine, bendroflumethiazide, chlor-
zoxazone, hydrochlorothiazide, metoclopramide, and tetracy-
cline. Once their pKa values had been determined, CheqSol
aqueous solubility measurements were also quite straightforward
for folic acid, glipizide, and levothyroxine. Of these compounds,
amantadine was a nonchaser while the other compounds were
chasers. A chaser is a compound that readily forms a super-
saturated solution and a nonchaser is a compound with no
tendency to from a supersaturated solution.34 The highest super-
saturation ratio occurred for glipizide, whose kinetic solubility
was 42.5 times higher than its intrinsic solubility. Chlorpro-
thixene and sulindac were also easy to measure, but they
precipitated at first as nonchasers that converted after 10-20
min to chasers with much lower solubilities; these lower values
are reported in Table 2. Three basic molecules, flupenthixol,
meclizine, and terfenadine, did not dissolve in aqueous solu-
tion at low pH because their salts were insoluble. Their aque-
ous intrinsic solubilities were determined by extrapolation from
solubilities measured in solvent-water mixtures. This pro-
cedure was straightforward for flupenthixol (a nonchaser),
but was challenging for meclizine and terfenadine (see Sup-
porting Information for details). Results were obtained for all
except captopril,L-dopa, thiamazole, and tinidazole, which
were too soluble to measure, and amiloride and erythromycin,
which behaved anomalously (see Supporting Information for

Table 2. Experimental Caco-2 Permeability, pKa, Log P, Log D, HPLC Capacity Factor, Kinetic and Intrinsic Solubility, and Supersaturation Ratio for
Data Set 2

compd
CAS

registry no.
Papp-Caco-2

(10-6 cm s-1) pKa

log P
(neutral)

log P
(ion)

log D
(pH 7.4) ka

kinetic sol.
(µg/ mL)

intrinsic sol.
(µg/mL)

supersatn
ratio

amantadine 768-94-5 22 10.49 2.41-0.59b -0.33 7.2 2622.0 2119.0 1.2
amiloride 2609-46-3 0.71 8.63 -0.32 -1.57 4.4
bendroflumethiazide 73-48-3 1.3 8.46, 9.74 1.95-0.63c 1.91 10.9 159.0 19.6 8.1
captopril 62571-86-2 0.07 3.45, 9.80 0.35 <-2 6.4
carbamazepine 298-46-4 40 9.8 110.3d

carisoprodol 78-44-4 22 10.3
chlorprothixene 113-59-7 18 9.06e 5.48 1.51b 3.81 11.9 1.4 0.16 8.8
chlorzoxazone 95-25-0 65 8.16 2.11-0.44d 2.04 9.3 1208.0 416.0 2.9
erythromycin 114-07-8 0.06 8.87 2.88-0.81b 1.4 9.7
fenofibrate 49562-28-9 ndf 5.1g 5.1 15.0 0.7c

flupenthixol 2709-56 -0 13 3.29,e 7.57e 4.68 1.79b 4.29 12.2 35.2 41.8 0.8
folic acidh 59-30-3 0.87 2.16, 3.79, 4.47, 7.90 <-2 ndi 30.0 2.3 12.8
glipizide 29094-61-9 19 5.13j 2.58 -0.46c 0.38 9.1 59.5 1.4 42.5
hydrochlorothiazide 58-93-5 0.71 8.77, 9.79 -0.10 -0.12 8.3 2501.0 629.0 4.0
levodopa 59-92-7 0.21 2.38, 8.75, 9.76,>12 <-2 <-2 <2
levothyroxine 51-48-9 3.0 6.84,j 8.72j 3.21k 0.35l 2.53 10.1 93.4 42.8 2.2
meclizine 569-65-3 lrm 2.23,e,n 7.24e,n 6.20o 2.18b,o 5.98 16.5 0.09p 0.13p 0.8
metoclopramide 364-62-5 14 9.25 2.74-0.11b 0.93 7.3 379.0 75.5 5.0
prednisone 53-03-2 23 9.2 206.6d

sulindac 38194-50-2 6.2 4.08e 3.42 0.05c 0.38 8.3 70.7 10.8 6.5
terfenadine 50679-08-8 9.3 9.25e 5.42 2.24b 3.58 12.5 0.15q 0.009q 17.2
tetracycline 60-54-8 0.53 3.31, 7.50, 9.14 <0 <0 8.1 9662.0 440.0 22.0
thiamazole 60-56-0 48 11.45 -0.22 -0.22 <2
tinidazole 19387-91-8 30 1.80 -0.94 -0.94 6.5

a HPLC capacity factor used as a measure of the lipophilicity of the compounds based on two or more independent measurements. Errors are within 0.1
as judged from the standard deviation of repeated measurements.b Cation.c Anion. d Solubility by shake-plate.e By Yasuda-Shedlovsky extrapolation.
f Not detectable and low recovery.g By Sirius ProfilerLDA. h Combination of pH-metric and pH-UV used in pKa measurements.i Not detectable.j Fast
D-PAS. k Species XH2 (+1-1). l Species XH (+1-1-1). m Not reliable due to low recovery.n MDM cosolvent.o 0.01M ionic strengthp CheqSol MDM
cosolvent.q CheqSol cosolvent extrapolation.

Figure 3. Correlation between the measured HPLC capacity factor
(k) and pH-metric logD (pH 6.8). The compounds from the eight corner
points have different colors and symbols, but the two compounds at
each corner point have the same color (in the case when both
compounds are present). The axis points are colored black and the center
point is colored pink (data were obtained for only one compound).
Encircled data points have not fully quantified values in one or both
of the descriptors but are plotted for completeness.
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details). Of the four nonionizable compounds, carbamaze-
pine, fenofibrate, and prednisone were measured by a shake-
plate method with UV detection.35 Carisoprodol has no UV
absorption and its solubility could not be measured by this
technique.

Measurement of Permeability across Human Caco-2 Cells.
Many studies have demonstrated a good correlation between
in vitro human Caco-2 cell permeability and extent of absorption
in humans.44,45 Especially when passive permeability is the
dominating mechanism, this prediction has high accuracy.46,47

The technique has for a long time been considered the golden
standard for in vitro assessment of intestinal permeability in
humans and is routinely used in drug discovery screening. In
the present study, permeability measurements over Caco-2 cell
monolayers at a physiological pH gradient of pH 6.5/7.4 were
performed in an automated robot system, which was optimized
for rapid screen analysis. The solubility of the 24 compounds
was checked to ensure that the subsequent permeability mea-
surement could be performed in the Caco-2 cell system. Three

of the compounds (fenofibrate, levothyroxine, and meclizine)
had an HBSS solubility below 10µmol/L at pH 7.4 (data not
shown).

By use of an automated procedure, reliable permeability
values could be obtained for 22 of the 24 compounds (Table
2), showing that the robot system is well-suited for investigating
a variety of drug or druglike compounds. Two compounds
(fenofibrate and meclizine) had a very low recovery (,80%)
andPapp values could therefore not be determined accurately.
The low recovery of these compounds was most likely due to
their high lipophilicity (RP-HPLCk values were above 15 and
pH-metric log D values were above 5), which can lead to
adsorption to plastics, cell monolayers, or filter supports. Two
compounds had lowPappvalues (<0.11× 10-6 cm s-1 ) FA%
< 20%), two had moderate values, and 18 had high permeability
values (Papp > 0.67× 10-6 cm s-1 ) FA% > 80%) according
to a ranking defined for the robotic system used,48 which is
based on the ranking originally proposed by Ungell and
Karlsson44 (Figure 4). In drug data sets used for modeling

Figure 4. Plot of the obtained in vitroPappvalues in human Caco-2 cells for data set 2, divided into groups with low, medium, and high permeability
values.

Table 3. Compiled Pharmacokinetic Literature Dataa for Data Set 2

compound
FA%
(%)

protein binding
(%)

Vss

(L kg-1)
clearance

(mL min-1 kg-1) t1/2 (h)
doseb

(mg)
transport

routec
abs

classd
perm
classe

amantadine49,50 50-90 67 6.6( 1.5 4.8( 0.8 16( 3.4 100 P m-h h
amiloride51 80-90 40 17( 4 9.7 21( 3 5-10 P h h
bendroflumethiazide52-54 >90 95 1-2 4-7 3-9 10-20 P h h
captopril55-57 70-80 25 0.01 12.8 1-2 75 C m l
carbamazepine58 >90 25-50 0.6-0.9 1.2( 0.4 5-7 400-600 P h h
carisoprodol59 40-67 1.7( 0.8 700 P h
chlorprothixene60,61 >90 10-20 5-20 26( 14 100-150 P h h
chlorzoxazone62,63 >90 3.5( 1.5 1.1( 0.34 250 P h h
erythromycin64,65 >80 84( 3 0.8( 0.4 9( 4 1.6( 0.7 1000 C h l
fenofibrate66 >90 >99 0.9 0.3-0.5 19-27 200 P h
flupenthixol67,68 >90 12-17 6-9 14-36 5 P h h
folic acid69,70 >90 2 10 C h h
glipizide71-73 >95 98 0.2( 0.02 0.5( 0.2 3.4( 0.7 7.5-15 P h h
hydrochlorothiazide74-79 55 58( 17 0.8( 0.3 4.9( 1.1 2.5( 0.2 50 P m h
levodopa80-85 100 >10 0.9-1.6 5 1-2 200 C h m
levothyroxine86 80 0.1-0.2 P m h
meclizine 25
metoclopramide87-89 >95 40( 4 3.4( 1.3 6.2( 1.3 5.4( 1.4 20 P h h
prednisone90-92 >95 75( 2 1 ( 0.11 3.3( 1.3 50 P h h
sulindac93,94 90 94 3-13 200-400 P h h
terfenadine95-97 >95 60 P h h
tetracycline98,99 >80 25-65 1-2 2-3 6-9 500 P h m
thiamazole100 >90 <10 0.7 2-3 3-5 10-30 P h h
tinidazole101-103 >95 7.2 0.73 9-14 650 P h h

a Fraction absorbed, plasma protein binding, volume of distribution, clearance, elimination half-life, dose, transport route, and classificationregarding
fraction absorbed and permeability values are given.b Common dose per dosing event.c P ) mainly passive absorption, C) mainly carrier-mediated
transport.d Absorption classified according to FA% as high (h, FA%> 80%), medium (m, FA%) 20-80%), or low (l, FA%< 20%) absorption.e Permeability
classified according toPapp-Caco-2 as high (h,Papp > 0.67× 10-6 cm s-1), medium (m,Papp ) 0.11× 10-6 to 0.67× 10-6 cm s-1), or low (l, Papp< 0.11
× 10-6 cm s-1) permeability.
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intestinal permeability, compounds with high permeability are
often more frequent than compounds with low permeability.
Inspection of data set 2 shows that all compounds are given
orally and it is therefore not surprising to find that many of the
compounds have high permeability. However, by selecting
physicochemically diverse compounds, both low- and medium-
permeability compounds could be identified. There is also a
noticeable diversity among the highly permeable compounds
(Papp values between 0.70 and 65, which is a factor of about
100).

Before we attempt to make predictive models of intestinal
permeability by use of this data set, further studies are needed
to delineate the possible transport routes and uptake or efflux
systems relevant for these compounds. A tentative classification
of the transport route for each compound (Table 3) indicates
that 19 compounds can be considered to be mainly passively
transported across the intestinal membrane, while four com-
pounds predominantly use various carrier-mediated transport
systems.

In Table 3 the compounds have been classified into low,
medium, and high absorption on the basis of the literature FA%
values. The compounds were also classified on the basis of the
Papp values as defined above. For the passively absorbed
compounds, a good correlation was observed between the two
systems, which has also been noted previously.

Compilation of Literature Pharmacokinetic Data. To
create predictive ADME models, basic clinical pharmacokinetic
data is necessary. We have therefore gathered this information
from the literature for data set 2. The pharmacokinetic variables
presented in Table 3 (plasma protein binding,Vss, t1/2, and
clearance) have been identified in clinical reports of healthy
adults. In the table, a combination of values for each ADME
variable has been selected from the literature and FA% has been
calculated according to eq 1. The definition of fraction absorbed
is the fraction of the drug that reaches the inside of the intestinal
side. This means that the bioavailability (F) is dependent on
three major parameters: the fraction absorbed (FA%) and the
first-pass extraction of the drug in the gut wall (EG) and by the
liver (EH):

Suggestions on Data Set Usage.The 24 compounds can be
used as a test set for testing already-derived models of FA%,
Caco-2 cell permeability, lipophilicity, and solubility as well
as a validation set for new experimental methods. However,
we hope that more experimental data will be compiled in the
future. The data set can also be used on its own for building
and validating models by dividing it into a training set and a
test set. For this purpose one compound from each of the
corners, one compound from the center, and the compounds at
the axis points (see Figures 1 and 2) will make a well-covered
training set (for example, amantadine, amiloride, bendroflume-
thiazide, captopril, carisoprodol, chlorprothixene, chlorzoxazone,
erythromycin, fenofibrate, hydrochlorothiazide, levothyroxine,
meclizine, metoclopramide, sulindac, and tetracycline). The
remaining compounds could be used as an external test set.

Conclusions

Many data sets in the literature contain high-quality experi-
mental ADME-related data. Unfortunately, many of these
include compounds that are not commercially available. Others
are not structurally diverse, which is an important property when
attempting to build general predictive models of ADME-related
properties. We propose here a physicochemically diverse data

set consisting of 24 drugs, where the cost of buying the entire
data set (at least 1 g of each compound) is less than $1500. To
meet the requirements of a “high-quality” data set, it is
preferable that the same laboratory measures each property. Due
to the rather small size of the data set, this should be possible
for most properties that can be measured by in vitro experiments.
However, some types of more complicated data will still most
likely be gathered from different laboratories (e.g., fraction
absorbed, bioavailability, volume of distribution, and clearance).

To start the characterization of this data set, we have
determined pKa, log P, and solubility. Furthermore, lipophilicity
has been determined by reversed-phase HPLC and permeability
across human Caco-2 cell monolayers (apical to basolateral
direction) at a pH gradient of 6.5/7.4 in a robotic system. The
results show that, by using a physicochemically diverse data
set, experimental responses over a wide range were obtained.
The measurement of these properties also illustrated some of
the experimental difficulties that may occur due to the physi-
cochemical diversity of the data set. An explanation of the
difficulties and a discussion of how these were overcome can
be found in the Supporting Information. Nevertheless, the
compounds can be used in routine screening methods and help
define the usability of new experimental methods.

Similar to the measurements in this study, missing data for
some compounds will also inevitably occur in future charac-
terizations, but this information may be valuable when inves-
tigating the scope and limitations of experimental procedures.
However, due to the redundancy in each corner group, a problem
with one of the compounds is not critical with respect to
diversity since a similar compound is available. For example,
intestinal permeability values could not be obtained for fenofi-
brate (- - -) and meclizine (- - +), which belong to two
corner groups in the multivariate design. However, since
permeability values for flupenthixol (- - -) and terfenadine
(- - +) (the other compounds in these groups) could be
measured, the diversity of the data set is still maintained.
Concerning theoretical modeling with this data set, some missing
values should not be a problem since statistical tools such as
PCA and PLS can handle missing data.

We have determined properties such as pKa, lipophilicity,
solubility, and permeability for this data set and suggest that it
now can serve as a benchmark data set used in, for example,
validation of new experimental tools or for building or validating
theoretical models of these properties. We hope that other groups
are willing to help us to supplement the herein-started charac-
terization of these compounds and that this data set could serve
as a benchmark data set for many types of studies in the
future.104

Experimental Section

Calculated Molecular Descriptors.The molecular descriptors
were mainly calculated in Sybyl14 by internal or external scripts.
AM1 calculations were used for calculation ofEHOMO, ELUMO, DM,
and partial atom charges. HBD and HBA were calculated according
to definitions in Sybyl. The descriptors surface area (S), volume
(V), polar surface area (PSA) molecular surface area of all
nitrogen, oxygen, sulfur, and attached H-atoms, PSANO ) molecular
surface area of all nitrogen, oxygen, and attached H-atoms) were
calculated by use of Savol105,106with probe radius set to 0.0 in order
to obtain the van der Waals surface. Ovality (O ) S/[4π(3V/4π)2/3]),
relative PSA (PSArel ) PSA/S× 100), nonpolar surface area (NPSA
) S- PSA), PSA divided by NPSA, sum of hydrogen-bond donor
and acceptor atoms (HB) HBD + HBA), and hardness [H )
(ELUMO - EHOMO)/2] were calculated from the respective functions.
The charge-weighted polar surface areas (PSACW, CWPSAHBD, and
CWPSAHBA) were calculated by summing up the charge-weighted

F ) FA%(1 - EG)(1 - EH) (1)
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surface areas of defined atoms. The charge-weighted surface area
of a given atom is the surface area of that atom multiplied by the
absolute value of its partial atomic charge. LogPMor was calculated
by the method of Moriguchi et al.19,20 as implemented in a Sybyl
Programming Language (SPL) script included in the Sybyl distribu-
tion. LogPCr was calculated by the method by Ghose and Crippen.18

Log PACD, log DACD6.5, and logDACD7.4 were calculated with ACD/
Labs.21 ACD/ Labs could not provide data for all structures (28
missing values for logPACD, 48 for log DACD6.5, and 48 for log
DACD7.4), and in those cases the descriptor values were treated as
missing data.

Compounds: (A) Compounds Used in Measurements of pKa,
Log P, and Solubility.Amantadine hydrochloride, amiloride
hydrochloride, bendroflumethiazide, carbamazepine, carisoprodol,
chlorprothixene hydrochloride, chlorzoxazone, erythromycin, fenof-
ibrate, flupenthixol dihydrochloride, folic acid, glipizide, hydro-
chlorothiazide, levodopa, levothyroxine, meclizine dihydrochloride,
metoclopramide hydrochloride, prednisone, sulindac, tetracycline,
thiamazole, and tinidazole were obtained from Sigma-Aldrich
(Stockholm, Sweden). Captopril and terfenadine were obtained from
ICN Biomedicals (Aurora, Ohio).

(B) Compounds Used in Measurements of Capacity Factors and
Permeability across Caco-2 Cells.Levodopa and glipizide were
obtained from Acros Organics (Geel, Belgium); captopril, sulindac,
carbamazepine, prednisone and meclizine were from Go¨teborgs
Termometerfabrik (Go¨teborg, Sweden); amiloride hydrochloride
hydrate, erythromycin, folic acid, metoclopramide, tetracycline free
base, chlorprothixene hydrochloride, and tinidazole were from
Sigma-Aldrich (Stockholm, Sweden); and levothyroxine was
obtained from VWR International AB (Stockholm, Sweden).
Amantadine, bendroflumethiazide, carisoprodol, chlorzoxazone,
fenofibrate, flupenthixol dihydrochloride, hydrochlorothiazide,
terfenadine, and thiamazole were obtained internally from
AstraZeneca’s Compound Collection.

Apparatus Used for Measuring pKa, Log P, and Solubility.
Titrations of ionizable compounds were done on a GLpKa instru-
ment (Sirius Ltd, Forest Row, Sussex, U.K.) fitted with a double-
junction pH electrode, together with a D-PAS attachment with fiber
optic UV dip probe for pH-UV assays. Results were calculated from
experimental data by use of RefinementPro 2, Fast D-PAS, and
CheqSol software.107 Log P octanol-water of nonionizable com-
pounds was measured by liquid-liquid chromatography on a Sirius
ProfilerLDA instrument (Sirius Ltd, Forest Row, Sussex, U.K.).
Solubility of nonionizable compounds was measured on aµSOL
Evolution instrument (pION Inc., Woburn MA).

Measurements of Capacity Factors by RP-HPLC.The lipo-
philicity was investigated by use of a Waters Xterra C18 column,
100 × 2.1 mm, with 3.5µm particle size (Waters Corp.). The
mobile phase consisted of acetonitrile (HPLC grade; Rathburn,
Scotland) in 10 mM ammonium acetate (p.a. quality, Merck,
Germany), pH 6.8. For the first 2 min 5% acetonitrile was used,
followed by a linear gradient for 15 min to end up with 95%
acetonitrile, which was used for 3 min to wash the column. The
initial conditions were then used for 3 min to equilibrate the column
before the next injection. The flow rate was 0.3 mL/min and the
injection volume was 10µL. Samples were analyzed on a
Micromass LCT (Micromass UK Limited).

A mixture of warfarin, verapamil, metoprolol, propranolol, and
felodipine at concentrations between 10 and 50µM in acetonitrile/
water (1/1) was used as calibration compounds for lipophilicity
determinations.

Measurements of Permeability across Human Caco-2 Cells:
(A) Solubility in the Experimental Setup. Solubility in HBSS
(Hank’s balanced salt solution), pH 7.4, was examined as follows:
The compound was dissolved to 10 mM in dimethyl sulfoxide
(DMSO), followed by dilution to 100µM in HBSS, thus having
1% DMSO (99.9% anhydrous, Sigma-Aldrich, Germany) as
cosolvent. After incubation at room temperature for 24 h, the
solution was filtered through a glass-filled polypropylene filter
(Whatman Inc.) and quantified by RP-HPLC-UV with a calibration
curve. The same system as described above for measurement of

the capacity factors was used for the analysis. The mobile phase
was, however, different, with a gradient from 5% to 95% acetonitrile
in 0.1% formic acid (p.a. quality, Merck, Germany). UV absorption
monitored between 200 and 500 nm on a diode array detector was
used for quantification.

(B) Cell Culture.Caco-2 cell line was obtained from the ATCC
(American Type Culture Collection, Rockville, MD). All tissue
culture medium was purchased from Gibco (Paisley, Scotland,
U.K.). The cells were cultured according to Neuhoff et al.108 and
were seeded at a density of 3.7× 105 cells/cm2 on polycarbonate
filters on a 24-transwell plate (3396 HTS Transwell, Costar,
Cambridge, MA). Passages between 28 and 43 were used after 15
days on filters.

(C) Caco-2 Cell Monolayer Permeability Experiments.The
Caco-2 cell monolayers were washed once with HBSS prior to start.
TEER (transepithelial electrical resistance) was measured both
before and after performing all the transport experiments. Experi-
ments were made in the A to B direction and in duplicate. TEER
measurement, sampling, dilution, and incubation were per-
formed by a laboratory robot: Freedom EVO 200 equipped with a
Te-MO 96 and a TEER Station (Tecan, Ma¨nnerdorf, Switzerland).
Transport buffer, 800µL (HBSS, pH 7.4)< was first dispensed to
the basal side of the monolayer. The assay was then initiated when
200 µL of each compound was added to the apical side at 10µM
(all test compounds were diluted in HBSS, pH 6.5, with 1% DMSO
as cosolvent). Samples were withdrawn before addition and at 45
and 120 min postaddition of test compound. Aliquots (2µL and
200 µL) were withdrawn from the apical donor compartment and
the basolateral receiver compartment, respectively. During incuba-
tion the transwell plates were placed in a shaking incubator at 480
rpm and 37°C between the sampling up to 120 min. All samples
were analyzed subsequently.

(D) Permeability Calculations.The apparent permeability coef-
ficient (Papp, centimeters per second) was calculated according to

where∆Q/∆t is the cumulative amount of test compound trans-
ported over time, A is the surface area of the monolayer membrane
(square centimeters), andCD is the average drug concentration in
the donor chamber over the period which∆Q/∆t was determined.

Recovery during the experiment was calculated as

where QDend + QRend is the final amount of compound found on
both donor and receiver sides and QDstart is the initial amount on
the donor side. Recovery between 80% and 120% was considered
to define a high-quality experiment.

(E) Analysis. The analytical method described in this study
represents a standardized approach. The Caco-2 matrix, containing
MES and HEPES buffers and acetonitrile, is a relatively uncomplex
matrix for LC-MS/MS analysis. No suppression patterns were
observed.

Separation was made on a Thermo HyPURITY Elite C18 column
(5 µm and 3 × 30 mm). Polar analytes (levodopa, captopril,
amiloride, hydrochlorothiazide, methimazole, and tetracycline) were
separated on a Waters Atlantis C18 (3µm and 4.6× 50 mm). The
mobile phase consisted of two phases and was used for both
columns: water phase A contained 2% acetonitrile (HPLC grade;
Rathburn, Scotland) and 0.2% formic acid (p.a. quality; Merck,
Germany); and phase B consisted of acetonitrile and 0.2% formic
acid. The gradient was linear during the first 1.8 min, with the
percentage of phase B in phase A increased from 4% to 90%.
Between 1.8 and 2.6 min the phase consisted of 10% A and 90%
B. After the elution of the compounds, the columns were reequili-
brated with initial conditions for 0.9 min to be ready for the next
sample. Elution was performed at a flow rate of 0.55 mL/min by
use of a gradient pump (Agilent 1100), and the injection volume
was 5-20 µL (autosampler HTS PAL, CTC, Switzerland). All

Papp) (∆Q/∆t)/(ACD) (2)

recovery (%)) [(QDend+ QRend)/QDstart] × 100 (3)
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compounds were then analyzed quantitatively by use of Micromass
Quattro Ultima (Waters Corp.) with a generic tune file.

Most of the analytes were detected by SRM (selected reaction
monitoring). Cone voltage and product ion and collision energy
were optimized automatically by the QuanOptimize software. Folic
acid was detected by SIR (single ion reaction) in negative mode,
and carisoprodol was detected by SIR in the positive mode
measuring the sodium adduct ions. All samples were acquired by
use of a generic MS protocol into which the masses for the
corresponding compounds and the internal standard, that is,
verapamil, was quantified. Verapamil was used as an internal
volume marker and the CV (coefficient of variation) was calculated
for each of the different compound analyses. The CVs did not
exceed 10% for any of the compounds for the total procedure. All
chromatograms were integrated by use of the QuanLynx software
and a generic quantitation method to obtain drug concentrations in
the samples.
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